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Summary

Despite the best efforts of conservation practitioners global biodiversity is continuing to decline.
The role of zoos and aquariums in conserving global biodiversity ex situ has become increasingly
important as more species become threatened with extinction. As ex situ conservation resources
are limited, evidence-based decision making is required to identify, and prioritise, the
management actions necessary to increase the potential of ex situ conservation efforts. The
efficacy of ex situ conservation efforts is currently hindered by 1) entrenched taxonomic biases
in collection planning and the prioritisation of large, charismatic vertebrates, 2) the
unsustainability of ex situ populations due to limited space availability and management
practices, and 3) limited considerations of the potential for ex situ collections to conserve and
reintroduce genetic variation into populations using biological samples and advanced
reproductive technologies. In this thesis | explore the multifaceted contribution of ex situ
collections to global biodiversity conservation. | focus on the importance of standardised,
globally shared ex situ records, and their potential to inform collection planning, population

sustainability and genetic conservation decision-making.

In Chapter 2 | addressed the taxonomic bias in collection planning and assessed the importance
of large, charismatic vertebrates in driving both visitor attendance and fundraising for
conservation in the wild. Using data from >450 zoological collections globally | identified a net
positive effect of large charismatic vertebrates on both visitor attendance, and subsequently
conservation fundraising. | also revealed that numerous other factors, such as species richness
and species uniqueness, play equally important roles. | suggest that the taxonomic bias in
collection planning is potentially an effective conservation strategy, but encourage a more
creative approach to collection planning and an assessment of the conservation potential of
traditionally non-charismatic species. In Chapter 3 | investigated the potential of globally shared
zoological records to provide the management insights necessary to increase the sustainability
of ex situ populations, utilising 753 ex situ flamingo (Phoenicopteridae) populations as a case
study. | both confirm and contradict existing management guidelines, highlighting the potential
of globally shared zoological records, and provide species-specific management

recommendations to promote the sustainability of ex situ flamingo populations.

In Chapters 4 and 5 | highlighted the role of ex situ collections in conserving the genetic diversity

of living populations in gene banks, such as the San Diego Zoo Frozen Zoo®, and the potential of



ex situ samples to contribute to future genetic rescue and de-extinction efforts. In Chapter 4 |
revealed that 5.1% of all threatened amphibian, bird, mammal, and reptile species are
represented within the San Diego Zoo Frozen Zoo® and that further sampling from within the
global zoo and aquarium community could increase this representation to 16.5%. | provide
future sampling suggestions based on both sampling opportunities and existing conservation
priorities. In Chapter 5 | addressed the taxonomic bias in de-extinction research and prioritised
for de-extinction investigation the 122 species of recently extinct plants, incorporating both the
feasibility and the probability of reintroduction success. | show that ex situ samples, such as
herbarium specimens, are currently available for nearly all recently extinct plant species, each
with the potential to provide seeds capable of germination. These studies highlight the
importance of ex situ samples in conserving genetic diversity and their potential to reintroduce

genetic variation into existing populations, enhancing ecosystem health and stability.

This thesis illustrates the important conservation and management insights that can be derived
from globally shared ex situ records, providing the recommendations necessary to increase the
efficacy of global ex situ conservation efforts. The current rate of biodiversity loss suggests that
the importance of ex situ conservation is only going to increase, however the limited resources
available mean that evidence-based decision-making is necessary to ensure conservation
opportunities are not overlooked and that existing strategies are effective in achieving their
goals. This thesis demonstrates the multi-faceted contribution of ex situ collections to global
biodiversity conservation and highlights their future potential, conserving not only individual

species, but also ecosystems and the services vital to sustaining human civilisation.
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1. General Introduction

1.1 Biodiversity Conservation

Habitat loss and fragmentation, global climate change, introduced species and diseases,
pollution, overexploitation and an exponentially increasing human population are all putting
pressure on wildlife populations and resulting in range contractions, population declines and
increased extinction rates (Butchart et al. 2010; Ceballos et al. 2015; Ceballos et al. 2017; Ehrlich
1988; IPBES 2019). The current rate of extinction being observed is up 100 times higher than the
predicted background extinction rate and has led to the belief that we have now entered the
sixth mass extinction event of our planet’s history, with more species now threatened with
extinction due to anthropogenic activity than ever before (Barnosky et al. 2011; Ceballos et al.
2015; IPBES 2019). This global loss of biodiversity is expected to have negative cascading
consequences on not only ecosystem functioning and services, but also on the services vital to
sustaining human civilisation (Ceballos et al. 2017; Ceballos et al. 2020; Diaz et al. 2018; IPBES
2019). Despite various attempts to conserve global biodiversity, no reduction in the rate of
biodiversity loss has been observed, with predicted accelerations in extinction rates almost
guaranteed (Butchart et al. 2010; Ceballos et al. 2020). As a result, there has been an urgent call
to protect and conserve extant global biodiversity, in order to both further prevent species’
extinctions and ensure sustainable human health and well-being (Conde et al. 2011; Ellis 2013;

Turner et al. 2012).

The preservation of natural communities and populations of species within their natural habitat,
termed in situ conservation, has always been the primary goal of conservation, protecting not
only individual species, but also their habitat, surrounding species and even entire ecosystems
(Balmford et al. 1995; Snyder et al. 1996). This has resulted in notable conservation successes,
including that of grey whales (Eschrichtius robustus) in the Eastern Pacific, mountain gorillas
(Gorilla beringei beringei) in the Virunga Mountains and Southern sea otters (Enhydra lutris
nereis) along the California coast (Hughes et al. 2019; Reilly 1992; Robbins et al. 2011). Despite
these successes and the fact that the costs associated with effective in situ conservation are
persistently lower than those associated with ex situ conservation, the current areas set aside
for in situ conservation are minimal and ensuring their long-term protection is extremely difficult
(Alibhai and Jewell 1994; DeFries et al. 2005; Golden Kroner et al. 2019). The validity of our
reliance on in situ conservation is further undermined due to the vulnerability of wild
populations in the face of climate change as climatic niche conditions shift (Pritchard et al. 2012;
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Stralberg et al. 2020). As a result, it has been acknowledged that for wildlife to persist some level
of human intervention and management will likely be required, increasingly blurring the

distinction between in situ and ex situ conservation (Dickie et al. 2007; Keulartz 2015).

Ex situ conservation consists of the preservation of species outside of their native habitat (AZA
2016b). This is primarily undertaken by the 10,000-12,000 zoos and aquariums globally, of which
approximately 1,000 are organised and accredited as part of internationally recognised
organisations, such as the European Association of Zoos and Aquaria (EAZA), the Association of
Zoos and Aquariums (AZA, North America) and the World Association of Zoos and Aquariums
(WAZA) (Kelly 1997). Similarly, ex situ plant conservation is undertaken by the approximately
3,500 botanic gardens, of which 350 are also involved in global seed banking efforts (O’Donnell
and Sharrock 2017). Collectively these institutions represent an almost unparalleled
conservation resource, providing the practical experience, scientific knowledge, financial
resources and physical capacity to breed and maintain thousands of diverse species

(Oberwemmer et al. 2011).

1.2 Ex Situ Conservation

Although zoos and aquariums were not established to conserve wildlife, the conservation value
and potential of ex situ management has long been known (Conway 2003; IUDZG/IUCN SSC
1993). The captive breeding and subsequent reintroduction of species back into their native
habitat was originally termed the ‘Ark Concept’ (Durrell 1976; Soulé et al. 1986) and has been
achieved for several species, including the California condor (Gymnogyps californianus) and
Arabian oryx (Oryx leucoryx) (Chemnick et al. 2000; Stanley Price 1989). Embracing their
conservation potential has resulted in zoos and aquariums playing a fundamental role in the
recovery of 28% of all vertebrate species whose International Union for Conservation of Nature
(IUCN) Red List threat statuses have improved (Hoffmann et al. 2010). Furthermore, for the
species currently listed as “Extinct in the Wild” under the IUCN Red List, such as Pére David's
deer (Elaphurus davidianus) and the Alagoas curassow (Mitu mitu), captive breeding remains
the only option for continued species persistence. Unfortunately, the observed successes have
been somewhat opportunistic and the hope of establishing wild populations with captive-bred
animals has shown limited success (Beck et al. 1994; Brichieri-Colombi et al. 2019; Jule et al.
2008). Additionally, the recent revelation that the majority of ex situ population management
programmes are not meeting sustainability criteria, and are thus not viable long-term, has

caused serious concern among population managers and conservation practitioners (Lees and



Wilcken 2009; Powell et al. 2019). Despite these limitations, it is widely agreed that ex situ
breeding and management can be used as an effective conservation tool to conserve species,
particularly when integrated with in situ conservation efforts (Bowkett 2009; Byers et al. 2013;
IUCN SSC 2014). Zoos and aquariums have the capacity to directly contribute to in situ
conservation efforts through the generation of financial contributions, provision of animals for
reintroduction purposes, veterinary expertise and conservation education (Brichieri-Colombi et

al. 2019; Coonan et al. 2010; Gusset and Dick 2010; Smith et al. 2007).

Although accredited zoos and aquariums are conservation-orientated organisations, they must
also fulfil several other objectives, including education, research and entertainment (Frost 2010;
Roe et al. 2014). To fulfil these multiple roles, zoo collections must attract recreational visitors,
which can place competing demands on the composition of collections as public preferences do
not always align with conservation priorities (Turley 1999). In reality, the public attend zoos and
aquariums on a recreational basis and expect to see large, charismatic vertebrates, particularly
mammals (Carr 2016; Frynta et al. 2010; Gunnthorsdottir 2001; MareSova and Frynta 2008;
Moss and Esson 2010; Puan and Zakaria 2007; Ward et al. 1998). This creates tension between
economic viability and conservation credibility, with institutions fulfilling some roles at the
expense of others (Fa et al. 2014; Pritchard et al. 2012; Whitworth 2012). If zoos and aquariums
are to persist and make meaningful contributions to biodiversity conservation, they must adapt
to both visitor preferences and conservation requirements, being tactical with their living

collections to best serve their own priorities and objectives (Kelly 1997; Whitworth 2012).

1.3  Ex Situ Collection Planning

Until relatively recently personal preference, availability, and competition between institutions
determined the species found within collections (Hancocks 2001). However, over the last four
decades zoos and aquariums have shifted away from institution-level management of species
towards co-operative breeding and population management programmes across multiple
institutions and regions, ensuring the persistence of self-sustaining ex situ populations (Ballou
and Traylor-Holzer 2011; Che-Castaldo et al. 2019). Zoos and aquariums can only maintain a tiny
fraction of all the species on the planet due to the limited amount of space available to them,
and this ultimately means the inclusion of one species in a collection occurs at the exclusion of
at least one other (Balmford et al. 1996; Conway 1986; Conway 1987; Foose 1983). If the species
most in need of conservation efforts were also the most preferred by visitors, then decisions

regarding the composition of zoo and aquarium collections would be relatively simple (Palmer



et al. 2018). In reality, this is rarely the case, and species compete for inclusion both within
taxonomic groups (e.g. Ursidae) and across taxonomic groups (e.g. Canidae, Felidae) (Long et al.
2011; McCann and Powell 2019). The global zoo and aquarium community has sufficient
resources to maintain viable populations of only 1,000 to 2,000 species and how institutions
decide to fill these spaces has become a contentious issue and one which is only set to intensify

as the number of threatened species rises (Balmford et al. 1996; Traylor-Holzer et al. 2019).

Perceived visitor preferences have fuelled the belief that large vertebrates, particularly
mammals, are necessary in order to attract visitors, and this has resulted in the biased
composition of modern collections (Balmford et al. 1996; Conde et al. 2011; Conde et al. 2013;
Fa et al. 2011; Fa et al. 2014; Frynta et al. 2013; Hancocks 2001; Kawata 2013; Pritchard et al.
2012). This strong taxonomic bias is criticised as such species are often costlier to maintain,
demonstrate poor ex situ reproductive success, require exponentially greater enclosure sizes
and raise significant ethical and welfare issues (Balmford et al. 1996; Young 2015). As a result, it
has been recommended that zoos and aquariums shift their focus away from large vertebrates
towards smaller-bodied species (preferably amphibians, invertebrates and fish), threatened
species, native species and consolidate their conservation efforts on fewer species overall (Fa et
al. 2014; Keulartz 2015; Palmer et al. 2018). However, as the global zoo and aquarium
community has a limited capacity, there are concerns that the removal of popular species could
result in reduced visitor attendance, lowering economic viability and consequently in situ

conservation investment (Carr 2016; Kawata 2013; Ward et al. 1998; Whitworth 2012).

Conversely, the ‘flagship’ approach of using large vertebrates in collections to stimulate public
education and in situ conservation fundraising, i.e. “Strategic Collection Planning” (Hutchins et
al. 1995), is potentially an effective conservation strategy, helping to conserve other species and
habitats (Bowkett 2014). This recognises the current bias towards large mammals and considers
it a legitimate and potentially highly effective conservation strategy, owing to their ability to act
as flagship species (Hutchins and Wemmer 1991; Leader-Williams and Dublin 2000). The global
zoo and aquarium community spends approximately $350 million annually on in situ wildlife
conservation activities and represents the third largest conservation organisation contributor
globally (Gusset and Dick 2011). Although the majority of institutions contribute less than 5% of
their operating income to in situ conservation activities, these contributions significantly impact
global wildlife conservation efforts, with greater funding from ex situ institutions showing a
positive relationship with in situ project success and viability (Bettinger and Quinn 2000; Fa et

al. 2011; Gusset and Dick 2010; Mace et al. 2007). A doubling in the number of in situ projects

4



supported by AZA member institutions from 325 in 1992 to 650 in 1999 suggests that ex situ
institutions are becoming increasingly involved in in situ conservation efforts, and if this
continues zoos and aquariums could become the primary non-governmental in situ conservation

organisations (Conway 2003).

Nearly all ex situ conservation activities are funded by paying visitors and the popularity of the
species within institutional collections is positively correlated with visitor attendance
(Whitworth 2012). While national population size and gross national income have both been
correlated with international zoo attendance (Davey 2007), Whitworth (2012) failed to find any
significant relationship between socio-demographic variables and institutional attendance in
the UK, suggesting that an institution’s species composition is more important in determining
attendance than socio-economic variables. The evidence for what determines popularity is
contested and often inconsistent. Although several studies have shown a clear preference
among the public for large, charismatic vertebrates, particularly mammals (Carr 2016; Moss and
Esson 2010), this is contradicted by findings of body mass not being an important factor in
determining species popularity (Ward 2000; Whitworth 2012). Threat status and nativeness
have been shown to be important for determining species popularity (Carr 2016; Roe et al.
2014), but have also been contradicted (Whitworth 2012). These issues are not easily resolved,
and the divide will only expand as animal welfare standards improve, resulting in increased

enclosures sizes (Long et al. 2011).

If zoos and aquariums are to become undisputed conservation organisations it is imperative that
institutions utilise their limited space and resources appropriately and develop rational and
systematic criteria for the identification of species to be selected for ex situ conservation efforts
and management (Balmford et al. 1996; Hutchins et al. 1995). The argument that there are
immovable visitor preferences and that zoos must exhibit large vertebrates in order to attract
visitors and remain economically viable has yet to be systematically evaluated (Bowkett 2014;
Fa et al. 2014). Work to date has yet to firmly link collection composition to attendance
worldwide, with studies often being limited by the species assessed and being institution or
country specific, while information on correlates of conservation outcomes, such as in situ
contributions is almost non-existent, inhibiting informed collection planning decisions and policy
formation (Carr 2016; Whitworth 2012). Globally studies have only assessed the role of socio-
economic variables. Although informative, these bivariate relationships fail to capture the
complexity of direct and indirect drivers of visitor attendance and have failed to account for the

composition of individual collections and how they relate to institutional visitor attendance. This
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necessitates an integrated assessment of how collection composition and socio-economic
variables affect both institutional visitor attendance and in situ conservation contributions. If by
housing large vertebrates zoos and aquariums can contribute more to in situ conservation,
protecting not only individual species but their extended habitats, then their presence in
collections at the exclusion of other, smaller-bodied species may represent an optimal

conservation strategy.

1.4 Ex Situ Population Sustainability

Zoos and aquariums require a diverse selection of species within their collections to achieve
their goals and objectives, from threatened species where zoos and aquariums play a direct role
in their conservation and recovery through captive breeding programmes, to large, charismatic
species which increase visitor attendance and generate funds for in situ conservation (Powell et
al. 2019). Regardless of the individual species maintained, the ability of zoos and aquariums to
fulfil these goals relies on the long-term sustainability of ex situ populations. Ex situ population
management originally aimed to maintain 90% of the genetic variation within a population over
a 200 year period (Soulé et al. 1986), however this was subsequently revised to retain 90% of
genetic variation over a 100 year period to reflect the economic resources and species holding
capacities of zoological institutions (Foose et al. 1995). Despite these revisions, Lees and Wilcken
(2009), and subsequent regional analyses, have all revealed that the population sizes necessary
to maintain long-term genetically and demographically sustainable populations are currently

not being met (Hibbard et al. 2011; Leus et al. 2011; Long et al. 2011).

The majority of managed ex situ populations contain less than 100 individuals and if zoos and
aquariums are to increase their managed ex situ population sizes to those deemed necessary for
self-sustainability by Lees and Wilcken (2009), they would have to create an additional >100,000
spaces within their collections (Powell et al. 2019). In reality, the sustainability of ex situ
populations is substantially hindered by small population sizes, low genetic diversity, limited
reproductive success, inadequate population management and husbandry, limited ex situ
species holding capacity, poor fulfilment of breeding and transfer recommendations and
logistical constraints (Che-Castaldo et al. 2019; Macek 2014; Wilson et al. 2019). Unless drastic
changes to collection planning and management practices are implemented, the vast majority
of ex situ populations will not persist in the long-term, even for the most charismatic of species

(Kaufman 2012; Powell et al. 2019).



Despite their popularity with the public and their almost ubiquity across zoological collections,
the sustainability of ex situ flamingo (Phoenicopteridae) populations has been a particular
concern among population managers, primarily due to their demonstrably poor rates of
reproductive success (Brown and King 2005; King 2000; Shannon 2000; Stevens et al. 1992;
Whitfield 2002). This has created a deficit in the number of captive flamingos, with all species
still relying on the periodic importation of wild-caught individuals and institutions consistently
stating that they would like to hold more flamingos than are currently available (King and Bracko
2014). As a result, increased knowledge surrounding the basic reproductive biology of all
flamingo species and improved management practices are necessary if ex situ flamingo
populations are to become self-sustaining (Johnson and Cézilly 2008; King 1994; Sandri et al.
2018). Flock size has already been identified as a key determinant of reproductive success, with
larger flocks demonstrating higher reproductive output (Farrell et al. 2000; King 2008; King and
Bracko 2014; Pickering et al. 1992; Sandri et al. 2018; Stevens and Pickett 1994; Stevens 1991).
In a bid to increase population sizes and sustainability it has been universally recommended that
flamingos be housed in minimum flock sizes of 20 birds and ideally in flocks of >40 birds to
achieve a reasonable chance of reproductive success (Brown and King 2005). Although practical,
these guidelines are generated from a very limited body of knowledge and fail to consider, or
are unable to separate, the effects of species-specific differences in reproductive behaviour,
flock sex ratio and environmental conditions, making it almost impossible to draw general
conclusions from the research to date (Pickering et al. 1992; Rose et al. 2014; Stevens and Pickett
1994; Stevens 1991). As a result, many questions remain unanswered and the universal
implementation of management decisions may be premature, potentially hindering the

sustainable development of ex situ flamingo populations.

In order to successfully manage ex situ flamingo populations and ensure their long-term
sustainability, a species-specific identification of the optimal flock size and composition
necessary for reliable reproductive success is urgently needed, with the subsequent tailoring of
management recommendations accordingly (King and Bracko 2014; Rose et al. 2016; Sandri et
al. 2018; Stevens and Pickett 1994). This requires longitudinal, multi-institutional and multi-
species studies to provide a more complete understanding of the factors involved in enhancing
the reproductive success of ex situ flamingo populations (Rose et al. 2014). Globally shared
zoological records, such as those currently contained within Species360’s Zoological Information
Management System (ZIMS), represent a unique resource to investigate the relationship
between flock size and structure on reproductive success on a global scale, spanning latitudinal

and climatic gradients. ZIMS is the largest real-time database of comprehensive and
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standardised zoological information encompassing more than 1,100 zoological collections
globally, including detailed ex situ records for more than 22,000 species and 10 million individual
animals, living and historic (Species360 2019; ZIMS 2019). A preliminary analysis of 167
Species360 member institutions in 2013 showed that for Chilean flamingos (Phoenicopterus
chilensis), flocks consisting of over 100 birds had the highest probability of reproductive success
(Teare 2014). This single year study demonstrates the conservation potential and management
information that can be generated from globally shared zoological records and provides a
foundation for further research endeavours. If utilised appropriately, globally shared zoological
records have the potential to fundamentally alter ex situ population management and
conservation for thousands of species, filling significant demographic knowledge gaps which can

further support in situ conservation efforts (Conde et al. 2019).

1.5 Ex Situ Contributions to Biobanking

With the increasing realisation that zoos and aquariums are unable to maintain genetically and
demographically sustainable living ex situ populations, there is increasing relevance and
importance to the emerging role of zoos and aquariums to contribute to the cryogenic
preservation of biological material in gene banks (termed ‘biobanking’) to preserve genetic
variation and ensure population sustainability (Ballou 1992; Hobbs et al. 2018; Powell et al.
2019). A gene bank is a collection of cryopreserved biological material, which can consist of living
cell cultures, gametes, tissues samples, embryos, feathers etc., established to conserve the
genetic diversity within a population of plants or animals (Hobbs et al. 2018; Wildt 1997).
Cryopreserved living cells in particular represent a unique and expandable resource that can be
continually thawed, grown and a portion re-banked for future use (Ryder and Onuma 2018).
When utilised in conjunction with cell-based human intervention and assisted reproductive
technologies, cryopreserved living cells and gametes have the potential to preserve and
reintroduce genetic variation into future populations, extending the reproductive lifetime of
individuals almost indefinitely, maintaining a species’ adaptability potential and allowing more
species to be maintained ex situ (Ballou 1992; Critser and Russell 2000; Hobbs et al. 2018;
Praxedes et al. 2018). Furthermore, the potential to introduce genetic variation into wild
populations using the same methodology and genetic rescue theory provides one method to
help restore in situ population health and viability (Staerk et al. 2018; Whiteley et al. 2015).
Therefore, the long-term cryopreservation of living cell cultures represents a unique and almost
unparalleled resource for future ex situ population management and global biodiversity

conservation (Ballou 1992).



The cryopreservation of living cell cultures and germplasm can be used to restore genetic
diversity and population health of small and fragmented in situ populations, which often suffer
from low genetic diversity and the resulting negative effects of inbreeding, reducing their
adaptability potential (CBSG 2015; CPSG 2016; Ryder and Onuma 2018; Whiteley et al. 2015).
This is referred to as genetic rescue and has been proven to be successful across various taxa
(Johnson et al. 2010; Pimm et al. 2006; Sunquist and Sunquist 2001; Whiteley et al. 2015),
including the black-footed ferret (Mustela nigripes), where cryopreserved gametes were used
in conjunction with assisted reproductive technologies to reintroduce lost genetic variation, via
viable offspring, into the extant population, increasing the population’s genetic diversity and
ultimately contributing to the species’ recovery (Howard et al. 2016). Similarly, living somatic
cell cultures can be used to conduct somatic cell nuclear transfer (SCNT) or ‘cloning’ of
threatened species, as already demonstrated in the endangered gaur (Bos gaurus) and banteng
(Bos javanicus) (Hobbs et al. 2018; Peterson 2016; Ryder and Onuma 2018; Secher et al. 2017).
Combined with the utilisation of gestational and ova surrogates, SCNT can in theory be used to
resurrect species from extinction, providing living somatic cell cultures also exist. In 2003, SCNT
was conducted using a cryopreserved living cell culture from the last living Pyrenean ibex (Capra
pyrenaica pyrenaica) which had died in 2000, although the individual did not survive the
immediate postpartum period, it’s birth marked the first de-extinction event in history and
highlighted the power of cryopreserved living cell cultures and biobanking in biodiversity
conservation (Folch et al. 2009). This method of conservation shows exceptional promise if
planned and used appropriately, and is particularly useful where conventional means of species

recovery, such as live animal transfers, are not practical or possible.

Despite the conservation potential of biobanking, its continued development is hindered by a
lack of standardised information surrounding the species currently represented within global
gene bank collections, the selection and prioritisation of species for future genetic sample
collection and the availability of samples for future collection; issues which have been raised by
conservation practitioners at both the 2015 and 2016 IUCN Conservation Planning Specialist
Group (IUCN CPSG) Annual Meetings (CBSG 2015; Clarke 2009; CPSG 2016; Hobbs et al. 2018;
Ryder et al. 2000; Staerk et al. 2018). To date, sample collection has been predominantly
opportunistic and the only coordinated attempt to characterise the biodiversity represented
within existing collections has been an assessment of 67 “Critically Endangered” or “Extinct in
the Wild” species within five biobanking facilities (Hobbs et al. 2018; Ryder and Onuma 2018).
Although the function and objectives of individual gene banks may vary, if biobanking is to be

considered a viable and respected conservation tool moving forward it is imperative that the
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way in which species are selected for sampling follow a clear and transparent methodology to

ensure that important conservation opportunities are not being overlooked (Hobbs et al. 2018).

This lack of existing gene bank information and ad hoc approach to species sample collection
warrants a holistic approach to the prioritisation of species for future sample collection,
incorporating the probability of species extinction, the probability of sample acquisition and the
probability of successful implementation in the future. Existing prioritisation schemes have been
put forward as one method to identify species with heightened probabilities of extinction for ex
situ conservation efforts (da Silva et al. 2019), and the incorporation of a species’ IUCN Red List
status and its representation under various other conservation prioritisation schemes, such as
the Convention on International Trade of Endangered Species of Fauna and Flora (CITES), could
provide one method to identify priority species. Similarly, with their diverse living collections
and ease of access, zoos and aquariums have a unique opportunity to contribute to biobanking
and the preservation of genetic diversity (Benirschke 1984; Praxedes et al. 2018). Approximately
15% of all threatened terrestrial vertebrate species are currently managed ex situ and the
availability of globally shared zoological records in ZIMS could provide one mechanism of
identifying suitable sample collection opportunities from within the global zoo and aquarium
community (Conde et al. 2011). Although not a replacement for conventional conservation
practices, biobanking has the potential to radically alter species conservation, through the
addition of genetic diversity into existing populations or potentially even the reversal of species
extinctions. However, in order to achieve these goals, suitable samples must be obtained and
maintained in perpetuity, and for species which are never sampled, these opportunities will

never be realised.

1.6 Ex Situ Contributions to De-Extinction

Despite the best efforts of in situ and ex situ conservation practitioners, the rate of human-
induced species extinctions has increased in frequency over the last century, with predicted
future accelerations in extinction rates almost guaranteed (Butchart et al. 2010; Ceballos et al.
2015; Ceballos et al. 2020). However, contemporary developments in ancient DNA sequencing,
advanced reproductive technologies and genome engineering, such as CRISPR-Cas9, mean that
extinction may not necessarily be forever (Doudna and Charpentier 2014; Folch et al. 2009). The
resurrection of once-extinct species, termed ‘de-extinction’, and subsequent reintroduction into

the wild, has the potential to not only reverse global biodiversity loss, but also to restore
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ecosystem health and stability, providing resilience to future disturbances (Cardinale et al. 2012;

Shapiro 2017).

Currently, de-extinction can be achieved through three fundamental pathways: back-breeding,
cloning and genome engineering, each of which rely on the availability of suitable ex situ
samples, genomic information and extant close relatives (Shapiro 2015a). This can be seen from
the resurrection of the Pyrenean ibex (Capra pyrenaica pyrenaica) through cloning (SCNT),
which was only made possible due to the availability of cryopreserved ex situ living cell cultures
and extant close relatives to act as gestational and ova surrogates (Folch et al. 2009).
Unfortunately, the vast majority of extinct species do not have cryopreserved living cell cultures
available and therefore SCNT is not an option, highlighting the importance of collecting living
cell cultures of currently threatened species before they go extinct (Shapiro 2017). Similarly,
back-breeding, the selective breeding of extant individuals to resurrect specific ancestral traits
within the living population, relies upon both the availability of extant relatives and the
persistence of target ancestral traits in the living population (Shapiro 2017). Although this has
produced ecological proxies of extinct species, such as Heck cattle which today fill the ecological
niche of the extinct aurochs (Bos taurus primigenius), back-breeding is typically seen as a
‘phenotypic’ de-extinction rather than a true de-extinction, restoring extinct phenotypes and
ecological roles regardless of genetic considerations (Heck 1951; Shapiro 2015a). In contrast,
genome engineering alters the genome of an extant species, in cells in vitro, to incorporate and
express genes from an extinct species. Although genome engineering does not require living cell
cultures, it still requires at least partial genomic information from the extinct species and extant
close relatives for genome altering and surrogate purposes (Shapiro 2015b). Despite the vast
genome alterations necessary, genome engineering projects are currently underway to
resurrect both the woolly mammoth (Mammuthus primigenius) and passenger pigeon
(Ectopistes migratorius) using their extant close relatives the Asian elephant (Elephas maximus)

and band-tailed pigeon (Patagioenas fasciata) (Callaway 2015; Shapiro 2015a).

Similar to the existing taxonomic biases in conservation management and ecological research,
charismatic vertebrates such as the woolly mammoth and thylacine (Thylacinus cynocephalus)
have been the focus of nearly all de-extinction discussion and research to date, with almost no
consideration for the potential benefits of resurrecting extinct plant species (IUCN SSC 2016;
Jones 2014; Martinelli et al. 2014; McCauley et al. 2017). Considering the reduced legal, ethical
and welfare considerations when considering de-extinction in plants compared to vertebrates

and the relative ease of plant cloning, it is surprising that plants have been excluded from this
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discussion, particularly given their role in ecosystem functioning and their importance in
ensuring food security (Martinelli et al. 2014; Sherkow and Greely 2013; Turner 2017). In fact,
plants are almost conspicuous in their absence from the discussion surrounding de-extinction,
with the American chestnut (Castanea dentata) being the sole representative of the Kingdom
mentioned in the literature, a species which never actually became extinct (Jones 2014;
Martinelli et al. 2014; McCauley et al. 2017; Ogden 2014; Shapiro 2015a). In contrast to
vertebrates, the resurrection of extinct plant species can be much more straightforward if
suitable seed and herbarium specimens exist, as shown by Godefroid et al. (2011) who used 144-
year-old herbarium seed samples to germinate the locally extinct Bupleurum tenuissimum.
Similar to animals, ex situ plant conservation is undertaken by the approximately 3,500 botanic
gardens, of which 350 are also involved in global seed banking efforts (O’'Donnell and Sharrock
2017). Collectively, these institutions contain an immense repository of not only cryopreserved
viable seed samples, but also herbarium specimens capable of producing high quality DNA
sequences and seeds capable of germination, representing an untapped resource for plant de-
extinction efforts (Abeli et al. 2020; Godefroid et al. 2011). Although vertebrate de-extinction
has helped to capture the imagination and attention of the general public, this taxonomic bias
and disregard for the potential benefits of plant de-extinction has also created a vertebrate-
centric view of de-extinction and the technology required to achieve it, resulting in missed

opportunities to reverse global biodiversity loss and restore lost ecosystem services.

Addressing this taxonomic bias, and the prioritisation of plant species for de-extinction research,
is critical to the development of de-extinction as a legitimate conservation tool, ensuring that
opportunities for de-extinction are not being overlooked and that resources are being allocated
appropriately. This requires an integrated assessment of intrinsic and extrinsic species values,
the probability of project success, the availability of suitable ex situ samples and the associated
costs involved. Over 387 million plant specimens are preserved in the approximately 3,000
herbaria globally, all of which have the potential to provide not only DNA sequences for genome
engineering, but also seed samples capable of germination, however an assessment of the
extinct plant species represented within herbaria and seed banks has yet to be conducted (Abeli
et al. 2020). In addition, the IUCN Red List of Threatened Species provides species-specific threat
and habitat assessments for not only threatened species, but also recently extinct species (IUCN
2018). When combined with known ex situ sample availability, this provides a more holistic
approach to de-extinction candidate selection, avoiding the selection of species with limited
possibilities of successful de-extinction and subsequent reintroduction. De-extinction is similar

to genetic rescue in that it cannot replace conventional conservation practices, particularly for
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long-extinct species with limited or no samples available. However, for species which have

recently gone extinct and for species which are likely to become extinct in the near future, de-

extinction offers the only potential mechanism to resurrect species and restore their ecosystem

functions, reversing global biodiversity loss and enhancing ecosystem stability (Seddon et al.

2014; Shapiro 2017).

1.7

Thesis structure

This thesis explores the multi-faceted contribution of ex situ collections to global biodiversity

conservation, both in situ and ex situ. Utilising globally shared zoological and botanical records |

investigate the current contributions of ex situ collections to biodiversity conservation and

highlight their future potential in four broad areas:

1)

2)

3)

4)

Collection composition: an integrated assessment of the collection composition and
socio-economic factors influencing both institutional attendance and institutional in situ
contributions for over 450 zoological institutions globally. This allowed the identification
of the institutional and species characteristics associated with increased in situ
contributions, providing guidance for collection planners moving forward to increase
institutional conservation investment.

Population sustainability: an investigation into the influence of flock size and structure
on reproductive success in captive flamingo flocks globally, while also accounting for
climatic variability and temporal trends in institutional flock sizes and reproductive
output. | provide species-specific management recommendations to help improve the
sustainability of ex situ flamingo populations.

Biobanking: an assessment of the current representation of species within the Frozen
Zoo® collection of living cell cultures housed at the San Diego Zoo Institute for
Conservation Research. This allowed me to identify gaps within the collection and
prioritise species for future genetic sample collection, highlighting their congruency with
global wildlife conservation prioritisation schemes and identifying opportunities for
sample collection from within the global zoo and aquarium community.

De-extinction: a conservation project efficiency approach to the prioritisation of
recently extinct plants for future de-extinction research efforts, incorporating intrinsic
and extrinsic species values, while also considering the probability of project success,
through an identification of suitable herbarium and ex situ samples for potential future

de-extinction efforts, and key habitat and threat information.
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1.7.1 Chapter 2: A system wide approach to managing zoo collections for visitor
attendance and in situ conservation
Zoo collections reflect a compromise between conservation, science, education and
entertainment objectives. The persistent belief that large, charismatic vertebrates are necessary
to attract visitors may lead to a trade-off between maximizing visitor attendance and
conservation objectives due to the resource and welfare requirements needed to maintain
them. Conversely, the ‘“flagship’ approach suggests that a focus on large mammals could be an
effective conservation strategy, as a driver of fundraising for in situ conservation projects. Here
| used a global dataset of over 450 zoo collections to develop a model of how zoo species
composition and socio-economic factors influence visitor attendance and in situ conservation
project contributions, both directly and indirectly, to test for the first time whether zoos must
exhibit large vertebrates to attract visitors and fund in situ conservation. | show that zoos with
many animals, large animals, with high mammal species richness and which are dissimilar to
other zoos achieve higher numbers of visitors and contribute to more in situ conservation
projects; however, a strong trade-off between number of animals and mean species body mass
indicates that alternative composition strategies, such as many small animals, may also be
effective. My results demonstrate the key role of large vertebrates in promoting both visitor
attendance and in situ conservation investment, but also highlight that they are only one part
of a complex system of determinants. This evidence-based work can help guide future collection
planning processes, increasing both institutional visitor attendance and in situ conservation

contributions, helping to limit global biodiversity loss.

1.7.2 Chapter 3: Flock size and structure influence reproductive success in four
species of flamingo in 753 captive populations worldwide
Consistent with the majority of managed ex situ populations, ex situ flamingo (Phoenicopteridae)
populations are not meeting necessary sustainability criteria and are thus not viable long-term,
stemming from their poor reproductive success. Previous work has identified both flock size and
environmental suitability as key determinants of ex situ reproductive success, but has failed to
consider species-specific differences in reproductive behaviour and is often limited by the
number of institutions, species and geographic regions assessed, hindering the identification of
species-specific requirements and the associated management recommendations necessary to
improve the sustainability of ex situ flamingo populations. Here | combined current and historic
zoological records from the Zoological Information Management System with high resolution
global climatic data to model under a common framework how flock size and structure influence

reproductive success in ex situ flamingo populations between 1990 and 2018. | assess four of
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the six extant species of flamingo (Phoenicopterus chilensis, Phoeniconaias minor,
Phoenicopterus roseus and Phoenicopterus ruber), while simultaneously investigating temporal
trends in institutional flock sizes and the reproductive seasonality of ex situ flamingo
populations. | find that flock size has a strong positive effect on the probability of reproduction
and the predicted number of chicks per flock in all species of flamingo, with flock sizes of 69 —
127 necessary to achieve a 50% probability of reproduction. | further show that a balanced sex
ratio and the introduction of new individuals to a flock both increase reproductive success.
Contrary to expectations, | reveal that climatic variables play a limited role in determining ex situ
flamingo reproductive success. For the first time, | provide species-specific management
recommendations to increase the reproductive success of global ex situ flamingo populations,
highlighting the importance of both individual institutions and regional associations. This family-
specific analysis demonstrates the management information and conservation potential of
globally shared zoological records and | encourage the continued sharing and standardisation of

records to promote both ex situ population sustainability and biodiversity conservation.

1.7.3 Chapter 4: Maximising the potential for living cell banks to contribute to global
conservation priorities
The lack of information surrounding the species currently represented within global gene bank
collections and the inconsistent selection of species for future sample collection both
significantly hinder the development of biobanking as an effective conservation tool, likely
resulting in missed conservation opportunities and enhancing extinction risks. Here |
investigated the representation of amphibians, birds, mammals and reptiles within the Frozen
Z00® collection of living cell cultures housed at the San Diego Zoo Institute for Conservation
Research and their congruency with global wildlife conservation prioritisation schemes,
including the IUCN Red List, CITES and the Alliance for Zero Extinction (AZE). | identified gaps
within the collection and prioritised for genetic sample collection the 5,799 unsampled
“Threatened” species under the IUCN Red List, assessing their probability of extinction through
their overlap with other conservation prioritisation schemes, and the probability of sample
acquisition from within the global zoo and aquarium community. | find that 965 species and
5.1% of all “Threatened” amphibians, birds, mammals and reptiles are currently represented
within the San Diego Zoo Frozen Zoo® and that sampling from within existing zoo and aquarium
collections can increase this representation to 16.5%. | identify three species for priority sample
collection which are listed under every prioritisation scheme and which are also present within
the global zoo and aquarium community, including the Crested lbis (Nipponia nippon), and five
species listed in every prioritisation scheme, but not found within the global zoo and aquarium
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community, including the Christmas Frigatebird (Fregata andrewsi). Priority species based on
subsets of prioritisation schemes are also provided. | reveal the potential of zoos and aquariums
to contribute to global biobanking efforts and emphasise the need for increased global
collaboration and encourage the formation of a global database of gene banks. | highlight the
difficulties in obtaining living cell cultures in situ and the associated concerns over intellectual
property rights and genetic resource sovereignty, encouraging the establishment of new gene

banks in biodiversity rich countries.

