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Abstract
The captive maintenance of healthy amphibian species requires an in depth
knowledge of their dietary and environmental requirements. In New Zealand, only
three of the four threatened native frog species within the genus Leiopelma are
held in captivity. Each of these captive populations has suffered significant rates of
disease and mortality, coupled with poor breeding success. To determine the
suitability of current captive maintenance techniques used for Leiopelma, this
thesis examined the differences between natural Leiopelma diets and
environments and those provided to frogs in captivity.
Chapter 2 completes the most thorough dietary analysis of wild L.
hochstetteri to date, identifying 23 different prey groups in 73 faecal pellets.
Potential prey items were sampled using pitfall traps and this showed monthly
variation that was significantly different to the composition of the diet. Different
age classes were found to eat similar prey groups in different frequencies. The
results of the faecal pellet study were used to formulate a captive diet for juvenile
L. hochstetteri.
The diet analysis in Chapter 2 is followed by an investigation into the
nutritional qualities of both invertebrates found in the natural diet of Leiopelma
and those fed to this genus in captivity (Chapter 3). Importantly, the diet of wild
frogs was found to contain invertebrates which were rich in calcium and had
positive calcium to phosphorus ratios. These attributes were lacking in all but one
of the invertebrate species fed to captive frogs, meaning that current diets are
likely to hinder bone growth and development and require amendment.
In order to inform dietary improvement, the efficacy of using the isopod
Porcellio scaber to naturally increase calcium content in the diet of Leiopelma was
assessed. This was made possible through a novel analysis of gut-retention time in
L. archeyi, L. hochstetteri and L. pakeka. Calcium in P. scaber was found to be bioavailable to each Leiopelma species examined, with the highest calcium absorption
occurring in L. archeyi and the lowest in L. pakeka. Porcellio scaber should thus be
fed to all Leiopelma in captivity. Faecal analysis found that L. hochstetteri at
Hamilton Zoo consume invertebrates which are self-introduced to their enclosures,
indicating that their diet may be more nutritionally complete than previously
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assumed. Further recommendations on ways to improve the diets of captive
Leiopelma are presented at the end of Chapter 3.
The designs of Leiopelma enclosures need to be assessed to ensure that they
closely mimic the abiotic parameters of frogs’ natural habitats. Chapter 4
compared aspects of the microhabitats of wild Leioplema at Tapu, to those
observed in Hamilton and Auckland Zoo enclosures. These included water and soil
composition, annual changes in water and air temperature as well as relative
humidity, and UV-B irradiance. The study also examined retreat site composition
and age class associations within L. hochstetteri. Captive enclosures were shown to
provide abiotic parameters close to those observed in natural Leiopelma habitat.
Improvements that may further enhance the health and breeding success of
captive Leiopelma are outlined.
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1 General Introduction

1 General Introduction
1.1 Amphibian conservation through captive management
Amphibians form a large and diverse taxon, which is declining and becoming
extinct around the globe at unprecedented rates (Mendelson et al. 2006; Hussain and
Pandit 2012). One study estimates that extinction may be occurring at between 211
and 45,474 times the normal background amphibian extinction rate (McCallum 2007)
and as of 2008 there have been 39 confirmed and 159 potential extinctions from 6,260
amphibian species examined (IUCN et al. 2008).
The causes of amphibian decline are varied and often synergistic (see review by
Hof et al. (2011)). Attributing factors include disease (most importantly
Chytridiomycosis; see Kilpatrick et al. (2010) and Woodhams et al. (2012), habitat loss
and fragmentation (see global review of landscape modification and amphibian
declines by Gallant et al. (2007)), environmental contamination by pesticides (Relyea
2005; Boone et al. 2007; Groner and Relyea 2011), climate change (Lips et al. 2008;
Duarte et al. 2012)), exploitation (Oza 1990; Warkentin et al. 2009) and invasive
species (Kats and Ferrer 2003). Scientists now consider this to be the greatest
extinction crisis that has ever faced humanity in the modern era (Gewin 2008; Halliday
2008; Allentoft and O’Brien 2010; Zippel et al. 2011) and as it is estimated that
approximately 90 % of threatened amphibians are receiving little or no conservation
(Sitas et al. 2009; Isaac et al. 2012), it is expected that the future will see many more
amphibian extinctions.
One of the most important issues facing those working against amphibian
declines has been the development of a method to prioritise and address the
conservation needs of the many species that are currently threatened (Hussain and
Pandit 2012). It was to this end that the Amphibian Action Conservation Plan (ACAP)
was devised (Gascon et al. 2007). The ACAP is a cohesive compilation of the many
ways that scientific communities, conservation organisations, business sectors and
civil societies can join together worldwide, in order to act against the multifaceted
causes of amphibian extinctions (Moore and Church 2008; Pavajeau et al. 2008; Bishop
et al. 2012).
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The ACAP categorises eleven different conservation themes that need
addressing, which are: assessment, systematics, freshwater and terrestrial landscapes,
climate change, infectious diseases, bio-resource banking, over-harvesting, key
biodiversity areas, reintroductions, environmental contamination and captive
programs (including genome resource banking) (Gascon et al. 2007). The ex situ side of
the ACAP has so far been organised by the Amphibian Ark (www.amphibianark.org)
which was established in 2006 by the IUCN/SSC Conservation Breeding Specialist
Group in conjunction with the World Association of Zoos and Aquariums and the
IUCN/SSC Amphibian Specialist Group (Pavajeau et al. 2008). The Amphibian Ark is
aimed at facilitating the successful captive conservation of amphibian species on the
brink of extinction (Zippel et al. 2011; Bishop et al. 2012).
For many species under drastic decline, ex situ conservation can provide a life
raft while processes can be put in place to alleviate these threats while allowing for the
preservation of a genetically representative population which can provide individuals
for translocation and research (Lacy 2012). Amphibians can make excellent captive
species as they are often fecund and adapt well to captive environments (Bloxam and
Tonge 1995; Bowkett 2009). In many facilities around the world, there has been
success in the formation of breeding populations for many amphibians which are
endangered (Zippel 2009), such as the Wyoming toad (Bufo baxteri) and the Kihansi
spray toad (Nectophrynoides asperginis) which are classed as extinct in the wild (Lee et
al. 2006; Li et al. 2009), as well as the critically endangered Panamanian golden toad
(Atelopus zeteki) (Gagliardo et al. 2008), mountain chicken frog (Leptodactyllus fallax)
(King et al. 2011) and Puerto Rican crested toad (Bufo lemur) (Beauclerc et al. 2010).
Conversely, instituting successful breeding programmes can be difficult as it is
often the case that little is known about the natural history of the amphibian species
that are most greatly endangered (Browne et al. 2011; Conde et al. 2011; Conway
2011). The maintenance of healthy, ex situ populations requires an in depth knowledge
of a species’ natural behavioural patterns (Griffiths and Pavajeau 2008), nutritional
needs (King et al. 2011; Shaw et al. 2012b) and microhabitat requirements. It is also
necessary to be able to accurately identify sex (Szymanski et al. 2006; Germano et al.
2011a) in order to promote natural reproduction through optimal sex ratios
(Wedekind 2012) or, alternatively, to be able to assist breeding with artificial
reproductive technology (Halverson et al. 2006; Kraaijeveld-Smit et al. 2006; Mattioli
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et al. 2006; Browne et al. 2007; Browne and Zippel 2007; Gagliardo et al. 2008;
Griffiths and Pavajeau 2008; McKibbin et al. 2008; Kouba and Vance 2009; Li et al.
2009; Mann et al. 2010).
Despite the push to create global ex situ programmes (Bishop et al. 2012),
approximately only 37 of the 500 species that have been highlighted as being in need
of immediate ex situ conservation have so far been taken into captivity (Zippel et al.
2011) and research into aspects of captive management which will improve the
success of such programmes is still a small field (Zippel 2009). A recent overview of
research and breeding programmes of captive amphibians (Browne et al. 2011)
identified that in order to improve the success of these ventures it will be vital that
excellent captive husbandry techniques are maintained and that reproduction is
controlled

to

maintain

genetic

variation.