1.7.4 Chapter 5: A conservation project efficiency approach to the prioritisation of
plants for de-extinction research

The current taxonomic bias in de-extinction research towards charismatic vertebrates, such as
the woolly mammoth (Mammuthus primigenius) and great auk (Pinguinus impennis), has
resulted in a biased view of de-extinction as a whole and the technology required to achieve it.
The conspicuous absence of plants form the de-extinction literature is surprising given the
relative ease of plant cloning, their role in ecosystem functioning, their agricultural importance
and the reduced ethical and welfare concerns associated with them compared to vertebrate
species. Here | implemented an estimated conservation project efficiency ranking framework to
prioritise for de-extinction research the 122 species of plant listed as “Extinct” under the IUCN
Red List. This framework incorporated intrinsic and extrinsic species values (such as economic,
medicinal and scientific value), while also considering indicators for the probability of project
success and associated costs through an identification of available herbarium specimens, ex situ
samples, extant relatives and key habitat and threat information. | find that nearly all extinct
species have known herbarium specimens (114/122 species) and extant relatives (117/122
species), however none are represented within any of the seed or germplasm banks assessed.
In addition, | reveal that 19/122 species have already been rediscovered, however only six
species have had their [IUCN Red List status updated to reflect this new information. Four of the
top five ranking species have been rediscovered (Melicope paniculata, Melicope cruciata,
Astragalus nitidiflorus and Madhuca insignis), leaving Delissea subcordata as the highest-ranking
candidate species for de-extinction research. Although last recorded in 1934, this Hawaiian
lobelioid has numerous herbarium specimens, published DNA sequences and extant genus-
specific relatives available, increasing the probability of project success and decreasing
estimated project costs. | highlight a lack of available quantitative data for extinct plant species,
particularly with regards to their ecological role, interspecific interactions, historical threats and
current habitat suitability. | strongly encourage seed and tissue collection from rediscovered
species and more detailed IUCN Red List assessments for all species.
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1.7.5 Chapter 6: Discussion

The final chapter of this thesis draws general conclusions from the work presented within the
thesis, discusses the overall consequences and implications for global ex situ management and
conservation efforts and the importance and potential of globally shared zoological and
botanical records. | highlight the need for improved record sharing between non-Species360
member institutions and outline future research avenues to enhance the conservation potential

of the ex situ community.
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1.8 Additional work

In addition to the chapters presented within this thesis, the PhD process also provided me with
the opportunity to collaborate with several other researchers and contribute to additional inter-
disciplinary research projects. Publications resulting from these contributions and collaborations

are listed below:

1.8.1 Helminth Infections of European badgers (Meles meles) in Ireland

| led the data analysis and provided feedback on drafts for two collaborative projects led by
Rachel Louise Byrne then of Trinity College Dublin, and currently Liverpool School of Tropical
Medicine. These projects discuss the diagnostic techniques and helminth parasite communities

of European badgers (Meles meles) in Ireland.

Byrne, R. L., Fogarty, U., Mooney, A., Harris, E., Good, M., Marples, N. M., and Holland, C. V.
(2020). The helminth parasite community of European badgers (Meles meles) in Ireland.

Journal of Helminthology 94. doi:10.1017/50022149X19000051

Byrne, R. L., Fogarty, U., Mooney, A., Marples, N. M., and Holland, C. V. (2018). A comparison of
helminth infections as assessed through coprological analysis and adult worm burdens
in a wild host. International Journal for Parasitology: Parasites and Wildlife 7.

doi:10.1016/j.ijppaw.2018.11.003

1.8.2 Mammalian Demographic Responses to Climate Change
| was involved in the data collection and provided feedback on drafts of a project investigating
the demographic responses of mammals to predicted changes in climate. This manuscript is

currently under review.

Paniw, M. et al. (Under Review). Global analysis reveals complex demographic responses of

mammals to climate change.
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This manuscript has been published in Nature Communications (2020) 11: 584.

Available at https://www.nature.com/articles/s41467-020-14303-2

2.1 Abstract

Zoos contribute substantial resources to in situ conservation projects in natural habitats using
revenue from visitor attendance, as well as other sources. | use a global dataset of over 450 zoos
to develop a model of how zoo composition and socio-economic factors directly and indirectly
influence visitor attendance and in situ project activity. | find that zoos with many animals, large
animals, high species richness (particularly of mammals), and which are dissimilar to other zoos
achieve higher numbers of visitors and contribute to more in situ conservation projects.
However, the model strongly supports a trade-off between number of animals and body mass
indicating that alternative composition strategies, such as having many small animals, may also
be effective. The evidence-base presented here can be used to help guide collection planning
processes and increase the in situ contributions from zoos, helping to reduce global biodiversity

loss.
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2.2 Introduction

Modern zoos contribute to the recovery and conservation of threatened species through ex situ
breeding within institutions (Conde et al. 2011) and through substantial contributions to in situ
conservation projects in natural habitats (Gusset and Dick 2011). In order to fulfil their multiple
roles, zoo collections must attract recreational visitors (Turley 1999) and perceived visitor
preferences have fuelled the belief that large vertebrates, particularly mammals, are necessary
in order to attract visitors (Martin et al. 2014). However, compared to smaller species, large
animals are often costlier to maintain, prove more difficult to breed in captivity, require larger
enclosure sizes (Balmford et al. 1996) and raise ethical and welfare issues (Young 2015). As the
global zoo community has a limited capacity (IUDZG/IUCN SSC 1993), zoos have been
encouraged through conservation objectives to shift their focus towards smaller-bodied species
(particularly amphibians, invertebrates and fish), native species, threatened species and
specialise on fewer species (Keulartz 2015; Palmer et al. 2018). However, this compositional shift
could result in reduced visitor attendance, lowering economic return and consequently in situ

conservation investment (Carr 2016; Kawata 2013).

The global zoo and aquarium community fulfils several objectives, including conservation,
education, research and entertainment (Turley 1999). These multiple roles can place competing
demands on the composition of zoo collections as public preferences do not always align with
conservation priorities. Collectively, the global zoo and aquarium community attracts more than
700 million visitors every year and invests more than $350 million in wildlife conservation in situ,
representing the third largest conservation organisation contributor globally (Gusset and Dick
2011). These in situ conservation activities are primarily funded by paying visitors, in conjunction
with other sources, and the popularity of institutional collections (in terms of the species within
the collection) is positively correlated with attendance (Whitworth 2012). There is evidence for
the flagship approach of using popular, large vertebrates in zoo collections to drive public
education and in situ conservation fundraising (Hutchins et al. 1995), helping to protect other
species and habitats (Bowkett 2014; Conway 2011). However to my knowledge, work to date
has yet to unequivocally link collection species composition to attendance worldwide, with most
studies limited by the range of species, institutions and countries assessed (Carr 2016;
Whitworth 2012). Socio-economic variables also drive attendance (Davey 2007) but the relative
influence of socio-economic and collection composition variables on attendance has not been
assessed. While the direct effects of various factors on attendance have been the focus of

previous studies, such approaches fail to capture the complexity of potential indirect drivers of,
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and trade-offs for, visitor attendance. A framework linking the direct and indirect effects of
collection composition variables on conservation outcomes, such as in situ contributions, would

allow for more informed collection planning decisions and policy formation.

| test whether collection composition and socio-economic variables affect both institutional
attendance (458 zoos worldwide) and in situ contributions (subset of 119 zoos). | use Structural
Equation Modelling (SEM) to test the determinants of both visitor attendance and in situ
conservation contributions as part of a system of species and zoo characteristics and broader
socio-economic variables (Table 2.1). | use vertebrate composition data from Species360
member institutions, in conjunction with attendance information from the International Zoo
Yearbook and in situ project contribution reports from the Association of Zoos and Aquariums
(AZA) (see 2.3 Methods). | find that zoos with many animals, large animals, high species richness
(particularly of mammals), and which are dissimilar to other zoos achieve higher numbers of
visitors and contribute to more in situ conservation projects. However, the model strongly
supports a trade-off between number of animals and body mass indicating that alternative

composition strategies, such as having many small animals, may also be effective.
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Table 2.1 | Description of the variables used within the Structural Equation Models.

*Weighted for species abundance per institution.

Variable

Description

Attendance

Species Richness

Total Animals

Mammal Species Richness
Institution Area

Threatened Species
Proportion*

Mean Species Body Mass*

Diversity

Dissimilarity

GDP

National Population Size

10 km Population

In Situ Contributions

Annual institution attendance (2015)

Total number of species per institution (2017)

Total number of individual animals per institution (2017)
Total number of mammalian species per institution (2017)
Institutional area in hectares (ha) (2015)

The proportion of IUCN Red List of Threatened Species
“Threatened”’ species (CR, EN, VU) per institution (2017)

The mean species body mass (g) per institution (2017)

Brillouin index measure of within collection diversity (alpha
diversity) (2017)

The mean Raup-Crick Dissimilarity Index per institution,
measuring compositional dissimilarity between collections
(2017)

Gross Domestic Product (USS) (2015)
National population size for each country (2015)

Estimated population count within a 10 km radius of the
institution (2015)

The annual number of field conservation programmes in which
individual AZA member institutions contribute to in some
capacity (2015)
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2.3 Methods

2.3.1 A priori Meta-Model

Structural Equation Modelling (SEM) integrates multivariate relationships, testing both direct
and indirect effects within a system (Fan et al. 2016). SEM requires a strong theoretical and
empirical knowledge of the study system to guide model specification and modification (Fan et
al. 2016). | conducted a literature review of the relationships between institutional attendance,
zoo species composition and in situ contributions. Based on this prior theoretical knowledge and
proposed causal relationships | developed a hypothetical a priori meta-model (Grace et al. 2010;
Grace et al. 2016; Appendix Figure A.1). This meta-model represents general relationships
between multiple variables, while omitting statistical details (Grace et al. 2010). A thorough
description of both the prior theoretical knowledge and proposed causal relationships used to
generate the a priori meta-model depicted in Appendix Figure A.1 are explained in Appendix
Note A.1. This hypothesised causal diagram was combined with available data to test the effects
of species body mass on institutional attendance in the context of institutional compositional

characteristics and socio-economic variables.

2.3.2 Data

Annual attendance figures and institutional area were obtained from the International Zoo
Yearbook (1ZY/ZSL 2016). In the absence of available revenue data, | use visitor attendance as a
proxy of income to potentially fund in situ activities. Institutional vertebrate species holdings
(mammalian, avian, reptilian and amphibian) were obtained from Species360 (Species360
2019). Species360 is an international non-profit organisation that hosts and develops the
Zoological Information Management System (ZIMS), the largest database of comprehensive and
standardised information on more than 1,100 zoo and aquarium collections globally. I1ZY and
Species360 member institutions were cross-referenced and Theme Parks, Aquariums and
Conservation/Science Centres removed to prevent potential biases, resulting in a sample size of
458 institutions in 58 countries (Appendix Figure A.2). Safari parks and similar drive-through

animal parks were treated the same as other institutions.

Both the 1ZY and ZIMS databases are based on submitted records from individual institutions.
While these databases have not been subjected to editorial verification, potentially permitting
differences in attendance calculations (e.g. exclusion of annual pass holders) or failure to update
species holdings, they represent the only global databases of zoo attendance figures (1ZY/ZSL

2016) and collection composition records (ZIMS). As a result, ZIMS is used by the IUCN,
23



Convention on International Trade in Endangered Species (CITES), the Wildlife Trade Monitoring
Network (TRAFFIC), United States Fish and Wildlife Service (USFWS) and Department for
Environment, Food and Rural Affairs (DEFRA) (Species360 2019).

Taxonomy and the status on the IUCN Red List of Threatened Species were standardised for the
4,822 vertebrate species present using the ‘taxize’ package (version 0.9.5; Chamberlain and
Szocs 2013) in the statistical programme R (version 3.4.3; R Core Team 2017). Species richness,
number of animals, taxonomic and IUCN Red List status representation, and both alpha and beta
diversity indices were calculated using data from ZIMS species holdings (see Table 2.1 for

variables list).

Species body mass was obtained from the Species Knowledge Index (Conde et al. 2019), which
standardises data across 22 different global demographic databases. Species-level body mass
information was available for 4,214 species. Body mass for the remaining 608 species was
inferred at the Genus, Family or Order level using the same datasets. This allowed the mean

species body mass of each institution to be calculated as shown in Equation 2.1.

— Y oxm;
M = lnl—ll Equation 2.1
i=1 Xi

Where M is the mean abundance weighted species body mass per institution, x; is the number
of individuals of species i, m; is the body mass of species i where i goes from 1 to n species per

institution.

To assess socio-economic factors, | used gross domestic product (GDP) and national population
size for each country (World Bank 2017). Institutional GPS co-ordinates were used to calculate
total population sizes within 10-kilometer radii in ArcGIS using estimated global population

counts (CIESIN 2017).

In order to assess the in situ contributions of individual institutions the Association of Zoos and
Aquariums (AZA) Annual Report on Conservation and Science was consulted (AZA 2016a). This
provided the number of field conservation programmes in which AZA member institutions were
involved in 2015. When cross-referenced with 1ZY and Species360 members, this provided a

sample size of 119 institutions across four countries for which | could analyse in situ

24



contributions. The number of projects, as a measure of in situ conservation contributions, does
not provide further resolution on the form the contribution takes (e.g. financial, expertise,
resources, animals, training etc.). However, a separate analysis of the relationship between the
number of in situ projects supported and the total in situ financial investment per institution
was conducted on anonymised data from 83 individual British and Irish Association of Zoos and
Aquariums (BIAZA) institutions. These data show a clear positive relationship between the
number of in situ projects supported and total in situ financial expenditure. As this data-set was
anonymised, | was unable to include it in my integrated model; however, these data are shown
in Appendix Figure A.5 and support my assumption that the number of in situ projects is a

meaningful proxy for the total in situ financial investment per institution.

2.3.3 Analyses

Two distinct SEM frameworks were tested, the Attendance model and the In Situ model. The
Attendance model tested the relationship between visitor attendance and all the various
specified variables for 458 institutions globally. This model did not include any in situ
contribution data. The In Situ model tested the relationship between visitor attendance, in situ
contributions and all the various specified variables for a subset of 119 institutions in North
America for which in situ contribution data were available. The results of the Attendance model
were used to guide the development of the Attendance linked pathways in the /In Situ model as
the larger sample size of the Attendance model had higher power. The results of the Attendance
model are combined with the results of the In Situ Model in Figure 2.3, with a yellow box
delineating the boundary of the two models. Only the additional in situ pathways of the In Situ
model are reported, as all other relationships were derived from the Attendance model due to

its higher statistical power.

All analyses were carried out using the R programme (version 3.4.3) and the packages ‘lavaan’
(version 0.5-23.1097; Rosseel 2012) and ‘lavaan.survey’ (version 1.1.3.1; Oberski 2014) for
structural equation modelling. All variables were both mean centred and expressed in units of

standard deviation to allow direct comparisons of effect sizes between variables.

2.3.4 Attendance Model

| combined prior theoretical knowledge and proposed causal relationships to create the a priori
SEM meta-model (Appendix Figure A.1 and Appendix Note A.1). The meta-model captured all
evidence-based relationships that | found in my literature review and all plausible and suspected
predictors of attendance that | hypothesised. This model was then refined to create the final
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model depicted in Figure 2.3 using the approach described in Grace et al. (2015) and similar to
that implemented in Grace et al. (2016). In summary, the a priori meta-model was modified
through addition and deletion of pathways using model-data fit procedures to produce a range
of plausible alternative models which were compared using AlCc values. All modifications to the
model, with pathways removed or inserted, were based on quantitative recommendations,
theoretical intuition, and model-data fit. Model-data fit was assessed using a combination of
absolute fit indices (e.g. Standardised Root Mean Square Residual) and incremental fit indices
(e.g. Comparative Fit Index), to account for the differential sensitivity of fit indices to data
distribution, model size and sample size (Hu and Bentler 1999). Modification indices were used
to guide the addition of suspected pathways, with a standard cut-off level for the chi-square test
criterion of 3.84 (Burnham and Anderson 2002). Highest value modification indices were
considered first, however as modification indices do not take into account whether or not
relationships make theoretical sense, intuitive theoretical relationships were also considered.
Following the addition of these pathways, p-values were then used to identify potentially
unsupported pathways, with a threshold of 0.05. Highest p-values were considered first for
removal. Overall model selection from the pool of competing models was achieved using AlCc
values (Burnham and Anderson 2004), with a threshold of more than two AlCc units lower than
the nearest competing model being considered sufficient for model selection. The AlCc values
of competing models are shown in Appendix Table A.1. The final selected Attendance model was
validated, using four random subsets of the existing data (n = 200 each time), to ensure
parameter estimates were similar when using different datasets from the same sample (Fan et

al. 2016). Institutions were included within countries in the model.

2.3.5 In Situ Model

Due to the lower sample size in the In Situ model, which only covered four countries, | did not
include GDP and Country as variables. | started with the most complete model to predict both
in situ contributions and attendance. Initial attendance links were based on the results of the
best Attendance model. Model-data fit and model selection were assessed in the same manner

as for the Attendance model.

Tests of mediation were performed on mediated pathways to ensure both direct and indirect
effects of variables were justified in both models. Values for both Absolute Fit Indices and
Incremental Fit indices were supportive of good model fit (Appendix Table A.2). All standardised
path coefficients, total effect sizes, significance values and proposed interpretations of causal

pathways for both models are shown in Table 2.2. See Figure 2.1 for bivariate relationships
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between attendance, in situ contributions and their strongest predictors. These models
incorporate species abundance per institution, however models using species presence-absence
only were also assessed and provided overall similar results and conclusions, with qualitative
differences found in only four links per model. An updated meta-model reinforces many
previously supported relationships, such as those between species body mass, species richness

and the number of animals present (Appendix Figure A.3).

2.3.6 Species Presence-Absence SEM Frameworks

The Attendance and In Situ model results reflecting species presence-absence only are shown in
Appendix Figure A.4. Chi-squared statistics, fit indices, standardised path coefficients and
proposed interpretations for both the Attendance and In Situ models reflecting species
presence-absence are also presented (Appendix Tables A.3 and A.4). Residual covariances for
both the Attendance and In Situ models are shown in Appendix Table A.5 (species abundance

models) and Appendix Table A.6 (species presence-absence models).
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Figure 2.1 | Bivariate relationships between institutional attendance, in situ contributions and

their strongest predictors. A (left panel, n = 458), logl0 transformed bivariate plots of

institutional attendance and total number of animals, 10 km radius population and mean species

body mass (a-c). B (right panel, n = 119), log10 transformed bivariate plots of institutional in situ

contributions and attendance, institutional area and the proportion of threatened species

present per institution (a-c). All variables are adjusted for species abundance per institution.
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2.4 Results

2.4.1 Total effects of composition and socio-economic variables

| found that zoos with high attendance contribute to more in situ conservation projects (Figure
2.2). Zoo area and the proportion of threatened species are also positively correlated with in
situ conservation projects, albeit these effects are weaker than attendance (Figure 2.2).
Collection composition variables (total no. of animals, total species richness, mammal species
richness, compositional dissimilarity and species body mass) are more important in determining
attendance than socio-economic variables (population density and gross domestic product

[GDP]).

2.4.2 Direct and indirect effects of variables

The total effects of each variable (Figure 2.2) are composed of direct and indirect effects (shown
in Figure 2.3); for example the strong direct effect of body mass on attendance is weakened in
the total effect of body mass on attendance due to negative effects of body mass on species
richness, total number of animals and dissimilarity. Of the collection composition variables, the
total number of animals had the largest direct positive effect on attendance, followed by
abundance weighted mean species body mass, with compositional dissimilarity and mammal

species richness having smaller direct positive effects (Figure 2.3).

Consistent with previous findings (Davey 2007), | found that human population size and GDP
had positive direct effects on institutional attendance, however GDP also had a negative indirect
effect on attendance via a negative effect on total number of animals (Figure 2.3). Contrary to
expectations (Whitworth 2012), threatened species representation had no direct or indirect
effects on attendance. Species richness had a strong positive indirect effect on attendance
mediated by total number of animals, but species richness had a smaller direct negative effect
on attendance. Mammal species richness alone had a direct positive effect on attendance as
well as multiple indirect positive effects through the total number of animals. Mammal species
richness also had a small negative effect on attendance mediated by species richness. However,
the total effect of mammal species richness on attendance was greater than that of overall
species richness (Figure 2.2 and Table 2.2), suggesting mammals are more important in driving

visitor attendance than other taxonomic groups.
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Figure 2.2 | Total effects of institutional variables and socio-economic variables on visitor
attendance and in situ contributions. This simplified version of the SEM framework shows the
total effects of explanatory variables on attendance and in situ contributions as arrows with line
width representing the standardised relative effect sizes. All total effects were positive. Grey

boxes represent socio-economic variables and green boxes represent institutional variables.
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2.5 Discussion

No support was found for linking species body mass directly with in situ project activity. This
suggests that in situ activity does not directly rely on the presence of large vertebrates, instead
the effect of body mass is mediated by institutional attendance. | conclude that the absence of
large vertebrates from collections may not necessarily result in reduced in situ project activity,
presuming institutional attendance can be maintained in their absence through an increase in

collection dissimilarity, species richness and/or total number of animals.

Additional compositional options may also be considered to increase the in situ contributions of
institutions. The direct link between the proportion of threatened species present and
institutional in situ contributions suggests that greater institutional investment in threatened
species ex situ is positively correlated with higher in situ conservation activity. This may be
through the integration of species-specific in situ and ex situ conservation actions as encouraged
in the IUCN Species Survival Commission (SSC) “Guidelines on the Use of Ex situ Management
for Species Conservation” and the contemporary “One Plan” approach to species conservation
suggested by the IUCN SSC Conservation Planning Specialist Group (Byers et al. 2013; IUCN SSC
2014). Interestingly, the proportion of threatened species was not an important factor in driving
attendance, which may contradict evidence of perceived species popularity (Whitworth 2012).
Although a greater focus on threatened species ex situ could result in greater in situ
conservation, this may not influence visitor attendance, which is more important in determining

overall in situ contributions.

The positive effects that total number of animals, mammal species richness and mean species
body mass all have on attendance, together with the direct correlation between attendance and
in situ project activity, supports the flagship approach of exhibiting large vertebrates. This
indicates that institutions with numerous large-bodied species, and in particular mammals, are
more likely to achieve higher annual attendance and contribute to a greater number of in situ
conservation projects. This provides the first indication, to my knowledge, that the flagship
approach of using popular, large vertebrates in zoo collections to drive public education and in
situ conservation fundraising is being utilised effectively to significantly increase the in situ
conservation contributions of zoos globally. The flagship approach potentially results in
increased global wildlife conservation, as greater financial in situ contributions in particular,

have been shown to increase project success and viability (Gusset and Dick 2010).
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Achieving a collection composed of numerous large-bodied species may encounter significant
hurdles as demonstrated by the support for trade-offs revealed between increasing mean
species body mass and both the total number of animals and collection dissimilarity. While the
strong direct effect of mean species body mass on attendance provides support for the inclusion
of large-bodied species, the trade-offs encountered with increasing mean species body mass
present an alternative strategy - exhibiting numerous, unique, smaller-bodied species. These
alternative correlative pathways influencing attendance and in situ project activity demonstrate
that several alternative collection compositions can result in high attendance and in situ
contributions, potentially resulting in the future diversification of collection planning strategies.
My results indicate the need to consider multiple direct and indirect drivers of attendance to
enable the detection of trade-offs and avoid collection planning and policy formation that do

not take the full complexity of the system into account.

Increased concerns over the welfare of large vertebrates under human care can cause significant
decreases in attendance (Wright et al. 2015), highlighting the importance of acquisition, welfare
and management considerations. My results indicate that ethical, management and welfare
considerations may conflict with simplistic attendance maximization strategies. For example,
although collection dissimilarity is positively correlated with attendance; population
management and conservation breeding recommendations encourage institutions to
consolidate their collections to enhance management efficacy, resulting in higher uniformity of
collections (Conde et al. 2011). In addition, the recommendation to replace large vertebrates
with numerous, unique, smaller-bodied species fails to address the serious challenges to the
establishment of ex situ populations for species not presently maintained (Hutchins et al. 1995).
These issues are not easily resolved, and trade-offs will become more common as animal welfare

standards and enclosure sizes increase (Keulartz 2015).

The utilisation of animals under human care to educate the public and increase in situ
conservation contributions is in line with The World Zoo and Aquarium Conservation Strategy,
which states explicitly that animals held in zoos should “play a conservation role that benefits
wild counterparts” (Barongi et al. 2015). This reflects the flagship and the “One Plan”
conservation approaches, both of which ultimately contribute to Target 12 (conservation of
species) of the United Nations Convention on Biological Diversity Aichi Biodiversity Targets
(SCBD 2010). Historically, personal preferences, availability, and competition between
institutions were the main determinants of collection composition (Hutchins et al. 1995). Today

collection composition decisions are largely shaped by individual institutions in consultation
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with both regional and international associations, for example the Taxon Advisory Groups of
regional associations, such as the AZA (Hutchins et al. 1995; Kawata 2013). The evidence
presented here may be used to help guide policy-makers and collection planners to promote

not only direct conservation, but also visitor attendance and in situ contributions.

My findings support the continued exhibition of popular, large-bodied species to drive
attendance and in situ conservation activity, but not exclusively so, in agreement with previous
recommendations (Hutchins et al. 1995; Whitworth 2012). The exhibition of large numbers of
animals in collections that are dissimilar to other zoos is a viable alternative strategy. Each
institution must make value-driven decisions regarding their collection composition in order to
fulfil their institution-specific goals (Palmer et al. 2018) and to ensure the genetic and
demographic sustainability of the species within the global zoo network. However,
consideration of public preferences and expectations of collection composition can result in

greater attendance and increased in situ conservation contributions.
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3.1 Abstract

As global wildlife populations continue to decline, the health and sustainability of ex situ
populations in zoos and aquariums has become increasingly important. The majority of managed
ex situ populations are not meeting sustainability criteria and are therefore not viable in the
long-term, as demonstrated by the low rates of reproductive success seen in ex situ flamingo
(Phoenicopteridae) populations. Both flock size and environmental suitability have been shown
to be important determinants of ex situ flamingo reproductive success; however previous work
is limited by the number of species, institutions and geographic areas assessed and has failed to
consider species-specific differences in reproductive behaviour. The identification of species-
specific requirements and associated management recommendations is necessary to improve
ex situ flamingo population sustainability. Here | combined current and historic globally shared
zoological records for four of the six extant species of flamingo (Phoenicopterus chilensis,
Phoeniconaias minor, Phoenicopterus roseus, and Phoenicopterus ruber) to analyse how flock
size, structure and climatic variables have influenced reproductive success in ex situ flamingo
populations at 753 zoological institutions between 1990 and 2018. | show that flock size has a
strong non-linear relationship with reproductive success for all species, with flock sizes of 69 —
127 birds necessary to achieve a 50% probability of reproduction. In addition, | show that a
balanced sex ratio and the introduction of new individuals to a flock both increase reproductive
success, while climatic variables play a limited role in determining ex situ flamingo reproductive
success. | provide species-specific management recommendations to increase the reproductive
success of global ex situ flamingo populations and encourage greater collaboration between
individual institutions and regional associations. My analyses demonstrate the conservation
potential and management information available from globally shared zoological data and |

strongly encourage the continued sharing of standardised zoological records.
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3.2 Introduction

Wildlife populations are declining worldwide resulting in heightened extinction risks (Butchart
et al. 2010; Ceballos et al. 2015; Ceballos et al. 2017; Ehrlich 1988; IPBES 2019; WWF 2018). As
a result, the conservation of remaining populations is seen as a priority, and the ex situ
preservation and management of populations in zoological collections is one approach that has
shown success in preventing species extinctions (AZA 2016b; Chemnick et al. 2000; Pritchard et
al. 2012; Stanley Price 1989). The ex situ management of populations is predominantly
undertaken by the global zoo and aquarium community, which consists of ~1,000 institutions
organised as part of internationally recognised organisations, such as the European Association
of Zoos and Aquaria (EAZA) and the Association of Zoos and Aquariums (AZA, North America)
(Kelly 1997). Collectively, the global zoo and aquarium community manages 15% of all
threatened terrestrial vertebrates (Conde et al. 2011). However, the effectiveness of ex situ
species conservation relies on the ability of zoos and aquariums to maintain genetically and
demographically sustainable populations. The sustainability of ex situ populations is hindered
by small population sizes, low genetic diversity, poor population growth rates, limited
reproductive success, inadequate population management, limited ex situ species holding
capacity and logistical constraints (Che-Castaldo et al. 2019; Macek 2014). The majority of co-
operatively managed ex situ populations are not meeting sustainability criteria and will not
persist in the long-term, unless changes are made to collection planning and management
practices (Hibbard et al. 2011; Lees and Wilcken 2009; Leus et al. 2011; Long et al. 2011; Powell
et al. 2019).

Flamingos (Phoenicopteridae) have been kept in captivity since the Roman period and today are
one of the most commonly represented avian species in zoological collections globally, with an
estimated two thirds of all EAZA institutions containing at least one flamingo species (King 2000;
King and Bracko 2014; Ogilvie and Ogilvie 1986; Perry 2005; Rose et al. 2014). Despite the
popularity of flamingo exhibits and their prevalence across collections, zoos globally have been
unable to maintain self-sustaining ex situ populations for any flamingo species, with all still
relying on the periodic importation of wild-caught individuals (Brown and King 2005; King 2000;
Shannon 2000; Stevens et al. 1992). This is primarily due to poor rates of reproductive success
and high egg loss, resulting in the number of deaths consistently exceeding the number of
hatchings (King 1994; Stevens et al. 1992). This is particularly evident in Phoeniconaias minor,
Phoenicoparrus andinus, and Phoenicoparrus jamesi populations, which have shown

considerably poorer ex situ reproductive success when compared to Phoenicopterus chilensis,
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Phoenicopterus roseus, and Phoenicopterus ruber populations (Figure 3.1) (Brown and King
2005; Conway 1965; Pickering 1992; Whitfield 2002). This has created an overall deficit in the
number of captive flamingos (King and Bracko 2014). Population declines combined with
increasing difficulties in sourcing and importing wild-caught individuals means that the
sustainability of ex situ flamingo populations has become a concern among population managers
(Brown and King 2005; King 1994; Stevens et al. 1992). As a result, improved management
practices and increased knowledge surrounding the basic reproductive biology of all flamingo
species are necessary if populations are to become self-sustaining (Johnson and Cézilly 2008;

King 1994; Sandri et al. 2018).

A

American Flamingo Greater Flamingo Chilean Flamingo
Phoenicopterus ruber Phoenicopterus roseus Phoenicopterus chilensis
' 2 4
Lesser Flamingo Andean Flamingo James’ Flamingo
Phoeniconaias minor Phoenicoparrus andinus Phoenicoparrus jamesi

Figure 3.1 | A graphical representation of the six extant species of flamingo. These images are
used to identify species throughout this body of work. Image adapted with permission from
Krienitz et al. (2016). Although ex situ populations exist for all six extant flamingo species, the
greater flamingo (Phoenicopterus roseus), Chilean flamingo (Phoenicopterus chilensis), and
American flamingo (Phoenicopterus ruber), are the most widely represented species (93% of all
EAZA flamingos with a combined 8,837 individuals), followed by the lesser Flamingo
(Phoeniconaias minor; 6%). In comparison, the Andean flamingo (Phoenicoparrus andinus) and
James’ flamingo (Phoenicoparrus jamesi) have negligible ex situ populations (King and Bracko

2014).
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In the wild, flamingos inhabit traditionally inhospitable environments, occupying large shallow
lakes and lagoons, where their occurrence is directly tied to the presence of food resources.
Their range extends from India, across southern Europe, and down to southern Africa
(Phoeniconaias minor and Phoenicopterus roseus), to the Caribbean and the southern half of
South America (Phoenicopterus chilensis and Phoenicopterus ruber). Both Phoenicoparrus
andinus and Phoenicoparrus jamesi show reduced geographic ranges and are restricted to the
high-altitude Andean plateaus of Peru, Chile, Bolivia, and northwest Argentina (Brown and King
2005). Flamingos are not truly migratory, but are instead considered nomadic, moving to find
resources when environmental conditions become unsuitable (Rose et al. 2014). All species are
obligate colonials and occur in flocks numbering in the thousands and even tens of thousands,
however reproduction has been recorded in flocks of just tens of individuals (Sprunt 1975;
Stevens and Pickett 1994). Although no flamingo species is considered endangered (IUCN
statuses include “Least Concern” [Phoenicopterus roseus and Phoenicopterus ruber], “Near
Threatened” [Phoenicopterus chilensis, Phoenicoparrus jamesi and Phoeniconaias minor] and
“Vulnerable” [Phoenicoparrus andinus]), the availability of suitable breeding and feeding sites is
declining globally, predominantly as a result of anthropogenic activities (Brown and King 2005).
Given their environmental sensitivity and ecological specialism, flamingos are particularly
vulnerable to even subtle environmental changes, however their ability to adapt when suitable
conditions appear is advantageous (Brown and King 2005). Reproduction in the wild is typically
erratic and is often delayed until suitable environmental conditions, such as temperature and
rainfall, are present (Berry 1975; Bucher 1992; Bucher and Curto 2012; Cézilly et al. 1996; Vargas
et al. 2008). This can result in numerous years where no reproduction is observed, even in well-
established colonies and localities (Allen 1956; Brown 1958; Rooth 1965). The few long-term
studies of wild flamingos have shown reduced mate fidelity when compared to captive
flamingos, however older individuals, in excess of 50 years, appear capable of reproducing
successfully both in the wild and captivity (Bennett 1987; King 1994; Pickering 1992; Pradel et
al. 2012; Shannon 1985; Stevens et al. 1992; Studer-Thiersch 1975; Studer-Thiersch 1998;
Wilkinson 1989)

Multiple factors appear important in determining reproductive success in captive flamingos,
ranging from flock composition (including flock size, sex ratio, and age structure) and
management, to enclosure design, diet, and environmental suitability (Pickering et al. 1992). A
clear positive relationship exists between flock size and reproductive success in captive
flamingos (Farrell et al. 2000; Pickering et al. 1992; Sandri et al. 2018; Stevens 1991; Stevens and

Pickett 1994). Larger flocks reproduce more frequently and also rear a greater number of chicks
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compared to smaller non-reproductive flocks (Campbell and Lack 1985; Pickering et al. 1992).
The importance of flock size in determining reproductive success across all species is “the most
important factor for optimizing breeding” as stated by King (2008). Although flamingos can
reproduce in very small flocks given suitable conditions, consistent reproduction is only achieved
above minimum flock sizes of 20-40 birds, depending on the species (Pickering et al. 1992).
Experiments have demonstrated increases in reproductive success following an increase in flock
size (Stevens 1991). Additionally, the introduction of new individuals into an established flock
can increase reproductive success in subsequent years beyond the benefit incurred from an
increase in flock size alone (Farrell et al. 2000; Rose et al. 2014; Stevens and Pickett 1994). Flock
managers have experimented with the separation and reintroduction of flocks prior to the
commencement of the breeding season, however, results to date are inconclusive (Shannon
2000). Evidence also exists that an even sex ratio increases both the probability of a flock
reproducing and the degree of breeding success observed (King 2008; Stevens 1991). Although
it is assumed that flocks reflect an even sex ratio, many captive flamingos are not sexed (King
2008). Uneven sex ratios not only promote the formation of atypical partnerships (same-sex and
triad partnerships), but a male-skewed sex ratio is also associated with colony unrest, higher
rates of egg breakage and significantly lower reproductive success (King 2006; King 2008;

Wilkinson 1989).

Beyond the requirements of flock composition, weather conditions, and particularly sufficient
rainfall, play an important role in determining if and when reproduction will occur (Pickering
1992; Stevens 1991). Captive flamingos only breed if there has been sufficient rainfall, even in
relatively constant captive environments, although species-specific variations and sensitivities
have been recorded (Farrell et al. 2000; Ogilvie and Ogilvie 1986; Palmes 1981; Pickering et al.
1992; Studer-Thiersch 2000). This sensitivity likely stems from the fact that rainfall is often
unpredictable and variable in natural flamingo habitats, yet rainfall provides the conditions
necessary for nest building and the rapid proliferation of small food organisms (Stevens and
Pickett 1994). Therefore, flamingos must be adaptive and respond quickly to changes in rainfall
(Studer-Thiersch 2000). Similarly, both high temperatures and prolonged photoperiod appear
to stimulate reproduction in captive flamingos, even in flocks which are housed indoors (Duplaix-
Hall and Kear 1975; King 2008; Murton and Kear 1978). Conversely, prolonged periods of rainfall,
cold, and cloud cover can inhibit reproductive activity (King 2008). While suitable climatic
conditions play an important role in the synchrony of reproductive events, they act in
conjunction with flock dynamics and socially facilitated behaviours, such as courtship displays,

to provide finer-scale synchrony and determine reproductive success (Clayton 1978). Ultimately,
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no single factor is essential for reproduction to occur, rather the effects of individual factors are

cumulative once a threshold level of requirements is met (King 2008).

The Flamingo Husbandry Guidelines (jointly developed by the AZA and EAZA Taxon Advisory
Groups (TAGs), in collaboration with Wildfowl and Wetlands Trust in Slimbridge) represent best
management practices for all species of flamingo and provide recommendations to increase the
probability of reproduction in captive flocks (Brown and King 2005). They recommend that a
minimum flock size of 20 birds be maintained for welfare purposes, and >40 birds to achieve a
reasonable chance of reproductive success (Brown and King 2005). These recommendations
have been incorporated into global flock management practices, with some institutions
attempting to mimic such conditions through the use of mirrors within enclosures to artificially
increase flock sizes, however, results to date are not clear (King and Bracko 2014; Whitfield
2002). The EAZA Ciconiiformes and Phoenicopteriformes TAG has implemented 11 strategies
based on the Flamingo Husbandry Guidelines aimed at managing the current captive flamingo
deficit through improvements in conditions and breeding success (King and Bracko 2014). These
strategies encourage zoos to house only a single flamingo species, maintain an even sex ratio,
and to increase flock sizes to >40 individuals, while simultaneously addressing management
issues such as known health problems, predation, pinioning, and logistical constraints (King and
Bracko 2014). Collectively, these guidelines represent the most promising solution to the current
ex situ flamingo sustainability crisis and their recommendations have been applied to the global
ex situ management of all flamingo species, but particularly Phoenicopterus chilensis,
Phoeniconaias minor, Phoenicopterus roseus, and Phoenicopterus ruber. The ex situ populations
of Phoenicoparrus andinus and Phoenicoparrus jamesi are minimal, and combined with their
poor reproductive success, these species are not considered a priority for future ex situ
management. Although Phoeniconaias minor shows demonstrably poor reproductive success
and small population sizes, attempts to discourage institutions from the continued breeding of

this species have not been well received (King and Bracko 2014).

The implementation of revised management practices resulted in an improvement in overall
flamingo reproductive success between 2005 and 2010 (King and Bracko 2014). Despite these
improvements, ex situ populations are still unable to meet flock size recommendations and the
ex situ populations of all flamingo species remain unsustainable (Rose et al. 2014). The
recommendations of the Flamingo Husbandry Guidelines are based on evidence from a limited
number of studies, often investigating a single geographic region, a single institutional flock,

and/or are species-specific (Rose et al. 2014; Pickering et al. 1992; Stevens and Pickett 1994;
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Stevens 1991). Although the relationship between flock size and reproductive success is clear
and consistent, the justification for the exact management recommendations is lacking, with the
recommended flock sizes being described as “somewhat arbitrary” (King and Bracko 2014). For
example, an analysis of Phoenicopterus chilensis at 167 zoological institutions in 2013 showed
that flocks consisting of over 100 birds had the highest probability of reproducing (Teare 2014).
In addition, many studies fail to consider or are unable to separate the effects of species-specific
differences in reproductive behaviour, flock sex ratio and environmental conditions, making it
difficult to draw general conclusions from previous studies, potentially hindering the sustainable
development of ex situ flamingo populations (Rose et al. 2014; Stevens 1991). As a result, many
questions remain unanswered, and the universal implementation of management
recommendations may be ineffective. A species-specific confirmation of the optimal flock size
and composition necessary for reliable reproductive success is urgently required (King 1994;
Sandri et al. 2018; Stevens and Pickett 1994). This necessitates temporal, multi-institutional, and
multi-species studies to provide a better understanding of the factors involved in promoting
captive flamingo reproduction and the long-term sustainability of ex situ flamingo populations
(Rose et al. 2014). Ultimately species-specific requirements must be identified, and
management recommendations tailored accordingly, converting theoretical knowledge into

management practice (King and Bracko 2014; Rose et al. 2016).

The globally shared records currently contained within the Zoological Information Management
System (ZIMS), operated by Species360, provide a unique opportunity to investigate the
relationship between flock size and reproductive success on a global scale. ZIMS is the largest
real-time database of comprehensive and standardised information spanning more than 1,100
zoological collections globally, providing the number of institutions currently managing each
species and both their current and historic population sizes (Species360 2019; ZIMS 2019). For
four flamingo species (Phoenicopterus chilensis, Phoeniconaias minor, Phoenicopterus roseus,
and Phoenicopterus ruber), held in 753 zoological collections globally, | test how flock size and
structure (proportion of reproductive females and proportion of new individuals) influence
reproductive success over the period 1990 — 2018. | also test whether captive reproductive
success is influenced by latitudinal and climatic gradients, by incorporating measures of both
temperature and precipitation. | determine how flamingo flock sizes have changed over 1990 —
2018 and test the seasonality of ex situ flamingo reproduction. This is the most comprehensive
assessment, to my knowledge, of the determinants of reproductive success in captive flamingos
under a common modelling framework, providing the opportunity to assess the

recommendations of the Flamingo Husbandry Guidelines and unravel potential species-specific
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differences in reproductive behaviour. Flamingos represent an ideal candidate species for
understanding the role of flock size on reproductive success as they are currently not under any
form of contraception or management that would discourage breeding, particularly due to their
continued demand within collections (King and Bracko 2014). The methods developed here can
easily be applied to other species, such as the boat-billed heron (Cochlearius cochlearius), which
are also proving difficult to breed in captivity. Results from this study will have direct population
management implications and could be directly incorporated into global flock management

practices, improving the sustainability of ex situ flamingo populations.
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3.3 Methods

In order to investigate how flock size and structure influence reproductive success in captive
flamingos | utilised current and historic globally shared zoological records from current and past
ZIMS member institutions. | combined demographic data with high resolution global climatic
data within the same statistical modelling framework to gain a more complete view of the
determinants of reproductive success in captive flamingo populations, while also revealing

temporal trends in institutional flock sizes and the reproductive seasonality of captive flamingos.

3.3.1 Flamingo Data

Complete flamingo species holdings data across 753 zoological collections globally were
obtained from ZIMS in April of 2019 (ZIMS 2019). These data are based on submitted records
from individual institutions and although failure to input data correctly or update species
holdings accurately may result in errors, ZIMS represents the only global database of zoo
collection composition records and as result is used by the IUCN, CITES, TRAFFIC, USFWS and
DEFRA (Species360 2019). Data were screened for suspect cases (such as impossible longevity)
using the ‘BaSTA.ZIMS’ R package and removed as necessary (version 1.0.1; Colchero 2018). Due
to data quality and availability, analyses were restricted to the period 1990 - 2018 and to the
species Phoenicopterus chilensis, Phoeniconaias minor, Phoenicopterus roseus and
Phoenicopterus ruber. Phoenicoparrus andinus and Phoenicoparrus jamesi were excluded from

analyses due to their negligible population sizes and low priority for future ex situ management.

The total number of births in each institution per year was calculated for each species. This
allowed the seasonality of ex situ flamingo reproduction to be quantified for each species.
Unfortunately historical flock sizes were not readily available from ZIMS and the flock size for
each institution between 1990 and 2018 was calculated by integrating current flock size data
with known birth, death and historic movement data from ZIMS. This allowed temporal trends
in flock size to be quantified and compared between species. A subset of calculated flock sizes
for Phoeniconaias minor were verified against individual institution ZIMS inventory reports to
ensure data validity. This revealed a strong linear relationship between the calculated flock size
and the flock sizes recorded in the ZIMS inventory reports (Appendix Figure B.1), suggesting that
my measure of flock size in a year is a meaningful proxy for the actual flock size reported by the
institution in that year. The total number of males, females and unsexed individuals were
subsequently calculated for each institutional flock for each year. To test the effects of sex ratio,

| calculated the proportion of reproductive females (>2 years of age) in each flock in each year.
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As many individuals remain unsexed, this represents a conservative value for the proportion of
reproductive females per flock. In order to assess how the introduction of new individuals into
a flock influences reproductive success in the subsequent year | calculated the proportion of the
flock in year t made up of individuals added in year t-1. This incorporates the time lag in
reproductive success associated with the introduction of new individuals and separates the
benefit of adding new individuals from the benefit of an increase in flock size alone (Stevens and

Pickett 1994). A complete list of all variables calculated can be found in Table 3.1.

Table 3.1 | A complete list of the explanatory variables used in this analysis. Note: Mean
Annual Temperature (MAT) is provided by WorldClim as °C multiplied by 10, and similarly mean
annual variation in temperature as MAT standard deviation multiplied by 100. Both were divided

(by 10 and 100 respectively) prior to the modelling procedure to avoid confusion in the units

used.

Variable Description

Year Current year (t)

Births Number of births in year t

Flock Size Flock size in year t

Proportion of Additions The proportion of the flock in year t made up of additions from
year t-1

Proportion of The proportion of the flock made up of potentially

Reproductive Females reproductively active females (>2 years of age) in year t

MAP Mean annual precipitation (mm)

MAT Mean annual temperature (°C)

MAP Var Mean annual variation in precipitation (MAP coefficient of
variation)

MAT Var Mean annual variation in temperature (MAT standard
deviation)

48



3.3.2 Climatic Data

The influence of climatic variables was assessed using data provided by WorldClim. The
WorldClim database averages 19 different climatic variables derived from monthly temperature
and rainfall values at a 1-km spatial resolution for the period 1970-2000 (Hijmans et al. 2005).
These include variables such as mean annual temperature, mean annual precipitation and
seasonality metrics that have been widely used in species distribution modelling (Booth et al.
2014). WorldClim data were extracted for the co-ordinates of individual institutions (latitude
and longitude), using the ‘raster’ R package (version 2.6-7), to investigate the influence of
climatic variables on reproductive success in ex situ flamingo populations (Hijmans et al. 2005).
Specifically, | calculate the mean annual temperature (MAT) and mean annual precipitation
(MAP) for each institution. Given the sensitivity of flamingos to subtle environmental changes |
also included measures of variation in both mean annual temperature (MAT standard deviation)
and mean annual precipitation (MAP coefficient of variation). Co-ordinate details were only
available for current Species360 member institutions, therefore climatic information could not
be calculated for previous member institutions for which historical data were available
(institutions which were once Species360 members, but have since left). This reduced the

sample size from 753 institutions to 353 institutions for analyses including climate variables.

3.3.3 Modelling Procedure

Flock size between 1990 and 2018 was modelled separately for each species using generalised
linear mixed effects models with year included as a fixed effect, with random effects of the
intercept and slope of year for each institution. To assess reproductive success for each species,
a two-step modelling approach was implemented, similar to Buckley (2015). Models were built
for 1) the probability of a flock reproducing in a given year, and if reproduction occurred, 2) the
predicted number of chicks produced per flock. The probability of a flock reproducing was
modelled as a zero-inflated binomial generalised linear mixed effects model. Given that
reproduction had occurred, the number of predicted chicks per flock was modelled as a zero-
truncated Poisson generalised linear mixed effects model. For both reproduction model
structures | included the institutional country and institution nested within country as random
effects in order to allow for any potential national and institutional differences. Potential non-
linearities between response variables and flock size were tested using quadratic and cubic
relationships with flock size. Similarly, two-way interactions between flock size and both the
proportion of reproductive females and proportion of additions were included to better
understand the flock dynamics that encourage reproductive success. All variables were mean

centered and expressed in units of standard deviation prior to modelling. In addition to this
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standardisation, | investigated the appropriateness of a log transformation of flock size,
retaining the transformation where it improved model fit. All figures and results are presented
on the original response variable scale to help aid interpretability. All analyses were carried out
using the R programme (version 3.4.3; R Core Team 2017) and the ‘gImmTMB’ package (version
0.2.3; Brooks et al. 2017).

3.3.4 Total and Climate Analyses

Latitude and longitude were only available for current Species360 member institutions and this
reduced the number of institutions for which | could analyse climatic data. The data were
therefore modelled first without climatic data (larger sample size including 753 current and past
Species360 members, i.e. “Total Analysis”). A second analysis was then done on a subset of
institutions for which climatic data were available (353 current Species360 members, i.e.
“Climate Analysis”), this time including climatic variables in addition to the variables included in
the Total Analysis. Total and Climate Analyses revealed quantitatively similar results, despite the
reduction in sample size for the Climate Analyses. Therefore, only the additional climatic
variables of the Climate Analysis are reported in the results, as all other relationships were
derived from the Total Analysis due to its higher statistical power. A summary of the data
available for each analysis is presented in Table 3.2, highlighting the number of current and past

Species360 member institutions for each species.

3.3.5 Model Selection

Based on the a priori hypothesised relationships, a separate maximal model for reproduction
containing all possible explanatory variables (flock size, year, proportion of additions and
proportion of reproductive females) and selected two-way flock size interactions (with the
proportion of additions and the proportion of reproductive females), was generated for each
species. Model simplification and selection between top-performing models was conducted
using AlCc values, with a threshold of more than two AICc units lower than the nearest
competing model being considered sufficient for model selection (Burnham and Anderson
2002). This procedure was repeated for the Climate Analysis, additively including the four
climatic variables in Table 3.1 in addition to all the variables in the Total Analysis maximal model.
Once again, model simplification and selection was achieved by comparing AlCc values of
competing top-performing models. Only the climatic relationships from the Climate Analysis are
considered in the results, with all other relationships being derived from the Total Analysis due
to its much larger sample size and higher statistical power. The maximal starting models for both

the ‘Probability of Reproduction’ and ‘Number of Chicks” models, showing both the Total and
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Climate Analyses, are shown in Tables 3.3 and 3.4 respectively. Residual diagnostic plots
investigating overdispersion and zero-inflation parameters were generated using the ‘DHARMd’
package in order to confirm the validity of all final models (version 0.2.6; Hartig 2019). Figures

were generated using the ‘ggplot2’ R package (version 3.2.1; Wickham 2016).
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3.4 Results

3.4.1 Flamingos in Zoos and Aquariums

As of April 2019, there were a total of 19,704 extant flamingos across the Species360 member
institution network, spanning 353 institutions in 53 countries (Table 3.2; ZIMS 2019).
Phoenicopterus chilensis, Phoenicopterus roseus, and Phoenicopterus ruber all have similarly
large ex situ populations (ranging from 5,644 to 6,753 individuals), whereas Phoeniconaias minor
has a much smaller extant ex situ population of 1,170 individuals. Similarly, the number of
institutions housing flamingos as of April 2019 ranges from 162 to 191 for Phoenicopterus
chilensis, Phoenicopterus roseus, and Phoenicopterus ruber, yet only 100 institutions house
Phoeniconaias minor. This bias is also reflected in the total number of births for each species
between 1990 and 2018. Phoenicopterus chilensis, Phoenicopterus roseus, and Phoenicopterus
ruber produced between 5,291 and 5,755 chicks, across 108 to 163 institutions, whereas
Phoeniconaias minor produced only 265 chicks across 16 institutions (Table 3.2). The sex ratio
of ex situ flamingo populations is relatively even for Phoenicopterus chilensis, Phoenicopterus
roseus, and Phoenicopterus ruber, however Phoeniconaias minor shows a strong male bias
(55.8% of all individuals; Table 3.2). Importantly, 25.2% (4,970/19,704 birds) of individuals have
not yet been sexed, and this is consistent across the four species studied. All species show
remarkably similar mean flock sizes over the period 1990 to 2018 (18.0 to 19.2 birds), despite
the noted difficulties in maintaining and reproducing Phoeniconaias minor. Summary statistics
for Phoenicoparrus andinus and Phoenicoparrus jamesi are also shown for comparison (Table

3.2).

The global distribution of current institutions housing flamingos is presented on a global map
showing mean annual temperature at a 1-km resolution (Figure 3.2), global distributions
showing mean annual precipitation and species-specific institutional distributions can be found
in Appendix B (Appendix Figures B.2 — B.6). The majority of institutions with flamingos are found
in the Northern Hemisphere, in Europe and North America. Although there is some overlap with
known in situ flamingo habitat, the majority of institutions are far from the tropical and
subtropical habitats in which most in situ flamingo populations are situated. This is a reflection
of Species360 membership, which is heavily biased towards AZA and EAZA institutions.
Therefore, it is likely that considerable ex situ flamingo populations exist outside of the

distribution shown.
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Flock Size

3.4.2 Temporal Patterns

Overall flock sizes of Phoenicopterus chilensis, Phoeniconaias minor, Phoenicopterus roseus, and
Phoenicopterus ruber have significantly increased over time (p < 0.05 for all relationships; Figure
3.3). Flock size is very consistent between these four species, with an increase in flock size from
a mean of 11.33 (+ 1.49 S.D.) birds in 1990 to 20.81 (+ 0.60 S.D.) birds in 2018 observed across
all species. No sudden change in flock size was recorded, as might be expected following the
introduction of the Flamingo Husbandry Guidelines in 2005, instead | observe a steady increase
in flock sizes through time. Phoenicoparrus andinus flocks showed a modest increase over the
same period, though this was non-significant (p = 0.365), from a mean of 6.42 to 8.1 birds,
whereas Phoenicoparrus jamesi was the only species to show a decrease in flock sizes (albeit

non-significant, p = 0.831), from a mean of 4.84 to 4.75 birds.

Flamingo Flock Sizes (1990 — 2018)

25 1
20 A
Species
15 Chilean
] Lesser
Greater
American
10 - . Andean
. James’
5 A
0 4
1990 2000 2010

Year

Figure 3.3 | Changes in Phoenicopterus chilensis, Phoeniconaias minor, Phoenicopterus roseus,
and Phoenicopterus ruber flock sizes between 1990 and 2018. Flock sizes of Phoenicoparrus
andinus and Phoenicoparrus jamesi are shown for comparison. Black lines represent predicted

values and shaded areas represent 95% confidence intervals.
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3.4.3 Birth Seasonality

The frequent management interventions employed by institutions in order to encourage
reproduction rely on the accurate timing and synchrony of reproductive events. Therefore, it is
important to understand when reproduction is most likely to occur, and plan management
interventions around these predictions. | found that Phoeniconaias minor shows no clear pattern
in annual reproductive output, with reproduction occurring in most months, however the lowest
number of births occurred from September to November (Figure 3.4). In contrast,
Phoenicopterus roseus shows a clear breeding season (May to June), though reproduction can
occur year-round. Similarly, Phoenicopterus ruber reproduces mainly in June and July and
Phoenicopterus chilensis reproduces from July — September, although reproduction has been
observed during every month of the year for both species. European and North American
institutions show similar patterns in reproductive seasonality; however these trends are
reversed in the Southern Hemisphere (Africa and South America). For example, Phoenicopterus
ruber consistently reproduces in June and July in the Northern Hemisphere, however the highest
reproduction in African institutions occurs in December and January (Appendix Figure B.10). The
number of institutions in the Southern Hemisphere is negligible in comparison to those in the
Northern Hemisphere, so further records are needed in order to see whether seasonality
patterns are consistent. The seasonality of reproduction according to geographic location is

shown for each species in Appendix B (Appendix Figures B.7 — B.10).
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3.4.4 Reproductive Success

Flock size has a strong positive influence on the probability of reproduction and the predicted
number of chicks per flock in all four species of flamingo analysed (Figures 3.5 — 3.8). The final
species-specific ‘Probability of Reproduction’” and ‘Number of Chicks’ models (combining both
the Total Analysis and Climate Analysis results) can be found in Tables 3.3 and 3.4 respectively.
Results reveal that the recommended flock size of 40 individuals results in a predicted
probability of reproduction of 12% for Phoenicopterus chilensis, 0% for Phoeniconaias minor, 8%
for Phoenicopterus roseus, and 10% for Phoenicopterus ruber. Based on the results presented
here, the flock size necessary to achieve a 50% probability of reproduction is 103 for
Phoenicopterus chilensis, 127 for Phoeniconaias minor, 69 for Phoenicopterus roseus, and 95 for
Phoenicopterus ruber. Even accounting for the wide confidence intervals of the analyses, this
still suggests all species need over 50 individuals to achieve a 50% probability of reproduction
for the most conservative estimates at the lower 5% interval. However, it should be noted that
the number of institutions with flock sizes >100 individuals is limited and as a result there is
considerable variation observed within the 95% confidence intervals shown, suggesting further
investigation is required. Similarly, a balanced sex ratio, or one that is female biased, appears to
enhance both measures of reproductive success in three of the four species (see Figure 3.9). The
addition of new individuals to a flock also seems to increase the number of chicks produced per
flock (Phoenicopterus chilensis, Phoenicopterus roseus, and Phoenicopterus ruber; Figure 3.10),

but has little influence on the probability of reproduction (except in Phoeniconaias minor).

Although important, climatic variables play a limited role in determining reproductive success.
Contrary to expectations, high mean annual precipitation lowers the probability of reproduction
(Phoenicopterus chilensis and Phoenicopterus ruber) and the number of chicks produced
(Phoenicopterus chilensis only). Mean annual temperature appears to have no effect on the
probability of reproduction, however a positive relationship exists between the number of
chicks produced and both higher (Phoenicopterus ruber) and more variable mean annual
temperatures (Phoeniconaias minor). A summary of the flock structure and climatic variables
which influence the probability of reproduction and the number of chicks produced in ex situ
flamingo flocks is shown in Figure 3.11 and Table 3.5. A summary of species-specific findings is
highlighted in Appendix Figure B.34. Detailed species-specific significant results considering both
the probability of reproduction and the number of chicks produced, combining both the Total
and Climate analyses are discussed in Appendix B (Appendix Note B.1). All final species-specific
Total and Climate Analysis models can be found in Appendix Tables B.1 and B.2, with associated

standardised effect sizes, standard errors and p-values shown in Appendix Tables B.3 - B.10.
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Table 3.3 | The original maximal and final species-specific ‘Probability of Reproduction’
models. Only the climatic relationships from the Climate Analysis are shown; these are
highlighted in bold. All other relationships are derived from the Total Analysis due to its greater

sample size and higher explanatory power. Not all relationships are statistically significant.

Probability of Reproduction Model Selection

Probability of Reproduction ~ Flock Size + (Flock Size)? + Year +
Proportion of Additions + Flock Size:Proportion of Additions + Proportion
of Reproductive Females + Flock Size:Proportion of Reproductive
Females + Mean Annual Precipitation + Mean Annual Temperature +
Variation in Mean Annual Precipitation + Variation in Mean Annual
Temperature + (Year|Institution Code) + (1| Country)

Maximal Model

Species Final Selected Model

Phoenicopterus ruber Probability of Reproduction ~ log(Flock Size) + log(Flock Size)? + Year +
Proportion of Reproductive Females + Mean Annual Precipitation +
(Year|Institution Code) + (1| Country)

Phoenicopterus chilensis | Probability of Reproduction ~ log(Flock Size) + log(Flock Size)? + Year +
Mean Annual Precipitation + Variation in Mean Annual Temperature +
(Year|Institution Code) + (1| Country)

Phoenicopterus roseus Probability of Reproduction ~ Flock Size + (Flock Size)? + Proportion of
Additions + Flock Size: Proportion of Additions + Proportion of
Reproductive Females + Flock Size:Proportion of Reproductive Females +
Mean Annual Precipitation + Variation in Mean Annual Precipitation +
Variation in Mean Annual Temperature + (Year|Institution Code) +

(1] Country)

Phoeniconaias minor Probability of Reproduction ~ Flock Size + Proportion of Additions +
Proportion of Reproductive Females + Flock Size:Proportion of
Reproductive Females + (1] Institution Code) + (1| Country)
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Table 3.4 | The original maximal and final species-specific ‘Number of Chicks’ models. Only the
climatic relationships from the Climate Analysis are shown; these are highlighted in bold. All
other relationships are derived from the Total Analysis due to its greater sample size and higher

explanatory power. Not all relationships are statistically significant.

Number of Chicks Model Selection

Number of Births ~ Flock Size + (Flock Size)? + Year + Proportion of
Additions + Flock Size:Proportion of Additions + Proportion of

Maximal Model Reproductive Females + Flock Size:Proportion of Reproductive Females +
Mean Annual Precipitation + Mean Annual Temperature + Variation in
Mean Annual Precipitation + Variation in Mean Annual Temperature +
(Year|Institution Code) + (1| Country)
Species Final Selected Model
Phoenicopterus ruber Number of Births ~ log(Flock Size) + log(Flock Size)? + Year + Proportion

of Additions + Flock Size:Proportion of Additions + Mean Annual
Temperature + (Year|Institution Code) + (1| Country)

Phoenicopterus chilensis | Number of Births ~ Flock Size + Year + Proportion of Additions + Flock
Size:Proportion of Additions + Proportion of Reproductive Females +
Flock Size:Proportion of Reproductive Females + Mean Annual
Precipitation + (Year|Institution Code) + (1| Country)

Phoenicopterus roseus Number of Births ~ Flock Size + (Flock Size)? + Year + Proportion of
Additions + Proportion of Reproductive Females + (Year| Institution
Code) + (1| Country)

Phoeniconaias minor Number of Births ~ Flock Size + (Flock Size)? + Year + Proportion of
Reproductive Females + Flock Size:Proportion of Reproductive Females +
Variation in Mean Annual Temperature + (1] Institution Code) +

(1| Country)
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Figure 3.5 | The relationship between ex situ flock size and the probability of reproduction for

Phoenicopterus chilensis (a) and Phoeniconaias minor (b) between 1990 and 2018. Black lines

represent predicted values on the original response variable scale and shaded areas represent

95% confidence intervals. Dashed lines represent the flock size necessary to achieve a 50%

probability of reproduction.
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Figure 3.6 | The relationship between ex situ flock size and the probability of reproduction for
Phoenicopterus roseus (a) and Phoenicopterus ruber (b) between 1990 and 2018. Black lines
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probability of reproduction.
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Figure 3.8 | The relationship between ex situ flock size and the number of chicks produced for

Phoenicopterus roseus (a) and Phoenicopterus ruber (b) between 1990 and 2018. Black lines

represent predicted values on the original response variable scale and shaded areas represent

95% confidence intervals.
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3.5 Discussion

Here | used globally shared zoological records to investigate temporal trends in ex situ flamingo
flock size and reproductive output, identifying the optimal flock size and structure necessary to
enhance reproductive success. The overall increase in both flock size and the number of chicks
per flock between 1990 and 2018 suggest that ex situ flamingo management is moving in a
positive direction. | confirm here, for four flamingo species commonly kept in zoos and
aquariums, the positive effect of flock size on both the probability of a flock reproducing and the
number of chicks produced. However, flock size guidelines are not consistent among flamingo
species and species-specific differences must be considered and incorporated into management
recommendations. While | found that reproductive success is indeed enhanced in flocks of 40+
individuals, reinforcing the flock size recommendations of the 2005 Flamingo Husbandry
Guidelines (Brown and King 2005), a flock size of just 40 individuals results in a probability of
reproduction of just 0 - 12% for the four species. Rather than viewing 40 individuals as the target,
this is an absolute minimum flock size if reproductive success is the institutional-specific goal of
ex situ management, and | suggest that significantly larger flocks should be maintained wherever
possible to achieve reproductive success. Flock sizes of between 69 and 103 birds appear
necessary to achieve a 50% probability of reproduction in any year, however for Phoeniconaias
minor the required flock size increases to 127 birds, with a negligible probability of reproduction
in flocks of less than 100 individuals of this species. An increase in flock size will not only increase
the reproductive success of captive flamingos, but as shown in Chapter 2, an increase in the
number of institutional animals also increases both visitor numbers and consequently in situ

conservation investment (Mooney et al. 2020).

| confirm that both an even sex ratio and the introduction of new individuals positively influence
reproductive success in all species, consistent with previous studies (King 2008; Stevens 1991;
Stevens and Pickett 1994), however the influence of both sex ratio and flock additions can vary
depending on the flock size context. While | found that climatic variables in general play a limited
role in determining captive reproductive success, high annual rainfall is negatively associated
with reproductive success, consistent with King (2008). | encourage a more detailed assessment
incorporating seasonality and photoperiod to potentially reveal more nuanced relationships not

identified here (Wilson et al. 2019).

Despite the majority of contemporary flocks still being well below the previously recommended

minimum flock size of 40 birds, important synergistic interactions of flock size with both the
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proportion of reproductive females and the proportion of new individuals per flock provide an
important and underappreciated mechanism to mitigate the effects of small flock sizes and
encourage reproduction through management practice. Although the effect is greatest at larger
flock sizes, the introduction of new individuals into small Phoenicopterus ruber flocks can
increase reproductive success the following year, compared to similarly sized flocks with no new
individuals. This relationship is reversed in Phoenicopterus chilensis, whereby the greatest
positive effect of adding new individuals is at smaller flock sizes. Based on this evidence |
recommend that institutions regularly move individuals to help encourage reproduction,
particularly in smaller flocks. Although genetic management is not currently considered an
effective or practical management solution for flamingos, the regular movement of individuals
may simultaneously increase reproductive success while limiting any inbreeding depression and
genetic diversity loss in ex situ populations (King and Bracko 2014). However, | also believe that
further research is warranted on the possibility of separating and reintroducing existing flocks
prior to the breeding season to encourage reproduction, particularly where physical transfer of
individuals is not possible or practical (Shannon 2000; Stevens and Pickett 1994). Reproductive
success can also be enhanced in smaller flocks of both Phoenicopterus chilensis and
Phoeniconaias minor through an increase in the proportion of reproductive females present.
This is particularly important in flocks of Phoeniconaias minor, where an overall male bias exists
and minimum flocks of 100 birds are required for reliable reproduction (Table 3.2; Figure 3.5b).
Here, an increase in the proportion of reproductive females to achieve an even sex ratio can
decrease the flock sizes necessary to achieve reliable reproduction to approximately 50 birds

while simultaneously addressing known welfare concerns (Appendix Figure B.20).

The presence of unattached males is known to be disruptive to colony dynamics and can result
in higher rates of egg breakage (King 2006; King 2008). Therefore, an approach towards an even
sex ratio should also be considered a priority from an animal welfare perspective. Similarly, the
extremely high prevalence of monogamy and long-term pair bonds in captive flamingos, despite
their rarity in the wild, is likely a direct result of limited mate choice (Johnson and Cézilly 2008;
Rose and Croft 2020; Rose et al. 2014). An increase in both flock size and the periodic
introduction of new individuals could potentially provide a tool to promote wild type behaviour
in captive settings. Increasing flock size not only provides greater opportunities for mate choice,
but also allows for enhanced social stimulation in the form of synchronised group displays, pair
formation, and nesting - key elements of flamingo behavioural welfare (Rose et al. 2014; Stevens
1991). Despite being a colonial species, captive flamingos have been shown to have preferred

dyadic relationships, spanning several years (Rose and Croft 2020). This suggests that breaking
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up existing social groups may prove disruptive; however, it may also facilitate new pair
formation, increasing social interactions, and outbreeding opportunities (Shannon 2000).
Further work is required in this area and greater consideration needs to be given to the social
dynamics within flocks and how management practices influence these dynamics (Shannon

2000).

Although comprehensive, this study is unable to capture important determinants of
reproductive success, such as institutional management practices, enclosure design, diet, and
wing condition (Sandri et al. 2018). For example, it has previously been noted that the
movement of flamingos indoors at night negatively influences reproductive success (King 2008).
Similarly, the pervasive problem of foot lesions in captive flamingos is a noted cause of high
mortality and is likely to influence reproductive success, despite not being observed in the feet
of wild flamingos (King and Bracko 2014; Nielsen et al. 2010). The wing condition of male birds
(full-winged, wing-clipped, or pinioned) is arguably the main cause of male infertility, with up to
75% of traditionally pinioned males unable to successfully copulate (King 2008). Pinioned males
appear unable to correctly balance on the back of females during copulation, a reproductive
obstacle not seen in wild populations, and as a result the maintenance of full-winged birds has
been encouraged to increase reproductive success (Duplaix-Hall and Kear 1975; Pickering 1992).
Although flamingos are not currently under any known contraceptive or management practice
that would prevent reproduction, deliberate institutional interventions to stop reproduction in
very large flocks have been known to occur and may explain why my results show decreases in
reproductive success at very large flocks (approximately 150+ individuals) (Rose pers. comms.).
Similarly, these results may reflect limited space availability and population density issues,
warranting further investigation. While these management issues are not in the scope of the
current study, they are dealt with in greater detail as part of the Flamingo Husbandry Guidelines
and the 11 EAZA Ciconiiformes and Phoenicopteriformes TAG strategies (Brown and King 2005;
King and Bracko 2014).

With the implementation of the recommendations presented here, in conjunction with the
further research outlined above, | believe that the sustainability of ex situ flamingo populations
can be further enhanced. Doing so will rely on the co-operation and cohesive management of
flamingo populations across all stakeholders and the continued sharing of global zoological
records through standardised databases, such as ZIMS. The relationships and patterns revealed
here were only possible through the availability of long-term globally standardised animal
records, however | expect that a large number of institutions containing substantial flamingo
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populations are not considered in this study due to a lack of data recording and/or shared
reporting. The implementation of standardised animal record sharing is critical to understand
the current status and sustainability of all ex situ populations globally, not just flamingos. A lack
of standardised record sharing can place ex situ conservation breeding programmes at risk of
failure and result in the extinction of species, as demonstrated by the recent extinction of the
Catarina pupfish (Megupsilon aporus) in 2014 (da Silva et al. 2019; Valdés Gonzalez et al. 2020).
The limited number of Species360 member institutions in the Southern Hemisphere points to a
clear divide that needs to be bridged if the equitable sharing of knowledge and the promotion
of ex situ population sustainability is to be realised. The ability for current Species360 member
institutions to sponsor the membership fee of other institutions provides one mechanism for
economically disadvantaged institutions to share their data in such a manner, while

simultaneously allowing existing institutions to increase their conservation investment.

Ultimately the implementation of the recommendations will fall upon regional and institutional
population managers. Fortunately, the extreme popularity of flamingos with all stakeholders has
made it easier to gain momentum for management improvements compared to other avian
species, with the majority of institutions willing to make necessary management changes in
order to increase population sustainability (King and Bracko 2014). However, this popularity has
also made it clear that certain institutions are reluctant to relocate their flamingos to other
institutions (King and Bracko 2014). In addition, limited space, lack of standardised husbandry
practices, the need for the importation of new individuals, and for improved fulfilment of
breeding and transfer recommendations in managed populations all pose significant problems
for currently managed ex situ populations (Wilson et al. 2019). Nearly 40% of all AZA
cooperatively managed colonial bird breeding programmes state that they require additional
space if population sustainability goals are to be met (Wilson et al. 2019). If all flamingo
populations reach the minimum recommended population sizes and reproductive rates
necessary, population sustainability will only continue if these high reproductive rates are
maintained, which will only occur if significantly more space is made available. This will
necessitate international collaboration and communication between zoological organisations
and may involve the incorporation of non-zoological facilities, such as sanctuaries and non-
accredited institutions, to provide additional species holding capacity in order to ensure
population growth rates can be maintained (Wilson et al. 2019). Although seemingly simple, the
recommendation to periodically move individuals between flocks may also encounter significant
obstacles, with 33% of all co-operatively managed AZA populations having reported issues with

the fulfilment of breeding and transfer recommendations between institutions (Wilson et al.
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2019). The joint development of the Flamingo Husbandry Guidelines between AZA, EAZA and
WWT Slimbridge is a promising sign that these goals can be realised, and that inter-regional
management is possible. This shift from regional to global management, although logistically
challenging, can provide one solution to these issues. Global species management can be
achieved through the suggestion of the WAZA Committee for Population Management to
manage all ex situ populations of a species under a single Global Species Management Plan, as

already implemented for babirusa (Babyrousa sp.) (Macek 2014; WAZA 2020a).

The sustainable management of ex situ flamingo populations is only one component of the
global effort to conserve flamingos. Through this thorough exploration of the population
dynamics and climatic conditions underlying captive flamingo reproduction | hope to add to the
global body of knowledge on species-specific flamingo biology and ecology. This is in line with
the integrated approach to species conservation encouraged by the IUCN CPSG; their “One Plan
Approach” promotes the exchange of knowledge and collaboration between all parties involved
in the conservation of a species (Byers et al. 2013). Given their ubiquity and popularity across
zoological collections, | suggest that flamingos could also benefit from an Integrated Collection
Assessment and Planning (ICAP) workshop, a collaborative process developed by the IUCN CPSG
in collaboration with regional zoo and aquarium associations (Traylor-Holzer et al. 2019). This
would bring together members of the in situ and ex situ communities to help apply the IUCN SSC
Guidelines on the Use of Ex Situ Management for Species Conservation to the issue of regional
and global ex situ flamingo management. Such a workshop could provide guidance to
institutions on conservation and education messaging priorities, in addition to identifying
opportunities for the integration of in situ and ex situ conservation efforts (Traylor-Holzer et al.
2019). Given ongoing biodiversity loss, connecting the power of globally shared ex situ records
and management expertise with in situ conservation practitioners is critical to the identification
of the most efficient conservation actions and potential management strategies necessary to

ensure that both in situ and ex situ populations remain sustainable long into the future.
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4.1 Abstract

As biodiversity continues to decline globally, the role of gene banks in preserving genetic
diversity (biobanking) has become increasingly important. Although biobanking represents a
powerful conservation tool, a lack of standardised information surrounding the species currently
represented within global gene bank collections and the inconsistent selection of species for
future sample collection both hinder the conservation potential of biobanking, resulting in
missed conservation opportunities and enhancing extinction risks. | investigate the
representation of amphibian, bird, mammal and reptile species within the San Diego Zoo Frozen
Z00® living cell collection and subsequently implement a qualitative framework for the
identification and prioritisation of threatened species for future sampling efforts, considering
their congruency with global conservation prioritisation schemes (including the IUCN Red List,
CITES, AZE, EDGE and Climate Change Vulnerability), and the probability of sample acquisition
from within the global zoo and aquarium community. | show that 965 species, including 5.1% of
all IUCN Red List “Threatened” amphibians, birds, mammals and reptiles, are currently
represented within the collection and that sampling from within existing zoo and aquarium
collections can increase representation to 16.5% (1,006 species). | identify three species for
priority sample collection listed under every prioritisation scheme and which are also
represented within the global zoo and aquarium community, including the whooping crane
(Grus americana), crested ibis (Nipponia nippon) and Siberian crane (Leucogeranus
leucogeranus), while also providing species prioritisations based on subsets of prioritisation
schemes and sampling opportunities. | highlight a lack of available quantitative data, difficulties
in obtaining in situ samples and concerns over genetic resource sovereignty, and encourage the
formation of a global biobanking database and the establishment of new gene banks in

biodiversity rich countries.
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4.2 Introduction

The current rate of extinction has led to suggestions that we have now entered the sixth mass
extinction event of our planet’s history (Barnosky et al. 2011; Wake and Vredenburg 2008). Over
the last century alone, the rate of vertebrate species extinctions has been estimated to be 100
times higher than the predicted background extinction rate (Ceballos et al. 2015). Beyond these
documented species extinctions, drastic population declines and range contractions have been
recorded for numerous extant species, even those currently of least conservation concern
(Ceballos et al. 2017; Ceballos et al. 2020). Severe population declines and fragmentation are
associated with a decrease in genetic diversity and increased vulnerability to demographic
stochasticity (Ballou 1992). Loss of genetic diversity negatively affects both the long- and short-
term fitness of a population, further enhancing the species’ extinction risk through reductions
in reproductive potential, disease resistance, environmental stress tolerance and survival
(Allendorf and Leary 1986; Allentoft and O’Brien 2010; Ballou 1992; Keller and Waller 2002;
Spielman et al. 2004; Wildt et al. 1987). As a result, there has been an urgent call to conserve
extant global biodiversity, and particularly genetic diversity, in order to ensure population health

and persistence (Reed and Frankham 2003).

Ex situ conservation provides an important tool for addressing the conservation of biodiversity;
it consists of the preservation of species outside of their natural habitat (AZA 2016b). Ex situ
conservation is primarily undertaken by the approximately 1,000 zoos and aquariums globally
which are organised as part of internationally recognised organisations, such as the World
Association of Zoos and Aquariums (WAZA) (Kelly 1997). However, zoos and aquariums can only
maintain a tiny fraction of all extant species due to their limited carrying capacity and minimum
population sizes required to ensure population sustainability (Conway 1986; Conway 2011;
Foose 1983; Keulartz 2015). While zoos and aquariums currently manage 15% of all threatened
terrestrial vertebrates (Conde et al. 2011), the majority of ex situ population management
programmes are not meeting sustainability criteria (Lees and Wilcken 2009). In reality, the
intensive demographic and genetic management afforded by ex situ conservation are currently
hindered by small population sizes, poor population growth rates and incomplete pedigree
records (Lees and Wilcken 2009; Staerk et al. 2018). Like small in situ populations, small ex situ
populations are also vulnerable to demographic stochasticity and suffer from genetic diversity
loss and inbreeding complications (Ballou 1992). It has therefore been estimated that zoos and
aquariums only have the potential to manage sufficiently large ex situ populations of 100

mammal species if they are to achieve the demographic and genetic goals of ex situ conservation
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(Conway 1987). However, the conservation of genetic variation through the cryogenic
preservation of biological materials (termed ‘biobanking’) contributes additional genetic
resources which can contribute to ex situ and in situ population sustainability and conservation.
Zoos and aquariums have the ability to supplement the genetic diversity of their living
collections through the use of gene banks, and their living collections can also provide an

important source of samples for gene banks (Ballou 1992; Hobbs et al. 2018).

A genome resource (gene) bank is a collection of cryopreserved material (e.g. viable cell cultures,
gametes, tissues samples, whole organisms and embryos, serum, plasma, red blood cells,
feathers, hair) established to conserve the genetic diversity of a population of plants or animals
(Hobbs et al. 2018; Wildt 1997). Cryopreservation at extremely low temperatures ensures that
the structural and functional integrity of cells is maintained when returned to physiological
temperatures, and, if stored appropriately, these cells can remain in a state of suspended
animation for decades and possibly even centuries (Hobbs et al. 2018). Long-term
cryopreservation of genetic material and living cells means that potentially high levels of genetic
diversity can be maintained almost indefinitely, representing a unique resource for scientific
study, captive population management and biodiversity conservation (Ballou 1992). Living cell
cultures in particular represent an expandable resource that can be continually thawed, grown

and a portion banked again for future use (Ryder and Onuma 2018).

When utilised in conjunction with assisted reproductive technologies, cryopreserved living cells
have the potential to preserve and reintroduce genetic variation into future populations over
long periods of time, maintaining a species’ adaptability potential (Critser and Russell 2000;
Hobbs et al. 2018). Cryopreservation extends the reproductive lifetime of an individual almost
indefinitely and removes limiting factors such as gender and age, ultimately permitting more
species to be maintained ex situ (Ballou 1992; Praxedes et al. 2018). Similarly, the potential to
introduce genetic diversity into wild populations, using cryopreserved living cell cultures and
genetic rescue theory, provides one mechanism to reverse the effects of inbreeding depression,
restore population health and potentially even reverse species extinctions (Folch et al. 2009;
Staerk et al. 2018; Whiteley et al. 2015). Therefore, the long-term cryopreservation of genetic
material represents a unique and powerful resource for scientific study, captive population

management and in situ biodiversity conservation (Ballou 1992).
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Although biobanking represents a potentially powerful tool for conservation, important
composition and acquisition challenges associated with biobanking efforts remain: (1) a lack of
knowledge surrounding the biodiversity currently represented within gene banks globally, (2)
how to select and prioritise species for genetic sample collection in the future and (3) the
availability of suitable samples for collection (CBSG 2015; Clarke 2009; CPSG 2016; Hobbs et al.
2018; Ryder et al. 2000; Staerk et al. 2018). The only coordinated attempt to characterise
biodiversity within existing collections has been an assessment of the IUCN “Critically
Endangered” and “Extinct in the Wild” species represented within five biobanking facilities
(Ryder and Onuma 2018). In addition, the lack of a consistent species selection plan has been an
issue raised by conservation practitioners at both the 2015 and 2016 Annual Meetings of the
International Union for Conservation of Nature’s Conservation Planning Specialist Group (IUCN
CPSG) (CBSG 2015; CPSG 2016). To date, biobanking sample collection has been mainly
opportunistic, and large-bodied species, with which we share emotional connections, are being
shown default prioritisation preference and important conservation opportunities for other
species are likely being missed, enhancing extinction risks (Hobbs et al. 2018). The prioritisation
of management actions for conservation, such as the prioritisation of samples for acquisition,
depends on the benefits provided from sample acquisition, the successful use of biobanked

samples to improve conservation outcomes and the costs entailed (see Joseph et al. 2009).