This

study

also

identified

that

supplementation, rehabilitation or translocations of amphibians in breeding
programmes need to be successful and that such programmes need to be overseen by
professionals; fostering education, research and collaboration between keepers and
researchers.
All of these aspects of ex situ conservation require awareness, networking,
funding and organisational support. To promote these factors regarding captive
maintenance for threatened amphibians, the Amphibian Ark introduced the 2008 Year
of The Frog campaign. As part of this campaign, the Australasian Regional Association
of Zoos Parks and Aquariums (ARAZPA; now known as the Zoos and Aquariums
Association ZAA) provided funding for captive institutions looking to house amphibian
species. The funding was made available on the basis of the conservation goals of the
programme, the impact that the programme would have on the conservation of the
species, the urgency of ex situ conservation for the species, the on-going benefits of the
programme, the probability of its success and the educational and advocacy benefits to
the public through the programme.
Based on these criteria, Hamilton and Auckland Zoos received grants to aid
research into improving the captive husbandry methods for New Zealand’s four native
frogs in the genus Leiopelma. These are some of the world’s most evolutionarily
distinct and globally endangered amphibian species (Beauchamp et al. 2010; Bell
2010; Shaw et al. 2012b; Zoological Society of London 2012), for which comprehensive
captive maintenance techniques, that ensure healthy and self-sustaining ex situ
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populations, are still being developed (Bell 2002; Potter and Norman 2006; Bishop et
al. 2009a; Shaw et al. 2012a; Shaw et al. 2012b).
1.2

The study genus: Leiopelma
Leiopelmatidae is an ancient family, belonging to sub-order Archaeobatrachia.

The genera Leiopelma and Ascaphus are now united within this family and together
form a lineage which is both morphometrically primitive and genetically distinct from
other extant frogs (Roelants et al. 2007). Before the arrival of humans, seven frog
species existed in the genus Leiopelma in New Zealand (Worthy 1987). These species
were widespread and abundant, filling important roles in native ecosystems (Worthy
1987; Baber et al. 2006; Bell 2010).
Following human colonisation, three Leiopelma species have become extinct:
Leiopelma waitomoensis, L. markhami and L. auroraensis (Worthy 1987). The four
remaining species; Archey’s frog (Leiopelma archeyi), Hamilton’s frog (L. hamiltoni),
the Maud Island frog (L. pakeka) and Hochstetter’s frog (L. hochstetteri), have suffered
significant declines in range and population size (Daugherty 1994; Bell 2010).
The uniqueness and rarity of this genus means that they are considered to be
both internationally and nationally threatened. The Zoological Society of London
currently ranks L. archeyi as the world’s most evolutionarily distinct and globally
endangered (EDGE) amphibian species and the other 3 extant Leiopelma species are
ranked within the top 60 EDGE amphibians (Zoological Society of London 2012).
Under New Zealand’s threat classification system L. hamiltoni is listed as
Nationally Critical, L. archeyi as Nationally Vulnerable, L. pakeka as Nationally
Endangered and L. hochstetteri as sparse (Newman et al. 2010). Meanwhile, the
International Union for the Conservation of Nature (IUCN) lists L. hamiltoni as
Endangered (Tocher et al. 2004), L. archeyi as Critically Endangered (Bell 2004a) and
both L. pakeka and L. hochstetteri as Vulnerable (Bell et al. 2004a; Bell et al. 2010a).
Leiopelmatid frogs retain many primitive features not seen in other anurans,
such as tail wagging muscles, inscriptional ribs; elongate cartilaginous structures
found in the ventral musculature posterior to the sternum, and late jump recovery, in
which Leiopelmatids hit the ground with their ventral surface before repositioning
their limbs for another jump (Bell 1985c; 2010; Essner et al. 2010). Additionally,
Leiopelma lack vocal sacs and a tympanic membrane (Stephenson and Stephenson
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1957; Green et al. 1993) so are thought to communicate chemically as opposed to
vocally, as this has been observed in with L. pakeka (Lee and Waldman 2002; Delaney
and Bishop 2007). The silence of this genus, coupled with primarily nocturnal activity
and small, cryptic morphologies means that the study of their range, biology and
ecology has been somewhat more difficult than for many other anurans, such as those
from the introduced Hylidae family (Bell 2010). Accordingly, there is much
information on the ecology and biology of these frogs still to be acquired.

Leiopelma hochstetteri
Leiopelma hochstetteri is a small (snout-vent length <48 mm) and robust
species, with both shorter limbs and snout than the other Leiopelma species (Bell
1978). Females grow to a slightly larger size than the males, which occurs in the other
Leiopelma, but this species shows additional sexual dimorphism in that males have
thicker forearms than females (Stephenson and Stephenson 1957).
This species is unique within its genus in that it is semi-aquatic, living in
crevices in stream banks and seepages, or under rocks and logs, while the other
species are almost completely terrestrial (Bell 1985a; Bell et al. 1985). The aquatic
nature of L. hochstetteri is reflected in their reproductive ecology, in which 10-22 eggs
are laid in slow moving water or seeps and hatch into free swimming, non-feeding
tadpoles before metamorphosis (Bell 1985c; Sharbel and Green 1992; Beauchamp et
al. 2010).
This is currently the most widespread and abundant of all the native New
Zealand frog species; with the total population currently estimated to be around
100,000 (Bishop et al. 2009a). Scattered populations are found naturally in the
northern half of the North Island, with the southern-most populations occurring in
Whareorino in the west and Maungatautari in the east and it is also found on Great
Barrier Island (Crossland et al. 2005; Baber et al. 2006; Baber et al. 2008; NajeraHillman et al. 2009b).
Although ranked as the least threatened of the four extant Leiopelma
(Hitchmough et al. 2007), recent studies have recommended that at least 13 separate
populations of L. hochstetteri are genetically distinct enough to require separate
conservation as ‘Evolutionarily Significant Units’ (ESUs)(Green et al. 1993; Fouquet et
al. 2010). This holds important implications when undertaking both ex situ and in situ
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conservation work for this species, especially as representatives from only two of
these ESUs are currently held in captivity (the Central Coromandel clade at Hamilton
Zoo (Shaw and Holzapfel 2008) and the Southern clade at the University of
Otago(Ohmer 2011)) (Fouquet et al. 2010).

Leiopelma pakeka and Leiopelma hamiltoni
The only naturally occurring population of Leiopelma hamiltoni is found on the
predator free Stephens Island in the Cook Strait, where they inhabit a rock tumble of
around 600 m2 on the summit of the island (Pledger 1998). The population on the
island is currently estimated to be less than 300 (Tocher et al. 2004; Tocher and
Pledger 2005).
Leiopelma pakeka are naturally found only in a small area of native bush
(approximately 16 ha) on predator free Maud Island in the Cook Strait (Bell et al.
1998a) but translocations have since been made to a site of regenerated forest at Boat
Bay on Maud Island in 1984-85 (Bell and Pledger 2010)to Motuara Island in 1997,
Long Island in the Marlborough sounds in 2005 (Bishop 2005) and to Zealandia
(formerly Karori) Wildlife Sanctuary in Wellington in 2006 (Bell 2008; Lukis 2010). Of
these three translocations, only the Long Island has been deemed unsuccessful so far,
due to lack of breeding and possible predation by Kiwi (Apteryx spp.) (Bell et al.
2010b). The current population estimate for this species is around 25,000 to 30,000
(Bell 2010).
Leiopelma pakeka (Maud Island frogs) and L. hamiltoni (Hamilton’s frogs) are
almost morphometrically indistinguishable from each other; although the former has a
slightly greater variation in colour (Bell et al. 1998a; Bell et al. 1998b). Both species
are completely terrestrial and are the largest of the extant Leiopelma, capable of
reaching 51 mm snout to vent length (SVL) (Bell et al. 2004a; Bell 2010).
Creating even sex ratios for translocations is difficult for these species as the
sexes are highly monomorphic and although females are generally larger, the snoutvent length of each sex has been shown to overlap in adult L. pakeka for more than half
of the adult size range (Germano et al. 2011a). Recently this issue has been addressed
by Germano et al. (2011b) who found that urinary hormones can distinguish sex in
both captive and wild L. pakeka with 94 % accuracy, a technique which will provide a
vital tool for conservation management in both ex situ and in situ populations. This
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study also found that that these frogs, which have never been observed breeding in the
wild, are most likely to reproduce in spring. Unlike L. hochstetteri, these species both
show a considerable level of parental care, wherein clutches of 1-19 eggs are guarded
by the paternal male before hatchlings continue to complete development on its back
(Bell 1985c; Bell and Wassersug 2003; Bell 2008).
There has been some debate over the taxonomy of L. pakeka and L. hamiltoni.
Bell et al. (1998a) recommended that the Stephens and Maud Island frog populations
be considered two separate species, after analysing allozyme variation between the
three recognised Leiopelma species and the Maud Island frog. This study named the
new species from Maud Island Leiopelma pakeka. However, Holyoake et al. (2001)
rejected the idea that L. pakeka and L. hamiltoni should be considered separate species,
as their analysis of mitochondrial DNA found no more difference between the two
populations than between allopatric populations of L. archeyi at Tapu and Whareorino
Forest. In line with Gemmel et al. (2003) these authors suggest that these populations
may be best conserved as ESU’s. The finding of Holyoake et al. (2001) has not yet
caused a change in species status for L. pakeka and although it is recognised by most
current authors as a separate species (Bell 2010; Germano et al. 2011a; Melzer et al.
2011; Shaw et al. 2012b) it is likely that these two species will become synonymised
after further DNA analysis in the near future (Personal Communication Bishop 2012).

Leiopelma archeyi
Archey’s frog is the smallest of the Leiopelma, (SVL <40mm) and shows the
same male parental care as L. hamiltoni and L. pakeka (Bell 1985c). These frogs are
found in natural sympatry with L. hochstetteri; on the Coromandel peninsula and in a 6
km2 area in Whareorino Forest (Thurley and Bell 1994; Haigh et al. 2007). To some
extent there has been debate over the taxonomy of this species, with Bell et al. (1998)
hypothesising that L. archeyi and L. hamiltoni were sister taxa, to the exclusion of L.
pakeka, while Holyoake et al. (2001) refute this claim and conclude that L. hamiltoni
and L. pakeka are sister taxa, in a clade that excludes L. archeyi, a claim which is
supported by morphology, as L. pakeka and L. hamiltoni are more morphologically
similar than L. hamiltoni and L. archeyi (Bell et al. 1998, Bell 1985).
This species is listed as the world’s most critically endangered amphibian
(Zoological Society of London 2012) both because it is genetically unique and because
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an 88 % decline in the Tapu Ridge population in the Coromandel was documented
between 1996 and 2001 (Bell 1999; 2004b), with simultaneous declines occurring in
populations in central and northern Coromandel and in Whareorino (Bell 2004b; Bell
et al. 2004b). The cause of these declines is still classed as enigmatic, although it is
thought

to

be

due

to

disease,

possibly

caused

by

the

chytrid

fungus

(Batrachochytridium dendrobatidis)(Bell et al. 2004b). The total population size of this
species is estimated to be around 5,000 to 40,000 frogs (Bishop et al. 2009a).

1.3 Threats to Leiopelma
Disease
Chytridiomycosis, the disease caused by the chytrid fungus (Batrachochytrium
dendrobatidis) has been identified as a major source of amphibian decline in Africa,
Australia, the Americas and Europe (Berger et al. 1998; Skerrat 2007).
Chytridiomycosis was first detected in New Zealand in 1999, in 16 Southern bell frogs
(Litoria raniformis) an introduced species, at Godley Head, near Christchurch
(Waldman et al. 2001).
As previously mentioned, the 88 % decrease in L. archeyi populations was
potentially caused by chytrid or another pathogen, as it was both rapid and showed a
distinct south to north spread (Bell et al. 2004b). In the light of this uncertainty, Bishop
et al. (2009) conducted an experimental study to evaluate the effect of the chytrid
fungus on naturally infected L. archeyi and whether this infection could be treated with
topical chloramphenicol. The study indicated that L. archeyi have low levels of
susceptibility to disease caused by the fungus and can eliminate it without
intervention. Subsequent studies have also demonstrated that L. hochstetteri and L.
pakeka, as well as L. archeyi have low susceptibility to chytridiomycosis and have the
ability to eliminate the fungus without treatment (Shaw et al. 2010; Ohmer 2011).
While these studies indicate that chytridiomycosis may not be the most serious
threat facing native frog populations, they highlight the need for further study into this
and other diseases or threatening factors that may be reducing frog populations in the
wild. Chytridiomycosis is not yet able to be treated in the wild, so management of this
threat has thus far involved the translocation of seventy Whareorino L. archeyi to
Pureora Forest to expand the range of this population (Bishop et al. 2009a; Sherley et
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al. 2010), implementation of rigorous protocols to minimise spreading disease
between populations (Bishop et al. 2009a) and the translocation of L. archeyi from
Whareorino into captivity (Shaw and Holzapfel 2008).

Predation
The decline in range and population size of all Leiopelma frogs has also been
attributed to the introduction of predatory mammals, especially rats (Rattus spp.)
(Worthy 1987). The first evidence of this was provided by Thurley and Bell (1994)
who observed tooth marks of rats on five dead L. archeyi found at Whareorino. This
study also observed the presence of L. archeyi hind legs in the stomach contents of
Litoria aurea, another novel observation of predation on L. archeyi and predicted that
L. aurea could have a significantly detrimental effect on this population. More recently,
Egeter et al. (2011) found that laboratory rats would eat only the soft tissue of Litoria
raniformis making stomach content and faecal pellet analysis redundant when
investigating predation on both introduced species and Leiopelma. The authors then
used genetic analysis of mammalian stomach contents to detect frog DNA, the results
of which indicate that wild pigs, hedgehogs and ship rats are preying upon species of
introduced frogs (Hylidae spp.) as well as on Leiopelma.
Leiopelma have some chemical defences against predation, a theory first
postulated by Green (1988) who hypothesised that the secretions from the cutaneous
glands in the heads of Leiopelma are avoided by rats. This has subsequently been
confirmed by Melzer et al. (2012) and explains why the heads of L. archeyi were able to
be recovered in Thurley and Bell’s study (Thurley and Bell 1994).
There are few studies on the natural predators of Leiopelma, but Newman
(1977) observed the bones of L. hamiltoni in the fresh droppings of tuatara (Sphenodon
punctatus) on Stephens Island and Najera Hillman et al. (2009a) have indicated that
both short-finned eels (Anguilla australis australis) and banded kokopu (Galaxias
fasciatus) may predate upon L. hochstetteri. Native birds may also act as predators, as
the nocturnal Kiwi (Apertyx spp.) have been observed to eat introduced Litoria aurea
(Kleinpaste 1990) and while Beauchamp (1996) suggests that weka (Gallirallus
australis) would not take Leiopelma archeyi or L. hochstetteri as a food source, this
hypothesis needs further examination.

21

1 General Introduction
The threats posed to Leiopelma through predation have so far been managed
through poisoning and trapping of mammals in many of the frogs’ habitats (Newman
1977; 1996; Haigh et al. 2007; Bishop et al. 2009a), the construction of tuatara proof
fences around the population of L. hamiltoni on Stephens Island (Brown 1994; Bishop
2005) and the transfer of frogs to predator free islands, predator proof Zealandia
Wildlife Sanctuary and to both Hamilton Zoo and Auckland Zoo (Bell 2008; Shaw and
Holzapfel 2008).

Small population size
All extant Leiopelma are threatened to varying degrees by small population size,
whether these are ESUs (Holyoake et al. 2001; Fouquet et al. 2010), or the entire
species’ population (Newman et al. 2010). Small populations can be placed at risk by
environmental and demographic stochasticity, inbreeding depression as well as
disease outbreaks, risks which are compounded by these frogs’ small home ranges and
low clutch size (Waldman and McKinnon 1993; Newman 1996; Berger et al. 1998;
Waldman and Tocher 1998).
The primary conservation strategy used to safe-guard Leiopelma species
against the threats intrinsic to small populations has been translocation (Bishop
2005). Historically, the most successful amphibian translocations have involved the
movement of over 1000 animals (Germano and Bishop 2009), but this is not feasible in
regards to the rarest Leiopelma because of their small population sizes.
Translocations of Leiopelma have varied in their success. The transfer of L.
pakeka to Boat Bay in Maud Island during 1984-85 (Bell et al. 2004c) can be
considered truly successful, as this population has an estimated overall survival rate of
0.97, has produced over 35 new recruits (Bell and Pledger 2010) and has been
monitored for 15-20 years; the period of time before the translocation success of a
long lived species can be effectively evaluated (Dodd and Seigel 1991; Seigel and Dodd
2002; Dewhurst and Bell 2004). Additionally, the translocation of 80 L. hamiltoni to
Nukuwaiata Island in 2004 (Bishop 2005) and again in 2006 has been deemed
successful in the short term, as new recruits have been found since 2006 (Bell et al.
2010b).
On the other hand, translocation failure was observed in the relocation of L.
hamiltoni to a second man-made habitat on Stephens Island in 1992 (Brown 1994) a
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move which was deemed unsuccessful due to lack of breeding and individuals
returning to their founder site (Bell et al. 2010b). Fortunately, advances in sex
identification for Leiopelma (Germano et al. 2011a) mean that future translocations
should have an increased chance of success due to the optimisation of sex-ratios in
founder groups. Because of the risks facing Leiopelma in the wild, it is vital that
successful breeding populations of each species, along with the rarest ESU’s are
developed in captivity.