The utilisation of existing prioritisation schemes has been suggested as one way to identify
priority species for sample collection and ex situ conservation efforts (da Silva et al. 2019).
Collectively, the IUCN Red List is recognised as one of the most widely used methods for species
conservation prioritisation, providing an indicator for the probability of extinction and
conservation status for wildlife populations globally (Adriaens et al. 2015; Hoffmann et al. 2008).
Over 70,000 animal species have already been assessed under the IUCN Red List, with 19.4%
currently considered “Threatened” with extinction (IUCN 2019). The IUCN Red List status is the
conventional criteria considered for conservation action, and genetic sample collection of IUCN
Red List “Threatened” species and those on the brink of extinction is deemed an urgent priority
while the species in question still exists (CPSG 2016; Ryder and Onuma 2018). While prioritising
species with the highest probability of extinction may preserve representatives of at-risk global
biodiversity, it has been shown that the majority of “Data Deficient” species (amphibians and
mammals) are also threatened with extinction and occupy smaller geographical ranges,
compared with data sufficient species (Bland et al. 2015; Howard and Bickford 2014). Therefore,

although comprehensive and invaluable, there are further criteria that should be considered
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beyond the IUCN Red List to assess the probability of extinction when prioritising species for

conservation actions.

The IUCN Red List can be incorporated into alternative prioritisation schemes to consider other
important criteria and species characteristics, providing more detailed recommendations for
species conservation prioritisation. The Alliance for Zero Extinction (AZE) identifies species
which are currently listed as “Threatened” under the IUCN Red List, and which are also restricted
to a single geographic location (Ricketts et al. 2005). For example, the Christmas frigatebird
(Fregata andrewsi) and Abbott's booby (Papasula abbotti) are both “Threatened” under the
IUCN Red List and all their known populations are confined to Christmas Island (AZE 2018). These
species represent a uniquely threatened group of animals, beyond their [IUCN status alone, and
are therefore considered high priorities for living cell cryopreservation (Ryder and Onuma 2018).
Similarly, evolutionarily unique species have been put forward as potential priorities for genetic
sampling (Ryder and Onuma 2018), and the ‘Evolutionary Distinctiveness and Global
Endangerment’ (EDGE) score provides one method of reconciling those species which are both
“Threatened” under the IUCN Red List and which are also phylogenetically distinct (Isaac et al.
2007; Isaac et al. 2012). The overexploitation of natural populations through the unsustainable
global trade in wildlife has been recognised as one of the most prominent threats to global
biodiversity, threatening the persistence of natural populations and enhancing the probability
of extinction (Engler and Parry-Jones 2007; Roe 2008; Rosen and Smith 2010; Wyler and Sheikh
2008). Although the Convention on International Trade in Endangered Species of Wild Fauna
and Flora (CITES) tries to regulate the legal trade in wildlife, the species currently covered under
CITES represent possible priorities for genetic sample collection, owing to their enhanced
probability of extinction beyond that assessed by the IUCN Red List. Each of these prioritisation
schemes highlight a uniquely threatened and vulnerable group of species that can be considered
collectively or individually as priorities for future genetic sample collection, depending on the

institutional-specific goals and priorities of individual gene banks.

Although the prioritisation of species at higher risk of extinction will likely lead to large
conservation benefits, due to their currently small population sizes, this also results in the
selection of species with limited genetic diversity available and which require large resource
investment, ultimately providing limited prospects of meaningful recovery (Hobbs et al. 2018).
In reality, genetic sample collection should not be taken at the time of extinction, but rather
prior to it, when sufficient extant genetic diversity still exists. This would ensure the highest

probability of successful implementation of cryopreserved samples and therefore recovery
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success (Ryder and Onuma 2018). By prioritising species with sufficiently large populations and
genetic diversity remaining, and which are most likely to benefit from genetic rescue, we can
maximise the reduction in extinction probability. Balancing the current probability of extinction
with the probability of both sample acquisition and successful implementation in the future, will
ultimately provide the most cost-effective manner in which to prioritise species for sample
selection. Although the most appropriate methodology to identify such species remains unclear,
the threat level of the species is likely to be an important consideration. For example, Foden et
al. (2008) highlight that up to 71% of species currently listed as “Least Concern” under the IUCN
Red List are susceptible to elevated extinction risks due to climate change. These species are
typically of low conservation concern, yet they represent species which are susceptible to rapid
population declines if climate change projections are realised (Keith et al. 2014). In addition,
species already sampled, species yet to be sampled, keystone species, ecosystem engineers,
pollinators, scavengers, species of economic value and species of scientific value have all been
put forward as potential priorities for genetic sampling for various reasons (CPSG 2016; Holt et
al. 1996; Hobbs et al. 2018; Houck 2016; Ryder et al. 2000). Although the goal and function of
individual gene banks may vary, globally limited resources mean that the way in which we select
species for sampling must follow a clear and transparent methodology. This is imperative if
biobanking is to be considered a respected and viable method of conservation moving forward
and to ensure that the conservation potential of cryopreserved genetic samples can be fully

realised.

Facilities containing cryopreserved genetic samples can be found in Africa, Asia, Australia,
Europe and North America, many in co-operation with local zoos and aquariums (Clarke 2009;
Hobbs et al. 2018; Ryder and Onuma 2018). Given their diverse living collections, ease of access,
global distribution, veterinary expertise, and financial resources, zoos and aquariums have a
unique opportunity, if not obligation, to contribute to biobanking and the preservation of
genetic materials for scientific study and conservation (Benirschke 1984; Praxedes et al. 2018).
The Frozen Zoo® collection housed at San Diego Zoo Institute for Conservation Research is by
far the largest and most diverse gene bank collection of wildlife living cell cultures globally (SDZG
2020). Established in 1975, this collection now contains an estimated 10,000 living cell cultures,
representing nearly 1,200 taxa, including a cell culture of the extinct po’ouli (Melamprosops
phaeosoma), a bird native to Maui (Peterson 2016). In order to increase the probability of
sample acquisition, reduce acquisition costs and maximise the genetic diversity of acquired
samples, we should utilise the sampling opportunities provided by the global zoo and aquarium

community to prioritise species for sample collection. Similarly, the interception and
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confiscation of animals involved in the legal and illegal wildlife trade presents a non-traditional,
but invaluable, opportunity to increase the probability of acquisition and acquire a diverse range
of samples, particularly from species currently protected under CITES. In the absence of such
sampling opportunities, in situ sample collection can also be conducted in collaboration with
zoos and aquariums, many of which are involved in the in situ conservation of species (Dickie et

al. 2007).

Here | address the contemporary composition and acquisition challenges associated with global
biobanking efforts by analysing for the first time the current representation of species
(amphibians, birds, mammals and reptiles) within the Frozen Zoo® collection of living cell
cultures housed at the San Diego Zoo Institute for Conservation Research. | compile indicators
of current and future probability of extinction of the biobanked samples through the alignment
of the collection with multiple global wildlife conservation prioritisation schemes (IUCN, CITES,
AZE, EDGE and Climate Change Vulnerability). To guide future acquisition strategies, | use results
of my composition survey to identify gaps within the current collection and prioritise for genetic
sample collection the 6,122 species currently listed as “Threatened” (CR, EN, VU) or “Extinct in
the Wild” (EW) under the IUCN Red List, assessing overlap with other conservation prioritisation
schemes. A critical component of a prioritisation scheme for sample acquisition is the
identification of resource-effective opportunities for sample collection. | identify opportunities
for sample acquisition from the global zoo and aquarium community and confiscations or
recovery of illegally traded CITES listed species. Recommendations from this assessment can be
integrated into the global management of ex situ populations, prompting veterinary sample
collection from certain species in the case of death or anaesthesia events. Failure to accurately
quantify the biodiversity currently represented within biobanks and appropriately prioritise
species for future genetic sample collection not only hinders the development of global
biobanking efforts, but likely results in missed sample acquisition and conservation

opportunities, increasing both extinction risks and global biodiversity loss.
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4.3 Methods

4.3.1 Species Prioritisation for Genetic Sampling

A biobanking efficiency framework was developed for characterising the features of the San
Diego Zoo Frozen Zoo® living cell collection based on the project efficiency metric developed by
Joseph et al. (2009). However, due to a lack of quantitative data, formal prioritisation was not
attempted, and a qualitative assessment is provided. Following the characterisation of the
existing San Diego Zoo Frozen Zoo® living cell collection, according to the biobanking efficiency
components, | identified gaps within the current collection and assessed for sample acquisition
the 6,122 species (amphibians, birds, mammals and reptiles) currently listed as “Threatened”
(CR, EN, VU) or “Extinct in the Wild” (EW) under the IUCN Red List (IUCN 2019). | assessed the
probability of sample acquisition through the identification of opportunities for sample
collection from the global zoo and aquarium community, as represented by Species360

members and potential illegal trade confiscations of CITES listed species.

4.3.2 Biobanking Efficiency Framework

Biobanking efficiency is outlined in Equation 4.1:

WiB;S;

E; =
l Cl

, Equation 4.1

where E is the biobanking efficiency score for the biobanked species i, W is the species weight
which here represents phylogenetic distinctiveness, B is the conservation benefit of biobanking,
S is the probability of project success and C is the cost of biobanking and associated sample
implementation efforts. | have assigned indicators for each component of this biobanking

efficiency framework which act to increase or decrease efficiency.

Species evolutionary distinctiveness can be used to increase the weighting, W, for species which
are evolutionarily more distinct and for which biobanking may be particularly important due to
a lack of close living relatives from which genetic information could be inferred. The
Evolutionarily Distinct and Globally Endangered (EDGE) prioritisation scheme combines
evolutionary distinctiveness of a species with global endangerment using IUCN Red List criteria
(Isaac et al. 2007; Isaac et al. 2012). Evolutionary Distinctiveness is one possible measure of W

in Equation 4.1. | consider that the EDGE prioritisation, which includes risk of extinction through
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the use of the IUCN Red List criteria for “Threatened” species, to indicate species of higher

priority weighting if evolutionary distinctiveness is desired.

The conservation benefit, B, of biobanking is the difference in probability of persistence of a
species with and without biobanking (Xo — Xi), where X; is the probability of extinction with
biobanking and Xp is the probability of extinction without biobanking. Given the breadth of
global biodiversity with the potential to be sampled, | draw upon various wildlife conservation
prioritisation schemes (IUCN Red List, CITES, AZE, and Climate Change Vulnerability) to indicate
the probability of extinction, Xo. | assume that biobanking will reduce the threat of extinction to

the value X;.

The probability of project success, S, can loosely be defined in this context as the probability of
successful introduction of genetic variation from biobanks into existing in situ and/or ex situ
populations, enhancing population health and sustainability. The probability of project success,
S, is highly dependent on species characteristics, the nature of the biobanking technology used
and the probability of successful implementation of genetic rescue, which itself depends on in
situ and/or ex situ breeding populations being available for management. The probability of
biobanking success can therefore be indicated if an ex situ population currently exists and if it is
being actively managed to ensure genetic and demographic population sustainability (i.e. the
presence of a regionally managed ex situ studbook for the species). Biobanking technology,
through the maintenance and use of living cell cultures, is assumed to be higher for better known

groups of species, i.e. mammals > birds > reptiles > amphibians.

The cost of a project, C, is decreased (and therefore efficiency, E, increased) if samples are easily
and cheaply attainable and the biobanking technology is well developed. | assume that samples
from species which are represented within zoos and aquariums will be more easily and cheaply
obtained. | also assume that samples from confiscations of CITES listed species will also be more

easily obtained than species in their natural habitats.
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4.3.3 Frozen Zoo® | San Diego Zoo Institute for Conservation Research

To establish the representation of species within the Frozen Zoo® collection housed at the San
Diego Zoo Institute for Conservation (San Diego Zoo Frozen Zoo® hereafter), | analysed the 9,830
living cell culture accessions (representing 1,001 taxa) deposited as of April 2019. | excluded
2.6% records (26 taxa out of 1,001) which referred to hybrid individuals, 0.8% of records (8 out
of 1,001 taxa) which referred to genus only level individuals and 0.2% of records (2 taxa out of
1,001) which referred to fish samples. This left only amphibian, bird, mammal and reptile
samples to be assessed. | characterise, for the first time, the conservation value of the species
represented within the San Diego Zoo Frozen Zoo® collection through their probability of
extinction and their congruency with global wildlife conservation prioritisation schemes (IUCN,

CITES, AZE, EDGE and Climate Change Vulnerability) as outlined below.

4.3.4 Conservation Priorities

Each of the prioritisation schemes outlined below highlights a uniquely threatened and
vulnerable group of species, with a heightened probability of extinction, which are considered
current priorities for conservation intervention. Prioritisation of such threatened species will
increase the conservation benefit, B, of potential biobanking efforts, increasing the probability
of persistence of a species. These prioritisation schemes can be considered individually or
collectively to identify priorities for future genetic sample collection. Here | highlight the
representation of species under each prioritisation scheme within the living cell collection of the
San Diego Zoo Frozen Zoo®. As many species are included under more than one prioritisation
scheme, | also assess the overlap of currently represented species between different
prioritisation schemes. Similarly, when prioritising IUCN Red List “Threatened” and “Extinct in
the Wild” species not currently represented within the San Diego Zoo Frozen Zoo®, | highlight
the species under each prioritisation scheme individually and also their overlap between
different prioritisation schemes to identify priorities for future sample collection. Considering
these prioritisation schemes collectively helps to identify the most at-risk and uniquely
vulnerable species with heightened extinction risks beyond that assessed by individual
prioritisation schemes. If sampled, such species can greatly increase the conservation benefit,
B, of cryopreserved genetic samples, reducing extinction risks and increasing the probability of

persistence of a species.
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4.3.5 IUCN Red List

The International Union for Conservation of Nature’s (IUCN) Red List is the most comprehensive
resource summarising the conservation status and extinction risk for plant and animal species
globally (Rodrigues et al. 2006). Species with no known extant individuals are categorised as
“Extinct” (EX). Species which only survive under ex situ management are categorized as “Extinct
in the Wild” (EW). Species categorized as “Critically Endangered” (CR), “Endangered” (EN) and
“Vulnerable” (VU) are collectively referred to as “Threatened”, and they represent species with
elevated risks of extinction and endangerment respectively. Species which do not qualify for a
“Threatened” status, typically widespread and abundant species with lower extinction risks, are
categorised as “Near Threatened” (NT) and “Least Concern” (LC). In addition, species which lack
sufficient data to make an adequate risk assessment are categorized as “Data Deficient” (DD)
and species yet to be evaluated are categorised as “Not Evaluated” (NE) (IUCN 2019). Although
the 34 animal species currently categorised as “Extinct in the Wild” are not considered
“Threatened”, they represent species which are extremely vulnerable to extinction, as can be
seen by the recent extinctions of the Pinta Island tortoise (Chelonoidis abingdonii) and the
Catarina pupfish (Megupsilon aporus), species which had both been classified as EW prior to
their extinctions (Trask et al. 2020). Here | analyse and summarise the IUCN Red List status, and
therefore probability of extinction, of all species currently represented within the living cell
cultures of the San Diego Zoo Frozen Zoo® and their overlap with other conservation

prioritisation schemes.

4.3.6 CITES

The global legal trade in wildlife is regulated by the Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES), an agreement between 183 Parties (State
governments or regional economic integration organisations) with the aim of ensuring that the
international trade in wildlife does not threaten the ability of a species to persist in the wild
(CITES 1973). There are approximately 5,800 animal species listed on one of the three CITES
Appendices, protecting them from overexploitation as a result of the international wildlife trade
(CITES 2019). Species listed in Appendix | are those highly threatened with extinction, and, as a
result, trade in such species is only permitted in unique circumstances. Appendix Il species are
those which are not necessarily threatened with extinction, but which have the potential to
become threatened if their trade is not strictly controlled. Appendix Ill species are again not
necessarily currently threatened with extinction, but where one country has requested other
CITES Parties to assist in controlling the trade of the species (CITES 1973). Owing to the

international trade in wildlife, these species possess a heightened probability of extinction
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beyond their IUCN Red List assessments. Here | analyse the number of CITES listed species
represented within the living cell cultures of the San Diego Zoo Frozen Zoo® and their overlap
with other prioritisation schemes, identifying gaps for future priority sample collection.
Additionally, the availability of intercepted and confiscated CITES listed species from the illegal
wildlife trade represents a unique opportunity to obtain samples and reduce the cost of a

project, C, therefore increasing overall biobanking efficiency.

4.3.7 Alliance for Zero Extinction (AZE)

The Alliance for Zero Extinction (AZE) works with governments, multilateral institutions and
conservation-oriented organisations to identify and conserve global sites of biodiversity
conservation importance and species at a heightened risk of extinction due to restricted
geographic ranges. The AZE identifies species which are currently listed as “Critically
Endangered” (CR) or “Endangered” (EN) under the IUCN Red List, and which are also restricted
to a single geographic site globally, making them particularly vulnerable to extinction beyond
their IUCN Red List status (Ricketts et al. 2005). AZE currently recognises 1,483 threatened
species (representing amphibians, birds, mammals, reptiles, fish, crustaceans and selected
plants), which are distributed among 853 sites globally (AZE 2018). Here | assess the
representation of AZE listed amphibian, bird, mammal and reptile species within the living cell

cultures of the San Diego Zoo Frozen Zoo® and identify gaps for future sample collection.

4.3.8 Evolutionary Distinct and Globally Endangered (EDGE)

The evolutionary distinctiveness of a species is one potential way to prioritise species for
conservation actions, and this can be done using a species’ EDGE score. EDGE scores are a
combination of the amount of unique evolutionary history a species represents (Evolutionary
Distinctiveness/ED) in addition to its current conservation status (Global Endangerment/GE)
(Isaac et al. 2007; Isaac et al. 2012). In order to qualify as EDGE, a species must be
phylogenetically distinct (ED score above the median), and also be assessed as “Critically
Endangered” (CR), “Endangered” (EN) or “Vulnerable” (VU) under the IUCN Red List. Currently
EDGE lists exist for amphibians, birds, corals, mammals, reptiles and elasmobranchs, with
approximately 13% of all amphibians currently being considered EDGE (EDGE 2019). Here |
assess how many species of amphibians, birds, mammals and reptiles, which have been
identified as EDGE (both evolutionarily distinct and also globally endangered), are represented
within the living cell cultures of the San Diego Zoo Frozen Zoo®, and | identify gaps for future

priority sample collection.
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4.3.9 Climate Change Vulnerability (CCV)

The role of climate change in increasing extinction rates and biodiversity loss has already been
confirmed, therefore species which are highly vulnerable to climate change can be considered
of high conservation priority (Gardali et al. 2012; Stork 2010; Williams et al. 2003). The IUCN
trait-based assessment of species’ vulnerability to climate change is one method of measuring
this vulnerability and prioritising candidate species for conservation action (Foden et al. 2013).
These assessments incorporate individual species’ sensitivity (ability to persist in situ), adaptive
capacity (measured as dispersal ability and evolvability) and their predicted exposure to
projected climatic changes (projected changes in temperature and precipitation). Trait-based
climate change vulnerability assessments have currently been completed for all amphibian, bird
and coral species, with all species assessed as high or low vulnerability to climate change (Foden
et al. 2013). Here | assess the number of amphibian and bird species currently listed as highly
vulnerable to climate change by Foden et al. (2013) which are also represented within the living
cell cultures of the San Diego Zoo Frozen Zoo® and their overlap with other prioritisation
schemes, identifying gaps for future sample collection. Given the potential of gene banking for
preserving vast amounts of extant genetic material, | also identify species which are currently
not listed as “Threatened” under the IUCN Red List, but which are highly vulnerable to future
climate change. These species represent new conservation priorities, as they will likely become
threatened in the future if current climate change projections are realized. However,
contemporary sampling of such species while sufficient genetic variation remains will likely
result in an increased probability of successful implementation of cryopreserved samples,
increasing the probability of project success, S, and therefore reducing future extinction

probabilities (Foden et al. 2013).

4.3.10 Sample Collection Opportunities from Zoos and Aquariums

Given the influence and importance of zoo and aquarium collections in biobanking efforts to
date, | used vertebrate composition data from the global zoo and aquarium community (as
represented by Species360 member institutions) to identify opportunities for future genetic
sample collection. Species360 is an international non-profit organisation that hosts and
develops the Zoological Information Management System (ZIMS), the largest real-time database
of comprehensive and standardised information spanning more than 1,100 zoological
collections globally (Species360 2019; ZIMS 2019). This reveals which species are currently being
managed ex situ, the number of institutions currently managing them and their current
population sizes, increasing the probability of sample acquisition and reducing project costs, C,

helping to inform species prioritisation. | particularly highlight the species being managed ex situ
87



to ensure genetic and demographic sustainability via managed studbooks in the European
Association of Zoos and Aquaria (EAZA) and the Association of Zoos and Aquariums (AZA, North
America). The availability of genetically-characterised, managed populations will increase the
probability of project success, S, subsequently increasing overall biobanking efficiency, E. | also
emphasise the potential of zoos and aquariums to contribute to biobanking for the species
currently categorised as “Extinct in the Wild”. These species only persist ex situ and therefore
zoos and aquariums represent the only option for potential sample collection in the future.
Although my focus is on Species360 member institutions, it is imperative to stress that other
zoos and aquariums which are not Species360 members also contain valuable living collections,
however the lack of standardised data sharing for these collections results in my inability to

obtain sufficient data to include these institutions.

4.3.11 Taxonomic Standardisation

Taxonomy for the San Diego Zoo Frozen Zoo® collection was standardised to the species level
using the currently accepted scientific name according to the IUCN (genus and epithet). |
retrieved the currently accepted IUCN name using the ‘taxize’ R package (version 0.9.5;
Chamberlain and Szdcs 2013), which also assesses synonyms. Manual searches were done for
species not automatically standardised and in the absence of a current IUCN name or synonym
| used the currently accepted name according to the Catalogue of Life (Roskov et al. 2019).
Taxonomy was standardised across each prioritisation scheme and data source in the same
manner as conducted for the San Diego Zoo Frozen Zoo® collection. The San Diego Zoo Frozen
Zoo® collection, and several of the prioritisation schemes (IUCN Red List, CITES), operate at the
subspecies level, whereas other schemes work at the species level (AZE, EDGE, Climate Change
Vulnerability). In order to ensure consistency between data sources, all subspecies were
reduced to species. Figures were generated using the ‘ggplot2’ R package (version 3.2.1;
Wickham 2016). Animal silhouette images used throughout are provided by Phylopic under
Public Domain license (http://phylopic.org/). Venn diagrams were generated using the

Bioinformatics and Evolutionary Genomics web tool (2020).
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4.4 Results

4.4.1 San Diego Zoo Frozen Zoo® Collection

The San Diego Zoo Frozen Zoo® living cell collection comprises 9,750 samples representing 965
species of the four studied taxonomic classes, with a mean number of 10.1 (+ 20.14 S.D.) samples
per species (Table 4.1; Figure 4.1). Mammals are the most represented class with 8,021 samples
representing 511 species. Mammals also possess the largest sample sizes per species, with a
mean of 15.7 (+ 25.80 S.D.) samples. Amphibians and reptiles are the least represented classes,
with only 24 and 120 species and mean sample sizes of 3.71 (+ 5.31 S.D.) and 2.85 (+ 2.95 S.D.)

respectively (Table 4.1; Figure 4.1).

4.4.2 IUCN Red List

Of the 965 species currently held in the San Diego Zoo Frozen Zoo®, 311 (32.2%) are currently
listed as “Threatened” under the IUCN Red List (Table 4.1; Figure 4.2). These 311 species
represent 5.1% (311 out of 6,110 species) of all “Threatened” amphibian, bird, mammal and
reptile species under the IUCN Red List. Mammals are the most represented class, with 185
“Threatened” species currently being found in the San Diego Zoo Frozen Zoo®, representing
15.2% of all “Threatened” mammals (185 out of 1,219 species). Amphibians are the least
represented class, with only 1.1% of IUCN “Threatened” species having been already sampled (9
out of 2,092 species). Of the remaining species; 538 are listed as “Least Concern”, 75 as “Near
Threatened”, 9 species are listed as “Data Deficient” and 25 have yet to be assessed (Table 4.2;
Figure 4.2). Importantly, 50% of the “Extinct in the Wild” species (6 out of 12 species) have

already been sampled, including all EW mammal species (Table 4.2).

89



(%1°G) 0TT9 (%T°€) LSL0E (¥T°0ZF) T°0T 0S.6 (%Tze) T1E 596 |eloL
(%9°€) LOET (%L°T) LTCL (S6'C¥) 68T 473 (%T°6€) LY 0zt elnday
(%T'ST) 6TCT (%0°6) 7695 (08'52F) £'ST 1208 (%T°9€) S8T 11S | ellewwepy
(%L'v) T6VT (%87) 9ZTTT (YA a7 86¢T (%9°C2) 0L 0T€ sany
(%1°T) 260C (%v°0) TCL9 (te's¥) 1L€ 68 (%S°L€) 6 144 elqiydwy
(z4 9zas ur %) (z49zasur %) | (‘@'s¥) sapads | sajdwes | (sa109ds [e101 JO %) | Sa193dS
$9109ds paualealyl sa10ads |ejo]) J9d sajdwes x |eyol S9109dg paualealyl | |erol

117 pay NONI

007 U320.14 007 0831 ues

uostiedwod e pue (zZ4 57Qs) 007 uazoi4 0oz 0331Q ues 3yl ulyym saads ajindas pue jlewwew ‘piiq ‘veiqiydwe jo uonejuasasdal ayl | T'v a|qel

*1s17 pay NDNI @Y} 1apun paisi| sapads ,paualpaly, pue |10} JO J3quinu 3y} Yum

o
(o)}



(%€0) | (%0S) | (%8'S) | (%¥v¥) | (%¥'S) | (%S°€) | (%627) | (%€0)
596 4 T 9 €L 0T vET SL 8€S 6 |erol

(%0) | (%6°S) | (%L'T) | (%TY)
0zt 4 0 0 LT 6 12 12 qS 4 elnday

(%00T) | (%6°8T) | (%T'ST) | (%8°€T)
11S €T T z 8¢ €L vL 44 6S¢ L ellewwely

(%09) | (%L£9) | (%8€) | (%9°V)
01€ 0 0 € qT 8T L€ LT 0T¢ 0 sany

(%0S) | (%S0) | (%¥'0) | (%€0)

v 0 0 1 € v 4 0 v1 0 eiqiydwy

jelol VN X3 M3 -0 N3 nA 1N J1 aa

" 9007 U32044 007 0831Q UeS ay3 Ulyum punoyj Ajpualind aJe 1eyl A1o8a1ed Jejnajaied 1eyl uiyiim saidads 1si7 pay NJN| |e1ol jo asejuadiad

3y} JuasaJdas sa8eua24ad "Uo113||0d |32 Sulnl| 007 UIZ044 007 0331 UeS Y} UlyHM Juasaid saads ayl Jo snieis Isi7 pPay NINI 3YL | ' alqel

91



*(/81021dojAyd//:d11y) asuadi| utewo( 211gnd Jepun didojAyd Aq papiaoid sue sedewl a1xanoy|is
[ewluy *(Sjewwew = uaaud pue spJiq = an|q ‘s9jindas = s8ueso ‘sueiqiydwe = mo|[dA ‘¢T°0C :AS ‘T°0T :ueaw) s9jdwes Qg€ — T wouy Sujdueds sanjea
yum ‘(30us4a)aJ 104 S3|qQNQ PIIBIOUUR 335) o007 USZ0J44 007 03317 UBS Yl UIyHM sa1ads 1eyl Jo sajdwes Jo Jaquinu syl o3 [euoirodoud st ajqgnq
9Y3 Jo 9z1s 3y "1y31 ay3 uo sa|qqnq |enpialpul Aq pajuasaidau os|e S| (§96 = u) sa123ds yoes Jo 3zis ajdwes ay| ‘sse|d yoea uiyym sa19ads J4ad sajdwes

JO Jaquinu 3y} 948 UMOYS 0S| *500Z UdzZ044 007 0831Q ues 3y uiyum saads ajndas pue jewwew ‘piiq ‘uelqiydwe jo Jaquinu |e303 3yl | T'v 94n814

sajdwes jo Jaguny
00€ 002 00L 0 =
= o)) M
tos ®
LooL S ——m
Lost m,
sajdwes jo saquny 0% & STYNNYWN
08 o.uloA".| 02 ovm.u W
[os & :-m
Gl w
001 9 -
T
sajduwes 40 Jaquny v
ci ol > 0 =
e =T ) 5
-— oL ®
: 1 A0
L0 m CE
of n,
sajdwes Jo Jaquiny ] mm.__._.n_mw_
0z ¢Sl (1] 8 G =
T+ = rFRl° 3
s YL
0l m., ™
m
5 SNYISIHdWY

uoI323||0) 007 Uazo.i4 ooz o8aiq ues

92



Amphibia

IUCN Status
NA
ges
DD
w LC
NT
VU
Mammalia EN
™ e
ViU
EW
EX
Reptilia

0.00 0.25 0.50 0.75 1.00

Proportion of Frozen Zoo® Collection

Figure 4.2 | The proportion of amphibian, bird, mammal and reptile species within the San
Diego Zoo Frozen Zoo® according to their IUCN Red List status. EX = Extinct, EW = Extinct in the
Wild, CR = Critically Endangered, EN = Endangered, VU = Vulnerable, NT = Near Threatened, LC
= Least Concern, DD = Data Deficient, NA = Not Assessed. Animal silhouette images are provided

by Phylopic under Public Domain license (http://phylopic.org/).
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4.4.3 AZE | CITES | CCV | EDGE

Of the species listed in CITES, 13.9% (469 species) are present within the San Diego Zoo Frozen
Z00® (Table 4.3). Similarly, when assessing AZE, Climate Change Vulnerability and EDGE, 26
(2.3%), 92 (2.5%) and 163 (5.7%) species have all been sampled, respectively. The highest
representation is the number of CITES listed mammals that are also within the San Diego Zoo
Frozen Zoo® (279 species, representing 32.2% of all CITES listed mammals). Amphibians
consistently show the lowest representation within the San Diego Zoo Frozen Zoo® across the
prioritisation schemes (0 - 3.7%). Of course, each of these prioritisation schemes have the
potential to overlap, and this overlap is shown in Figure 4.3. One species, the Spix’s macaw
(Cyanopsitta spixii), is included in each prioritisation scheme and has already been sampled.
However, the Climate Change Vulnerability assessment does not include mammals or reptiles.
Therefore, there are an additional five species which have already been sampled and which have
been assessed as “Threatened” under the IUCN Red List, in addition to being included on the
AZE, CITES and EDGE prioritisation schemes. These are the addax (Addax nasomaculatus),
Chinese alligator (Alligator sinensis), Roti snake-necked turtle (Chelodina mccordi), golden-
crowned sifaka (Propithecus tattersalli) and vaquita (Phocoena sinus). There are 387 species
within the San Diego Zoo Frozen Zoo® that have not been included under any prioritisation
scheme and which are not currently listed as “Threatened” or “Extinct in the Wild” under the
IUCN Red List. These include the aardvark (Orycteropus afer) and the greater flamingo

(Phoenicopterus roseus).
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Table 4.3 | The total number of amphibian, bird, mammal and reptile species within the San
Diego Zoo Frozen Zoo® that are also considered of high conservation priority by the AZE,
Climate Change Vulnerability assessment, CITES and EDGE. Percentages reflect the percentage
of species within that particular category that are currently found within the San Diego Zoo

Frozen Zoo®. The Climate Change Vulnerability Assessment does not include mammals or

reptiles.

Amphibia 3(0.5%) 6 (0.4%) 6 (3.7%) 0 (0%)
Aves 9 (4.5%) 86 (3.7%) 108 (7.4%) 38 (5.4%)
Mammalia 8 (3.6%) NA 279 (32.2%) 106 (18.7%)
Reptilia 6 (10.9%) NA 76 (8.6%) 19 (3.3%)
Total 26 (2.3%) 92 (2.5%) 469 (13.9%) 163 (5.7%)
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Figure 4.3 | The number of amphibian, bird, mammal and reptile species currently
represented within the San Diego Zoo Frozen Zoo® and their representation under one or
more prioritisation schemes, indicated by numbers within overlapping areas. AZE = Alliance
for Zero Extinction, EDGE = Evolutionary Distinct and Globally Endangered, CCV = Climate
Change Vulnerability, IUCN = IUCN Red List “Threatened” (CR, EN and VU) species, CITES =
Convention on International Trade of Endangered Species of Fauna and Flora. The number of
species and the number of prioritisation schemes they appear under is shown in the bar on the
right. A limited number of representative species within different subsets are shown as
silhouettes, such as the Spix’s macaw (Cyanopsitta spixii). Animal silhouette images are provided

by Phylopic under Public Domain license (http://phylopic.org/). Both AZE and EDGE prioritisation

schemes select species already listed as “Critically Endangered” (CR), “Endangered” (EN) or

“Vulnerable” (VU) under the IUCN Red List and are therefore not independent of it.
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4.4.4 Future Sample Collection Opportunities

There are 5,799 “Threatened” species under the IUCN Red List which do not yet appear in the
San Diego Zoo Frozen Zoo® and these represent an initial list for potential prioritisation for
future sample collection. When looking at opportunities for sample collection, | identify 695
“Threatened” species yet to be sampled which are also found in at least one Species360 member
zoo or aquarium (Figure 4.4). These species are found in a mean number of 14.5 (+ 32.1 S.D.)
institutions with mean population sizes of 135.1 (¥ 521.9 S.D.) individuals (Table 4.4). Combined,
this means we can increase the representation of “Threatened” species to 1,006 out of 6,110
species, if all identified species in zoos and aquariums are sampled (16.5% of all “Threatened”
amphibian, bird, mammal and reptile species). Reptiles show the greatest opportunity to
increase “Threatened” species representation, with 217 candidate species being found in zoos
and aquariums (representing 17.2% of all non-sampled “Threatened” reptiles). Although
amphibians have the lowest number of candidate “Threatened” species in zoos and aquariums
to be sampled (112, 5.38% of non-sampled “Threatened” amphibian species), their notably large
ex situ population sizes of 323.1 (+ 1,121.7 S.D.) represent a unique opportunity to collect

multiple samples, reducing project costs, C, and increasing overall project efficiency, E.
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Figure 4.4 | The number of amphibian, bird, mammal and reptile species currently listed as
“Threatened” under the IUCN Red List and their representation within the San Diego Zoo
Frozen Zoo® and the global zoo and aquarium community, as represented by Species360
members (ZIMS). Species not currently represented within the San Diego Zoo Frozen Zoo®, but
which are found in the global zoo and aquarium community represent opportunities for future
sample collection (green). Animal silhouette images are provided by Phylopic under Public

Domain license (http://phylopic.org/).
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4.4.5 Priorities for Future Sampling

Although the unsampled 5,799 “Threatened” and “Extinct in the Wild” IUCN Red List species
provide an initial framework for species prioritisation, the limited resources and sample
opportunities available require a more nuanced approach, considering multiple criteria and
stakeholder interests. Here | cross-reference the 5,799 unsampled “Threatened” IUCN Red List
species with the other prioritisation schemes and identify opportunities for sample collection
within the global zoo and aquarium network, enhancing the probability of sample acquisition. |
find three species which are listed in every prioritisation scheme and which are also present
within the global zoo and aquarium network (Table 4.5; Figure 4.5). These are the whooping
crane (Grus americana), crested ibis (Nipponia nippon) and Siberian crane (Leucogeranus
leucogeranus). Given that the Climate Change Vulnerability assessment does not include
mammals or reptiles, | identify a further nine species which are listed by AZE, CITES, EDGE and
which are also found in at least one zoo or aquarium, including the Marafién poison frog
(Excidobates mysteriosus) and the Togian Islands babirusa (Babyrousa togeanensis). As a result
of the clear conservation concern for these species and the relative ease of sample availability
(substantially reducing project costs, C), | believe that genetic sampling has the potential to
provide large species-specific conservation benefits, B. Therefore, these species represent high

priorities for future sample collection with potentially high biobanking efficiency scores, E.

Given the demographic and genetic management made by possible by ex situ management, |
highlight the 127 unsampled “Threatened” IUCN Red List species currently being managed by
studbooks as part of either the European Association of Zoos and Aquaria (EAZA) or the
Association of Zoos and Aquariums (AZA, North America) (Table 4.5). Several of these species,
such as the western crowned pigeon (Goura cristata) and Humboldt penguin (Spheniscus
humboldti) are also prioritised as part of the Climate Change Vulnerability assessment, CITES
and EDGE. These species have the benefit of being actively managed to maintain genetic
diversity and would therefore possess a higher probability of project success, S, if sampled. This
is in addition to their existing lower project costs, C, and large conservation benefits, B, resulting
in such species potentially yielding the highest biobanking efficiency scores. As a result, special

consideration should be given to the collection of samples from these species in the future.
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Figure 4.5 | The number of amphibian, bird, mammal and reptile species currently listed as
“Threatened” under the IUCN Red List, but not currently represented within the San Diego Zoo
Frozen Zoo®, and their representation under one or more prioritisation schemes (AZE =
Alliance for Zero Extinction, EDGE = Evolutionary Distinct and Globally Endangered, CCV =
Climate Change Vulnerability, CITES = Convention on International Trade of Endangered
Species of Fauna and Flora). Also shown is their presence within the global zoo and aquarium
community, as represented by Species360 members (ZIMS). The total number of unsampled
IUCN Red List “Threatened” species appears in the bar on the right, highlighting the number of
other prioritisation schemes they appear under and their presence within the global zoo and
aquarium community. Animal silhouette images are provided by Phylopic under Public Domain

license (http://phylopic.org/). Both AZE and EDGE prioritisation schemes select species already

listed as “Critically Endangered” (CR), “Endangered” (EN) or “Vulnerable” (VU) under the IUCN

Red List and are therefore not independent of it.
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Although zoos and aquariums play important roles, sample collection is not, and should not, be
limited to ex situ institutions, and therefore | identify five species which are listed in every
prioritisation scheme, but not currently maintained in a Species360 member institution, such as
the Christmas frigatebird (Fregata andrewsi). Again, when excluding the Climate Change
Vulnerability assessment, | identify a further 42 species listed by AZE, CITES and EDGE which are
not found in Species360 institutions, such as the Yangtze giant softshell turtle (Rafetus
swinhoei). Although absence of these species from ex situ institutions may substantially reduce
the probability of project success, S, and increase project costs, C, their absence should not
exclude them from biobanking efforts. In fact, it implies that these species are more vulnerable
to failures in in situ conservation efforts, increasing the potential conservation benefits, B, if
sampled. Despite the logistical and financial implications of sampling species in situ, | believe
these species are clear priorities for future sample collection. Similarly, although amphibian cells
are the most difficult taxonomic group to grow, with prolonged culture times, both increasing
projects costs, C, and decreasing the probability of project success, S, this should not exclude

them from future biobanking efforts (Kouba et al. 2013; Zimkus et al. 2018).

My focus here has been on the species currently listed as “Threatened” under the IUCN Red List,
however species which are predicted to become “Threatened” in the near future should also be
given consideration. If predicted climate change projections are realised, numerous species have
the potential to suffer rapid population declines and become “Threatened”. Knowledge of such
species is invaluable for planning biobanking efforts while high levels of extant genetic diversity
remains, increasing the probability of future biobanking project success, S. | identify 2,349
species of amphibian and bird which are not currently represented in the San Diego Zoo Frozen
Zoo® or listed as “Threatened” under the IUCN Red List, but which have been assessed by Foden
et al. (2013) as highly vulnerable to climate change (Table 4.6). Of these 2,349 species, 347 are
currently found in at least one Species360 member zoo or aquarium (Table 4.6; Figure 4.6).
Examples include the griffon vulture (Gyps fulvus) and the Sira poison frog (Ranitomeya sirensis),
both of which are currently listed as “Least Concern” under the IUCN Red List but classified as

highly vulnerable to climate change by Foden et al. (2013).
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Table 4.6| The total number of amphibians and birds assessed by Foden et al. (2013) as ‘high’
and ‘low’ vulnerability to climate change and their representation within the San Diego Zoo
Frozen Zoo® (SDZG FZ). Also shown are the number of ‘high’ and low’ vulnerability species not
represented in the San Diego Zoo Frozen Zoo® and their representation in the global zoo and
aquarium community, as represented by Species360 members (ZIMS). These are shown as

either “Threatened” (CR, EN and VU) or “Non-Threatened” based on the current IUCN Red List

status of the species.