1.4 The captive maintenance of Leiopelma
For many years, captive populations of Leiopelma were kept solely for scientific
research purposes (Turbott 1942; Stephenson and Stephenson 1957; Cameron 1974;
Cree 1986; Sharbel and Green 1992; Bell 2008). More recently, the acknowledgement
of risks facing in situ populations of the world’s most evolutionarily distinct and
endangered amphibians has led to a global push in developing ex situ programmes for
these species (Zippel et al. 2011), and thus captive populations of Leiopelma are now
held in both public institutions and universities (Bishop et al. 2009a).
Small populations of native New Zealand frogs have also been held privately in
outdoor enclosures by Dr. Ben Bell since 1972, with breeding success occurring for
each species held (Bell 1978; 1985b; c; Bell 2002). The institutions which currently
hold Leiopelma have gained immeasurable knowledge from Dr Bell’s experience, but
the health and breeding success of captive populations have been limited by a range of
factors which have caused death and disease (Shaw and Holzapfel 2008; Shaw et al.
2009; Shaw et al. 2012a; Shaw et al. 2012b).
Firstly, the abiotic parameters provided to Leiopelma in captivity have impacted
population health through quantifiably negative effects, such as mortality due to
thermal stress in L. hochstetteri (Shaw and Holzapfel 2008) and presumptively
negative effects, such as the development of metabolic bone disease in L. archeyi and L.
hochstetteri through inadequate provision of UV-B light and exposure to fluoride
(Shaw et al. 2009; Shaw et al. 2012a). These issues highlight the need to assess
whether enclosure designs match the native habitat of the species which they hold,
especially as the Native Frog Captive Husbandry Manual (Webster 2004) provides only
a basic guide to important abiotic parameters such as air temperature, UV-B light and
soil and water quality.

23

1 General Introduction
Another factor that is thought to have negatively impacted the health of captive
Leiopelma is their diet. Nutritional research on the invertebrate species that are
currently used to feed captive Leiopelma, alongside many other captive animals,
indicate that their diet is most likely to be deficient or imbalanced in regards to
calcium, phosphorus and vitamins A, E and D (Barker et al. 1998; Finke 2002; Finke
and Winn 2004; Kawata 2008; Antwis and Brown 2009; Burgess et al. 2009; Li et al.
2009; Zachariah and Mitchell 2009; Sim et al. 2010; Oonincx and Dierenfeld 2012;
Shaw et al. 2012b). This is especially true in regards to calcium and phosphorus
content, the deficiency and imbalance of which are implicated in the development of
metabolic bone disease in Leiopelma which has caused reduced mobility and mortality
in these populations (Shaw et al. 2009; Shaw et al. 2012a; Shaw et al. 2012b).
These nutritionally deficient diets may have also reduced the immunity, growth,
longevity and reproductive success of Leiopelma in ways that have not yet been
determined. The design of nutritionally appropriate captive diets for this genus has
been limited by the small sample sizes examined in previous studies on natural
Leiopelma diets (Turbott 1942; Stephenson and Stephenson 1957; Kane 1980; Eggers
1998; Ziegler 1999; Shaw et al. 2012b), meaning that information regarding dietary
requirements for different age classes within each species are lacking. Additionally,
there has been no examination of the nutritional value of invertebrates which
Leiopelma eat in the wild, so it is not yet possible to assess how the nutritional profile
of captive diets matches that eaten naturally (Shaw et al. 2012b).
Changes to captive husbandry techniques which are aimed at improving the
success of ex situ Leiopelma colonies need to be based on both assessment of failed
husbandry practices and on investigation into the natural history of each species. Such
research has recently been spearheaded by Stephanie Shaw and colleagues based at
Auckland Zoo (Shaw and Holzapfel 2008; Shaw et al. 2009; Shaw et al. 2010; Shaw et
al. 2011; Shaw et al. 2012a; Shaw et al. 2012b) and has resulted in changes to both the
diet and enclosures of L. archeyi at this facility. Similar research needs to be conducted
on the other three Leiopelma species to ensure the successful conservation of the
entire genus. For a summary of Leiopelma in captivity between 2005-8 see (Shaw and
Holzapfel 2008).
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Zealandia Wildlife Sanctuary
In 2006, sixty L. pakeka were released into Zealandia (formerly Karori) Wildlife
Sanctuary in Wellington. Thirty of the frogs were sourced from the University of
Canterbury and 30 from Maud Island. The sex of the frogs was approximated as far as
possible and groups of 30 frogs, both male and female, were released both inside and
outside mouse proof enclosures (Lukis and Bell 2007). Breeding success was first
recorded in 2009 for the frogs inside the enclosures, with the 11 of 13 surviving
froglets being released back into predator proof enclosures in 2008. Another audit in
March 2011 found 12 froglets and one new juvenile, indicating that breeding still
continues (Karori Sanctuary Trust 2011). As yet, no sightings have been made of the
30 frogs released outside the enclosures since early 2008.

Auckland Zoo
In 2005, sixty seven L. archeyi were transferred from the University of
Canterbury to an indoor captive breeding facility at Auckland Zoo (Potter and Norman
2006). An additional population of 16 frogs was transferred from Whareorino to this
facility in 2006, following the identification of chytrid as a serious threat to this
population (Shaw and Holzapfel 2008). Since the original transfers, Auckland Zoo have
lost more than half of their original L. archeyi populations to a range of factors;
including trauma, ophthalmic complications and rhabdomyolysis alongside infections
of fungal, mycobacteriological or bacterial origin (Shaw and Holzapfel 2008).
In 2008 it was identified that 21 of the 47 surviving L. archeyi at Auckland Zoo
were suffering from metabolic bone disease (MBD) and that many of the deaths since
2007 could be attributed to this disease, which was thought to have been brought on
by a combination of inadequate dietary calcium, lack of exposure to UV-B light and
exposure to fluoridated water (Shaw et al. 2009; Shaw et al. 2012a). In order to
mitigate the development of this disease, changes were made to the L. archeyi diet
which are reviewed by Shaw et al. (2012b), including the addition of the isopod P.
scaber, which was presumed to be calcium rich (Shaw et al. 2009; Shaw et al. 2012a;
Shaw et al. 2012b), however the nutrient content of the current L. archeyi diet has not
been chemically assessed and it is not known whether P. scaber provides a bioavailable source of calcium to Leiopelma.
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Breeding does occur in these frogs, as egg clutches were first discovered in the
frog enclosure in July and September of 2009, but the single hatched froglet was lost,
presumed eaten (Nelson 2010). In late 2010 the frogs were moved to outdoor
enclosures and there has since been a significant drop in mortality rate and a
significant increase in breeding success, with seven juveniles surviving from eggs
produced in December 2012 (Personal Communication Gibson 2012; Auckland Zoo
2013).

Hamilton Zoo
In 2006 Hamilton Zoo received forty five L. hochstetteri from the University of
Canterbury, which were moved into an outdoor captive breeding facility (Shaw and
Holzapfel 2008). As with L. archeyi at Auckland Zoo, the population of L. hochstetteri
has suffered significant mortality following their introduction to Hamilton Zoo, mostly
due to rhabdomyolysis and ophthalmic complications, as well as heat stress (Potter
and Norman 2006; Shaw and Holzapfel 2008).
There has been limited breeding success in this population. Egg strings were
produced in April 2009 and were found to be infertile (Beauchamp et al. 2010), but 40
eggs were found in March 2010 and although only 9 hatched, with none of the tadpoles
surviving to metamorphosis (Kudeweh et al. 2011), it shows promise for future
breeding success. The current population stands at approximately 20 frogs, 8 of which
are suffering metabolic bone disease, (Shaw and Holzapfel 2008; Kudeweh et al. 2011).
Neither the enclosures nor the diet have been changed in order to minimise the
development of metabolic bone disease, however the frogs receive topical treatments
of calcium and vitamin D and bone fractures appear to be healing (Kudeweh et al.
2011; Shaw et al. 2012a).

University of Otago
Otago University currently holds ten L. archeyi, which were sourced from
Whareorino (Bishop et al. 2009b), alongside 19 L. hochstetteri from Pukeamaru
(Ohmer 2012) and 24 L. pakeka from Maud Island (Shaw and Hozapfel 2008). The L.
archeyi are currently held in separate containers, while L. pakeka and L. hochstetteri
share group terraria.
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More than half of the L. archeyi currently suffer from metabolic bone disease
(Shaw et al. 2012a). To investigate the impact of UV-B on metabolic bone disease in
this species, half of the L. archeyi are exposed to the UV-B Boost method (300-400 μ
W/cm2 UV-B for 20 minutes a month). Select frogs are treated topically every 2 weeks
with calcium and Vitamin D3 (Shaw et al. 2012a).

1.5 The importance of maintaining Leiopelma in captivity
Being able to maintain healthy captive populations in public institutions such as
Auckland Zoo, Hamilton Zoo, the University of Otago and Zealandia Wildlife Sanctuary
is important as it enhances the ability to conserve these species against the threats of
disease, predation and the risks of small population sizes. It also increases the
potential for public advocacy and education about both native New Zealand frogs and
the threats which are facing amphibians worldwide (Altman 1998; Marcellini and
Murphy 1998; Bishop et al. 2009a; Zippel 2009; Browne et al. 2011; Conde et al. 2011;
Conway 2011).
Successful breeding programmes will also allow for research which will further
aid both the ex situ and in situ conservation of Leiopelma. This has already been
exemplified by the important information gathered from captive Leiopelma on
individual identification (Bradfield 2004), captive disease and mortality (Shaw and
Holzapfel 2008; Shaw et al. 2009; Shaw 2011; Shaw et al. 2011; Shaw et al. 2012a),
resistance to chytridiomycosis (Bishop et al. 2009b; Melzer and Bishop 2010; Shaw et
al. 2010; Ohmer 2011), morphology (Green 1988; Melzer et al. 2011), predation
(Melzer et al. 2012), sex determination (Sharbel and Green 1992; Green et al. 1993;
Green 1994; Germano et al. 2011a) and parasitism (Shaw et al. 2011).

1.6 Aims of the thesis
The most recent Native frog Recovery Plan (Bishop et al. 2009a) has set a goal
of forming captive breeding populations for each Leiopelma species being developed
by 2019. In the light of the mortality and limited breeding success in captive Leiopelma
(Shaw and Holzapfel 2008; Beauchamp et al. 2010; Kudeweh et al. 2011; Auckland Zoo
2013), this goal will only be achievable if further research is conducted on the dietary
and microhabitat requirements of each species within this genus.
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This thesis will aim to follow recent research into Leiopelma husbandry which
has improved the health and breeding success of L. archeyi at Auckland Zoo (Shaw et
al. 2009; Shaw et al. 2012a; Shaw et al. 2012b) and provide information which allows
captive institutions to assess, and if necessary improve, the diets and abiotic
environments provided to captive frogs. The scope of this thesis will focus mainly on L.
hochstetteri but will provide information relevant to all institutions holding Leiopelma.
The specific aims of this thesis are as follows.


Chapter 2: To conduct a comprehensive analysis of the diet of

wild L. hochstetteri found on the Coromandel Peninsula of the North Island, to
both improve natural history knowledge of the diet of all age-classes and to
provide information that will allow nutritional enhancement of captive
Leiopelma diets.


Chapter 3: To investigate the nutritional value of invertebrate

species commonly fed to Leiopelma in captivity compared to invertebrate
groups which are eaten in the wild. This will allow nutritionally valuable wild
prey to be identified and highlight any deficiencies that may cause health
problems such as metabolic bone disease.
To determine whether the addition of the isopod P. scaber to the
Leiopelma diet is an effective method of increasing calcium intake, the gut
passage rates of Leiopelma will be examined, which will be followed by a study
on the bioavailability of calcium in P. scaber to species in this genus. These
investigations will improve our understanding of ways in which captive diets
for Leiopelma may be nutritionally enhanced.


Chapter 4: To compare environmental parameters in the

microhabitats of wild Leiopelma to those found in captive institutions and to
investigate retreat site characteristics and age class associations in wild L.
hochstetteri. This information will allow assessment of the suitability of current
Leiopelma enclosure designs and population densities, so that environmental
stress is minimised and natural behaviour, especially breeding, is encouraged.
These aims are addressed separately in different chapters, with references
collated at the end of the thesis.
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2 The Natural Diet of Leiopelma hochstetteri
2.1 Introduction
The health, reproductive capability and lifespan of all animals are dependent on their
ability to obtain a nutritionally balanced diet (Allen and Ullrey 2004; Kawata 2008; Li
et al. 2009; Klaphake 2010; Browne et al. 2011). Being able to provide such a diet to
captive animals requires an understanding of their natural diet. There have been
several dietary studies conducted on Leiopelma but no examination of the nutritional
qualities of the prey on which they feed.
The first published examination of the diet of a New Zealand Leiopelmatid
found digested gastropod and an arthropod remains in the stomach of a recently killed
L. hochstetteri Turbott (1942). Stephenson and Stephenson (1957) examined the
stomach contents of an unspecified number of L. hochstetteri and report finding a
whole crayfish in one stomach and gastropod shells, small Odonata and Coleopterans
in others. This paper also acknowledged that Dr. E. B. Britton, of the British Museum of
Natural History had identified digested coleopteran parts in the stomach of a single L.
hochstetteri.
More recent studies have analysed the diets of all Leiopelma species (except L.
hamiltoni). In an unpublished Honour’s thesis, Kane (1980) examined 120 L. hamiltoni
(now L. pakeka), 35 L. archeyi and 24 L. hochstetteri faecal pellets, while Karen Eggers’s
Master’s thesis (1998) examined the stomachs of 8 unidentified (L. hochstetteri or L.
archeyi) Leiopelma in Whareorino forest. The subsequent Master’s thesis of Ziegler
(1999) also contains both a short term and 6 month faecal pellet analysis of the diet of
L. hochstetteri in the Waitakere ranges, with the short term study analysing 22 faecal
pellets and the long term study analysing 26 faecal pellets.
The most recent investigation into the diet of Leiopelma was conducted by
Shaw et al. (2012b) and like Eggers (1998) identifies the stomach and rectal contents
of frogs accidentally killed in pitfall traps. Shaw et al. (2012b) examined 16 L. archeyi
collected from the Moehau range in Coromandel and 9 L. hochstetteri collected from
pitfall traps in the Hunua ranges, Moehau ranges and on Mount Maungatautiri.
Each of the studies previously mentioned are limited by both the number of
pellets or individual stomachs examined and by the range of frog age classes assessed,
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especially in relation to L. archeyi and L. hochstetteri. An in depth knowledge of the
natural diets of each Leiopelma species is therefore required, as deficiencies or
imbalances in the nutritional makeup of the current captive Leiopelma diet, such as a
lack of calcium, are likely to have contributed to the metabolic bone disease that is now
prevalent in captive L. archeyi and L. hochstetteri populations, as well as to other
disease and mortality events (Shaw and Holzapfel 2008; Shaw et al. 2009; Shaw et al.
2012a; Shaw et al. 2012b).
To be able to provide a nutritionally balanced diet for Leiopelma we must first
understand the components of the natural diet of Leiopelma, so that the captive diet
can then be altered to mimic its nutritional profile. Accordingly, this study thus aims to
increase our understanding of which invertebrates wild L. hochstetteri at Tapu (the
source population of L. hochstetteri at Hamilton Zoo), are eating. Based on the results
of this study, Chapter 3 will examine the ways in which the diet of captive Leiopelma
may be enhanced.

2.2 Aims of study


To conduct an in depth examination, via through faecal pellet analysis, of

the invertebrate orders which compose the natural diet of L. hochstetteri. The
results of this study will inform institutions on which invertebrates should be
fed to captive Leiopelma and provide a basis for nutritional studies aimed at
improving captive nutrition in this genus which will occur in Chapter 3.


To compare the composition of the wild diet of L. hochstetteri to the

potential diet of active invertebrates within the frogs’ habitat, as caught in
pitfall traps, which will provide information on prey selection.


To examine diet composition between different age classes. This will

inform captive institutions on whether different invertebrates should be fed to
frogs of different ages, especially juvenile L. hochstetteri, the diets of which have
been poorly assessed in previous studies.


To compare the diet of frogs examined in this study to the diet of L.

hochstetteri examined by others, to determine any differences in the diet
between different geographic locations or sampling methods.
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The results of this study will inform captive institutions on the variety of
invertebrates that should be fed to both L. hochstetteri and other Leiopelma species,
which should improve the health and reproductive success of captive populations.

2.3 Methods
Study site
The Leiopelma habitat investigated in this study consisted of eight separate
small streams, between coastal Tapu and Tapu ridge in the Coromandel range,
adjacent to the Tapu-Coroglen road. All sites were between 200- 580 metres above sea
level. Before entering these areas, boots, clothing and equipment were sterilised using
Virkon© solution, to prevent the spread of pathogens such as the chytrid fungus
(Batrachochytridium dendrobatidis), as required by the Department of Conservation.
This study was carried out with permission of Te Runanga A Iwi O Ngāti Tamatera, the
Department of Conservation and the University of Otago Animal Ethics Committee.