Total Species Assessed 1,360 4,804 2,300 7,454 3,660
Species in the Frozen Zoo® 6 18 86 224 92
Species not represented in the Frozen Zoo®
Total 1,354 4,786 2,214 7,230 3,568
IUCN Threatened 623 1,210 596 634 1,219
IUCN Non-Threatened 731 3,576 1,618 6,596 2,349
Species present in zoos and aquariums (ZIMS)
Species in ZIMS 75 396 417 1,737 492
IUCN Threatened 30 82 115 98 145
IUCN Non-Threatened 45 314 302 1,639 347
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Figure 4.6 | The total nhumber of amphibian and bird species which have been classified as
highly vulnerable to climate change (CCV) by Foden et al. (2013) and their representation
within the San Diego Zoo Frozen Zoo® (SDZG FZ) and the global zoo and aquarium community,
as represented by Species360 members (ZIMS). These are shown as either “Threatened” (CR,
EN and VU) or “Non-Threatened” based on the current IUCN Red List status of the species.
Species not currently represented within the San Diego Zoo Frozen Zoo®, but which are found
in the global zoo and aquarium community represent opportunities for future sample collection
(green). Animal silhouette images are provided by Phylopic under Public Domain license

(http://phylopic.org/).
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4.4.6 Extinctin the Wild

Of the 12 amphibian, bird, mammal and reptile species currently listed as “Extinct in the Wild"
under the IUCN Red List, six (50%) are already represented within the San Diego Zoo Frozen Zoo®
(Table 4.7). These consist of the Wyoming toad (Anaxyrus baxteri), Hawaiian crow (Corvus
hawaiiensis), Guam rail (Hypotaenidia owstoni), Guam kingfisher (Todiramphus cinnamominus),
Pere David's deer (Elaphurus davidianus) and scimitar-horned oryx (Oryx dammah). In addition
to the species already sampled, there are five more EW species in at least one Species360
member zoo or aquarium yet to be sampled. These are the Alagoas curassow (Mitu mitu), black
softshell turtle (Nilssonia nigricans), Socorro dove (Zenaida graysoni), Christmas Island chained
gecko (Lepidodactylus listeri) and Kihansi spray toad (Nectophrynoides asperginis), and can be
found in a mean number of 8.6 (+ 14.8 S.D.) institutions globally, with mean population sizes of
1,577 (x 3,360.8 S.D.) (Table 4.7). If all are sampled, these species could increase the
representation of EW species in the San Diego Zoo Frozen Zoo® to 91.7% (11 out of 12 species)
(Table 4.7). Although all EW mammals are represented in the San Diego Zoo Frozen Zoo®, none
of the three EW reptiles have been sampled, however, two of these species can be found in the
world’s zoos and aquariums, each in a single institution with population sizes of 43.5 (+ 60.1
S.D.) individuals. Although not considered “Threatened” under the IUCN Red List, these species
represent a uniquely vulnerable group of species, owing to their sole reliance on continued ex
situ management to prevent extinction (Trask et al. 2020). As a result, | believe these species

represent a high priority for future sample collection.
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4.5 Discussion

As extinction rates continue to rise, the role of ex situ conservation and gene banking efforts will
only become more important in safeguarding species and genetic diversity. However, the full
potential of biobanking has yet to be completely realised and appreciated. Here | show that 965
species and 5.1% of all “Threatened” amphibian, bird, mammal and reptile species are already
represented within the living cell collection of the San Diego Zoo Frozen Zoo®, and that sampling
of species from within the global zoo and aquarium community can increase this representation
to 16.5%. This immense biodiversity repository represents an unparalleled resource for future
scientific research and biodiversity conservation. Although the San Diego Zoo Frozen Zoo® living
cell collection is by far the largest and most diverse collection of its kind globally, other gene
banks also contain limited living cell collections, such as the National Zoological Gardens of South
Africa Biobank and the Kunming Cell Bank in China, however data regarding their collections are
not publicly available (Ryder and Onuma 2018). Consequently, the number of species reported
here represents an overall underestimation of the total number of living cell cultures biobanked
globally. Of particular note is the limited presence of reptiles, and especially amphibians, within
the San Diego Zoo Frozen Zoo®, despite the chytrid fungus threatening global amphibian
populations (Weldon et al. 2004). Although this partly reveals historical biases in sample
collection, the optimal conditions for successful cell growth in preparation for cryogenic storage
also vary across taxonomic groups, particularly with respect to temperature (Benirschke 1984;
Houck et al. 2017; Ryder and Onuma 2018). Despite the optimisation of sample collection and
preparation techniques for mammals, the successful culturing of amphibian cells is currently
hindered by chromosomal variation and prolonged population doubling periods (Kouba et al.
2013; Okumoto 2001; Zimkus et al. 2018). Therefore, further work is needed to identify the
optimal conditions under which to successfully and reliably grow cells of various taxonomic
groups, increasing the probability of project success, S. Furthermore, there has been
considerable interest in the establishment of gene banks and the optimisation of sampling

methods for aquatic species and invertebrates in the future (CPSG 2016; Holt et al. 1996).

The aligning of existing and future living cell collections with global prioritisation schemes has
the potential to increase the conservation benefit, B, of cryopreserved samples and reduce
extinction probabilities. In addition to the 5.1% of IUCN Red List “Threatened” amphibians, birds,
mammals and reptiles represented, 50% of the “Extinct in the Wild” species and 13.9% of CITES
listed species are also represented. Although the representation of AZE and EDGE species may

seem comparably lower (2.3% and 5.7% respectively), it is important to highlight the difficulties
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in obtaining viable samples from species with such limited in situ geographic ranges and
population sizes. In reality, obtaining in situ samples is an extremely difficult process, due not
only to difficulties in finding appropriate samples, but also prolonged and expensive national
and international permitting processes, which are designed to reduce the risk of disease
transmission and protect threatened species (Ryder and Onuma 2018). The establishment of the
Nagoya Protocol on Access and Benefit Sharing in 2010, highlights concerns over intellectual
property rights, genetic resource sovereignty and the equitable sharing of potential benefits
arising from the utilisation of genetic resources. Although this supplementary agreement to the
1992 Convention on Biological Diversity (CBD) aims to both conserve and sustainably use
biodiversity, it can pose significant challenges for future in situ sample collection and
substantially reduce the probability of sample acquisition; simultaneously decreasing the
probability of project success, S, and increasing project costs, C (CBD 1992; Ryder et al. 2000;
Watanabe 2015). Consequently, the samples available from zoos and aquariums are increasingly
valuable in future biobanking efforts (Staerk et al. 2018). Not only can zoos and aquariums
increase the representation of “Extinct in the Wild” species from 50% to 91.7%, but they can
also provide access to an additional 695 “Threatened” species from which samples can be taken,
many of which are AZE, Climate Change vulnerable, CITES and/or EDGE listed (Figure 4.5).
Furthermore, 127 of these species are already being actively managed as part of AZA/EAZA
management programmes to maintain genetic diversity and demographic sustainability in their
living populations, providing access to multiple genetically characterised samples per species,

increasing the probability of project success, S.

None of the species found within the San Diego Zoo Frozen Zoo® contain more than the
minimum of 500 individuals considered necessary for a genetically sustainable population
(Frankham et al. 2002). With a mean of only 10.1 (+ 20.14 S.D.) samples per species, and many
species with a single representative sample, the question arises of whether we should focus on
increasing existing species sample sizes in the future or sampling new species. For the purpose
of genetic rescue, there is little value in sampling single individuals and individuals with
insufficient extant genetic diversity to sustain viable populations (Hobbs et al. 2018). For
example, the extinct po’ouli is represented by a single male individual, with no further prospects
of increasing the genetic variation sampled (Ryder and Onuma 2018). Although genetic rescue
may not be possible, as the sole representative sample of an entire species, this sample is
invaluable in scientific studies and for any potential future de-extinction efforts. Even when
sampling large extant populations, the goal of conserving genetic diversity is not always clear-

cut. For instance, the survival of only two female northern white rhinos (Ceratotherium simum
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cottoni) means that extinction is almost an inevitable outcome for this subspecies and sampling
may seem of little conservation value. In contrast, the genetically distinct southern white rhino
(Ceratotherium simum simum) is a conservation success story and has seen a population rise
from as low as 20-50 in the early 1900’s to approximately 18,000 today (Emslie 2020). However,
a recent genome-wide assessment of genetic diversity and inbreeding levels within nine
cryopreserved northern white rhino samples revealed similarly high levels of heterozygosity and
even lower levels of inbreeding when compared to the entire extant southern white rhino
population (Tunstall et al. 2018). Questions surrounding future sample collection should
therefore not only focus on which species to sample, but also which individuals are the most
genetically diverse and appropriate for future genetic rescue attempts, incorporating
chromosomal analyses to identify potential abnormalities (Mastromonaco et al. 2012; Staerk et
al. 2018). Further work is clearly warranted on identifying these individuals and defining how
many individuals are required to meet genetic and conservation objectives (Holt et al. 1996).
Active liaising with studbook keepers and pedigree analysis software can help resolve some of
these issues for ex situ populations with management programmes, though this will require

extensive global collaboration, co-operation and investment.

Although the work of the San Diego Zoo Frozen Zoo® is impressive, international co-ordination
and the establishment of further gene bank collections is necessary and should be undertaken
in the near future, particularly in biodiversity rich countries with high numbers of threatened
species (Ryder et al. 2000). This regional biobank establishment circumvents some of the
impediments and concerns regarding access and benefit sharing, sovereignty issues and
international transport of samples, while simultaneously reducing project costs substantially
(Clarke 2009). Local specialists will also have the expertise and knowledge necessary to identify
the most appropriate sample collection opportunities and the long-term storage capabilities in
their region (Clarke 2009). The lack of any resource for the identification of which species have
already been sampled, and where they are currently held, is also a prominent concern among
stakeholders (Ryder and Onuma 2018). To prevent unnecessary duplicate sampling and to co-
ordinate future sample selection, it is imperative that a global database of gene bank
repositories be established and co-ordinated between institutions (CBSG 2015; Ryder and
Onuma 2018; Ryder et al. 2000). Furthermore, a clear commitment must also be made on behalf
of each institution to ensure the perpetuity of their collection, and in the unlikely event of
catastrophic failure, duplicate collections should also be established, as has already been

undertaken by the San Diego Zoo Frozen Zoo® (Benirschke 1984; Ryder et al. 2000).
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The European Association of Zoos and Aquaria (EAZA) has taken initial steps to tackle these
problems through the establishment of the EAZA Biobank, consisting of four gene banking hubs
dedicated to the curation, long-term maintenance and registration of samples from the
European and Middle Eastern zoo and aquarium community (EAZA 2020). All current EAZA
member institutions (>400 institutions in 48 countries) are encouraged to contribute samples to
their regional gene bank hub, regardless of the threat status of the species (Staerk et al. 2018).
International co-ordination provides access to a much wider range of species and number of
individuals than a single institutional collection, in addition to the provision of standardised
storage procedures and facilities for institutions without the means to establish their own gene
bank collections (CBSG 2015). The EAZA biobanking hubs represent an advancement toward the
routine and systematic collection of samples, and it has been suggested that sampling for
biobanking be incorporated into the regional membership association accreditation process for
zoos and aquariums (CPSG 2016). Ultimately, the ambitions for gene banking to substantially
contribute to biodiversity conservation will only be realised through national, regional and
global co-ordination to increase biobanking efforts. The World Association of Zoos and
Aquariums (WAZA) has realised the potential of the global zoo and aquarium community to
contribute and co-ordinate this endeavour, and during their 2018 annual conference approved
the “Bangkok Resolution on Viable Cell Culture Cryobanking for Species Conservation”
(Resolution 73.2), which encourages all WAZA members to become involved in the effort to bank

living cell cultures where possible.

Ultimately, the goal of global gene banking efforts will be to add genetic diversity into existing
in situ and/or ex situ populations, enhancing population health and sustainability. The three-way
exchange of genetic material between gene banks, zoos and aquariums and wild populations
would allow for all populations of a species to be managed collectively, reducing extinction risks
and costs (Ballou 1992). The introduction of cryopreserved material from gene banks can
complement conventional and existing in situ and ex situ conservation efforts, especially in small
and fragmented populations (Ryder and Onuma 2018). Similarly, existing in situ conservation
projects can potentially be used as a source for future gene bank samples (CPSG 2016). This
global management of a species, incorporating genetic knowledge, in situ sample collection and
ex situ management is in line with the “One Plan” approach to species conservation, as
encouraged by the IUCN CPSG, which considers all populations of a species, both inside and
outside their natural range, as one single metapopulation (Byers et al. 2013; Staerk et al. 2018).
However, these ambitions are all contingent on technological advancements and the

prioritisation of in situ conservation activities.
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Although the qualitative assessment presented here represents an initial species prioritisation,
formal prioritisation is necessary to reveal those species with the highest biobanking efficiency
scores, E (Equation 4.1). Unfortunately, a lack of available quantitative data, particularly with
regards to measuring the conservation benefit, B, of biobanking and the probability of project
success, S, means that formal prioritisation of species for future sampling efforts was not
possible. Despite genetic rescue having been proven in practice through the translocation of live
animals, the ability of biobanked living cells to achieve the same result has yet to be proven
outside of model organisms (Ryder and Onuma 2018; Whiteley et al. 2015). The limited
successes in assisted reproductive technologies that have been observed have also come at
extremely high financial costs and are therefore unlikely to be replicated for many other species
in the near future (Hobbs et al. 2018). In reality, the routine application of assisted reproductive
technologies in wildlife conservation has yet to be realised, even under ex situ conditions, and
their role in conserving threatened species in their natural habitats is almost non-existent (Holt
et al. 1996). Therefore, the predicted conservation benefits of biobanking are primarily
theoretical in nature and contingent on the continued development of assisted reproductive
technologies and knowledge surrounding the reproductive physiology of the species concerned
(Ballou 1992). Even if such technologies were to advance to sufficiently high levels that would
permit routine use in both in situ and ex situ wildlife conservation settings, the overarching
species-specific concerns and threats must also be adequately addressed if species persistence
is to be achieved. Even in cases where successful genetic rescue has already been achieved,
continued intensive management is required if suitable habitat and adequate gene flow
between populations are not provided (Whiteley et al. 2015). A particularly striking example of
the necessity for suitable habitat and adequate gene flow can be seen in the case of the Florida
panther (Puma concolor coryi). This subspecies has undergone successful genetic rescue
involving the translocation of live individuals, but habitat saturation, continued habitat loss,
small population sizes and persistent inbreeding all mean that the original population is likely to
return to high levels of inbreeding in the near future, ultimately requiring further genetic rescue
attempts, and translocations, until suitable habitat is designated and gene flow can be restored

(Bijlsma et al. 2010; Johnson et al. 2010; Liberg et al. 2005; Whiteley et al. 2015).

Long-term biodiversity conservation is therefore unlikely to be achieved solely through genetic
rescue, particularly if sufficient habitat is not made available and threats adequately addressed.
However, short-term fitness benefits and population increases can be used as part of an
integrated species-specific conservation and management plan to restore genetic diversity and

temporarily add viability and resilience to populations, until suitable habitat can be guaranteed
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(Hobbs et al. 2018; Staerk et al. 2018). The utilisation of cryopreserved living cells for biodiversity
conservation is ultimately only one part of the conservation toolbox and is not to be considered
as a substitute or replacement for conserving living animals themselves and their natural
habitats (Clarke 2009; Holt et al. 1996). The role of gene banks should be seen as complimentary
to traditional and existing conservation activities. Without the continued maintenance of living
animal populations, suitable habitat allocation and reductions in species-specific threats,
cryopreserved genetic material can yield practically no conservation benefit (Hobbs et al. 2018;

Holt et al. 1996).

Although only two infertile female northern white rhinos remain in the world, San Diego Zoo
Global has made a commitment to rescue this subspecies from extinction (SDZG 2020). The San
Diego Zoo Frozen Zoo® contains living cell cultures from 12 individual Northern White Rhinos
(including both surviving females), which have been collected over the last 35 years, and these
all have the potential to generate gametes which can be used to create northern white rhino
embryos. It should be noted that three of these 12 samples have a chromosomal rearrangement
reducing their normal 2n=82 diploid number to 81, which can reduce fertility (Houck et al. 1994).
Through artificial insemination, in vitro fertilization, and then embryo transfer into southern
white rhino surrogates, San Diego Zoo Global is aiming to save the northern white rhino from
otherwise imminent extinction. This incredibly ambitious conservation project, if successful,
would undeniably guarantee the role of biobanking and assisted reproductive technologies in
biodiversity conservation moving forward. For species on the cusp of extinction, such as the
Javan rhino (Rhinoceros sondaicus), vaquita (Phocoena sinus) and the saola (Pseudoryx
nghetinhensis), biobanking may be the only way to ensure their survival in the future. Although
only one part of the conservation toolbox, gene banking has the potential to fundamentally alter
how we conserve species, be it by adding genetic diversity to existing populations, saving species
on the brink of extinction, or potentially even bringing species back from extinction. However,
for species without any living cell culture, these opportunities are not possible, and for recently
extinct species which were never sampled, such as the Yangtze river dolphin (Lipotes vexillifer)
and the Christmas Island pipistrelle (Pipistrellus murrayi), these possibilities will never be
realised. These poignant extinctions only emphasise the crucial role of gene banks, such as the
San Diego Zoo Frozen Zoo®, and the philosophy of American Historian, Daniel J. Boorstin, and
subsequently the Frozen Zoo® founder, Dr. Kurt Benirschke: “You must collect things for reasons

you don’t yet understand”.
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5.1 Abstract

Despite the best efforts of both in situ and ex situ conservation practitioners, human-induced
species extinctions are increasing in frequency. However, recent technological advancements
now mean that a suite of genetic rescue tools can be deployed to reverse global biodiversity loss
by increasing population viability and even result in de-extinction for some species. Despite their
diversity and extensive use by humans, plants are conspicuous in their absence from the de-
extinction discussion, with charismatic vertebrates such as the woolly mammoth (Mammuthus
primigenius) and thylacine (Thylacinus cynocephalus) being the focus of much work to date. This
is surprising considering the relative ease of plant cloning, the central role of plants in ecosystem
functioning, their importance in ensuring food security and the reduced legal, ethical and
welfare concerns associated with plants compared to charismatic vertebrates. Here | prioritise

for de-extinction research the 122 species of plant listed as “Extinct” under the IUCN Red List.

| implement a de-extinction project efficiency ranking framework to incorporate species values
(such as economic, medicinal and scientific value), while also considering indicators for the
probability of project success and associated costs through an identification of suitable
herbarium and ex situ samples, extant relatives and key habitat and threat information.
Nineteen of the 122 “Extinct” listed species have been rediscovered in the wild, however the
Red List status of only six species has been updated to reflect this new information. Nearly all
species have known herbarium specimens (114/122) and congeneric relatives (117/122),
however none are represented within any of the ex situ seed banks assessed. Of the top five
scoring species, four have been rediscovered (Melicope paniculata, M. cruciata, Rutaceae;
Astragalus nitidiflorus, Fabaceae and Madhuca insignis, Sapotaceae), leaving the Hawaiian
lobelioid Delissea subcordata (Campanulaceae) as the highest-ranking species for de-extinction
research. Although not recorded since 1934, this species has numerous herbarium specimens,
published DNA sequences and extant genus-specific relatives, increasing the probability of
project success. | encourage more detailed IUCN Red List assessments, seed and tissue collection
for newly rediscovered species, and highlight a lack of available quantitative data for extinct
plant species, particularly with regards to their ecological role and interspecific interactions,

inhibiting informed de-extinction decision-making.
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5.2 Introduction

Despite the best efforts of both in situ and ex situ conservation practitioners, the frequency of
human-induced species extinctions is increasing, with the rate of vertebrate species extinctions
over the last century being 100 times higher than the predicted background rate of extinctions
(Barnosky et al. 2011; Ceballos et al. 2015; IPBES 2019). Although plants have historically
suffered fewer mass extinction events compared to animals, it is estimated that 20% of plant
species are currently threatened with extinction (Brummitt et al. 2015; Cascales-Mifiana and
Cleal 2014). This acceleration in extinction rates has resulted in the belief that we have now
entered the sixth mass extinction event of our planet’s history, with predicted negative
cascading consequences on both ecosystem functioning and the services required to sustain
human life (Ceballos et al. 2017; Ceballos et al. 2020; Diaz et al. 2018). However, recent
developments in genome engineering techniques and ancient DNA sequencing mean that de-
extinction, the process of bringing an extinct species back to life, is a legitimate possibility to
resurrect once-extinct species, reversing global biodiversity loss and restoring ecosystem health

and stability (Seddon et al. 2014; Shapiro 2017).

De-extinction can be achieved through three main pathways: back-breeding, cloning and
genome engineering (Shapiro 2015a). Back-breeding is the term used to describe the selective
breeding of extant species to resurrect specific ancestral traits within the living population
(Shapiro 2017). This method of de-extinction is only possible where the extinct species has
closely related extant relatives and where the target ancestral traits still persist within the living
population (IUCN SSC 2016; Shapiro 2017). The breeding of individuals is based on their
phenotype and as a result, back-breeding is referred to as a ‘phenotypic’ de-extinction rather
than a true de-extinction, restoring an extinct species’ phenotype and ecological role rather than
focussing on genetic similarity (Shapiro 2015a). Back-breeding projects have already tried to
recreate the extinct aurochs (Bos taurus primigenius), a large wild bovid that once inhabited
Asia, Europe, and North Africa, but which became extinct in 1627 due to anthropogenic
activities. In the 1920’s and 1930’s Heinz and Lutz Heck tried to recreate the aurochs by
selectively breeding domestic cattle breeds with the desired ancestral traits, ultimately creating
what are referred to as Heck cattle today (Heck 1951). Similar projects are underway to recreate
the quagga (Equus quagga quagga), a subspecies of the common zebra that became extinct in

1883 (Martinelli et al. 2014).
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Conversely, cloning, or somatic cell nuclear transfer (SCNT) can be used to create an exact
genetic copy of an organism, by injecting a nucleus from an adult somatic cell into an enucleated
donor egg cell (Wilmut et al. 2002). Subsequent cellular reprogramming by the host egg cell into
a pluripotent stem cell allows the cell to develop into an embryo in the same way following a
normal fertilisation event, with the resulting organism having an identical nuclear genome
sequence to the somatic cell donor (Shapiro 2017). Unfortunately, cloning in animals generally
requires intact living cells and close extant relatives to act as gestational surrogates, however,
clones from less well-preserved cells have also been created (Loi et al. 2001). Cloning is generally
easier in plants through a host of plant cell tissue culture approaches, often but not exclusively,
utilising meristem cells (Murashige and Skoog 1962; Oo et al. 2018). Although the efficiency of
cloning techniques are notably poor in wildlife, the preservation of a living cell culture from the
last living Pyrenean lbex (Capra pyrenaica pyrenaica) in 2000, allowed scientists to clone the
individual in 2003 using gestational and ova surrogates, making it the first individual in history
to be resurrected from extinction (Folch et al. 2009). Unfortunately, the vast majority of extinct
species do not have well-preserved somatic cells, and for other taxonomic groups, such as birds,
reptiles and monotremes, SCNT is not yet possible (Shapiro 2017). The potential of cloning for
de-extinction efforts is ultimately contingent on the availability of living somatic cells,
highlighting the importance of biobanking efforts in preserving representatives of currently
extant threatened species prior to their extinction. In plants it is also possible to use cell culture
techniques to derive whole viable plants from haploid material, doubling it to make double
haploids which are essentially equivalent to highly inbred diploid lines (Seymoura et al. 2012).
Such plant tissue culture methods have a long history in in vitro ex situ conservation (Shukla et

al. 2012).

Finally, genome engineering can be used to alter the genome of an extant species, in cells in
vitro, to incorporate and express genes from an extinct species, where the resulting cells can be
used for cloning approaches, such as SCNT (Shapiro 2017). Although genome engineering does
not require living somatic cells from extinct species, it does require at least partial knowledge of
their genome and extant close relatives for genome altering and surrogate purposes (Shapiro
2015b). For long-extinct species with no close living relatives, such as the New Zealand Moa
(Dinornithiformes), ancient DNA sequencing will likely never correctly assemble their full
genome (Shapiro 2017). However, active genome engineering projects are currently underway
for the woolly mammoth (Mammuthus primigenius), which diverged from the Asian elephant
(Elephas maximus) only 5 million years ago (Callaway 2015). This has resulted in an estimated

1.4 million fixed nucleotide differences between the two species (Lynch et al. 2015), of which
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only 62 have been incorporated into the Asian elephant genome to date (Shapiro 2017).
However, the consequences of large-scale genome editing on genome stability are still unknown

(Shapiro 2017).

As demonstrated by the examples above, the majority of the discussion and investment in de-
extinction research has focussed on large, charismatic vertebrates (mammals and birds), with
almost no acknowledgement of the potential for the de-extinction of plant species (IUCN SSC
2016; Jones 2014; Martinelli et al. 2014; McCauley et al. 2017). This taxonomic bias mirrors the
existing biases in conservation management and ecological research, hindering our knowledge
of which species have even gone extinct (lacona et al. 2017; IUCN SSC 2016). Although both
Seddon et al. (2014) and lacona et al. (2017) modified conservation prioritisation methods to
prioritise species for de-extinction, their work did not extend to plants and several of the criteria
they employ are not directly applicable to plants, reinforcing entrenched taxonomic biases and
preventing non-charismatic species from being included in the conversation (Turner 2017). As
noted by Turner (2017), large, charismatic vertebrates are also the species which raise the most
serious animal welfare and ethical concerns, a critically important consideration in the selection
of de-extinction candidates. Considering the relative ease of plant cloning, their role in
ecosystem functioning, their importance in ensuring food security and our ability to extract
medicinal compounds from their tissues, it is surprising that plants have received such little
attention in this context (Martinelli et al. 2014; Sherkow and Greely 2013). In addition, plants
represent a promising route to advance our de-extinction understanding and technologies,
while simultaneously avoiding the legal, ethical and welfare requirements of vertebrate de-

extinction.

In fact, the only mention of plants as potential de-extinction candidates has been the American
chestnut (Castanea dentata), a keystone tree species native to eastern North America which
was nearly eradicated by an introduced fungal pathogen (Cryphonectria parasitica) (Jones 2014;
Martinelli et al. 2014; McCauley et al. 2017; Newhouse et al. 2014; Ogden 2014; Shapiro 2015a).
After failed back-breeding attempts between the American chestnut and the fungal-resistant
Chinese chestnut (Castanea mollissima), genome engineering and gene transfer techniques
have subsequently created the transgenic American chestnut referred to as ‘Darlingd’, which
displays an intermediate resistance to the fungal pathogen (Martinelli et al. 2014; Newhouse et
al. 2014). Although successful, the inclusion of this species in the de-extinction literature is

misplaced, as the American chestnut never actually became extinct.
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In contrast to vertebrates, the creation of new individuals of an extinct species in plants can be
much more straightforward, providing the right samples exist. For example, using a 30,000-year-
old piece of immature ovarian tissue from Silene stenophylla preserved in the permafrost,
Yashina et al. (2012) were able to undertake in vitro tissue culture and clonal micropropagation
to successfully generate whole fertile plants. The prospect of finding suitably preserved extinct
plant tissues, capable of germination, is therefore a realistic possibility that could result in the
first true plant de-extinction (Abeli et al. 2020; Legendre et al. 2014; Martinelli et al. 2014).
Similarly, the preservation of seeds in ex situ seed and germplasm banks globally can be used to
generate whole fertile plants. There are currently over 1,750 seed and germplasm banks
globally, including more than 350 seed banking botanic gardens (Hay and Probert 2013;
O’Donnell and Sharrock 2017). Collectively these facilities contain in excess of 4.6 million
accessions (Hay and Probert 2013). Although most are dedicated to the preservation of domestic
crop diversity, several also contain wild plant material (Abeli et al. 2020). The Millennium Seed
Bank (MSB) partnership, founded and operated by the Royal Botanic Gardens, Kew, UK (RBG
Kew), has conserved seeds from nearly 40,000 species of seed-bearing wild vascular plant and

represents the largest ex situ conservation programme in the world (Abeli et al. 2020).

Furthermore, the more than 387 million specimens preserved in the approximately 3,000
herbaria globally can not only be used to provide morphological and historical occurrence
information, but also for genome sequencing (Abeli et al. 2020). In addition, although not under
optimal storage conditions, herbarium specimens have also been able to provide viable seeds
capable of germination, as shown by Godefroid et al. (2011) who used seeds from 144-year-old
herbarium specimens to resurrect the locally extinct Bupleurum tenuissimum in Belgium.
Unfortunately, although relatively straightforward, the efficacy of herbarium seed germination
is demonstrably low, with only eight out of 2,672 seeds germinating for Godefroid et al. (2011),
with none of those producing viable seedlings themselves (Abeli et al. 2020). Despite these
limitations, the availability of viable ex situ samples and herbarium specimens can provide an
unparalleled resource for future plant de-extinction efforts and help guide candidate species

selection.

There are numerous intrinsic and extrinsic species values which should be considered during any
formal species prioritisation to assess the value of the species’ de-extinction, the probability of
project success and the associated costs involved (lacona et al. 2017). For example, species

which were of economic, agricultural, medicinal or scientific significance are much more likely
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to gain financial support for any de-extinction efforts compared to species of little human-

interest or species which were once considered pests (Seddon et al. 2014).

Even if a species is of great human interest, the possibility of de-extinction is still reliant on the
availability of suitable ex situ samples and specimens, a critical fact overlooked by de-extinction
prioritisation schemes to date (lacona et al. 2017; Seddon et al. 2014). However, Jones (2014)
does highlight the importance of de-extinction feasibility and suggests the prioritisation of
species with shorter generation times, simpler genomes and subspecies, such as the Bali tiger
(Panthera tigris balica), to reduce costs and increase the probability of success. The prioritisation
of ecologically unique species is also considered an effective way to help restore lost ecosystem
functions, however this may only be possible for recently extinct species due to a lack of
historical data surrounding the biology and ecology of extinct species and the extent of
environmental changes since the species’ extinction (IUCN SSC 2016; Jones 2014; McCauley et
al. 2017). Similarly, a sound knowledge and understanding of the original threats posed to the
extinct species and current habitat availability are imperative if the de-extinction is to be
successful, as, if those threats have not been resolved and if no habitat is currently available,
there is no reason to expect that the species will not go extinct again once reintroduced back
into the wild (IUCN SSC 2016; Jones 2014; Seddon et al. 2014; Wood et al. 2017). Therefore,
regardless of the de-extinction pathway selected, any prioritisation of candidate species for de-
extinction research should incorporate human-perceived values, sample availability and both

habitat and threat information.

It is generally agreed that the goal of de-extinction projects should be to create functionally
equivalent proxies of extinct species, capable of restoring lost ecological processes and restore
ecosystem functions, and not to generate a limited number of individuals to be maintained in
captivity (lacona et al. 2017; Seddon et al. 2014; Shapiro 2017; Wood et al. 2017). This has been
termed ‘ecological enrichment’ and will require the creation of numerous genetically distinct
individuals to establish a self-sustaining in situ population capable of adapting in response to
environmental change and that is not at risk of future extinction (lacona et al. 2017; Steeves et
al. 2017). Unfortunately, this is likely to be impossible for many vertebrate species due to the
limited genetic diversity available for extinct species and the costs associated with advanced
genome engineering techniques. However, for plants with numerous preserved ex situ seed
samples and herbarium specimens, this obstacle could be overcome, allowing for the restoration
of taxonomic and functional diversity within ecosystems, providing not only ecosystem services,

but also resilience to future disturbances (Cardinale et al. 2012).
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Here, | address the taxonomic bias in de-extinction research and develop a de-extinction
efficiency ranking framework to prioritise for de-extinction research efforts the 122 species of
plants listed as “Extinct” under the IUCN Red List (IUCN 2018). | consider intrinsic and extrinsic
species values, such as ecological, economic, medicinal and taxonomic values, while also
considering the estimated probability of project success and associated costs, through the
identification of suitable ex situ samples and herbarium specimens, and key habitat and threat
information. | combine and integrate data from multiple sources, including the IUCN Red List of
Threatened Species, the RBG Kew, the William and Lynda Steere Herbarium at the New York
Botanical Garden, the Svalbard Global Seed Vault, the Smithsonian Botany Collection and the
Global Biodiversity Information Facility (GBIF). Recommendations from this prioritisation can be
used to guide plant de-extinction candidate selection, prompting more detailed feasibility and
risk analyses. Although an emerging field, failure to include plant species in the conversation
surrounding de-extinction and overlooking the possible benefits posed by extinct plant species,
hinders the development of de-extinction technology and the credibility of de-extinction as an
effective conservation tool, likely resulting in missed opportunities to restore ecosystem

functioning and prevent further ecosystem disturbance.
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5.3 Methods

5.3.1 Species Prioritisation for De-Extinction Research

An estimated de-extinction efficiency ranking framework was developed to prioritise for de-
extinction research efforts the 122 species of plants listed as “Extinct” under the IUCN Red List
as of October 2018 (IUCN 2018). This ranking framework was adapted from the conservation
project efficiency metric developed by Joseph et al. (2009). This framework incorporates
intrinsic and extrinsic species values, such as medicinal value, while also considering the ranked
estimated probability of project success, through an identification of suitable ex situ samples for

future de-extinction efforts and key habitat and threat information.

5.3.2 De-Extinction Efficiency Framework

The conservation project efficiency framework of Joseph et al. (2009) is outlined in Equation 5.1:

W;B;Sj

Equation 5.1
C; ) q

Ei=

where E is the conservation (or de-extinction) project efficiency score for the species i, W is the
species weight (which can represent intrinsic and extrinsic species values), B is the conservation
benefit of conservation efforts, S is the probability of project success and C is the cost of
conservation efforts. This framework and its components are based on known probabilities and
associated costs, however due to a lack of quantitative data for extinct species | am unable to
calculate project efficiency scores for de-extinction candidate species (Joseph et al. 2009).
Instead, based on data availability, | assign multiple potential indicators for each component of
this project efficiency framework (Table 5.1), which act to increase or decrease the value of each

component and overall de-extinction project efficiency score.

5.3.3 De-Extinction Efficiency Indicators

For each of the component indicators | normalised the data available for each species to lie
between zero and one, thus ranking the species and allowing me to utilise multiple indicator
values per framework component. This normalisation was carried out for each indicator as

shown in Equation 5.2:

O;i— Min;
Vij = ]—_], Equation 5.2
Maxj—Mmj
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Where V is species i’'s normalised indicator value for indicator j and O is species i’s observed
indicator value for indicator j. Min represents the minimum observed value for the indicator j,
and Max represents the maximum possible value for indicator j, across all extinct species
assessed. | then sum each individual species’ normalised indicator values for each framework
component, generating a mean species-specific value, and therefore ranking, for each individual
component (e.g. summing all species i's normalised indicator values for component W and
subsequently generating a mean species ranked component value, RW). Based on these multiple
indicators | generate mean normalised indicator species rankings for each representative
component of Equation 5.1. These ranked components are referred to as ranked species weight
(RW), ranked conservation benefit (RB), ranked estimated probability of project success (RS) and
ranked estimated cost of project (RC), to make clear the fact that they represent mean species
ranking values and not known probabilities and associated costs. An example of this summation
and mean generation for all species i’'s normalised indicator values for the ranked component

RW is shown in Equation 5.3:

_ Mi+E;i+S;i+T;+ G
a 5

RW,

) Equation 5.3

where RW is species i's mean indicator value for the ranked component RW (indicating species
weight in Equation 5.1), and where M, E, S, T and G represent species i's normalised indicator
values (calculated as per Equation 5.2, using the indicators outlined in Table 5.1) for the five
assessed indicators for the ranked component, RW. This mean value per ranked component was
necessary due to the differing number of indicators per framework component (Table 5.1). This
indicator summation and mean generation procedure was followed for each representative
ranked component (RW, RB, RS and RC), using the indicators outlined in Table 5.1 and discussed

below.

5.3.4 Species Rankings

Although the calculation of quantitative project efficiency scores is not possible, the calculated
species-specific mean indicator values per ranked component permit the generation of an
overall estimated de-extinction efficiency ranking score for each extinct plant species, allowing

me to rank each species for future de-extinction research initiatives as outlined in Equation 5.4:
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RW; + RB;+ RS;
REi = - - l, Equation 5.4
RC;

where RE is the estimated de-extinction project efficiency ranking score for the species i, RW is
the ranked species weight (representing medicinal, economic, ecological and taxonomic values),
RB is the ranked conservation benefit of de-extinction efforts, RS is the ranked estimated

probability of project success and RC is the ranked estimate of de-extinction project costs.

5.3.5 Ranking Procedures

As four of the indicators assessed (availability of extant relatives, availability of seed samples,
availability of published DNA sequences and availability of herbarium specimens) are included
as indicators of both the probability of project success (S) and the cost of a project (C), |
undertook two ranking procedures (Ranking Procedure 1 and 2 respectively). Ranking Procedure
1 included all available indicators as outlined in Table 5.1, including the duplicate usage of the
indicators mentioned for both RS and RC calculations. Ranking Procedure 2 used the indicators
above to calculate the ranked estimated cost of a project (RC) but did not use them to calculate
the ranked estimated probability of project success (RS), as these indicators are the only
indicators available for the cost of a project (C). Therefore, in Ranking Procedure 2, the indicators
available for the ranked probability of project success (RS) were reduced to just three (time since
extinction, habitat and ecological knowledge and threat knowledge and resolution) rather than
the seven available for Ranking Procedure 1. Results from both ranking procedures are reported

and discussed.

All analyses were carried out using the R programme (version 3.4.3; R Core Team 2017). Venn
diagrams were generated using the Bioinformatics and Evolutionary Genomics web tool (2020).
Plant silhouette images used throughout are provided by Phylopic under Public Domain license

(http://phylopic.org/).
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5.3.6 Species Weight (W) Indicators

Each of the indicators listed below represent intrinsic and extrinsic species-specific values which
each increase the overall species weight (W) value in Equation 5.1. All individual indicator values
are normalised as described below, with each species being ranked between 0 (lowest possible

species weight ranking, RW) and 1 (highest possible species weight ranking, RW).

Medicinal Value

Potential species-specific medicinal value was measured as the number of times the species is
included in the Royal Botanic Gardens (RBG) Kew Medicinal Plant Names Service database (RBG
Kew 2020c). This database provides a global reference resource for the 27,734 plants (and plant
products) which have been assessed as relevant to pharmacological research, health regulation
and traditional medicine (RBG Kew 2020c). Based on the number of times each extinct plant
appears on the service, | assigned a species-specific normalised ranking value between 0 (species

does not appear on the service) and 1 (species appears 5 times on the service).

Economic Value

Economic value is measured as the reporting of the species as economically important under
the species’ IUCN Red List assessment, the inclusion of the species in the RBG Kew Economic
Botany Collection and SEPASAL databases and whether the species is listed as a wild relative of
domestic crops by Liu et al. (2019). The IUCN Red List assessments of numerous species
incorporate the “Use and Trade” of individual species, which can range from trade in ornamental
plants to the use of plants and plant products in construction materials and fuels (IUCN 2018).
The RBG Kew Economic Botany Collection includes more than 100,000 plant-derived objects,
including textiles, wood, foods etc., representing plant species of economic importance globally
(RBG Kew 2020b). Similarly, the RBG Kew Survey of Economic Plants for Arid and Semi-Arid Lands
(SEPASAL) database highlights dryland plants of economic importance (RBG Kew 1999). | also
assess whether the extinct species assessed are considered wild relatives of domestic crops, and
therefore of potential economic value, through a comparison of the species assessed with the
4,450 crop wild relative taxa compiled by Liu et al. (2019) from the Harlan and de Wet Crop Wild
Relative Inventory and Germplasm Resources Information Network. Based on the number of
economic databases each extinct plant species is represented within, | assigned a species-
specific normalised ranking value of between 0 (species does not appear in any economic data

source specified) and 1 (species appears in all four economic data sources specified).
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Scientific Value

Although scientific value can take many forms, here | measure scientific value as the
requirement for future species-specific research under the species’ IUCN Red List Assessment
(IUCN 2018), with all species ranked as either 0 (no reported research required) or 1 (specified
research required). Examples of reported research required include “Taxonomy” and

“Population size, distribution & trends” (IUCN 2018).

Ecological Value

Although knowledge surrounding the ecological role and both the inter and intraspecific
interactions of a species are likely critical to the success of any potential de-extinction efforts
(Seddon et al. 2014), a lack of empirical and observational studies means that such information
is often not available for extinct species (either quantitatively or qualitatively), with almost no
real prospects of advancement (Wood et al. 2017). Therefore, | am unable to include any
appropriate indicator of species-specific ecological value in this analysis but highlight the

importance of such indicators in de-extinction research as a whole.

Taxonomic Value

Taxonomically unique species are often considered of conservation and prioritisation
importance (Jones 2014). Here | measure taxonomic uniqueness as the total number of extant
species per genus according to the Catalogue of Life (Roskov et al. 2019), with each species
assigned a normalised ranked value of between 0 (2,996 extant relatives, least taxonomically

unique) and 1 (zero extant relatives, most taxonomically unique).

General Interest

Although there are numerous other criteria with the potential to be included, | use the number
of times the species appears when searched on Web of Science as an indicator of general
interest in the species. Web of Science (https://clarivate.com/products/web-of-science/) was
chosen as an appropriate indicator due to the multiple databases this search engine accesses
and the breadth of academic and professional disciplines included. All species were ranked
based on search results, with normalised values ranging from 0 (species does not appear when

searched) to 1 (species appears 9 times when searched).
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5.3.7 Conservation Benefit (B) Indicators

The conservation benefit, B, of conservation efforts is typically measured as the difference in
probability of persistence of a species with and without conservation actions (Xo — X;), where X;
is the probability of extinction with conservation action and Xy is the probability of extinction
without conservation action. As all species being considered here currently have no extant
populations, and therefore no probability of extinction, the conservation benefit of de-
extinction efforts is the same for each species. Therefore, no conservation benefit indicators are
possible or necessary for this analysis, with each species being assigned a normalised ranked

conservation benefit, RB, value of 1 (i.e. RB; = 1 for all species).

5.3.8 Probability of Project Success (S) Indicators

Each of the indicators listed below represent values which each increase the overall probability
of de-extinction project success (S) in Equation 5.1. All individual indicator values are normalised
as described below, with each species being ranked between 0 (lowest possible estimated
probability of success ranking, RS) and 1 (highest possible estimated probability of success

ranking, RS).

Time Since Extinction

It is almost universally agreed that as time since extinction increases, the probability of
successful de-extinction efforts decreases, predominantly due to a lack of species-specific
knowledge and habitat alterations (Abeli et al. 2020; lacona et al. 2017; Jones 2014; McCauley
et al. 2017; Seddon et al. 2014; Shapiro 2017; Wood et al. 2017). Here | measured time since
extinction as the time since the species was last recorded (relative to 2020), according to their
IUCN Red List assessment, or if no date was recorded, then the year the species was assessed as
“Extinct” under the IUCN Red List. All species were assigned a normalised ranked value between
0 (274 years since extinction, lowest probability of project success) and 1 (four years since

extinction, highest probability of project success).

Habitat and Ecological Knowledge
Species-specific habitat and ecological knowledge are necessary for de-extinction, therefore as
the availability of such information increases, so does the potential success of the de-extinction
project (Seddon et al. 2014). Habitat and ecological knowledge were measured as the availability
of previous habitat and ecological information under the species’ IUCN Red List assessment
(IUCN 2018). All species were ranked as either 0 (no ecological information provided), 0.33 (basic
habitat information provided e.g. "Forest - Subtropical/Tropical Moist Lowland"), 0.66
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(additional abiotic habitat information provided e.g. climate, altitude, detailed abiotic aspects

etc.) or 1 (habitat information and inter/intraspecific biotic information provided).

Threat Knowledge and Resolution

If the underlying threats causing the original extinction of a species are not appropriately
identified and addressed, then any de-extinction effort aiming to restore ecologically meaningful
populations is unlikely to be successful (Jones 2014; Seddon et al. 2014; Wood et al. 2017). Here
| measured threat knowledge and any threat resolutions as the provision of species-specific
threat information under the species’ IUCN Red List assessment, including the current status of
the threats (e.g. “Ongoing” or “Past, unlikely to return”). All species were ranked as either 0 (no
threat information provided), 0.33 (threat information provided, but no threats have been
resolved), 0.66 (threat information provided and some threats have been resolved) or 1 (threat
information provided and all threats have been resolved). It is important to note that many
threats which were labelled as “Past, unlikely to return”, were still in fact ongoing, however due
to the extinction of the species they were labelled as “Past, unlikely to return”. This was
particularly evident for invasive alien species threats. As a result, all threats were assumed to be

“Ongoing” unless manual searches showed them to be resolved.

Availability of Herbarium Specimens

The combined number of herbarium specimens available per species from the RBG Kew
Herbarium, the New York Botanical Garden (NYBG) William and Lynda Steere Virtual Herbarium,
Smithsonian Botany Collection and species-specific Global Biodiversity Information Facility
(GBIF) occurrences were used to measure the potential availability of herbarium samples for
future de-extinction efforts. The RBG Kew Herbarium currently contains approximately 7 million
plant specimens, with more than 600,000 specimens already digitised (RBG Kew 2020e). The
four million digitised specimens of the NYBG William and Lynda Steere Herbarium were assessed
through the C. V. Starr Virtual Herbarium (NYBG 2020a). The Smithsonian Botany Collection
currently contains more than 5 million historical plant records, with 1.7 million plant specimens
records currently available online (SNMNH 2020). Similarly, GBIF provides standardised access
to hundreds of millions of species occurrence records, spanning numerous databases, including
preserved herbarium specimens globally (GBIF 2020). Species were assigned a normalised
ranked value between 0 (no known herbarium specimens, lowest probability of project success)

and 1 (104 herbarium specimens recorded, highest probability of project success).
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Availability of Seed Samples

The combined number of viable seed samples available per species from the RBG Kew
Millennium Seed Bank, Svalbard Global Seed Vault and European Native Seed Conservation
Network database (ENSCOBASE) were used to assess the availability of seed samples. The RBG
Kew Millennium Seed Bank is currently the largest ex situ plant conservation programme in the
world and contains more than 2.3 billion individual seeds, representing over 40,000 different
plant species (RBG Kew 2020d). Similarly, the Svalbard Global Seed Vault currently contains
more than 980,000 samples, with a focus on plants of agricultural and economic importance
(SGSV 2020). ENSCOBASE provides access to a variety of seed collections across Europe, while
also providing information regarding seed germination, moisture content etc. (ENSCONET 2020).
Species were assigned a normalised ranked value between 0 (no known seed samples available)

and 1 (known seed samples available).

Availability of Published DNA Sequences

The combined number of published DNA sequences per species from the RBG Kew DNA Bank,
the NYBG William and Lynda Steere Herbarium DNA Bank and GenBank were used to measure
the availability of published DNA sequences per species. The RBG Kew DNA and Tissue Bank
collection currently contains more than 48,000 samples of plant genomic DNA and over 11,000
dried tissue samples which are available to researchers for a nominal fee (RBG Kew 2020a).
Similarly, the DNA Bank at the NYBG William and Lynda Steere Herbarium contains more than
20,000 frozen plant, algal, and fungal tissues and extracted DNA samples (NYBG 2020b).
GenBank is an open access repository for publicly available nucleotide sequences and currently
contains more than 100 million individual DNA sequences (Benson et al. 2017). All species were
assigned a normalised ranked value between 0 (no known published DNA sequences) and 1 (26

published DNA sequences).

Availability of Extant Relatives

The availability of extant relatives can be used in de-extinction research for genetic engineering
and genome sequencing purposes (Steeves et al. 2017; Wood et al. 2017). This indicator is
represented here by the total number of extant species per genera according to the Catalogue
of Life (Roskov et al. 2019), with each species assigned a normalised ranked value of between 0
(zero extant relatives, lowest probability of project success) and 1 (2,996 extant relatives,

highest probability of project success).
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5.3.9 Cost of Project (C) Indicators

The availability of suitable samples and extant relatives are critical to the cost-effectiveness and
feasibility of any de-extinction attempt (lacona et al. 2017; IUCN SSC 2016; Shapiro 2017;
Steeves et al. 2017; Wood et al. 2017). Each of the indicators listed below represent values which
potentially decrease the overall cost of a de-extinction project (C) in Equation 5.1 through the
availability of such material. All individual indicator values are normalised as described below,
with each species being ranked between 0 (lowest potential project cost ranking, RC, higher
overall estimated efficiency score ranking, RE) and 1 (highest possible project cost ranking, RC,

lower overall estimated efficiency score ranking, RE).

Availability of Extant Relatives

The availability of extant relatives can be used in de-extinction research for genetic engineering
and genome sequencing purposes (Steeves et al. 2017; Wood et al. 2017). This indicator is
represented here by the total number of extant species per genera according to the Catalogue
of Life (Roskov et al. 2019), with each species assigned a normalised ranked value of between 0
(2,996 extant relatives, lowest potential project cost) and 1 (no known extant relatives, highest

potential project cost).

Availability of Seed Samples

The combined number of viable seed samples available per species from the RBG Kew
Millennium Seed Bank, Svalbard Global Seed Vault and European Native Seed Conservation
Network database (ENSCOBASE) were used to assess the availability of seed samples. Species
were assigned a normalised ranked value between 0 (known seed samples available) and 1 (no

known seed samples available).

Availability of Published DNA Sequences

The combined number of published DNA sequences per species from the RBG Kew DNA Bank,
the NYBG William and Lynda Steere Herbarium DNA Bank and GenBank were used to measure
the availability of published DNA sequences per species. All species were assigned a normalised
ranked value between 0 (26 published DNA sequences, lowest potential project cost) and 1 (no

known published DNA sequences, highest potential project cost).

Availability of Herbarium Specimens
The combined number of herbarium specimens available per species from the RBG Kew

Herbarium, the NYBG William and Lynda Steere Virtual Herbarium, Smithsonian Botany
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Collection and species-specific GBIF occurrences were used to measure the potential availability
of herbarium samples for de-extinction efforts. Species were assigned a normalised ranked value
between 0 (104 herbarium specimens recorded, lowest potential project cost) and 1 (no known

herbarium specimens, highest potential project cost).
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5.4 Results

5.4.1 Ranking Procedures

Despite the removal of four probability of project success (S) indicators in Ranking Procedure 2,
both Ranking Procedure 1 and 2 produced similar results, with both procedures producing the
same top five candidates and sharing a further 12 species among their respective top 20
candidates. Similarly, of the ten lowest ranking species, nine were common to both Ranking
Procedure 1 and 2. As a result only the results of Ranking Procedure 1 are discussed.
Comparisons of the 20 highest and lowest ranking species between Ranking Procedure 1 and 2
are shown in Appendix Tables D.1 and D.2. A comparison of the estimated de-extinction project
efficiency ranking scores (RE) for the 50 highest ranking species between Ranking Procedure 1
and 2 are shown in Appendix Figure D.1. A comparison between the mean ranked estimated
probability of project success (RS) and mean ranked estimated cost of project (RC) are shown in
Appendix Figure D.2 for Ranking Procedures 1 and 2, highlighting the difference in the number

of indicators used to calculate RS between both ranking procedures.

5.4.2 Species Rediscoveries

Of the 122 plant species recorded as “Extinct” under the IUCN Red List (IUCN 2018), 19 (15.6%)
have since been rediscovered (Table 5.2). For example, although considered extinct under the
IUCN Red List, the labelling of living botanical garden specimens as Dracaena umbraculifera
prompted Edwards et al. (2018) to undertake field surveys in Madagascar, where five extant
wild populations were subsequently identified. As a result, the IUCN Red List status of this
species should be changed from “Extinct” to “Critically Endangered” to reflect the persistence
of <50 individuals in the wild and to plan conservation actions accordingly (Edwards et al. 2018).
Of these 19 rediscovered species, the IUCN Red List status has only been updated for six species
to reflect this new information (IUCN 2020). As the majority of these species are still considered
“Extinct” under the IUCN Red List | retain them in the analyses presented here, noting their

occurrence as necessary.
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Table 5.2 | The species listed as “Extinct” under the IUCN Red List as of October 2018 which

have subsequently been rediscovered. References provided refer to the rediscovery of the

species. Note some species have since had their global IUCN Red List status updated to reflect

this rediscovery (*).

Rediscovered Species

Reference

Adiantum lianxianense (Pteridaceae)

Ebihara et al. 2012

Astragalus nitidiflorus (Fabaceae)

Martinez-Sanchez et al. 2011

Crudia zeylanica (Fabaceae)

Gunawardana 2019

Cynometra beddomei * (Fabaceae)

Sudhi 2012

Dracaena umbraculifera * (Asparagaceae)

Edwards et al. 2018

Madhuca insignis * (Sapotaceae)

Joshi et al. 2019

Melicope cruciata (Rutaceae)

Wood 2007

Melicope paniculata * (Rutaceae)

Nagendra et al. 2020

Ochrosia brownii (Apocynaceae)

Lorence and Butaud 2011

Ochrosia fatuhivensis (Apocynaceae)

Lorence and Butaud 2011

Ochrosia tahitensis (Apocynaceae)

Meyer and Butaud 2009

Otophora unilocularis (Sapindaceae)

Wang et al. 2018

Pradosia glaziovii (Sapotaceae)

Terra-Araujo et al. 2016

Pradosia mutisii (Sapotaceae)

Terra-Araujo et al. 2016

Radula visianica * (Radulaceae)

Kockinger 2016

Rauvolfia nukuhivensis (Apocynaceae)

Lorence and Butaud 2011

Shorea cuspidata * (Dipterocarpaceae)

Julia et al. 2014

Wendlandia angustifolia (Rubiaceae)

Viswanathan et al. 2000

Wikstroemia skottsbergiana * (Thymelaeaceae)

PEPP 2017
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5.4.3 Species Weight (W) Indicators

Of the 122 de-extinction candidate species assessed, none were present in all of the five weight
(W) indicators (Figure 5.1). One species (Angraecopsis dolabriformis; Orchidaceae) was
represented in four W indicators (economic value, medicinal value, taxonomic value and general
interest) and a further 16 species were represented in three W indicators. Of the 122 species
assessed, 18 were not represented under any specified W indicator. 117 out of the 122 species
assessed have at least one extant genus-specific relative (ranging from 1 to 2,996 extant
relatives, mean = 203.42 + 373.23 S.D.). Five species have no extant genus-specific relatives and
represent the most taxonomically unique species. These are Flabellidium spinosum
(Brachytheciaceae), Macoun's shining moss (Neomacounia nitida; Neckeraceae), the Saint
Helena olive (Nesiota elliptica; Rhamnaceae), Streblorrhiza speciose (Fabaceae) and Adams
mistletoe (Trilepidea adamsii; Loranthaceae). Overall, the mean normalised taxonomic indicator
value for all species was 0.93 (£ 0.12 S.D.). Only nine species had a recorded economic value in
any of the economic databases assessed, resulting in a mean normalised economic indicator
value for all species of 0.05 (+ 0.17 S.D.). Further scientific research was requested as part of the
IUCN Red List assessment for 26 of the 122 species, giving a mean normalised scientific indicator
value of 0.21 (+ 0.41 S.D.) for all species. Nearly all species (80/122) appeared on Web of Science,
with results of 0 - 9 appearances per species. For all species, this gave a mean normalised general
interest indicator value of 0.14 (+ 0.17 S.D.). Only two of the 122 candidate species, the
Galapagos amaranth (Blutaparon rigidum; Amaranthaceae) and Cnidoscolus fragrans
(Euphorbiaceae), had a recorded medicinal value under the RBG Kew Medicinal Plant Names
Service database, giving a mean normalised medicinal indicator value for all species of 0.01 (
0.09 S.D.). The highest-ranking species based on mean ranked species weight (RW) indicators

alone are presented in Table 5.3.
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De-Extinction Candidate Weight (W) Indicators (n-122)

Medicinal
Value

18

Figure 5.1 | The number of extinct plant species represented under each species weight (W)
indicator. Values for scientific, medicinal, economic and general interest represent all species
with a normalised indicator value greater than zero, due to the limited number of species
represented under each indicator. Taxonomic value represents all species with a taxonomic

indicator value equal to or greater than the median normalised value of 0.978.
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5.4.4 Probability of Project Success (S) Indicators

Time Since Extinction

The recorded time since extinction ranges from four years for Cyanea minutiflora
(Campanulaceae), which was assessed as extinct by the IUCN Red List in 2016, to 274 years for
Pausinystalia brachythyrsum (Rubiaceae), which is only known from a type specimen collected
in 1746 (IUCN 2018). The mean time since extinction is 95.98 (+ 63.63 S.D.) years, resulting in a

mean normalised time since extinction indicator value for all species of 0.66 (+ 0.24 S.D.).

Habitat and Ecological Knowledge

Of the 122 species considered here, 33 have no available habitat information as part of their
IUCN Red List assessment, while a further 47 only record basic habitat information e.g. “Savanna
- Dry”. Of the remaining 42 species, 31 provide additional detailed abiotic habitat information,
e.g. the habitat of the woolly-stalked begonia (Begonia eiromischa; Begoniaceae) is described as
“granite rocks at 170 m altitude surrounded by dipterocarp forest” on Penang Island, Malaysia
(IUCN 2018). Only 11 species provide any biotic information as part of their IUCN Red List
assessment, e.g. Hibiscadelphus woodii is described as being associated with native species such
as Chamaesyce celastroides (Euphorbiaceae), Nototrichium divaricatum (Amaranthaceae),
Melicope pallida and Carex meyenii (Cyperaceae) on the Hawaiian island of Kauai (IUCN 2018).
As a result, the mean normalised habitat and ecological knowledge indicator value for all species

was 0.39 (+ 0.31S.D.).

Threat Knowledge and Resolution

No threat information is recorded as part of the IUCN Red List assessment for 44 species,
providing no indication for the cause of species declines or extinctions. Although species-specific
threat information is provided for a further 71 species, | found no evidence that the threats had
been resolved. For example, although feral pigs (Sus domesticus) are listed under IUCN as a
“Past, Unlikely to Return” threat to the extinct Acaena exigua, a member of the rose family
(Rosaceae) native to the Hawaiian islands of Kaua‘i and west Maui, feral pigs are still present on
both Kau’i and Maui (Else 2018). For three species | was able to confirm that some of the threats
reported as part of the IUCN Red List assessment had been resolved and for four species | was
able to confirm that all reported threats had been resolved. For example, according to the IUCN
Red List the only threats to Streblorrhiza speciose (Fabaceae), a perennial shrub endemic to
Phillip Island, were posed by invasive goats (Capra hircus), pigs (Sus domesticus) and rabbits

(Oryctolagus cuniculus), all of which have subsequently been eradicated from Phillip Island
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(Coyne 2010). This gave a mean normalised threat knowledge and resolution value for all species

of 0.24 (£ 0.22S.D.).

Availability of Samples and Extant Relatives

None of the 122 extinct species assessed here are represented within the RBG Kew Millennium
Seed Bank, Svalbard Global Seed Vault or the European Native Seed Conservation Network
database (ENSCOBASE). Therefore, although herbarium specimens may also contain seeds, the
mean normalised availability of seed samples indicator value is zero for all species. The number
of herbarium specimens available per species from the RBG Kew Herbarium, NYBG William and
Lynda Steere Virtual Herbarium, Smithsonian Botany Collection and species-specific GBIF
occurrences, ranges from zero to 104 (Delissea subcordata; Campanulaceae), with a mean
number of herbarium samples of 15.61 (+ 20.12 S.D.; Figure 5.2). Eight species do not have any
preserved herbarium specimens in the collections assessed here, greatly reducing the
probability of project success (Acalypha rubrinervis, Cnidoscolus fragrans, Cyanea dolichopoda,
Euphrasia mendoncae, Galipea ossana, Guettarda retusa, Sicyos villosus and Sterculia khasiana).
Accordingly, the mean normalised availability of herbarium specimens indicator value for all

species was 0.15 (£ 0.19 S.D.).

The combined number of published DNA sequences per extinct species available from the RBG
Kew DNA Bank, the NYBG William and Lynda Steere Herbarium DNA Bank and GenBank ranged
from zero (e.g. Kokia lanceolata) to 26 sequences (Melicope paniculata), with a mean of 1.11 (+
3.93 S.D.). Importantly 102 species have no published DNA sequences, resulting in a mean
normalised availability of published DNA sequences indicator value for all species of 0.04 (+ 0.15
S.D.). As already stated, 117 of the 122 species assessed have at least one extant genus-specific
relative, with values ranging from 1 to 2,996 extant relatives (mean of 203.42 + 373.23 S.D.),
providing a mean normalised availability of extant relatives indicator value for all species of 0.07
(£ 0.12 S.D.). The combined availability of seed samples, herbarium specimens, published DNA
sequences and extant genus-specific relatives for all species is shown in Figure 5.3, where we
can see that 16 species have herbarium samples, published DNA sequences and extant relatives
available, whereas a further 96 species have two of these three indicators available. The highest-
ranking species based on mean ranked estimated probability of project success (RS) indicators

alone are presented in Table 5.3.
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Figure 5.2 | The total number of herbarium specimens available per extinct plant species. Data
represent the herbarium collection of the RBG Kew Herbarium, New York Botanical Garden
(NYBG) William and Lynda Steere Virtual Herbarium, Smithsonian Botany Collection and species-
specific Global Biodiversity Information Facility (GBIF) occurrences. Values range from 0 to 104

(mean =15.61%20.12 S.D.). Silhouette image provided by Phylopic under Public Domain license

(http://phylopic.org/).
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De-Extinction Candidate Sample Availability (n-122

Herbarium
Specimens DNA Sequences

Figure 5.3 | The number of extinct plant species for which herbarium samples, DNA sequences,
extant relatives and seed samples are available. All indicator values represent species with a
normalised indicator value greater than zero. Herbarium samples represents the herbarium
collection of the RBG Kew Herbarium, New York Botanical Garden (NYBG) William and Lynda
Steere Virtual Herbarium, Smithsonian Botany Collection and species-specific Global Biodiversity
Information Facility (GBIF) occurrences. The availability of extant relatives is represented by the
total number of extant species per genus according to the Catalogue of Life (Roskov et al. 2019).
DNA sequences represents the combined number of published DNA sequences per species from
the RBG Kew DNA Bank, the NYBG DNA Bank and GenBank. Seed sample availability is
represented the combined number of viable seed samples available per species from the RBG
Kew Millennium Seed Bank, Svalbard Global Seed Vault and European Native Seed Conservation

Network database (ENSCOBASE).
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5.4.5 Cost of Project (C) Indicators

Availability of Samples and Extant Relatives

As stated above, none of the 122 extinct species assessed here are represented within any of
the seed banks assessed here (RBG Kew Millennium Seed Bank, Svalbard Global Seed Vault and
ENSCOBASE), resulting in a mean normalised availability of seed samples indicator value of one
for all species (i.e. highest possible project cost). The number of herbarium specimens available
per species from the RBG Kew Herbarium, NYBG William and Lynda Steere Virtual Herbarium,
Smithsonian Botany Collection and species-specific GBIF occurrences, ranged from zero to 104,
with a mean of 15.61 (+ 20.12 S.D.) samples per species (Figure 5.2). Eight species do not have
any preserved herbarium specimens in the collections assessed here, greatly increasing the
potential project costs and decreasing project feasibility (Acalypha rubrinervis, Cnidoscolus
fragrans, Cyanea dolichopoda, Euphrasia mendoncae, Galipea ossana, Guettarda retusa, Sicyos
villosus and Sterculia khasiana). Accordingly, the mean normalised availability of herbarium
specimens indicator value for all species was 0.85 (+ 0.19 S.D.). The combined number of
published DNA sequences per extinct species available from the RBG Kew DNA Bank, the NYBG
DNA Bank and GenBank ranged from zero to 26 sequences, with a mean of 1.11 (+ 3.93 S.D.)
sequences per species. No published DNA sequences were available for 102 species, resulting in
a mean normalised availability of published DNA sequences indicator value for all species of 0.96
(£0.15S.D.). Once again, 117 of the 122 species assessed have at least one extant genus-specific
relative according to the Catalogue of Life (Roskov et al. 2019), with values ranging from 1 to
2,996 extant relatives (mean of 203.42 + 373.23 S.D.). As a result, the mean normalised
availability of extant relatives indicator value for all species was 0.93 (+ 0.12 S.D.). The combined
availability of seed samples, herbarium specimens, published DNA sequences and extant genus-
specific relatives for all species is shown in Figure 5.3. The highest-ranking species with the

lowest mean ranked estimate of project costs (RC) indicators alone are presented in Table 5.3.
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5.4.6 Species Rankings

Species rankings based on both the estimated de-extinction project efficiency ranking scores
(RE, Equation 5.4) and its individual components are presented in Table 5.3. Similarly, the 20
highest and 20 lowest ranking plant species prioritised for de-extinction research efforts are
presented in Table 5.4. Based on this analysis, the top five species to be considered for de-
extinction research are the Lihue melicope (Melicope paniculata), the pilo 'ula (Melicope
cruciata), Delissea subcordata, Astragalus nitidiflorus and Madhuca insignis. It should be noted
that although Melicope paniculata, Melicope cruciata, Astragalus nitidiflorus and Madhuca
insignis are ranked within the top five species for de-extinction research, each of these species
have already been rediscovered (Joshi et al. 2019; Martinez-Sanchez et al. 2011; Wood 2007).
When excluding the species which have been rediscovered, the top five species to be considered
for de-extinction research are Delissea subcordata, Chrysophyllum januariense, the Cry violet
(Viola cryana), the Haleakala melicope (Melicope haleakalae) and the Saint Helena olive (Nesiota
elliptica). Conversely, Galipea ossana, Delilia inelegans, Pausinystalia brachythyrsum,
Xanthostemon sebertii and Cupaniopsis crassivalvis represent the five lowest ranking species. A
complete comparison of the mean scores for each of the de-extinction efficiency ranking
components (RW, RS and RC) for the 25 highest ranking species is shown in Figure 5.4 for Ranking
Procedure 1 (and Appendix Figure D.3 for Ranking Procedure 2). Here we can see that although
the highest-ranking species have relatively low mean ranked species weight (RW) values, they
possess much lower mean ranked estimated cost of project (RC) values and higher mean ranked
estimated probability of project success (RS) values relative to lower ranking species. This can
also be seen in Appendix Figure D.2, where we see an overall negative correlation between the
mean ranked estimated probability of project success (RS) and the mean ranked estimated cost
of project (RC), suggesting that species which are most likely to be successful de-extinction

candidates also have the lowest estimated de-extinction costs.

Delissea subcordata represents the highest-ranking plant species for de-extinction research
which is still thought to be extinct. This species was endemic to the lowland forests of the
Hawaiian island of O‘ahu but has not been recorded since 1934. Although not taxonomically
unique, with 12 extant relatives, Delissea subcordata has a recorded general interest on Web of
Science and a scientific value in the form of further necessary research according to the IUCN
Red List assessment, however no medicinal or economic values were found. This species’ IUCN
Red List assessment provides detailed abiotic habitat information, however no biotic
information is provided. Similarly, both habitat modification and invasive species (competition

from invasive weeds, and predation by feral ungulates, rats and slugs) are listed as species-
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specific threats under the IUCN, however no evidence was found that any of these threats had
since been resolved. In terms of sample availability, this species has the highest number of
known herbarium specimens (104), 6 published DNA sequences and 12 extant genus-specific
relatives, both increasing the estimated probability of project success rankings (RS) and
decreasing estimated project cost rankings (RC). Conversely, the lowest-ranking species, the
Cuban endemic Galipea ossana, has not been recorded for approximately 200 years, has no
habitat or threat information available and no known herbarium or DNA samples. As a result,
the estimated probability of any de-extinction project involving Galipea ossana being successful

is negligible.

Table 5.3 | The top five plant species prioritised for de-extinction research efforts based on
both the overall ranked de-extinction efficiency framework (RE, Equation 5.4) and its
individual components (RW, RS and RC). Components reflect ranked species weight (RW),

ranked estimated probability of project success (RS) and ranked estimated cost of project (RC).

Ranking Mechanism
Rank | Species Weight Probability of Cost of Project | Overall Ranking
(RW) Success (RS) (RC) (RE)
1 Angraecopsis Melicope Melicope Melicope
dolabriformis cruciata paniculata paniculata
2 Angraecum Melicope Melicope Melicope
astroarche paniculata cruciata cruciata
3 Blutaparon Wikstroemia Astragalus Delissea
rigidum skottsbergiana nitidiflorus subcordata
4 Trochetiopsis Delissea Delissea Astragalus
melanoxylon subcordata subcordata nitidiflorus
5 Dryopteris Madhuca Madhuca Madhuca
ascensionis insignis insignis insignis
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Table 5.4 | The 20 highest and 20 lowest ranking plant species prioritised for de-extinction

research efforts. Species’ estimated de-extinction project efficiency ranking scores are also

provided. Results reflect Ranking Procedure 1. Species which have already been rediscovered

are denoted by (*).

Top 20 Bottom 20
Species Score | Rank Species Score | Rank
Melicope paniculata * 3.068 1 Galipea ossana 1.263 122
Melicope cruciata * 2.909 2 Delilia inelegans 1.265 121
Delissea subcordata 2.661 3 Pausinystalia brachythyrsum 1.290 120
Astragalus nitidiflorus * 2.550 4 Xanthostemon sebertii 1.291 119
Madhuca insignis * 2.245 5 Cupaniopsis crassivalvis 1.293 118
Chrysophyllum januariense 2.161 6 Weinmannia spiraeoides 1.294 117
Viola cryana 2.016 7 Habenaria petromedusa 1.304 116
Melicope haleakalae 1.987 8 Pradosia argentea 1.308 115
Nesiota elliptica 1.975 9 Campomanesia lundiana 1.316 114
Dracaena umbraculifera * 1.943 10 Gomidesia cambessedeana 1.319 113
Melicope macropus 1.923 11 Argocoffeopsis lemblinii 1.326 112
Achyranthes atollensis 1.921 12 Stenocarpus dumbeensis 1.332 111
Trilepidea adamsii 1.884 13 Cyanea pycnocarpa 1.334 110
Blutaparon rigidum 1.866 14 Valerianella affinis 1.343 109
Hibiscadelphus woodii 1.846 15 Psiadia schweinfurthii 1.348 108
Dryopteris ascensionis 1.831 16 Fitchia mangarevensis 1.352 107
Lepidium obtusatum 1.826 17 Kokia lanceolata 1.355 106
Melicope nealae 1.797 18 Melicope obovata 1.359 105
Casearia quinduensis 1.765 19 Hernandia drakeana 1.363 104
Angraecum astroarche 1.763 20 Stachytarpheta fallax 1.368 103
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De-Extinction Efficiency Component
Scoring Comparisons
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Figure 5.4 | A comparison of the mean scores for each of the de-extinction efficiency ranking

components (RW, RS and RC) for the 25 highest ranking species for de-extinction research.

Components reflect ranked species weight (RW), ranked estimated probability of project success

(RS) and ranked estimated cost of project (RC). Note that high RC values indicate species which

have higher estimated project cost rankings, and therefore lower overall estimated efficiency

score rankings, RE. Results reflect Ranking Procedure 1, including the four shared indicators used

to measure both RS and RC. The relationship between RS and RC is highlighted in Appendix

Figure D.2.
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5.5 Discussion

As human-induced extinctions continue to increase, the prospect of de-extinction restoring
once-lost species and ecosystem functions is likely to become increasingly appealing to both
conservation practitioners and the general public. However, failure to consider plants in the de-
extinction conversation has resulted in a biased view of de-extinction as a whole and the
technology required to achieve it. Here | show that 114 of the 122 species of extinct plants have
at least one herbarium specimen, each with the potential to provide both genomic sequences
and seeds capable of germination, highlighting the potential for plant de-extinction. Although |
tried to incorporate as many known sample databases as possible, it is likely that additional
herbarium specimens, seed samples and DNA sequences exist. Consequently, the number of
specimens and samples reported here represent an overall underestimation of the total number
available globally. Unsurprisingly, the extinct plants assessed have limited medicinal, economic,
scientific and taxonomic values, mirroring the conventional taxonomic biases found in most
disciplines (Clark and May 2002; Seddon et al. 2005; Troudet et al. 2017). Although not
exhaustive, my results also highlight a clear lack of habitat, threat and ecological information for
the majority of extinct plant species, greatly inhibiting the potential success of any de-extinction
project and preventing informed decision-making. It is likely that herbarium specimens hold a
wealth of ancillary information that has yet to be digitised, including species occurrence and
ecological interaction records (Abeli et al. 2020). Given the physical vulnerability of herbarium
specimens | encourage the prioritisation of extinct plant species over extant species for
immediate digitisation efforts. Despite these limitations | show that for several species, such as
Delissea subcordata, numerous extant close relatives, herbarium specimens and DNA sequences
exist, in addition to known scientific values and habitat and threat information. Although not
definitive, this implies that such species are potentially good candidates for successful de-

extinction and therefore warrant further research and investigation.

The revelation that 15.6% of all plant species assessed as “Extinct” IUCN Red List have known
extant populations highlights a disparity between conservation assessments and species
occurrences. This problem is elaborated upon by Mounce et al. (2018) who show that 830 plant
species have conflicting Regional and Global IUCN Red List assessments, with global assessments
both under and over-estimating extinction risks. Similarly, of the 19 “Extinct” plant species
rediscovered, only six have had their IUCN Red List statuses updated to reflect this information.
Although not perfect, the IUCN Red List is perhaps the most conventional criteria considered

when planning and prioritising conservation actions, and the difference between a species being
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considered “Extinct” and “Threatened” is of unarguable significance in this context (Mounce et
al. 2018; Rodrigues et al. 2006). Although it takes time for the rediscovery of a species to be
filtered back to the Global IUCN Red List assessment, | encourage more detailed IUCN Red List
assessments, incorporating all known species distributions and occurrences wherever possible.
The rediscovery of these species is however a welcome development and provides an
opportunity to collect living seed and tissue samples for global seed- and bio-banking efforts, as
none of the species included in this analysis had a single seed sample within any of the global
seed banks assessed. Consequently, these species represent high priorities for future seed
sample collection, potentially providing insurance populations should these species become
extinct in the future. An unexpected, but potentially useful outcome of the ranking process
employed here is the inclusion of four rediscovered “Extinct” plant species within the top five
de-extinction candidates produced by my ranking framework, suggesting that my scoring system
not only identifies potential de-extinction candidate species, but also species with the potential
to be rediscovered in the wild, however this will obviously require further refinement and
investigation if it is to be utilised effectively for this purpose. As rediscovery could be considered
a form of de-extinction, high ranking de-extinction candidate species should also be considered
a priority for further in situ assessments to identify potential extant populations before any

further de-extinction projects are initiated.

Although herbarium specimens have been known to provide seeds, this is not a guarantee, and
even if seeds are present their viability and probability of germination are extremely low (Abeli
et al. 2020; Godefroid et al. 2011). As a result, even for species such as Delissea subcordata, with
numerous extant relatives, herbarium specimens and published DNA sequences, the lack of any
viable seed samples means that any potential de-extinction project is still contingent on
technological and genome editing advancements. However, the availability of numerous
herbarium specimens for genome sequencing does increase the genetic variation available and
limit the prospect of any potential ‘resurrection genetic bottleneck’ occurring in the future
(Steeves et al. 2017). However, a general lack of herbarium specimens means that such high
levels of genetic variation are not available for the majority of extinct plant species (Sarasan et
al. 2016). Although none of the extinct plants assessed had any seed samples stored within the
global seed banks assessed, seed bank material has already been used to successfully recover
two plant species (Diplotaxis siettiana and Erica verticillata) considered “Extinct in the Wild”
under the IUCN Red List (Abeli et al. 2020; Hitchcock and Rebelo 2017). | therefore highlight the
importance of collecting seed samples for species which are currently threatened with

extinction, while extant populations and sufficient genetic variation still exist.
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Unfortunately, for the 10% of angiosperms which produce recalcitrant seeds (i.e. not desiccation
tolerant), standard seed banking procedures are not appropriate, leaving only orthodox species
capable of benefitting from traditional seed banking efforts (Berjak and Pammenter 2008; Liu et
al. 2018; Wyse et al. 2018). However, there have been promising recent advances in the
successful storage of viable recalcitrant seeds using rapid cooling to ultralow temperatures
(Walters et al. 2008; Walters et al. 2013). Similarly, the lack of adaptation between when seed
samples were collected and stored, and the current abiotic and biotic conditions, mean that
some species may no longer be able to persist in their previously suitable environments should
they be reintroduced (Abeli et al. 2020). This was true for Yashina et al. (2012) who found
significant morphological differences between 30,000-year-old Silene stenophylla compared to
extant conspecifics, potentially reflecting differences in reproductive strategy (Abeli et al. 2020).
These limitations only emphasise the fact that de-extinction cannot be seen as a substitute for
the conventional in situ and ex situ conservation activities being undertaken to conserve species
and their natural habitat. Even under the best-case scenario, where living adult somatic cells
exist, none of the pathways to de-extinction will create an organism which is completely
identical to the extinct species. For example, although SCNT results in an organism having an
identical nuclear genome sequence to that of the somatic cell donor, the maternal
mitochondrial DNA present in the enucleated surrogate egg cell (likely from an extant close
relative) are also passed on to resulting offspring (Shapiro 2017). Therefore, in theory, true de-
extinction will never be possible. However, the creation of an exact replica of an extinct species

is not necessary for the goal of ecological enrichment to be realised (Shapiro 2017).

The goal of ecological enrichment and the restoration of lost ecological processes and ecosystem
functions through the reintroduction of extinct species has the potential to restore ecosystem
health and prevent further ecosystem degradation (Ripple and Beschta 2012). For example, it
has been suggested that the reintroduction of woolly mammoths into northern Russia could
fundamentally alter the landscape and even reduce the thaw of permafrost through compaction
of the insulating snow layer, preventing the release of greenhouse gases and slowing global
warming (Shapiro 2015a). Regardless of the predicted benefits, ecological enrichment will
require a sufficiently large population of organisms to both impact ecological dynamics and
maintain the genetic variation necessary for long-term population persistence and adaptation,
which has been suggested to be between 500 and 5000 individuals (Steeves et al. 2017).
However, as also noted by Steeves et al. (2017), each of the pathways to de-extinction will result
in the production of a small, genetically depauperate population of organisms, with limited

prospects of increasing the genetic variation available. Although a successful de-extinction may
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be seen as the generation of even a single extinct organism, if the resurrected species cannot be
restored to ecologically meaningful population sizes, then the species will continue to remain
functionally extinct (McCauley et al. 2017). Furthermore, as Wood et al. (2017) highlight, for
many extinct species we have little to no information about their inter-specific and intra-specific
interactions, let alone their ecological processes and functions. This is evident from the fact that
33 (27%) of the species assessed do not have any habitat information available as part of their
IUCN Red List assessment, with only 11 species (9%) providing any inter/intraspecific
information. This is concerning as the extinction of one species can also cause a cascade of
subsequent secondary extinctions, each with their own functional impacts, and the
reintroduction of only one species in this system may not be sufficient to result in large scale
ecological changes (Dunne and Williams 2009; McCauley et al. 2017). Empirical studies and
observations may provide this information for recently extinct species, however the extent of
environmental change and the potential emergence of new threats since their extinction, mean
that even if such information is available, it will only provide partial ecological knowledge (IUCN
SSC 2016; Seddon et al. 2014). As a result, it is likely that true ecological enrichment will not be
possible for the majority of current de-extinction candidate species, however for plants, with
their numerous potential herbarium specimens and seeds, ecological enrichment could not only

be much more feasible, but also more cost-effective.

A key consideration for any de-extinction project is the availability of suitable in situ habitat
protected from future anthropogenic change and the resolution of the original species-specific
threats leading to extinction (Abeli et al. 2020; Jones 2014). If these criteria are not satisfied,
then the probability of a resurrected and reintroduced species becoming extinct again remains
high (IUCN SSC 2016). Although this study tried to quantify the number of species-specific
threats which have been resolved, 44 species (36.1%) did not provide any indication for the
cause of their extinction, while for a further 71 species (58.1%) | could find no evidence that the
threats had been resolved, highlighting a lack of overall ecological information and subsequently
preventing informed decision-making. Even if the original extinction-causing threats have been
resolved and suitable habitat exists, due to the pace and extent of environmental change, any
resurrected species will also have to contend with novel ecological conditions and threats which
have come into existence since it originally became extinct, such as invasive alien species (IUCN
SSC 2016; Wood et al. 2017). Therefore, although the de-extinction and subsequent
reintroduction of a species without available habitat and threat information may prove

successful, it will necessitate detailed habitat and threat assessments prior to and post
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reintroduction in order to both identify the species’ ecological niche and any potential threats,

and to ensure the species is not at risk of re-extinction (IUCN SSC 2016; Seddon et al. 2014).