Frog capture and collection of faecal pellets
Daytime searches for L. hochstetteri were conducted between 8 am and 5 pm in
April, May, October and November of 2010. Sites 1 to 8 were streams which were
found to contain frogs during the first search period in April. Sites 1, 2 and 3 were
streams that had adequate searching lengths of greater than 60 metres while sites 4-8
were small rivulets, seeps or culverts. L. archeyi were observed at Site 1, 3 and 6
during the daytime searches.
In the searches conducted in May, October and November, only sites 1, 2 and 3
were searched as these were found to have the greatest frog abundance during the
April search period. Searches were conducted in accordance with previous monitoring
studies conducted on L. hochstetteri (Crossland et al. 2005; Baber et al. 2006). All
possible refuge sites for this species (underneath rocks or logs, in leaf litter or in
crevices or cracks in embankments) were searched, both on the exposed stream bed
and in the surrounding stream banks.
Frogs were caught by hand (Nitrile gloves were worn and replaced between
frogs), placed in separate individually numbered bags and a numbered marker was
placed at the exact location which the frog was found. The snout-vent length of each
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frog was measured to the nearest tenth of a millimetre using precision electronic
callipers (Vernier, INSIZE). Frog weights were measured to the nearest tenth of a gram
using a hand held electronic balance (OHAUS model 1111120D) and frogs were
grouped into age classes following the classifications of Zeigler (1999) (Table 2.1).
Frogs were placed in individual plastic containers (10 x 11 cm, 680 mL) with
perforated lids, which all contained two paper towels moistened with water from the
stream where they were caught. All frogs were kept for 24 hours in the plastic
containers, and were checked every six hours for faecal pellet production. The
moistened paper towels were replaced during each check. Frogs were released after
24 hours to the exact location from which they were caught. Faecal pellets were placed
individually in 15 mL Falcon conical tubes containing 70 % ethanol.
As the streams were searched longitudinally, no frogs were caught more than
once on consecutive days as each day’s search was conducted while the frogs caught
the previous day were still in their containers. Searches were made over 5 consecutive
days in April, 3 consecutive days in May, 2 consecutive days in October and 3
consecutive days in November. While no frog was caught more than once in one
month, it is possible that some frogs were caught more than once over the entire year.
Table 2.1 Age classes of L. hochstetteri based on snout- vent length (SVL)
Age Class

snout-vent length

Juvenile

< 20 mm

Sub-adult

20-35 mm

Adult (male or female)

35-38 mm

Adult female

> 38 mm

Invertebrate collection from pitfall traps
Six pitfall traps were installed directly alongside the stream at Site 2. This
number was the maximum allowed by the Department of Conservation, given the risks
of accidentally catching Leiopelma. Three traps were installed perpendicular to the
stream, 50 cm away from the stream edge and 2 m apart. Another three were installed
3 m away from the stream edge, 2 m apart. The traps consisted of a plastic container
(10 x 11 cm, 680 mL) covered with plastic mesh (Orlirete M 5 mm X 7 mm by Polynet
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Products, Christchurch), to help prevent accidental capture of Leiopelma, and sunk
flush with ground level. Traps were filled to a depth of approximately 3 cm with a 10
% Formalin solution. The pitfall traps were open for a total of 11 days during April and
May 2010 and a total of 10 days during October and November 2010. Traps were
checked daily to make sure no Leiopelma had been caught.

Invertebrate identification
Invertebrates from the pitfall traps and faecal pellets were sorted in the
laboratory and identified to order and family level if possible, under a dissecting
microscope (500 x magnification). As many invertebrates were highly digested and
found as fragments, individuals were counted by grouping body parts from identifiable
groups of similar size and colouration.

Statistical analysis
To determine differences between invertebrate composition between faecal
pellets and pitfall traps, a Chi-square analysis was performed in R (R Development
Core Team 2012)

Designing a diet for captive juvenile Leiopelma hochstetteri
A diet for captive juvenile L. hochstetteri was designed following the methods of
Shaw et al. (2012b). The total number of each invertebrate group eaten by juvenile L.
hochstetteri based on the invertebrates found in the faecal pellets was divided by the
number of frogs that had eaten that invertebrate and a table on numbers and type of
invertebrates to feed juvenile frogs was developed.

2.4 Results
Capture and faecal pellet production
From the eight sites studied in this investigation, 400 frogs in total were caught
(Table 2.2). Sub-adults were the age class which was caught most frequently, followed
by juveniles, adults and then adult females. Few of the frogs that were caught
defecated, with 20.95 % of juveniles, 18.18 % of sub-adults, 7.69 % of adults and 0 %
of adult females producing faecal pellets (Table 2.2).
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Table 2.2 Number of L. hochstetteri caught and faecal pellets produced by age class and
month
Juvenile

Sub-Adult

Adult

Adult Female

Total
caught

Total #
pellets

#
Frogs

#
Pellets

#
Frogs

#
Pellets

#
Frogs

#
Pellets

#
Frogs

#
Pellets

Apr

18

7

59

13

9

1

4

0

90

21

May

41

10

52

18

5

0

9

0

107

28

Oct

23

7

39

5

6

0

6

0

74

12

Nov

61

7

60

4

6

1

2

0

129

12

Total

148

31

220

40

26

2

21

0

400

73

Comparisons between invertebrate composition in the faecal pellets
and pitfall traps
There was a significant difference between the frequency of invertebrate
groups found in the faecal pellets compared to those found in the pitfall traps (χ2 =
3058.62, df = 167, P < 0.001). The majority of invertebrate groups identified in the
pitfall traps were observed in the faecal pellets and vice versa (Figure 2.1).
Hymenoptera (ants), Coleoptera (beetles), Acari (mites), and Araneae (spiders)
had the highest percentage frequencies in the faecal samples over the entire sampling
period (19.17 %:17.78 %:14.17 %:5.83 respectively) (Figure 2.1). These orders made
up 5.52 %:10.48 %:7.05 %:4.38 % (respectively) of the total number of invertebrates
caught in the pitfall traps. The most commonly found invertebrates in the pitfall traps
were Collembola (40.76 %) followed by Coleoptera (10.48 %), Diptera (10.29 %) and
Amphipoda (7.81 %) (Figure 2.1).
When broken down into monthly sampling periods, variation in the frequency
of invertebrate groups observed differed both within the autumnal (April/May) and
spring (October/November) months as well as between them, in both the faecal pellets
(Figure 2.2) and the pitfall traps (Figure 2.3). The monthly variation of invertebrate
frequencies observed in the faecal pellets (Figure 2.2) did not reflect those observed in
the pitfall traps (Figure 2.3). For example, the frequency of Diptera caught in the pitfall
traps (Figure 2.3) increased in May to more than double the frequency observed in any
other month, but their frequency in the faecal pellets was lower than the pitfall traps
for every month except November (Figure 2.2).
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Figure 2.1 Percentage frequency of the invertebrate groups found in 73 L. hochstetteri
faecal pellets (months and age classes combined) (n=360) and 6 pitfall traps (months
combined) (n = 523)
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Figure 2.2 Frequency of invertebrate groups identified in 73 L. hochstetteri faecal pellets
by month (age classes combined)
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Figure 2.3 Frequency of invertebrate groups identified in 6 pitfall traps by month (n =
532)
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Age class and diet composition
When the faecal pellets were categorised by age class, the diet of juveniles and
sub-adults were found to contain a greater variety of invertebrate groups than adults
(Figure 2.4). Adult faecal pellets contained 7 invertebrate groups, as opposed to 22 in
the sub-adult diet and 21 in the juvenile diet. Coleoptera was the only group found in
each age class at a similar frequency (adult 21.43 %, sub-adult 18.36 %, juvenile 17.42
%) (Figure 2.4).
The sub-adult diet contained 19 groups which had a percentage frequency of 1
% or higher and was unique in containing Tipulidae (0.28 %), Pselognatha (0.48 %),
Oligochaeta (0.97 %) and Chironomidae (0.48 %) (Figure 2.4). The juvenile diet
contained 17 groups of 1 % or higher and was unique in containing Heteroptera (2.27
%), Dermaptera (0.76 %) and Chelonethi (1.52 %) (Figure 2.4). All of the 7 groups
found in the adult diet made up 7.1 % or more of the overall diet, with Symphyla (7.14
%) being the only group unique to this age class (Figure 2.4).

Diet composition of Leiopelma found in other studies
The L. hochstetteri diet in the present study was found to be more diverse than
both the Leiopelmatid diet examined by Eggers (1998) and the L. hochstetteri diet
examined by Shaw et al. (2012b); containing 16 groups that were observed in neither
of these studies. All of the invertebrate groups found in the stomachs and rectums of
Leiopelmatids examined by Eggers (1998)(Figure 2.5) were observed in this study
(Figure 2.1) while Geophilomorpha and Blattaria were the only groups that were
unique to the diet of L. hochstetteri examined by Shaw et al. (2012b) (Figure 2.5).
Most of the groups that were common to each of the three diets varied quite
widely in the frequency at which they were found in each study. The present study
contained higher percentage frequencies of Coleoptera and Hymenoptera (Figure 2.1)
than found by Shaw et al. (2012b) or Eggers (1998) (Figure 2.5), while Eggers’s (1998)
Leiopelmatid diet contained a higher percentage frequency of Acari, Amphipoda and
Larvae (Figure 2.5) than both the present study (Figure 2.1) and that of Shaw et al.
(2012b) (Figure 2.5). The L. hochstetteri diet examined by Shaw et al. (2012b)
contained a much higher percentage frequency of Amphipoda and Isopoda than both
the L. hochstetteri diet of the present study (Figure 2.1) and the Leiopelmatid diet
examined by Eggers (1998) (Figure 2.5). Araneae is the only invertebrate group for
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which the percentage frequencies in both the diet examined by Shaw et al. (Shaw et al.
2012b) and Eggers (1998)(Figure 2.5) are similar to each age class examined in the
present study (Figure 2.4).
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Figure 2.4 Combined monthly percentage frequencies of invertebrate groups found in
31 Juvenile (n = 207), 40 Sub-adult (n = 132) and 2 Adult (n = 14) L. hochstetteri faecal
pellets
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Figure 2.5 Percentage Frequencies of groups identified from the stomach and rectal
contents of 9 L. hochstetteri (n =16) (modified from Shaw et al. (2012b) and 8
Leiopelmatids (n = 17) (modified from Eggers 1998)
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Designing a diet for captive juvenile Leiopelma hochstetteri
Following the method of Shaw et al. (2012b), Table 2.3 indicates both the range of
invertebrate groups that should be fed weekly to each frog, and the number of
individuals that should be fed out. This ranges from 0.70 Pseudoscorpionida to 2.20
larvae per week.
Table 2.3 Feeding regime for captive juvenile Leiopelma hochstetteri (based on the
methods of Shaw et al. (2012)
Invertebrate
Group