Charismatic vertebrates such as the woolly mammoth and dodo (Raphus cucullatus) are likely
to continue dominating the de-extinction conversation, however the ability of extinct plant
species to achieve the same level of ecological enrichment and avoid the significant ethical and
welfare concerns of vertebrate de-extinction should also be considered a de-extinction research
priority. Although de-extinction has stimulated both public and scientific interests, it remains to
be seen whether or not the general public are supportive of de-extinction efforts and would
welcome the return of once-extinct species, many of which became extinct due to human-
induced environmental change and activities (Novak 2018). For species which are currently
extinct in the wild, such as the Belgian Bromus bromoideus, it appears as though people are not
in favour of their return (Abeli et al. 2020). If any de-extinction project is to be successful it is
clear that such disparities between public attitudes and scientific interests must be resolved
prior to any project initiation. As technology continues to advance and as more species become
extinct due to anthropogenic activities, it can be viewed that we have an obligation of restorative
justice to resurrect extinct species if we have the capacity to do so (Cohen 2014). However,
without appropriate consideration of the motivation behind a species’ de-extinction, the
probability of project success and the associated costs, we risk wasting both time and valuable
financial resources that could be spent on other conservation efforts, enhancing both global

biodiversity loss and ecosystem degradation.
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6. General Discussion

6.1 Ex Situ Conservation Revisited

The continuing decline in global biodiversity and associated increases in extinction rates
threaten not only individual species, but also the ecosystem services vital for the persistence of
human civilisation (Ceballos et al. 2020). Over the last four decades, the global zoo and aquarium
community has committed to the conservation of biodiversity, both in situ and ex situ,
collectively representing one of the largest non-governmental conservation contributors
globally (Conway 2003; Gusset and Dick 2011). Despite this commitment, the limited resources
of the ex situ community, combined with their need to fulfil multiple roles, continue to create
tension between conservation objectives and economic viability (Fa et al. 2014; Whitworth
2012). As a result, significant knowledge gaps remain, both in terms of how to better utilise ex
situ collections for conservation benefit, and how to integrate in situ and ex situ conservation
efforts (Bowkett 2014; Pritchard et al. 2012; Traylor-Holzer et al. 2019). Contemporary research
has made initial attempts to fill these knowledge gaps, highlighting the importance of visitor
engagement and education, problems inhibiting the sustainability of ex situ populations, and
the utilisation of ex situ collections to conserve and improve genetic variation in wild populations
(Che-Castaldo et al. 2019; McCann and Powell 2019; Ryder and Onuma 2018; Wilson et al. 2019).
The utilisation of globally shared ex situ records has the potential to radically alter ex situ
conservation, informing collection planning and management practices. However, as of yet they
remain an underappreciated and underutilised conservation tool (da Silva et al. 2019; Hosey et
al. 2020; Powell et al. 2019). This thesis represents an important addition to the multi-faceted
conservation efforts of the global ex situ community, highlighting the conservation value of
globally shared zoological records. | provide a detailed assessment of the factors influencing zoo
visitor attendance globally (Chapter 2), show the potential for globally shared zoological records
to increase ex situ population sustainability (Chapter 3) and highlight the role of ex situ

collections in preserving, and potentially reintroducing, genetic diversity (Chapters 4 and 5).

The role of charismatic vertebrates in zoos and aquariums has become a contentious issue owing
to contemporary welfare and ethical concerns (Hosey et al. 2020). Their over-representation in
ex situ collections is rooted in entrenched taxonomic biases and perceived visitor preferences,
despite a lack of robust evidence to confirm the latter (Bowkett 2014; Fa et al. 2014,
Oberwemmer et al. 2011). Although numerous studies have tried to measure zoo visitor

preferences, this work has focussed on a limited number of species, institutions and geographic

152



regions, and has produced conflicting results, hindering informed ex situ conservation and
collection planning (Balmford 2000; Carr 2016; Ward et al. 1998; Ward 200). Chapter 2 fills
important collection planning gaps and provides an integrated assessment of how zoo species
composition and socio-economic factors influence both institutional visitor attendance and
institutional in situ contributions at 458 zoos globally (Mooney et al. 2020). This assessment
reveals a complex system of determinants, but overall indicates a net positive effect of large
charismatic vertebrates on both visitor attendance, and subsequently in situ contributions. This
seems to confirm perceived visitor preferences and suggests that large, charismatic vertebrates
can act as flagship species to increase in situ conservation funding, protecting not only individual
species, but also their habitats (Baker 2007; Leader-Williams and Dublin 2000). Although this
revelation does not negate the serious welfare and ethical concerns associated with maintaining
large, charismatic vertebrates in captivity, it does suggest that more serious consideration
should be given to their potential role as in situ conservation fundraisers. This assessment comes
at a time when several institutions are making the bold decision to remove large, charismatic
vertebrates, such as elephants (Elephantidae) and cetaceans (Cetacea), from their collections
(Simon et al. 2009; Thompson and Berens 2014). Once again, these decisions are based on public
concern and outcry rather than robust evidence-based welfare assessments of the individuals
concerned (Robeck et al. 2015; Waller and lluzada 2020). Given the potential of large,
charismatic vertebrates to increase both visitor numbers and in situ conservation contributions,
whether their removal from collections will have negative economic and/or conservation
consequences remains to be seen. This clearly warrants further investigation and highlights the

importance of evidence-based decision-making in ex situ conservation and planning.

The undisputable wealth of recent research showcasing the unsustainability of nearly all
managed ex situ populations highlights perhaps the greatest problem facing contemporary ex
situ collections (Hibbard et al. 2011; Lees and Wilcken 2009; Leus et al. 2011; Long et al. 2011;
Powell et al. 2019). Without both demographically and genetically sustainable populations, the
long-term conservation value of zoo and aquarium populations is almost negligible (Powell et al.
2019). In Chapter 3 | utilised globally shared zoological records to address the long-term
sustainability of ex situ flamingo (Phoenicopteridae) populations, investigating the influence of
flock size and structure on reproductive success and critiquing current management guidelines.
| provide species-specific recommendations to promote population sustainability that | hope can
be incorporated into future flamingo management guidelines. These results provide strong
evidence that ex situ flamingo flocks should be increased from the current minimum of 40

individuals to a minimum of 69-127 individuals depending on the species, confirming the
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importance of flock size, but conflicting previous flock size recommendations (Brown and King
2005; Pickering 1992). Although | found a limited effect of environmental factors, anecdotal
evidence and in situ patterns suggest finer-scaled analyses are required to separate the effects
of management practices from environmental suitability (Farrell et al. 2000; Pickering et al.
1992; Studer-Thiersch 2000). This chapter also suggests that the periodic exchange of individuals
between flocks can increase reproductive success, mitigating the effect of small flock sizes.
Logistical constraints and the current lack of breeding and transfer recommendation fulfilment
suggest that such recommendations are unlikely to be successfully implemented. However, |
strongly argue that such drastic changes to population management are necessary if population
sustainability is to be achieved (Powell et al. 2019). This family-specific analysis demonstrates
the potential of globally shared zoological records to inform management practices and

promote ex situ population sustainability.

Despite the unsustainability of ex situ populations, zoos and aquariums currently contain 15%
of all threatened terrestrial vertebrates, providing a unique opportunity to conserve a vast
amount of genetic diversity in gene banks (Conde et al. 2011). In conjunction with assisted
reproductive technologies, preserved genetic samples have the potential to conserve and
reintroduce genetic variation into future populations, promoting population health and
sustainability (Critser and Russell 2000; Hobbs et al. 2018). In Chapter 4 | investigated the current
representation of species within the San Diego Zoo Frozen Zoo® living cell collection, showing
that 5.1% of all IUCN Red List “Threatened” amphibians, birds, mammals and reptiles are
currently represented within the collection and that further sampling from within existing zoo
and aquarium collections can increase representation to 16.5%. This work can be incorporated
into ex situ collection management, increasing sampling opportunities and the representation
of threatened species in global gene banks, conserving global genetic diversity. Although
preventing extinction is one of the primary goals of conservation, Chapter 5 highlighted the
importance of ex situ samples (seed samples and herbarium specimens) in future plant de-
extinction efforts. In spite of being an emerging field, de-extinction has already been proven in
practice (Folch et al. 2009). However, a lack of consistent species prioritisation has created
taxonomic biases in de-extinction research, which this chapter aims to rectify (Jones 2014;
Martinelli et al. 2014; McCauley et al. 2017). By drawing attention to plant de-extinction | hope
conservation practitioners will incorporate the collection of ex situ samples into their
conservation management practices, particularly for species of conservation concern.

Recognition of the potential for biobanking to contribute to ex situ and in situ population
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sustainability, species resurrections, and ecosystem stability would highlight the need for

greater sample collection and biobank formation globally (Cardinale et al. 2012).

6.2 Future Directions

6.2.1 Integrated Ex Situ Collection Planning

The reliance of zoos and aquariums on visitor-generated revenue is overtly clear from the
numerous fundraising campaigns, governmental supplements and even zoo closures seen
during the COVID-19 pandemic (BIAZA 2020; WAZA 2020b). Consequently, as zoos and
aquariums navigate a post-COVID environment, they must be strategic with their living
collections in order to meet conservation objectives and remain economically viable (Kaufman
2012; WAZA 2020b). Although Chapter 2 revealed the importance of large, charismatic species
in increasing visitor attendance, | also showed that such species are only one part of a complex,
interlinked system of visitor attendance determinants. Additionally, Chapter 2 indicated that
high species richness, number of animals and species uniqueness are as important, if not more
so, than charismatic vertebrates in driving visitor attendance. This is illustrated by the addition
of two giant pandas (Ailuropoda melanoleuca) to Adelaide Zoo in 2010. Although the giant panda
is arguably the most charismatic of all species, their addition to Adelaide Zoo only resulted in
increased visitor numbers lasting two years, after which attendance returned to pre-2010 levels
(Driml et al. 2017). If zoos and aquariums are to appeal to visitor preferences, further
investigation is needed into not only which species people most like to see — and the
characteristics of these species that drive their appeal — but also the broader motives and
expectations behind a visit to a zoological institution (Garrett 2015). For many visitors the
motivation behind a zoo visit appears to be recreational and family-orientated, with a greater
desire to see animals than to learn about them or their environment, but how variable these
motivations are remains to be seen (Ryan and Saward 2004; Schultz and Joordens 2014). These
desires and motivations are critical to the economic success of zoos and aquariums and as such

should be integrated into any ex situ collection planning methodology.

The continued display and inclusion of large, charismatic vertebrates as part of zoological
collections is unlikely to change, not only due to their public appeal, but because in general, new
ex situ populations can no longer be sourced from the wild, greatly hindering the establishment
of ex situ populations for species not already represented (Bowkett 2014). As a result, the ethical
and welfare concerns surrounding charismatic vertebrates already in captivity must be

addressed and solutions implemented, potentially including the removal of species that are
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unable to be maintained ex situ with a high standard of welfare (Young 2015). However, the
decision to remove charismatic species should not be made prematurely and should be based
on sound scientific evidence, including species-specific welfare assessments (Yon et al. 2019).
For example, the decision by SeaWorld to end the captive display of killer whales (Orcinus orca)
was predominantly based on public concern and emotion and not on evidence-based research,
despite work showing similar life-history parameters between wild and captive killer whale
populations (Robeck et al. 2015; SeaWorld 2017). Whilst this is admittedly a controversial
example of this phenomenon —and ultimately the welfare of the individuals concerned warrants
greater investigation — it highlights a growing trend to remove large, charismatic species from
zoos and aquariums based on limited evidence, with little consideration for the potential
conservation consequences of such decisions (Simon et al. 2009). If the welfare needs of large,
charismatic species can be met under ex situ conditions, then their presence within a collection
may represent an optimal conservation strategy, not only contributing to conservation through
ex situ breeding and management, but also generating greater contributions for in situ

conservation activities compared to smaller-bodied species (Mooney et al. 2020).

If utilised correctly, charismatic vertebrates can be combined with creative educational
messaging programmes to result in behaviour change amongst visitors. This is exemplified by
the “Don't Palm Us Off’ campaign run by Melbourne Zoo which in conjunction with a living
Sumatran orangutan (Pongo abelii) exhibit, highlighted the threat of palm oil to orangutan
habitat in the wild, promoting public awareness and mandatory labelling of palm oil products
(Pearson et al. 2014). This campaign not only raised awareness about the threats to orangutan
habitat in the wild, but also resulted in a significant increase in self-reported pro-conservation
behaviour amongst visitors. Similarly, the “Seal-the-Loop” campaign, again by Melbourne Zoo,
linked interactive fur seal presentations with visitor conservation donation requests, resulting
in significantly increased visitor donations from those who had seen the fur seal presentation,
highlighting the role of charismatic vertebrates themselves in generating in situ contributions
and creating behavioural change (in this case donating) amongst visitors (Mellish et al. 2017).
These examples highlight the most efficient ex situ use of charismatic vertebrates in biodiversity
conservation, not only attracting visitors and generating funds for in situ conservation, but also
educating the public and creating pro-conservation behavioural change amongst visitors.
However, the potential for traditionally non-charismatic species to be utilised in the same
manner and achieve the same conservation outcomes has yet to be assessed, despite the fact
that species uniqueness within a collection is positively correlated with visitor attendance

(Mooney et al. 2020). For example, Smith et al. (2012) identified several Cinderella species that
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are both threatened with extinction, and are considered aesthetically appealing, yet are
currently overlooked in terms of their potential flagship appeal. The conservation and
educational potential of traditionally non-charismatic species represents a research priority,
with huge potential to integrate in situ and ex situ conservation efforts in creative ways.
Although the potential for zoos and aquariums to change visitor behaviour is a relatively new
concept, it comes with a huge range of research possibilities, providing an exciting opportunity

to create positive conservation outcomes and integrate in situ and ex situ conservation activities.

As it stands, zoos and aquariums contribute a small proportion of their operating income to in
situ conservation activities (Bettinger and Quinn 2000; Fa et al. 2011; Tribe and Booth 2003).
These contributions are having positive effects on in situ project success and viability; however,
it has been strongly recommended that institutions increase this proportion or implement a
conservation surcharge on entrance tickets (Conway 2003; Gusset and Dick 2010; Kelly 1997;
Mace et al. 2007). | mirror such recommendations, but also highlight the need for greater
unconventional in situ contributions from institutions, such as veterinary expertise, training,
education, research and provision of equipment (Keulartz 2015). Similarly, | encourage
individual institutions to track the effectiveness of their in situ contributions, ensuring their
limited resources are being allocated appropriately. Although | found that the proportion of
threatened species within a zoo did not influence visitor attendance, it was positively correlated
with in situ contributions, suggesting the integration of species-specific in situ and ex situ
conservation activities as encouraged under the “One Plan Approach to Conservation” by the
IUCN Species Survival Commission Conservation Planning Specialist Group (Byers et al. 2013;
Mooney et al. 2020). Although the integration of in situ and ex situ conservation activities is
easier for local species and local biogeographical regions, institutions can also link charismatic
and endangered species with in situ conservation activities globally (Dickie et al. 2007; Keulartz
2015). For example, the Congo Gorilla Rainforest exhibit at the Bronx Zoo has been used to
generate funding for the in situ conservation of African forest wildlife (Dickie et al. 2007). Upon
opening this exhibit in 1999, the Bronx Zoo not only imposed a special admission fee to support
wildlife conservation in tropical African forests, but also allowed visitors to choose how their
fees could be spent in situ. By 2009, $10.6 million had been raised and spent on African forest
wildlife conservation from this source alone (Conway 2011). Such examples offer encouraging
and creative solutions to immerse visitors in in situ conservation, while simultaneously
generating important financial contributions, and | encourage other institutions to undertake

similar integrated conservation programmes wherever possible.
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6.2.2 Promoting Ex Situ Population Sustainability

Since Lees and Wilcken (2009) revealed that the majority of managed ex situ populations are
not sustainable, and subsequently not viable long-term, the sustainability of ex situ populations
has become a prominent concern and priority amongst stakeholders (Powell et al. 2019). A
range of subsequent work has both confirmed the findings of Lees and Wilcken (2009) and also
reiterated the need for drastic changes to collection planning and management practices,
including the utilisation of large datasets and the development of new analytical tools (Hibbard
etal. 2011; Leus et al. 2011; Powell et al. 2019). Simultaneously, recent analyses have identified
the issues underpinning this ex situ population sustainability crisis, including limited space
availability, a lack of standardised husbandry practices and poor fulfilment of breeding and
transfer recommendations (Che-Castaldo et al. 2019; Macek 2014; Wilson et al. 2019).
Collectively, these findings are a significant step towards the sustainability of ex situ populations,
however limited solutions to tackle these issues have been presented. For instance, although
Wilson et al. (2019) show that poor fulfilment of breeding and transfer recommendations affect
33% of AZA managed populations, they provide limited potential solutions to rectify this
problem. The importance of population sustainability transcends the needs of individual
institutions, their directors and programme leaders, and | strongly encourage global
collaboration between zoos and aquariums, focusing their research on evidence-based solutions

to tackle these issues and implementing necessary changes accordingly.

Chapter 3 utilised flamingos as a case study and represents one of the few attempts to use large
datasets and globally shared zoological records to identify the species-specific husbandry and
management practices necessary to improve ex situ population sustainability. The benefit of
using large datasets is clearly evident from the confirmations and contradictions between this
study and smaller-scale studies. Although | confirmed the importance of flock size in determining
reproductive success (Pickering et al. 1992; Sandri et al. 2018; Stevens and Pickett 1994; Stevens
1991), | contradicted findings that the minimum flock size necessary is 40 individuals for all
species (Brown and King 2005), instead revealing that species-specific flock sizes of 69-127 are
necessary for a 50% probability of reproduction. This study benefits from the fact that flamingos
are a charismatic species with a strong willingness among population managers to implement
the changes necessary to increase ex situ population sustainability (King and Bracko 2014).
Ideally, | would encourage similar analyses for other species with unsustainable ex situ
populations. However, for non-charismatic species, and those represented within a limited
number of institutions, the resources and momentum necessary are likely unavailable.

Furthermore, although the suite of recent sustainability studies have shown that managed ex
158



situ populations are unsustainable, the majority of species within zoo and aquarium collections
are not considered managed populations (Traylor-Holzer 2011). For these unmanaged species
there has been no assessment of population trends, genetic diversity or population
sustainability, leaving immense demographic knowledge gaps in the ex situ conservation and
population sustainability literature. Although it could be assumed that their lack of prioritisation
for intensive ex situ management stems from their large, robust and sustainable ex situ
populations; it could also be assumed that their populations are too small and unsustainable to
warrant any further management. The difference between these assumptions is of indisputable
conservation significance and subsequent population sustainability assessments should

represent a top priority for ex situ population managers.

Unfortunately, the intensive demographic and genetic management provided by ex situ
population management programmes, such as AZA Species Survival Plans and EAZA ex situ
programmes, are only available for a limited number of species due to the extensive resources
and investment required to manage and maintain them (Powell et al. 2019). However, as
demonstrated in Chapter 3, the availability of globally shared zoological records in databases,
such as the Zoological Information Management System (ZIMS), can be used to reveal the
population structure and demographic patterns underlying ex situ population sustainability for
many species. As ZIMS collects data from complete zoo composition and not just managed
species, the data required to fill the demographic knowledge gaps of unmanaged species is
theoretically already available and waiting for analysis. | recommend that regional population
managers work with ZIMS to identify population sustainability issues that can benefit from

evidence-based solutions derived from globally shared zoological records.

Sustainability analyses and population management programmes can help guide ex situ
conservation and species management. However, unless more ex situ space is made available,
the majority of species will not be able to reach the population sizes necessary to ensure long-
term population sustainability (Wilson et al. 2019). As the creation of new zoos is relatively rare,
this lack of space implies that in order for some ex situ populations to increase, others will have
to decrease and be phased out of ex situ management (Kaufman 2012). Many institutions are
consolidating their collections and moving in this direction, as demonstrated by St Louis Zoo,
which in 2012, housed 400 more animals than it did in 2002, but had 65 fewer species overall
(Kaufman 2012). This creates tough decisions, with even endangered species such as the lion-
tailed macaque (Macaca silenus) now being phased out of North American Zoos due to a lack of

available space (Kaufman 2012; Kaumanns et al. 2013). Fortunately for the lion-tailed macaque,
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European zoos are still in a position to manage the species and provide the holding capacity
necessary to ensure the ex situ population can reach a sustainable size (Kaumanns et al. 2013).
However, other species won’t always be as fortunate. | encourage the incorporation of
sustainability analyses into the collection planning and decision-making process regarding which
species should, or should not, be maintained ex situ in the future. Continuing to manage species
with small populations and limited prospects of becoming sustainable in the future will not only
waste resources, but also take valuable space away from species with the potential to become
sustainable if managed correctly. Matching charismatic species and sustainability analyses could
provide one approach to identify the species with the greatest chance of becoming sustainable
themselves, while also contributing a greater amount to in situ conservation projects and visitor

education, representing a promising route for further investigation (Kaufman 2012).

6.2.3 Conservation Potential of Ex Situ Samples

The logistical limitations of conventional ex situ species management can be mitigated by the
utilisation of ex situ gene banks, which when combined with genetic rescue theory and advanced
reproductive technologies, have the potential to conserve genetic diversity almost indefinitely
and reintroduce genetic variation into wild populations (Critser and Russell 2000; Hobbs et al.
2018). Chapter 4 shows that the potential of biobanking to conserve genetic diversity and
biodiversity has yet to be fully appreciated, however the establishment of the EAZA biobank
represents a promising step toward the routine application of ex situ biobanking efforts (EAZA
2020). To further integrate biobanking into conventional ex situ conservation practices, |
recommend that biobanking and sample collection be incorporated into the accreditation
process for accredited institutions, such as AZA and EAZA members, either creating new gene
banks or contributing samples to existing gene banks (CPSG 2016). Similarly, | propose that ex
situ population managers and Taxon Advisory Groups (TAGs) promote the collection of biological
samples from animals under their administration wherever possible. This top-down approach
would place greater pressure and requirements on individual institutions, ensuring that extant
genetic diversity is not lost due to institutional complacency. Fundamentally, | would also like to
see greater integration of in situ and ex situ conservation efforts, increasing not only the
opportunities for sample collection, but also the opportunities to successfully restore the
genetic variation of wild populations (CBSG 2015; CPSG 2016). However, | accept that the
predicted conservation benefits of biobanking are currently contingent on the continued
development of assisted reproductive technologies and reproductive knowledge of the species

concerned, and are therefore still predominantly theoretical in nature.
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Although Chapter 4 highlighted the potential of zoos and aquariums to contribute to global
biobanking efforts, it also highlighted the continued taxonomic bias towards large, charismatic
vertebrates (predominantly mammals). This not only reflects historical sampling biases, but also
a lack of standardised methodologies for successful cell growth and cryopreservation across
taxonomic groups (Ryder and Onuma 2018). | advocate for greater investment into the
identification of the optimal conditions for successful cell growth in preparation for cryogenic
storage across various taxonomic groups, particularly emphasising the current lack of
standardised practices and knowledge for reptile and amphibian species (Benirschke 1984;
Houck et al. 2017; Ryder and Onuma 2018). Current taxonomic limitations not only result in
missed conservation opportunities for threatened species and those which have recently gone

extinct, but they also greatly limit our potential to resurrect extinct species in the future.

De-extinction has already been proven in practice using ex situ cryopreserved living cells and
germplasm (Folch et al. 2009), resulting in the initiation of projects to resurrect other extinct
species such as the woolly mammoth (Mammuthus primigenius) and passenger pigeon
(Ectopistes migratorius) (Callaway 2015; Shapiro 2015a). Almost complete failure to consider
the possibility of plant de-extinction, and their potential benefits, mirrors taxonomic biases seen
in traditional conservation and ecological research, and has created an entirely vertebrate-
centric view of de-extinction science and the technology it requires (Jones 2014; Martinelli et al.
2014; McCauley et al. 2017). Chapter 5 not only addressed this taxonomic bias, but also
highlighted the relative ease of plant de-extinction compared to vertebrates and the need for a
holistic approach to de-extinction candidate selection, assessing both the feasibility of de-
extinction, and the probability that the species can be returned to ecologically meaningful
population levels (lacona et al. 2017; Steeves et al. 2017). This work revealed an incredible lack
of ecological knowledge for extinct species, but also highlighted the considerable ex situ
herbarium specimens available for nearly all extinct plant species, each with the potential to
provide seeds capable of germination. | advocate for further research into the potential
feasibility of plant de-extinction and collection of tissue and seed samples from extant
threatened plant species, providing an insurance population should the species go extinct. Seed
collection should be of particular priority for the species listed as “Extinct” under the IUCN Red

List, but which have been shown in Chapter 5 to have extant populations.

Although the taxonomic bias in de-extinction research is unlikely to change, | strongly encourage
a more holistic approach to the selection of vertebrate candidate species for de-extinction

research, as current species prioritisations have yet to integrate de-extinction feasibility and the
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subsequent probability of reintroduction success (Turner 2017). Existing de-extinction
prioritisation schemes, such as that implemented by Seddon et al. (2014), often employ decision
criteria to a pre-selected group of candidate species, potentially missing de-extinction
opportunities and wasting resources on projects with a limited probability of success. For
example, the availability of ex situ cryopreserved living cell samples from the Pyrenean ibex
(Capra pyrenaica pyrenaica) mean that this species can be resurrected using cloning technology
relatively easily (Folch et al. 2009). In contrast, the woolly mammoth has no cryopreserved living
cell samples and will require vast alterations of the Asian elephant genome to be resurrected
(Folch et al. 2009; Lynch et al. 2015; Shapiro 2017). Similarly, greater consideration should be
given to the importance of ecological information in selecting de-extinction candidate species
overall. Although Chapter 5 highlights a lack of such information for extinct species, ecological
information could prove invaluable to the success of any de-extinction project and | encourage
the continued digitisation of herbarium specimens and field notes to uncover such potential
information. In agreement with lacona et al. (2017), | suggest that the primary objective of de-
extinction should be to restore functionally equivalent proxies of extinct species, restoring lost
ecological processes and ecosystem functions (Shapiro 2017; Wood et al. 2017). This is a vast
objective and for species with limited or no ecological information available, such endeavours

may prove unsuccessful and wasteful.

The limitations of ex situ conservation, genetic rescue, and de-extinction technology only
emphasise the importance of continued in situ habitat and population conservation. Similarly,
the value of ex situ population management, genetic rescue and de-extinction are almost non-
existent if no suitable in situ habitat or populations remain, highlighting the inextricable link
between all efforts to conserve global biodiversity. Encouragingly, the amount of terrestrial and
marine habitat set aside for conservation has increased drastically over the last 50 years,
particularly in biodiverse regions (Naughton-Treves et al. 2005; Watson et al. 2014). When
managed correctly, protected in situ habitat can both conserve biodiversity, and also create
economic growth, empower local communities and alleviate poverty (Andam et al. 2010).
However, these areas alone are not sufficient to conserve global biodiversity, resulting in
continued in situ population declines and biodiversity loss (Le Saout et al. 2013; Stokstad 2010).
Simultaneously, human pressures on the biosphere are increasing rapidly and causing extensive
environmental damage and degradation (Butchart et al. 2010; IPBES 2019). The conservation of
global biodiversity has never been more urgent, with the persistence of human civilisation
directly tied to ecosystem health and functioning (Ceballos et al. 2020). If global biodiversity

conservation is going to be effective it will require greater collaboration between all
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conservation stakeholders and | encourage better integration of all possible conservation

approaches, both in situ and ex situ.

6.2.4 Zoological Record Sharing

Collectively, the globally shared zoological records which are included in Species360’s Zoological
Information Management System (ZIMS) represent the largest real-time database of
comprehensive and standardised zoological information from zoos and aquariums globally
(Species360 2019; ZIMS 2019). Although there are more than 1,100 Species360 member
institutions, representing nearly all zoos and aquariums organised and accredited as part of
internationally recognised organisations, such AZA and EAZA, they still represent only a small
fraction of zoological institutions globally and are geographically biased towards North America
and Europe (Chapter 3; Kelly 1997). Consequently, the ex situ conservation potential reported
and discussed in this thesis represents an overall underestimation of the total ex situ
conservation potential globally. This thesis echoes the recommendations of da Silva et al. (2019)
and encourages the integration of standardised, shared zoological records across multiple data
sources and stakeholders, including Species360 members and non-members. Failure to
effectively manage and integrate data across stakeholders greatly inhibits the success of ex situ
conservation breeding programmes, placing species at risk of extinction. This is epitomised by
the extinction of the Catarina pupfish (Megupsilon aporus), a freshwater species endemic to
Mexico which became extinct in the wild in the 1990’s due to anthropogenic changes. Although
ex situ populations of this species persisted, a lack of data sharing and population management
resulted in ex situ population decline. When stakeholders realised the population required
conservation intervention, only a single female remained, with the species subsequently
becoming extinct in 2014 when the last individual died (Miller et al. 2005; Valdés Gonzalez et al.
2020). This poignant example not only emphasises the importance of ex situ populations for
species conservation, but also the importance of standardised, shared zoological records across

institutions and stakeholders.

Species360 and ZIMS have made huge progress towards the implementation of standardised
data sharing across zoological institutions, however as evident from Chapter 4, such information
is not available for global gene banks and their samples (Clarke 2009). Although the San Diego
Zoo Frozen Zoo® collection is the largest and most diverse wildlife gene bank in the world (SDZG
2020), it represents only a single institutional collection. Failure to consider other gene banks
not only limits our ability to quantify the biodiversity contained with gene banks globally, but it

can potentially result in duplicate sample collection and missed conservation opportunities,
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enhancing extinction risks (CBSG 2015; Ryder et al. 2000). As a result, numerous stakeholders
and conservation practitioners have called for the establishment of a global database of gene
banks and the samples within them, preventing duplicate sample collection and allowing for
greater coordination of future sample selection and collection efforts (CBSG 2015; Ryder and
Onuma 2018; Ryder et al. 2000). | echo these recommendations and suggest that biological
samples and gene banks be included as part of existing databases, such as ZIMS, which already
contains extensive zoological records, allowing for the integration of husbandry, veterinary,
demographic and now genetic records for individual animals across the Species360 member

institution network.

6.2.5 Aquariums and Aquatic Species

Chapters 2 — 4 highlight the conservation potential of zoos globally but make limited mention of
the potential conservation contributions of aquariums or the sustainability of aquatic ex situ
populations, mirroring nearly all ex situ conservation research to date (Conde et al. 2011; Hosey
et al. 2020; Traylor-Holzer 2011). This taxonomic and terrestrial-bias is concerning given that
50-80% of the world’s biodiversity is found in the oceans and that aquatic ecosystems are
amongst the most threatened ecosystems globally (Millennium Ecosystem Assessment 2005;
Penning et al. 2009). The recent work of da Silva et al. (2019) has made initial attempts to
quantify the conservation potential of Species360 member aquariums, assessing the number of
fish and coral species represented within aquariums and their population sizes. This invaluable
study revealed that 14% (3,113 species) of all known fish species and 4% (257 species) of all
known coral species are represented within Species360 member institutions. Ex situ population
sustainability assessments have yet to be conducted for aquatic species and the representation
of aquatic species in gene banks is almost non-existent, as shown by the inclusion of just two
fish species within the San Diego Zoo Frozen Zoo® collection (Chapter 4). Given that the majority
of aquarium populations still rely on the periodic importation of wild-caught individuals
(Penning et al. 2009), it is likely that aquarium populations are as, if not more, unsustainable as
zoo populations, however, this clearly warrants further research and investigation. The global
aquarium community has realised that sourcing individuals from the wild is both unsustainable
and not likely to continue into the future, and as a result have prioritised the sustainability of
aquatic collections, as seen by the establishment in 2019 of the AZA “Aquatic Collections
Sustainability Committee” (Richard 2020). This progressive move will hopefully bring aquarium
collections closer to zoo collections in terms of sustainability initiatives, improving the

sustainability of ex situ aquatic populations.
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Given that aquariums are at the centre of the current debate surrounding the presence of large,
charismatic vertebrates, such as cetaceans, in captivity, and that aquarium collections are
fundamentally different to zoos in their taxonomic representation (Penning et al. 2009), | would
encourage an integrated assessment, such as that presented in Chapter 2, to determine the
collection characteristics associated with increased visitor attendance at aquariums globally. A
current lack of Species360 aquarium members means that such an assessment is not yet
possible, however as Species360 membership continues to grow the sample size necessary will
soon be available. Compared to zoos, aquariums contain a greater number of invertebrate, fish
and reptile species, with minimal mammal representation (Penning et al. 2009), potentially
revealing novel species combinations and characteristics which can be used to guide collection
planning, promoting both visitor attendance and in situ contributions. Conversely, such an
assessment could also reveal that the limited mammal representation within aquariums is of
critical importance to visitor attendance, and therefore economic viability, casting doubt on the
recent decision by aquariums, such as Vancouver Aquarium and the National Aquarium in

Baltimore, to phase out cetacean exhibits (Grimm 2014; Muzylowski 2019).

6.3 Conclusion

As biodiversity continues to decline globally, the role of ex situ collections in conserving
biodiversity is almost indisputable (Conde et al. 2011). The variety of research presented in this
thesis allowed for a holistic assessment of the multi-faceted contribution of ex situ collections
to global biodiversity conservation, both in situ and ex situ. This work illustrates the importance
of globally shared zoological records in ex situ conservation, allowing for the investigation and
quantification of the current and future potential of ex situ conservation. In Chapter 2, | filled
important collection planning knowledge gaps, integrating collection composition and socio-
economic data to reveal the species composition necessary to increase zoo visitor attendance
and in situ contributions, reiterating the importance of large, charismatic vertebrates in
conservation fundraising (Hosey et al. 2020; Hutchins et al. 1995; Leader-Williams and Dublin
2000). Chapter 3 addressed the sustainability of ex situ populations and utilised globally shared
zoological records to provide the management insights necessary to increase the sustainability
of ex situ flamingo populations, both confirming the importance of flock size and contradicting
current management practices (Brown and King 2005; Pickering et al. 1992). Chapters 4 and 5
highlighted the role of ex situ collections in conserving the genetic diversity of living populations
in gene banks, and the potential of ex situ samples to contribute to future genetic rescue and

de-extinction efforts, with far-reaching consequences for population sustainability and
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ecosystem functioning (Clarke 2009; Ryder et al. 2000; Shapiro 2015a; Whiteley et al. 2015).
Although each of these chapters highlighted a unique role of ex situ collections in conservation,
the collective effectiveness and sustainability of ex situ conservation efforts requires further
investigation and improvement. To achieve this will involve the continued utilisation and
integration of globally shared zoological and botanical records, filling knowledge gaps and
providing the management guidelines necessary to increase the effectiveness of global ex situ

conservation efforts, preventing global biodiversity loss.
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Note A.1: Development of a priori meta-model

The a priori meta-model shown in Appendix Figure A.1 represents the combined prior
theoretical knowledge and proposed causal relationships influencing visitor attendance and in
situ contributions at zoological institutions globally. The development of a theoretical model
based on prior knowledge is a key step in Structural Equation Modelling (SEM), as it guides
model specification and modification (Grace et al. 2010). This meta-model represents general
relationships between multiple variables, while omitting statistical details (Grace et al. 2010).
We consulted the literature pertaining to visitor attendance and in situ contributions of
zoological institutions globally in order to develop the main theoretical constructs involved and
their interconnections. These evidence-based relationships are highlighted in Appendix Figure

A.1 with appropriate citations and are further explained below.

Evidence-Based Relationships
Leader-Williams et al. (2007) suggest that most zoos are located in and receive more visitors in
richer countries, demonstrated by a positive correlation between number of zoos and number
of visitors per million people and GDP. As a result, we link GDP and ‘Country’ to ‘Institution
Attendance’ in our meta-model. Davey (2007) investigated trends in visitor attendance for zoos
in Australia, Germany, Japan, North America, New Zealand and the UK, and how they relate to
socio-economic data. It is shown that a significant positive correlation exists between
institutional attendance and national population size and between institutional attendance and
gross national income (Davey 2007). This study failed to find any correlation between
institutional attendance and tertiary education. As a result, we link GDP and ‘National

Population Size’ to ‘Institution Attendance’ in our meta-model.

Whitworth (2012) investigated the factors determining visitor attendance to UK zoos. It is shown
that visitor numbers are positively correlated with the popularity of institutional collections (in
terms of species kept) (Whitworth 2012). It is also shown that ‘rare’ species are more popular
than ‘common’ species (Whitworth 2012). We deduce from this that ‘rare’ species are more
popular within a collection and that increased collection popularity results in increased visitor
attendance. Therefore, we link ‘Threatened Species’ to ‘Institution Attendance’ in our meta-
model. This study also highlights the importance of institutional types in determining the
composition of collections, for example it is shown that safari parks, although much larger than
traditional zoos, contain fewer species relative to their size. Therefore, we link ‘Institution Type’
to ‘Species Richness’ in our meta-model. Although this study found that the popularity of

collections (in terms of species kept) is more important in determining visitor attendance than
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demographic variables, it also shows that institutions are clustered around larger cities with
higher populations or areas of high tourism. Therefore, we link ‘Local Population Size’ to

‘Institution Attendance’ in our meta-model.

Dickie et al.(2007) provide insight into how institutions link charismatic and endangered species
with in situ conservation activities. For instance, they highlight the example of the Fossa
(Cryptoprocta ferox) in European zoos. The Fossa is the largest endemic carnivore on
Madagascar, yet is also “Vulnerable” according to the IUCN Red List. The Fossa Fund, operated
by Zoo Duisburg, has been instrumental in using captive Fossa populations to generate funds for
in situ conservation and research. Any zoo wishing to acquire Fossa as part of the EAZA Fossa
Endangered Species Programme (EEP) must also pay a “conservation surcharge” of
approximately £1,000 to the Fossa Fund. This ensures ex situ institutions are also financially
committed to the conservation of the species in situ. Similarly, the Congo Gorilla Rainforest
exhibit at the Bronx Zoo has been used to generate funding for in situ African forest conservation
by imposing an additional entry fee (Dickie et al. 2007). Between 1999 and 2009, $10.6 million
had been raised and expended on African forest wildlife conservation from this source alone
(Conway, 2011). As a result of these clear examples linking large, charismatic and threatened
species to in situ conservation activities, we link ‘Threatened Species’ and ‘Institution Body Mass’

to ‘In Situ Project Investment’ in our meta-model.

When looking at the interconnections between the various concepts, Fa et al. (2011) proved
invaluable. They show that larger zoos hold proportionately larger numbers of individual
animals, and that a positive correlation exists between the number of individual animals and
overall institutional species richness (Fa et al. 2011). These correlations let me link ‘Institution
Area’ and ‘Institution Species Richness’ to ‘Number of Animals’ in our meta-model. However,
they also note that although a positive correlation exists between the number of individual
animals and overall institutional species richness, this rate is not consistent across taxonomic
groups, and that the number of individual animals increases at a significantly higher rate for
mammals (Fa et al. 2011). As a result, we link ‘Collection Taxonomy’ to ‘Number of Animals’ in
our meta-model. Furthermore, it is shown that the majority of threatened species with viable
population sizes across institutions are mammalian species. This mammalian bias is a constant
trend throughout this work, due to the perception that mammalian species are more attractive
to the public. Therefore, we link ‘Collection Taxonomy’ to ‘Threatened Species’ in our meta-

model.
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This mammalian bias is elaborated upon in Frynta et al. (2013), who explicitly investigated the
influence of body size on the representation of mammals across zoological collections. They
show that there is a higher probability of large and attractive mammalian families being kept in
zoos (Frynta et al. 2013). Additionally, they show that once kept, these large and attractive
mammalian species are presented in larger numbers and in more institutions (Frynta et al.
2013). This provides further support that taxonomic biases across institutions influence the
numbers of animals kept. Based on these findings, we link ‘Institution Body Mass’ and ‘Collection

Taxonomy’ to ‘Number of Animals’ in our meta-model.

During our review of the literature we recorded the types and number of variables measured by
the various authors. As the individual studies cited in the a priori meta-model measured very
specific relationships, we simplified their measures into broader themes. For example,
MareSova and Frynta (2008) show that mammalian families, once kept in zoos, are presented in
larger numbers than non-mammalian families. Therefore, in the a priori meta-model we
interpret this and broaden it to ‘Collection Taxonomy’ (mammalian bias in this example) being
correlated with the ‘Number of Animals’. However, these are general concepts used to help
define the a priori meta-model and they do not appear in the final model. Rather than create
single indicator latent variables, we place the exact variables measured into our final models.
So, instead of placing ‘Collection Taxonomy’ in the final model as a single indicator latent
variable, we used the exact measured variable i.e. “Mammal Species Richness [per institution]”.
In this manner we use specific relationships from the literature to define general conceptsin the
a priori meta-model, these general concepts are then represented in the final models by specific
measurements once again. This explains why certain variables in the a priori meta-model do not

appear in the final models (e.g. ‘Collection Taxonomy’).