Number per week

Invertebrate Group

Number per week

Acari

1.40

Heteroptera

1.50

Amphipoda

1.00

Hymenoptera

1.10

Araneae

1.00

Isopoda

1.70

Coleoptera

1.80

Larvae

2.20

Collembola

1.00

Lepidoptera

1.00

Detmaptera

1.00

Nematoda

1.00

Diplopoda

1.00

Opiliones

1.00

Diptera

1.00

Orthoptera

1.50

Ephemeroptera

1.00

Pseudoscorpione

0.70

Hemiptera

1.00

Stylommatophora

1.00

2.5 Discussion.
Capture and faecal pellet collection.
As L. hochstetteri are a threatened species, examination of the diet through
further dissection and stomach and rectal content analysis was impossible. Because of
this, and because the risks of stomach flushing, which may have allowed more accurate
invertebrate identification than faecal pellet analysis (Sole et al. 2005), were
considered to be too great, it was decided that the diet would be examined using faecal
pellet analysis with the aim of collecting greater numbers of faecal pellets than
previous studies (Kane 1980; Ziegler 1999). Accordingly, with a total of 73 faecal
pellets collected, this study examined a larger number of faecal pellets from L.
hochstetteri than any previous study. It also identified a total of 26 different
invertebrate groups within the diet of L. hochstetteri, all age classes combined, which is
greater than any previous study on this species, with Eggers (1998) and Shaw et al.
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(2012b) identifying 12 groups in their stomach and rectal content analyses and Ziegler
(1999) identifying 11 groups in both short term (2 month) and long term (6 month)
faecal pellet studies.
It is probable that the low rates of faecal pellet production seen in this study
and reported by Ziegler (1999) are due to the time that the frogs were kept in the
containers. When low numbers of faecal pellets were collected in this study during the
first trip in April, permission was given by DOC to capture more frogs, rather than to
extend the holding time, as there was concern over the welfare of the frogs if they were
held for longer periods. The study on gut-retention time in Leiopelma (Chapter 3,
Investigation 2) found that adult L. hochstetteri take an average of 5-15 days to pass an
ingested item. In light of this result, and as none of the frogs in this study showed any
signs of agitation during the 24 hours in captivity, it is recommended that future
studies capture fewer frogs and extend the holding time for as long as possible,
preferably up to 3 days, with checks and water replacement every 8 hours, alongside
constant temperature monitoring.
A three day holding period would both increase the likelihood of faecal pellet
collection to at least a 60 % for juveniles and sub-adults (based on production rates in
Table 2.2) and decrease the disturbance to both the frogs and their habitat. It is also
recommended that researchers handling wild Leiopelma for research studies,
translocations or collection for captive breeding programmes try to curate a database
of invertebrates found in faecal pellets collected from captured frogs so that dietary
information can be gained without additional disturbance to wild populations.
The cause of the reduction in faecal pellet production between the April and
May sampling compared to the October and November sampling is not clear. It is
unlikely to be related to limited prey availability as invertebrate abundance did not
drop in October and November for the majority of invertebrate groups caught in the
pitfall traps. When temperature is considered, the reduction is especially intriguing as
an increase in ambient temperature often decreases gut-retention time in ectotherms
(Freed 1980; Jiang and Claussen 1993; Babbit 2003; McConnachie and Alexander
2004). Thus, more faecal pellets may be expected in warmer months (see Chapter 4
Figures 4.1 and 4.2 for ambient water and air temperatures during this study).
Additionally, while the relationship between stress and faecal pellet output in
amphibians has not yet been examined, a positive correlation between these factors
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has been noted in rats (Barone et al. 1990; Martínez et al. 2004), so increased searcher
experience in the October and November sampling periods may have reduced handling
stress, and thus faecal pellet production, in Leiopelma hochstetteri.

Comparisons between the potential and actual diet
Following the methods of Eggers (1998) and Ziegler (1999) pitfall traps were
used compare the actual diet of L. hochstetteri to the ‘potential’ diet of invertebrate
groups that were present in the area. This method was considered to be the most
appropriate as pitfall traps primarily catch surface-active invertebrates (Melbourne
1999) and as L. hochstetteri employ a ‘sit-and-wait’ (Robb 1986; Eggers 1998)
strategy, the invertebrates available to L. hochstetteri could also be caught in the pitfall
traps. This study found a significant difference between the potential and actual diet of
L. hochstetteri which matches the findings of both Ziegler (1999) and Eggers (1998).
It is important to recognise that the comparison between ‘potential’ and actual
diet in this study is limited by many factors. In the first instance the method of pitfall
trapping carries with it inherent sample bias. The habitat structure (Ward et al. 2001),
shape (Abensperg-Traun and Steven 1995), spacing (Ward et al. 2001) and catchduration of the pitfall traps will have affected the invertebrates caught in this study.
Bias will also have been introduced as the Department of Conservation allowed a
maximum of 6 traps and required that the pitfall traps were covered in mesh to
prevent the accidental capture of frogs seen in previous studies (Eggers 1998; Shaw et
al. 2012b). This means that invertebrates that may usually have been caught in the
traps may have escaped capture by walking across the mesh, or were missed due to
the limited number of traps.
Differences seen in between invertebrate composition in the diet and in the
pitfall traps may also be due to a difference in emergence behaviours between
invertebrates and L. hochstetteri, as nocturnally emerging invertebrates would be
more likely to be consumed than those emerging during the day, since L. hochstetteri
are considered to be primarily nocturnal feeders (Bell 2010). Following the methods of
Eggers (1998) and Ziegler (1999) the pitfall traps in this study were kept open for 24
hours a day, but future studies could open pitfall traps only during the night, so that
only invertebrates most likely to be eaten by Leiopelma were caught. Faecal pellets
may also have differed in invertebrate composition to the pitfall traps due to higher
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levels of digestion occurring in softer bodied invertebrates than in those with
sclerotized parts, making them harder to identify in the faecal pellets than in the pitfall
traps. This may explain why soft bodied Collembolans are found in much higher
frequency in the pitfall traps than in the faecal pellets.
Sample biases such as these means that we cannot determine the cause of the
significant difference between the actual and potential diet, but it is important that the
nutritional qualities of invertebrates found in the faecal pellets are examined as it is
possible that frogs are choosing prey based on nutritional contents such as calcium.
This behaviour has been observed in wild birds (Graveland et al. 1994; Graveland
1996; Brenninkmeijer et al. 1997; Graveland and Berends 1997), poultry (Wood-Gush
and Kare 1966; Hughes and Wood-Gush 1971) and rats (Widmark 1944; Woodside
and Millelire 1987). As we know that the nutritional value of invertebrates fed to
captive Leiopelma may have led to the formation of metabolic bone disease in captive
populations (Shaw et al. 2009; Shaw et al. 2012a; Shaw et al. 2012b) such examination
may provide information on ways to improve the captive diet provided to captive
frogs, so will be undertaken in Chapter 3.
Both the faecal pellets and the pitfall traps showed seasonal variation in
invertebrate frequency, but correlation was not always present between the two. This
may be because of the sample biases mentioned previously or because the number of
faecal pellets collected was not equally distributed between collection months. This
lack of correlation was also found by Ziegler (1999) in a six month study of
invertebrate composition in L. hochstetteri faecal pellets and pitfall traps. Captive diets
designed for L. hochstetteri should therefore aim to mimic seasonal variation by
including the invertebrates observed to have different seasonal peaks in the natural
diet, such as Hymenoptera.