Proposed Causal Hypotheses
Although we gained significant insight into various aspects of the system from our literature
review, we failed to find any work integrating the various institutional characteristics and socio-
economic variables into a study investigating visitor attendance and in situ conservation
contributions. Although, considerable work has been done on the links between socio-economic
variables and visitor attendance, there is a noticeable lack of research on the influence of
institutional characteristics (in terms of type and number of species kept) on visitor attendance.
This is surprising due to the persistent belief that large, charismatic mammals are necessary to
attract visitors; while this concept was found many times in our literature review, it lacks

rigorous assessment.
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The modelling approach used here was semi-exploratory, similar to Grace et al. (2016).
Therefore, we combined prior theoretical knowledge with proposed causal hypotheses,
capturing all evidence-based relationships and all plausible and suspected predictors of
attendance and in situ contributions. These plausible direct pathways have no citation in the
reported a priori meta-model due to an absence of related studies in the literature, however
their potential influence was an important consideration. For example, it is repeatedly
mentioned in the literature that visitors expect to see large, charismatic mammals, so in the
absence of published work to demonstrate this phenomenon, we link ‘Collection Taxonomy’,
‘Mammal Species Richness’ and ‘Institution Body Mass’ to ‘Institution Attendance’ in our meta-

model.

Similarly, given that there is a higher probability of large and attractive mammals being kept in
zoos and that they are presented in larger numbers once kept, we also think it is plausible that
‘Institution Species Richness’ and ‘Number of Animals’ could both influence ‘Institution
Attendance’. It may also be expected that ‘Collection Diversity’ would influence ‘Institution
Attendance’ as Whitworth (2012) has already shown that ‘rare’ and ‘exotic’ species are the most
popular among visitors. Therefore, we include various metrics (diversity and dissimilarity)
among the variables we include during analyses. Finally, it is logical to assume that larger
institutions will attract more visitors, so we link ‘Institution Area’ and ‘Institution Type’ to
‘Institution Attendance’ in our meta-model. Unfortunately, the extreme lack of published
literature on ‘In Situ Project Investment’ meant that the only plausible and defensible link we
could add was that from ‘Institution Attendance’ to ‘In Situ Project Investment’, as we assume
‘Institution Attendance’ is a good proxy for the available funds for potential in situ investment.
All of these relationships resulted in the generation of the a priori meta-model shown in
Appendix Figure A.1. This hypothesised causal diagram was combined with available data to test
the effects of institutional compositional characteristics and socio-economic variables on visitor
attendance and in situ contributions. This meta-model was only the first step in the modelling

procedure, guiding original model specification and modifications (Grace et al. 2010).

Code Availability
The uncompiled R-markdown code file to reproduce the SEM analyses is available from
https://github.com/yvonnebuckley/Zoo-attendance. Please see the this code for further details
on how the meta-model was refined into the final models depicted in Figures 2.2, 2.3 and
Appendix Figure A.4, using the approach described in Grace et al. (2015) and similar to that

implemented in Grace et al. (2016).
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Figure A.4 | The combined Attendance (n = 458) and /n Situ (n = 119) SEMs representing the
connections between institution attendance, in situ contributions and various institutional
and socio-economic variables. Model results presented reflect species presence-absence
models. Path coefficients shown are standardised. The yellow box indicates the additional
pathways included in the In Situ model. Effect sizes and R? for the attendance portion of the
figure are derived from the Attendance model, with values for the pathways in the yellow box
derived from the In Situ model. Blue arrows represent positive effects and pink arrows represent
negative effects. Line width represents relative effect sizes. Grey boxes represent socio-
economic variables and green boxes represent institutional variables. See Table 2.1 for variable
descriptions, Appendix Table A.3 for test statistics and fit indices and Appendix Table A.4 for
standardised path coefficients, total effect sizes, significance values and proposed

interpretations of causal pathways.
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In(in situ expenditure (USD))

In{in situ project number)

Figure A.5 | The relationship between the number of in situ conservation projects supported
and the total financial in situ conservation expenditure (US Dollars) of 83 individual BIAZA
institutions for the year 2018, both variables are natural log transformed. The significant effect
of project number (P < 0.0001) is shown as the best fit line from a linear regression with an R? =

0.56.
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Table A.1 | AICc values of competing Attendance and In Situ models, reflecting both
species presence-absence and species abundance adjusted models. Shown are AlCc
values for the a priori meta-models (Model A) and the four top performing models

(Models B — E), including the final models selected (Model E).

Species Presence-Absence Species Abundance

AlCc Parameters AlCc Parameters

Attendance Model

Model E (Final Model) 9589.54 43 9575.78 44
Model D 9715.77 42 9574.71 45
Model C 10244.94 50 9589.28 44
Model B 10252.14 49 9595.53 43
Model A 14684.32 78 15315.69 88
(a priori meta-model)

In Situ Model
Model E (Final Model) 2672.51 34 2677.51 34
Model D 2671.34 35 2679.70 35
Model C 2683.82 34 2868.82 39
Model B 2686.40 35 2869.63 40
Model A 3419.69 66 3447.56 67
(a priori meta-model)
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Appendix B

Supplementary Information to Chapter 3:
Flock size and structure influence reproductive success in four species of

flamingo in 753 captive populations worldwide

Contents:

Note B.1

Figures B.1 —B.34
Tables B.1 - B.10
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Note B.1: Detailed Species-Specific Results

Phoenicopterus chilensis
Probability of Reproduction

Phoenicopterus chilensis shows a significant decrease in the probability of reproduction between
1990 and 2018 (p < 0.05, SE = 0.138; Appendix Figure B.11). However, a significant positive
relationship was observed between flock size and the probability of reproduction over the same
period (p < 0.05, SE = 0.321; Figure 3.5a). Our results show that the probability of reproduction
increases steadily from flocks of approximately 20 individuals and peaks at approximately 150
individuals. However, the number of institutions with flock sizes of >100 individuals is limited
and as a result there is considerable variation observed within the 95% confidence intervals
shown. No statistical support was found for the proportion of reproductive females or the
proportion of new individuals affecting the probability of reproduction in Phoenicopterus
chilensis. In addition to the results discussed above, both mean annual precipitation and
variation in mean annual temperature had significant negative effects on the probability of
Phoenicopterus chilensis flocks reproducing (p < 0.05, SE = 0.154; Appendix Figure B.12 and p <
0.05, SE = 0.162 respectively).

Number of Chicks

Although the probability of reproduction decreased between 1990 and 2018 for Phoenicopterus
chilensis, the number of chicks per flock increased significantly over the same period (p < 0.05,
SE = 0.049 Appendix Figure B.13). Similar to the probability of reproduction, flock size has a large
positive effect on the predicted number of births per flock, although no peak is observed and
instead the number of births continues to increase up to the maximum recorded flock sizes of
approximately 160 birds (p < 0.05, SE = 0.059, Figure 3.7a). A small positive relationship was
found between the proportion of additions in a flock and the number of chicks produced,
although this was statistically non-significant (p > 0.05 , SE = 0.026; Appendix Figure B.14),
whereas a significant and much stronger positive relationship was found between the
proportion of reproductive females in a flock and the number of chicks produced (p < 0.05, SE
= 0.053; Appendix Figure B.15), suggesting an even sex ratio is beneficial for successful
reproduction in Phoenicopterus chilensis. Significant synergistic interactions were found
between flock size and both the proportion of additions and proportion of reproductive females
per flock. This suggests that the addition of new individuals enhances reproductive output at

smaller flock sizes, however as flock size increases the addition of new individuals does not
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increase the reproductive output (p < 0.05, SE = 0.031; Appendix Figure B.16). Conversely, the
interaction between flock size and the proportion of reproductive females per flock suggests
that the benefit of a balanced sex ratio enhances reproductive output at larger flocks more than
smaller flocks (p < 0.05, SE =0.048; Figure 3.9). Like the probability of reproduction, mean annual
precipitation had a significant negative effect on the number of chicks produced per flock (p <
0.05, SE = 0.065, Appendix Figure B.17) and no statistical support was found for the effect of

mean annual temperature or both measures of variation.

Phoeniconaias minor
Probability of Reproduction

Unlike Phoenicopterus chilensis, there was no statistical support to show that the probability of
reproduction has changed between 1990 and 2018 in Phoeniconaias minor flocks. A significant
positive relationship was found between flock size and the probability of Phoeniconaias minor
flocks reproducing between 1990 and 2018 (p < 0.05, SE = 0.879; Figure 3.5b). We reveal that
the probability of reproduction increases dramatically between flocks of approximately 100 to
150 individuals, at which point the probability of reproduction approaches one, however once
again, the number of institutions with flock sizes of more than >100 individuals is limited. In
contrast, we found that reproduction is unlikely to occur below flock sizes of approximately 100
individuals. A small, but significant, positive relationship was found between the proportion of
new individuals in a flock and the probability of reproduction (p > 0.05, SE = 0.348; Appendix
Figure B.18). A much stronger positive relationship was found between the proportion of
reproductive females per flock and the probability of reproduction (p < 0.05, SE = 0.741;
Appendix Figure B.19). In addition, a strong interaction between flock size and the proportion
of reproductive females per flock (p < 0.05, SE = 0.951; Appendix Figure B.20) reveals that an
approach toward an even sex ratio greatly enhances the probability of a flock reproducing,
particularly at smaller flock sizes. No statistical support was found for the influence of any
climatic variables on the probability of Phoeniconaias minor flocks reproducing between 1990

and 2018.
Number of Chicks

Similar to Phoenicopterus chilensis, the number of chicks per Phoeniconaias minor flock
increased significantly over the period 1990 to 2018 (p < 0.05, SE = 0.204; Appendix Figure B.21).
Although non-significant, flock size has an important positive effect on the predicted number of

births per flock, however no drastic increase is seen in reproductive output at any flock size and
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the predicted number of births remains consistently low, however notably large variation can
be seen in the 95% confidence intervals presented (p > 0.05, SE = 0.677, Figure 3.7b). The
proportion of reproductive females per flock has a significant positive effect on the predicted
number of births per flock (p < 0.05, SE = 0.672) and has a synergistic interaction with flock size
where the number of chicks produced at smaller flocks can be increased through an increase in
the proportion of reproductive females (p < 0.05 , SE = 0.706; Appendix Figure B.22).
Importantly, these relationships demonstrate that the number of chicks produced per flock is
minimal below a flock composed of a balanced sex ratio, although a female bias does not appear
to be detrimental to reproductive output. No statistical support was found for the influence of
adding new individuals to Phoeniconaias minor flocks on the number of chicks produced. Unlike
the probability of reproduction, variation in mean annual temperature had a significant positive
effect on the number of chicks produced per flock (p < 0.05, SE = 0.812, Appendix Figure B.23),
however no statistical support was found for the effect of mean annual temperature itself or

mean annual precipitation and its measure of variation.

Phoenicopterus roseus

Probability of Reproduction

Like Phoeniconaias minor, no statistical support was found to suggest that the probability of
reproduction in Phoenicopterus roseus flocks changed between 1990 and 2018, although a
significant positive relationship was once again found between flock size and the probability of
reproduction (p < 0.05, SE = 0.366; Figure 3.6a). The probability of reproduction increases
dramatically between flocks of approximately 40 to 100 individuals. This relationship plateaus
at 120 birds, followed by a sharp decrease in the probability of reproduction at flock sizes greater
than 150 birds, although the number of institutions with flock sizes of >100 individuals remains
extremely limited and as a result there is considerable variation observed within the 95%
confidence intervals shown. A small, but significant, positive relationship was found between
the proportion of reproductive females per flock and the probability of reproduction (p < 0.05,
SE = 0.250; Appendix Figure B.24). Unusually the proportion of new individuals negatively
influenced the probability of Phoenicopterus roseus flocks reproducing, but this relationship was
non-significant (p > 0.05, SE = 0.115). Strong synergistic interactions were found between flock
size and both the proportion of new individuals (p < 0.05, SE = 0.195) and the proportion of
reproductive females (p < 0.05, SE = 0.373). Like Phoeniconaias minor, no significant statistical
support was found for the influence of any climatic variables on the probability of

Phoenicopterus roseus flocks reproducing between 1990 and 2018, however mean annual
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precipitation and measures of variation in both mean annual temperature and precipitation all

show non-significant but important relationships (p > 0.05 for all).
Number of Chicks

Similar to both Phoenicopterus chilensis and Phoeniconaias minor, the number of chicks per
Phoenicopterus roseus flock increased significantly over the period 1990 to 2018 (p < 0.05, SE =
0.075; Appendix Figure B.25). Flock size has a positive effect on the predicted number of births
per flock, with the predicted number of chicks increasing steadily up to flocks of approximately
100 individuals, before plateauing and then declining from 120 birds onwards (p < 0.05, SE =
0.082; Figure 3.8a). Both the proportion of reproductive females and the proportion of new
individuals have significant positive effects on the predicted number of chicks in Phoenicopterus
roseus flocks (p < 0.05, SE = 0.054; Appendix Figure B.26 and p < 0.05, SE = 0.024; Appendix
Figure B.27, respectively). Similar to the probability of reproduction analysis, no statistical
support was found for the influence of any climatic variables on the predicted number of chicks

in Phoenicopterus roseus flocks between 1990 and 2018.

Phoenicopterus ruber

Probability of Reproduction

Like Phoenicopterus chilensis, the probability of reproduction in Phoenicopterus ruber flocks
decreased significantly over the period 1990 to 2018 (p < 0.05, SE =0.182; Appendix Figure B.28).
As expected, flock size had a strong positive effect on the probability of reproduction (p < 0.05,
SE = 0.218; Figure 3.6b). Similar to Phoenicopterus chilensis the probability of reproduction
increases steadily from flocks of approximately 20 individuals and peaks at approximately 180
individuals. However, the number of institutions with flock sizes of >100 individuals is limited
and as a result there is considerable variation observed within the 95% confidence intervals
shown. We found no support to suggest that the addition of new individuals influences the
probability of reproduction, however like Phoenicopterus roseus, the proportion of reproductive
females had a small but significant positive effect (p < 0.05, SE = 0.198; Appendix Figure B.29).
Similar to Phoenicopterus chilensis once again, mean annual precipitation had a significant
negative effect on the probability of Phoenicopterus ruber flocks reproducing (p < 0.05, SE =
0.280; Appendix Figure B.30), but mean annual temperature and measures of variation were not

statistically supported.
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Number of Chicks

Similar to Phoenicopterus chilensis, Phoeniconaias minor and Phoenicopterus roseus, the
number of chicks per Phoenicopterus ruber flock increased significantly between 1990 and 2018
(p < 0.05, SE = 0.062; Appendix Figure B.31). Flock size had a positive effect on the predicted
number of births per flock, with the predicted number of chicks increasing steadily up to flocks
of approximately 150 individuals, however there is considerable variation observed within the
95% confidence intervals shown at larger flock sizes (p < 0.05, SE = 0.066; Figure 3.8b). The
proportion of new individuals per flock had a significant positive effect on the predicted number
of births (p < 0.05, SE = 0.018; Appendix Figure B.32) and has a synergistic interaction with flock
size whereby the number of chicks produced at smaller flocks can be increased through an
increase in the proportion of new individuals added to the flock in the previous year (p < 0.05,
SE = 0.017; Figure 3.10). No statistical support was found for the influence of the proportion of
reproductive females on the predicted number of chicks in Phoenicopterus ruber flocks between
1990 and 2018. Unlike any other species of flamingo, mean annual temperature had a significant
positive effect on the predicted number of chicks per Phoenicopterus ruber flock (p < 0.05, SE =
0.089; Appendix Figure B.33), however mean annual precipitation and measures of variation

were not statistically supported.
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Lesser Flamingo
Phoeniconaias minor ™
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Figure B.1 | The relationship between the calculated flock sizes and those from ZIMS inventory
reports for a subset of Phoeniconaias minor data (n = 51). The mean difference between flock
sizes is 7.71 £ 9.21 birds, with upper and lower 95% confidence intervals of 10.30 and 5.12

respectively.
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Figure B.11 | The probability of reproduction for Phoenicopterus chilensis flocks between 1990
and 2018. The black line represents predicted values and the shaded area represents 95%

confidence intervals.
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Figure B.12 | The relationship between mean annual precipitation (mm) and the probability

of reproduction for Phoenicopterus chilensis between 1990 and 2018. The black line represents

predicted values and the shaded area represents 95% confidence intervals.
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Figure B.13 | The number of chicks produced for Phoenicopterus chilensis flocks between 1990
and 2018. The black line represents predicted values and the shaded area represents 95%

confidence intervals.
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Figure B.14 | The relationship between the proportion of new individuals in a flock and the
number of chicks produced for Phoenicopterus chilensis between 1990 and 2018. The black line

represents predicted values and the shaded area represents 95% confidence intervals.
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Figure B.15 | The relationship between the proportion of reproductive females per flock and
the number of chicks produced for Phoenicopterus chilensis between 1990 and 2018. The black

line represents predicted values and the shaded area represents 95% confidence intervals.
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Figure B.17 | The relationship between the number of chicks produced and mean annual
precipitation for Phoenicopterus chilensis flocks between 1990 and 2018. The black line

represents predicted values and the shaded area represents 95% confidence intervals.
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Figure B.18 | The relationship between the proportion of new individuals in a flock and the
probability of reproduction for Phoeniconaias minor between 1990 and 2018. The black line

represents predicted values and the shaded area represent 95% confidence intervals.
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Figure B.19 | The relationship between the proportion of reproductive females in a flock and
the probability of reproduction for Phoeniconaias minor between 1990 and 2018. The black

line represents predicted values and the shaded area represent 95% confidence intervals.
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Figure B.21 | The number of chicks produced for Phoeniconaias minor flocks between 1990
and 2018. The black line represents predicted values and the shaded area represents 95%

confidence intervals.
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Figure B.23 | The relationship between the number of chicks produced and variation in mean
annual temperature (MAT standard deviation) for Phoeniconaias minor between 1990 and
2018. The black line represents predicted values and the shaded area represents 95% confidence

intervals.
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Figure B.24 | The relationship between the proportion of reproductive females in a flock and
the probability of reproduction for Phoenicopterus roseus between 1990 and 2018. The black

line represents predicted values and the shaded area represents 95% confidence intervals
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Figure B.25 | The number of chicks produced for Phoenicopterus roseus flocks between 1990
and 2018. The black line represents predicted values and the shaded area represents 95%

confidence intervals.
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Figure B.26 | The relationship between the proportion of reproductive females in a flock and
the number of chicks produced for Phoenicopterus roseus between 1990 and 2018. The black

line represents predicted values and the shaded area represents 95% confidence intervals.
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Figure B.27 | The relationship between the proportion of new individuals in a flock and the
number of chicks produced for Phoenicopterus roseus between 1990 and 2018. The black line

represents predicted values and the shaded area represents 95% confidence intervals.
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Figure B.28 | The probability of reproduction for Phoenicopterus ruber flocks between 1990

and 2018. The black line represents predicted values and the shaded area represents 95%

confidence intervals.
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Figure B.29 | The relationship between the proportion of reproductive females in a flock and
the probability of reproduction for Phoenicopterus ruber between 1990 and 2018. The black

line represents predicted values and the shaded area represents 95% confidence intervals.
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Figure B.30 | The relationship between mean annual precipitation (mm) and the probability

of reproduction for Phoenicopterus ruber flocks between 1990 and 2018. The black line

represents predicted values and the shaded area represents 95% confidence intervals.
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Figure B.31 | The number of chicks produced for Phoenicopterus ruber flocks between 1990
and 2018. The black line represents predicted values and the shaded area represents 95%

confidence intervals.
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Figure B.32 | The relationship between the proportion of new individuals in a flock and the

number of chicks produced for Phoenicopterus ruber between 1990 and 2018. The black line

represents predicted values and the shaded area represents 95% confidence intervals.
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Figure B.33 | The relationship between mean annual temperature (°C) and the number of
chicks produced for Phoenicopterus ruber flocks between 1990 and 2018. The black line

represents predicted values and the shaded area represents 95% confidence intervals.
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reproductive probability or success was
found
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Figure B.34 | Asummary of the findings and management recommendations for each flamingo

species, considering both the probability of reproduction and the number of chicks produced.

Flamingo profile images adapted with permission from Krienitz et al. (2016). Flamingo silhouette

image used throughout provided by Phylopic under Public Domain license
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Table B.1 | The original maximal and final species-specific ‘Probability of Reproduction’

models (Total Analysis and Climate Analysis).

Maximal Model

Total Analysis

Probability of Reproduction ~ Flock Size + (Flock Size)? + Year + Proportion of
Additions + Flock Size:Proportion of Additions + Proportion of Reproductive
Females + Flock Size:Proportion of Reproductive Females + (Year| Institution
Code)

Climate Analysis

Probability of Reproduction ~ Flock Size + (Flock Size)? + Year + Proportion of
Additions + Flock Size:Proportion of Additions + Proportion of Reproductive
Females + Flock Size:Proportion of Reproductive Females + Mean Annual
Precipitation + Mean Annual Temperature + Variation in Mean Annual
Precipitation + Variation in Mean Annual Temperature + (Year|Institution Code) +
(1] Country)

Phoenicopterus ruber (Final Models)

Total Analysis

Probability of Reproduction ~ log(Flock Size) + log(Flock Size)? + Year + Proportion
of Reproductive Females + (Year| Institution Code)

Climate Analysis

Probability of Reproduction ~ log(Flock Size) + log(Flock Size)? + Proportion of
Reproductive Females + Mean Annual Precipitation + (Year| Institution Code) +
(1] Country)

Phoenicopterus chilensis (Final Models)

Total Analysis

Probability of Reproduction ~ log(Flock Size) + log(Flock Size)? + Year +
(Year|Institution Code)

Climate Analysis

Probability of Reproduction ~ Flock Size + (Flock Size)? + Year + Mean Annual
Precipitation + Variation in Mean Annual Temperature + (Year| Institution Code) +
(1] Country)

Phoenicopterus roseus (Final Models)

Total Analysis

Probability of Reproduction ~ Flock Size + (Flock Size)? + Proportion of Additions +
Flock Size:Proportion of Additions + Proportion of Reproductive Females + Flock
Size:Proportion of Reproductive Females + (Year| Institution Code)

Climate Analysis

Probability of Reproduction ~ Flock Size + I(Flock Size”2) + Year + Proportion of
Additions + Flock Size:Proportion of Additions + Proportion of Reproductive
Females + Flock Size:Proportion of Reproductive Females + Mean Annual
Precipitation + Variation in Mean Annual Precipitation + Variation in Mean
Annual Temperature + (Year| Institution Code) + (1| Country)

Phoeniconaias minor (Final Models)

Total Analysis

Probability of Reproduction ~ Flock Size + Proportion of Additions + Proportion of
Reproductive Females + Flock Size:Proportion of Reproductive Females +
(1] Institution Code)

Climate Analysis

Probability of Reproduction ~ Flock Size + Proportion of Reproductive Females +
(1] Institution Code) + (1| Country)
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Table B.2 | The original maximal and final species-specific ‘Number of Chicks’ models (Total

Analysis and Climate Analysis).

Maximal Model

Total Analysis

Number of Births ~ Flock Size + (Flock Size)? + Year + Proportion of Additions +
Flock Size:Proportion of Additions + Proportion of Reproductive Females + Flock
Size:Proportion of Reproductive Females + (Year|Institution Code)

Climate Analysis

Number of Births ~ Flock Size + (Flock Size)? + Year + Proportion of Additions +
Flock Size:Proportion of Additions + Proportion of Reproductive Females + Flock
Size:Proportion of Reproductive Females + Mean Annual Precipitation + Mean
Annual Temperature + Variation in Mean Annual Precipitation + Variation in
Mean Annual Temperature + (Year|Institution Code) + (1| Country)

Phoenicopterus ruber (Final Models)

Total Analysis

Number of Births ~ log(Flock Size) + log(Flock Size)? + Year + Proportion of
Additions + Flock Size:Proportion of Additions + (Year|Institution Code)

Climate Analysis

Number of Births ~ log(Flock Size) + log(Flock Size)2 + Year + Proportion of
Additions + Flock Size:Proportion of Additions + Mean Annual Temperature +
(Year| Institution Code) + (1| Country)

Phoenicopterus chilensis (Final Models)

Total Analysis

Number of Births ~ Flock Size + Year + Proportion of Additions + Flock
Size:Proportion of Additions + Proportion of Reproductive Females + Flock
Size:Proportion of Reproductive Females + (Year|Institution Code)

Climate Analysis

Number of Births ~ Flock Size + Proportion of Additions + Flock Size:Proportion of
Additions + Proportion of Reproductive Females + Mean Annual Precipitation +
(Year| Institution Code) + (1| Country)

Phoenicopterus roseus (Final Models)

Total Analysis

Number of Births ~ Flock Size + (Flock Size)? + Year + Proportion of Additions +
Proportion of Reproductive Females + (Year| Institution Code)

Climate Analysis

Number of Births ~ Flock Size + I(Flock Size”2) + Year + Proportion of
Reproductive Females + (Year| Institution Code) + (1| Country)

Phoeniconaias minor (Final Models)

Total Analysis

Number of Births ~ Flock Size + (Flock Size)? + Year + Proportion of Reproductive
Females + Flock Size:Proportion of Reproductive Females + (1| Institution Code)

Climate Analysis

Number of Births ~ Flock Size + (Flock Size)? + Proportion of Reproductive
Females + Variation in Mean Annual Temperature + (1] Institution Code) +
(1] Country)
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Table B.3 | Standardised effect sizes, standard errors and p-values for both the Total and
Climate Analyses considering the probability of reproduction in Phoenicopterus ruber flocks
between 1990 and 2018. Only the climate components of the Climate Analysis model are
reported, all other relationships are derived from the Total Analysis due to its larger sample size

and higher statistical power.

Estimate Standard Error P-Value

Total Analysis

Probability of Reproduction ~ log(Flock Size) 2.490 0.218 <0.05

Probability of Reproduction ~ log(Flock Size)? 0.295 0.178 0.098

Probability of Reproduction ~ Proportion of
Reproductive Females 0.414 0.198 <0.05

Probability of Reproduction ~ Year -0.555 0.182 <0.05

Climate Analysis

Probability of Reproduction ~ Mean Annual
Precipitation -0.738 0.280 <0.05
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Table B.4 | Standardised effect sizes, standard errors and p-values for both the Total and
Climate Analyses considering the probability of reproduction in Phoenicopterus chilensis
flocks between 1990 and 2018. Only the climate components of the Climate Analysis model are
reported, all other relationships are derived from the Total Analysis due to its larger sample size

and higher statistical power.

Estimate  Standard Error P-Value

Total Analysis

Probability of Reproduction ~ log(Flock Size) 2.215 0.321 <0.05
Probability of Reproduction ~ log(Flock Size)? 0.181 0.144 0.208
Probability of Reproduction ~ Year -0.433 0.138 <0.05

Climate Analysis

Probability of Reproduction ~ Mean Annual
Precipitation -0.418 0.154 <0.05

Probability of Reproduction ~ Variation in Mean
Annual Temperature -0.410 0.162 <0.05
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Table B.5 | Standardised effect sizes, standard errors and p-values for both the Total and

Climate Analyses considering the probability of reproduction in Phoenicopterus roseus flocks

between 1990 and 2018. Only the climate components of the Climate Analysis model are

reported, all other relationships are derived from the Total Analysis due to its larger sample size

and higher statistical power.

Estimate Standard Error  P-Value

Total Analysis
Probability of Reproduction ~ Flock Size 4.307 0.366 <0.05
Probability of Reproduction ~ (Flock Size)? -0.761 0.090 <0.05
Probability of Reproduction ~ Proportion of New
Individuals -0.037 0.115 0.747
Probability of Reproduction ~ Proportion of
Reproductive Females 0.913 0.250 <0.05
Probability of Reproduction ~ Flock Size:Proportion of
New Individuals -0.545 0.195 <0.05
Probability of Reproduction ~ Flock Size:Proportion of
Reproductive Females 1.717 0.373 <0.05

Climate Analysis

Probability of reproduction ~ Variation in Mean Annual
Temperature 0.185 0.364 0.610
Probability of reproduction ~ Variation in Mean Annual
Precipitation -0.026 0.329 0.937
Probability of reproduction ~ Mean Annual
Precipitation 0.527 0.366 0.150
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Table B.6 | Standardised effect sizes, standard errors and p-values for both the Total and

Climate Analyses considering the probability of reproduction in Phoeniconaias minor flocks

between 1990 and 2018. Only the climate components of the Climate Analysis model are

reported, all other relationships are derived from the Total Analysis due to its larger sample size

and higher statistical power.

Estimate Standard Error  P-Value

Total Analysis
Probability of Reproduction ~ Flock Size 3.136 0.879 <0.05
Probability of Reproduction ~ Proportion of New
Individuals 0.912 0.348 <0.05
Probability of Reproduction ~ Proportion of
Reproductive Females 2.179 0.741 <0.05
Probability of Reproduction ~ Flock Size:Proportion of
Reproductive Females 2.474 0.951 <0.05

Climate Analysis

NA

263




Table B.7 | Standardised effect sizes, standard errors and p-values for both the Total and
Climate Analyses considering the number of chicks produced in Phoenicopterus ruber flocks
between 1990 and 2018. Only the climate components of the Climate Analysis model are
reported, all other relationships are derived from the Total Analysis due to its larger sample size

and higher statistical power.

Estimate  Standard Error P-Value

Total Analysis

Number of Chicks ~ log(Flock Size) 0.373 0.066 <0.05
Number of Chicks ~ log(Flock Size)? 0.068 0.027 <0.05
Number of Chicks ~ Year 0.186 0.062 <0.05
Number of Chicks ~ Proportion of New Individuals 0.122 0.018 <0.05

Number of Chicks ~ Flock Size:Proportion of New
Individuals 0.074 0.017 <0.05

Climate Analysis

Number of Chicks ~ Mean Annual Temperature 0.175 0.089 <0.05
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Table B.8 | Standardised effect sizes, standard errors and p-values for both the Total and
Climate Analyses considering the number of chicks produced in Phoenicopterus chilensis flocks
between 1990 and 2018. Only the climate components of the Climate Analysis model are
reported, all other relationships are derived from the Total Analysis due to its larger sample size

and higher statistical power.

Estimate Standard Error  P-Value

Total Analysis

Number of Chicks ~ Flock Size 0.434 0.059 <0.05
Number of Chicks ~ Year 0.100 0.049 <0.05
Number of Chicks ~ Proportion of New Individuals 0.002 0.026 0.949

Number of Chicks ~ Flock Size:Proportion of New
Individuals -0.084 0.031 <0.05

Number of Chicks ~ Proportion of Reproductive
Females 0.137 0.053 <0.05

Number of Chicks ~ Flock Size:Proportion of
Reproductive Females 0.111 0.048 <0.05

Climate Analysis

Number of Chicks ~ Mean Annual Precipitation -0.147 0.065 <0.05
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Table B.9 | Standardised effect sizes, standard errors and p-values for both the Total and
Climate Analyses considering the number of chicks produced in Phoenicopterus roseus flocks
between 1990 and 2018. Only the climate components of the Climate Analysis model are
reported, all other relationships are derived from the Total Analysis due to its larger sample size

and higher statistical power.

Estimate Standard Error P-Value

Total Analysis

Number of Chicks ~ Flock Size 0.730 0.082 <0.05
Number of Chicks ~ (Flock Size)? -0.133 0.028 <0.05
Number of Chicks ~ Year 0.173 0.075 <0.05
Number of Chicks ~ Proportion of New Individuals 0.053 0.024 <0.05
Number of Chicks ~ Proportion of Reproductive

Females 0.136 0.054 <0.05

Climate Analysis

NA
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Table B.10 | Standardised effect sizes, standard errors and p-values for both the Total and
Climate Analyses considering the number of chicks produced in Phoeniconaias minor flocks
between 1990 and 2018. Only the climate components of the Climate Analysis model are
reported, all other relationships are derived from the Total Analysis due to its larger sample size

and higher statistical power.

Estimate Standard Error P-Value

Total Analysis

Number of Chicks ~ Flock Size 1.144 0.677 0.091
Number of Chicks ~ (Flock Size)? -0.513 0.246 <0.05
Number of Chicks ~ Year 0.720 0.204 <0.05

Number of Chicks ~ Proportion of Reproductive
Females 1.412 0.672 <0.05

Number of Chicks ~ Flock Size:Proportion of
Reproductive Females 2.206 0.706 <0.05

Climate Analysis

Number of Chicks ~ Variation in Mean Annual
Temperature 2.180 0.812 <0.05
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Appendix C

Supplementary Information to Chapter 4:
Maximising the potential for living cell banks to contribute to global

conservation priorities

Note C.1

San Diego Zoo Global is not obligated to provide biomaterials to any party. Existence of samples
does not guarantee availability. To request samples for non-commercial, conservation research
projects, please contact BRG@sandiegozoo.org. All requests undergo a comprehensive review
process to ensure alignment with San Diego Zoo Global's mission and vision. Requests with no
wildlife conservation value will not be approved. Samples may be subject to regulatory
restrictions. Requestors are solely responsible for obtaining any required permits, and San Diego

Zoo Global cannot provide advice or counsel on regulatory requirements.
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Appendix D

Supplementary Information to Chapter 5:
A conservation project efficiency approach to the prioritisation of plants

for de-extinction research

Contents:

Figures D.1-D.3
Tables D.1 and D.2
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Ranking Procedure Comparisons

Melicope paniculata
Melicope cruciata 1
Delissea subcordata
Astragalus nitidiflorus
Madhuca insignis
Chrysophyllum januariense
Viola cryana

Melicope haleakalae 1
Nesiota elliptica 1
Dracaena umbraculifera -
Melicope macropus 1
Achyranthes atollensis
Trilepidea adamsii -
Blutaparon rigidum -
Hibiscadelphus woodii
Dryopteris ascensionis
Lepidium obtusatum -
Melicope nealae 1

Casearia quinduensis 1
Angraecum astroarche
Cyperus rockii

Cyanea dolichopoda
Delissea niihauensis 1
Angraecopsis dolabriformis -
Trochetiopsis melanoxylon
Acalypha wilderi

llex gardneriana

Cyanea minutiflora
Sporobolus durus 1
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Figure D.1 | A comparison of the estimated de-extinction project efficiency ranking scores (RE)
for the 50 highest ranking species between Ranking Procedure 1 (RP1) and Ranking Procedure

2 (RP2).
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Figure D.2 | The relationship between the mean ranked estimated probability of project
success (RS) and the mean ranked estimated cost of project (RC) for all species assessed (n =
122). Panel (a) represents Ranking Procedure 1 and the seven indicators used to measure RS,
four of which were also used to measure RC. Panel (b) represents Ranking Procedure 2 and the

three indicators used to measure RS, none of which were used to measure RC.
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Melicope paniculata
Melicope cruciata 1
Delissea subcordata -
Astragalus nitidiflorus 1
Madhuca insignis 1

Nesiota elliptica 1
Chrysophyllum januariense 1
Melicope macropus 1
Blutaparon rigidum
Hibiscadelphus woodii
Trilepidea adamsii

Viola cryana 1
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Figure D.3 | A comparison of the mean scores for each of the de-extinction efficiency ranking

components (RW, RS and RC) for the 25 highest ranking species for de-extinction research.

Components reflect ranked species weight (RW), ranked estimated probability of project success

(RS) and ranked estimated cost of project (RC). Note that high RC values indicate species which

have higher estimated project cost rankings, and therefore lower overall estimated efficiency

score rankings, RE. Results reflect Ranking Procedure 2, which does not use any shared

indicators to measure RS and RC. The relationship between RS and RC is also highlighted in

Appendix Figure D.2.
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Table D.1 | The top 20 plant species prioritised for de-extinction research efforts following the

Ranking Procedures 1 and 2, also provided are the species’ overall ranked de-extinction

efficiency scores, RE. Species in bold appear in the top 20 ranked species using both ranking

procedures. Species which have already been rediscovered are denoted by (*).

Ranking Procedure 1

Ranking Procedure 2

Species Score | Rank | Species Score | Rank
Melicope paniculata * 3.068 1 Melicope paniculata * 3.149 1
Melicope cruciata * 2.909 2 Melicope cruciata * 3.132 2
Delissea subcordata 2.661 3 Delissea subcordata 2.872 3
Astragalus nitidiflorus * 2.550 4 Astragalus nitidiflorus * 2.638 4
Madhuca insignis * 2.245 5 Madhuca insignis * 2.451 5
Chrysophyllum januariense | 2.161 6 Nesiota elliptica 2.396 6
Viola cryana 2.016 7 Chrysophyllum januariense 2.374 7
Melicope haleakalae 1.987 8 Melicope macropus 2.339 8
Nesiota elliptica 1.975 9 Blutaparon rigidum 2.292 9
Dracaena umbraculifera * | 1.943 | 10 | Hibiscadelphus woodii 2.271 10
Melicope macropus 1.923 | 11 | Trilepidea adamsii 2.261 11
Achyranthes atollensis 1.921 | 12 | Viola cryana 2.255 12
Trilepidea adamsii 1.884 | 13 | Wikstroemia skottsbergiana * | 2.248 13
Blutaparon rigidum 1.866 | 14 | Achyranthes atollensis 2.243 14
Hibiscadelphus woodii 1.846 | 15 | Melicope nealae 2.193 15
Dryopteris ascensionis 1.831 | 16 | Dracaena umbraculifera * 2.185 16
Lepidium obtusatum 1.826 | 17 | Cyanea dolichopoda 2.176 17
Melicope nealae 1.797 | 18 | Lepidium obtusatum 2.136 18
Casearia quinduensis 1.765 | 19 | Melicope haleakalae 2.133 19
Angraecum astroarche 1.763 | 20 | Cyanea minutiflora 2.110 20
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Table D.2 | The 20 lowest ranking plant species prioritised for de-extinction research efforts
following the Ranking Procedures 1 and 2, also provided are the species’ overall ranked de-
extinction efficiency scores, RE. Species in bold appear in the 20 lowest ranked species using

both ranking procedures.

Ranking Procedure 1 Ranking Procedure 2
Species Score | Rank | Species Score | Rank
Galipea ossana 1.263 | 122 | Pausinystalia 1.268 | 122
brachythyrsum
Delilia inelegans 1.265 | 121 | Habenaria petromedusa 1.289 | 121
Pausinystalia brachythyrsum | 1.290 | 120 | Galipea ossana 1.314 | 120
Xanthostemon sebertii 1.291 | 119 | Delilia inelegans 1.323 | 119
Cupaniopsis crassivalvis 1.293 | 118 | Gomidesia cambessedeana | 1.338 | 118
Weinmannia spiraeoides 1.294 | 117 Weinmannia spiraeoides 1.352 | 117
Habenaria petromedusa 1.304 | 116 | Pradosia argentea 1.352 | 116
Pradosia argentea 1.308 | 115 | Xanthostemon sebertii 1.370 | 115
Campomanesia lundiana 1.316 | 114 | Cupaniopsis crassivalvis 1.371 | 114
Gomidesia cambessedeana 1.319 | 113 | Stachytarpheta fallax 1.384 | 113
Argocoffeopsis lemblinii 1.326 | 112 | Campomanesia lundiana 1.428 | 112
Stenocarpus dumbeensis 1.332 | 111 | Stenocarpus dumbeensis 1.432 | 111
Cyanea pycnocarpa 1.334 | 110 | Argocoffeopsis lemblinii 1.435 | 110
Valerianella affinis 1.343 | 109 | Melicope obovata 1.487 | 109
Psiadia schweinfurthii 1.348 | 108 | Cyanea cylindrocalyx 1.490 | 108
Fitchia mangarevensis 1.352 | 107 | Cyanea pycnocarpa 1.495 | 107
Kokia lanceolata 1.355 | 106 | Valerianella affinis 1.504 | 106
Melicope obovata 1.359 | 105 | Sicyos villosus 1.505 | 105
Hernandia drakeana 1.363 | 104 | Psiadia schweinfurthii 1.507 | 104
Stachytarpheta fallax 1.368 | 103 | Kokia lanceolata 1.511 | 103
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