Comparison to other dietary studies
The diets examined by Shaw et al (2012b) and Eggers (1998) were based on
much smaller sample sizes, which should be considered when comparing these
studies. Differences in methodology may have also caused differences in invertebrate
diversity between Eggers (1998), Shaw et al (2012b) and the present study, as
stomach and rectal analysis used by Shaw et al (2012b) and Eggers (1998) may have
allowed for more accurate identification of softer bodied invertebrates such as
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Isopoda, Amphipoda and Collembola as these groups may have been less thoroughly
digested in the stomach and rectum than in the faecal pellets which were analysed in
this study.
Juveniles and sub-adults produced the majority of faecal pellets examined in
this study, so differences between the present study and those shown in Figure 2.5
may also be due to differences in age class. Shaw et al (2012b) was not able to examine
any juvenile frogs, investigating the stomach contents of 5 adult and 4 sub-adult L.
hochstetteri. Similarly, no sub-adults were caught by Eggers (1998), who was only able
to examine the stomach contents for 6 juvenile and 2 adult Leiopelmatids.
Some of the differences observed between dietary studies may also be due to
geographic differences in abundance of invertebrate groups or sampling period as
invertebrate frequency in the L. hochstetteri diet has been shown to vary between
months (Ziegler 1999) and even though frogs/pellets may have been collected in the
same month, climate changes could cause differences in invertebrate abundances. As
exact capture months are not stated for frogs examined by Eggers (1998) which were
caught between August 1996 and July 1997 and frogs studied by Shaw et al (2012b)
were caught anywhere between 2002 and 2008, any seasonal differences cannot be
elucidated.

Diet differentiation between age class
The diet analysis of this study was limited by the number of faecal pellets
collected from adult (male or female) and adult female frogs. Frogs caught for faecal
pellet collection were mostly classified as sub-adults followed by juveniles, adults and
adult females. A skew in age classes also affected the dietary studies of Ziegler (1999)
Shaw et al. (2012b) and Eggers (1998), though these studies had fewer dietary
samples than the present study.
More than twice the number of faecal pellets were collected from sub-adults
and juveniles than from adults, and adult females produced no faecal pellets. The
reason for the lower percentage rate of faecal pellets produced by adults than the
smaller age classes is not known, however as only adults were examined in the gutretention study (Chapter 3, Investigation 2) it is possible that smaller frogs have lower
gut-retention times than larger frogs. Research into gut-retention time in different age
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classes of Leiopelma would make faecal pellet studies more efficient through informing
ideal holding times for each age class.
As may be expected from the number of faecal pellets collected, the overall diet
of juveniles and sub-adults were found to be more diverse than that of adults, although
the adult diet was unique in containing Symphyla. It is possible that the low number of
adults caught in this study was due to this age class being naturally uncommon in
these streams, but as L. hochstetteri are not a highly fecund species (Bell 1978), the
presence of large numbers of juveniles and sub-adults suggests that more adults of
breeding age must be present than were caught in this study. The inability to capture
adults may be due to their retreat sites being more common outside of the areas
searched, or under rocks which were large and too heavy to lift. In order to find out
more about the diet of adult frogs, future studies could focus solely on the capture of
these individuals, but this would increase the chance of accidentally injuring juveniles
and sub-adults by moving rocks and walking in the areas in which they were present
but not collected.
Although the examination of the adult diet was limited in this study, there did
not seem to be any ontogenic change in the diet between L. hochstetteri age classes,
with similar proportions of each invertebrate group being present in the diet of each
class and only one invertebrate group being unique to adults, three to juveniles and
four to sub-adults. This similarity in diet between age classes reflects the findings of
Ziegler’s (1999) examination of adult and sub-adult L. hochstetteri diets, but contrasts
with the finding of Eggers (1998).
Eggers (1998) postulated that diet differentiation between juveniles and adult
Leiopelmatid frogs could be explained by tooth development, as juveniles ate smaller,
softer bodied invertebrates than adults. The alternative theory that Eggers (1998) put
forward to explain such differences was that the vegetative retreat sites primarily
utilised by juveniles and the rocks and logs utilised by adult frogs may have been
colonised by different invertebrates. As Eggers’ (1998) study only examined 8 frogs in
total, these differences may also have been due to variation in individual consumption
rather than ontogenic dietary preference. The present study found that while more
juveniles and sub-adults inhabited vegetative retreat sites (Chapter 4), the majority of
all frogs were found under rocks, which may explain the similarity in diet composition
between age groups.
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Designing a diet for captive juvenile Leiopelma hochstetteri
The design of captive diets for adults and sub adults stomach L. hochstetteri and
L. archeyi by Shaw et al. (2012b) was limited by a lack of juvenile specimens. This
study examined 31 juvenile L. hochstetteri faecal pellets, far more than previous
dietary study to date (Kane 1980; Eggers 1998; Ziegler 1999; Shaw et al. 2012b) so can
be used to develop a comprehensive captive diet which is also relevant to juvenile as
well as sub-adult and adult L. hochstetteri.
Because of the greater diversity of invertebrates observed in the juvenile L.
hochstetteri diet, applying the method used by Shaw et al. (2012b) to design a weekly
diet results in a recommendation of feeding at least 0.70 individual invertebrates from
21 groups to the frogs each week. This would be difficult to achieve in terms of
sourcing invertebrates and would lead to overfeeding, which can cause obesity and
other nutritional issues (Wright and Whitaker 2001).
It is therefore advised that not all groups observed in the juvenile diet should be
fed out each week. Instead, captive frogs should be fed a range of these groups, which
should vary between weeks, based on seasonal variation. As each juvenile faecal pellet
examined contained an average of 4.25 (± 2.26) individual invertebrates and the gut
retention time of adult L. hochstetteri is approximately 5-7 days (Chapter 3) it would
be advisable to feed out one individual from between 4 and 6 of the invertebrate
groups, each week. This advice is supported by Eggers’s (1998) finding that
Leiopelmatid frogs ate 5 groups each on average (range 2-8). As the range of
invertebrate groups observed to compose the diet of Leiopelma species are quite
similar, if differing proportionally in composition (Kane 1980; Eggers 1998; Ziegler
1999; Shaw et al. 2012b) the diet described in Table 2.3 and those composed by Shaw
et al. (2012b) should also provide adequate nutritional support for Leiopelma pakeka
and Leiopelma hamiltoni in captivity.
This study has given novel information on the invertebrate groups which make
up the diet of wild L. hochstetteri. Now that the invertebrate composition of the wild
diet is more thoroughly understood, it is necessary to compare the nutritional content
of invertebrate groups that make up the natural diet of Leiopelma to those which they
are fed in captivity. This will allow captive diets to be created with nutritional profiles
that match that which is eaten by this genus in the wild. This will be undertaken in the
following chapter.
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3 Improving the Diets of Captive Leiopelma
3.1 Introduction
Diet and disease
The problems involved with providing a nutritionally complete diet for
captive animals have long been recognised (Barboza 2009; Klaphake 2010; King et
al. 2011). Nearly all species have a range of nutritional disorders that can manifest
in captivity, due to a dietary deficiency of vitamins, minerals, fatty acids or proteins
that would be consumed in their natural diet (Allen and Oftedal 1989; Allen 1997;
Donoghue 1998; Allen and Ullrey 2004).
This is especially true for species which feed on live prey, as exactly
replicating a natural diet which would be made up of many different prey species
is complicated and impractical (Kawata 2008; King et al. 2011). Additionally, for
many amphibians and reptiles, the nutritional makeup of the prey species which
they naturally feed upon is unknown, although the actual species composition may
be well understood (Barker et al. 1998; Hadfield et al. 2006; Hazard et al. 2009;
King et al. 2011). As such, the nutritional requirements of many taxa require
further investigation, especially the diets of amphibians, as nutritional deficiencies
that lead to disease are very common within this group (Klaphake 2010).
The most common nutrient related disorders in amphibians are related to
dehydration, calorie and fatty acid deficits (such as hypovitaminosis A) and
metabolic bone disease (MBD). MBD has proven to be an issue in captivity for
many captive amphibians such as the great barred frog (Mixophyes fasciolatus)
(Young 2003) and the mountain chicken frog (Leptodactyllus fallax) (King et al.
2011). It also affects a significant proportion of L. archeyi and L. hochstetteri in
captivity (Shaw et al. 2009; Shaw et al. 2012a).

Metabolic bone disease
Metabolic bone disease is a term used to describe the outcome of many
different processes that lead to the disruption of calcium homeostasis (Wright and
Whitaker 2001). As vertebrates, amphibians require calcium for the formation of
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bones, muscle contraction, enzyme regulation, the stabilisation of cell membranes
and many other physiological processes (Stiffler 1993). If calcium homeostasis is
disrupted it can lead to poor bone mineralisation during development, or to the
depletion of calcium stores in adequately formed bones. This can lead to stunted
growth, broken or bowed bones, as well as limb paralysis and tetany (Wright and
Whitaker 2001; Densmore and Green 2007; Verschooren et al. 2011).
The most common causes of MBD in captive amphibians stem from an
imbalance in calcium, phosphorus, or vitamin D3 (Densmore and Green 2007). The
development and maintenance of adequately mineralised bones requires a diet
composed of at least 1 % calcium, which also has calcium to phosphorus ratio of at
least 1:1 but ideally 1.5:1 or 2:1 (Donoghue 1998; Wright and Whitaker 2001;
Hadfield et al. 2006). However, even if the calcium content and Ca:P ratio of a diet
are adequate for proper bone formation, this will not occur if there is a paucity of
vitamin D3 in the system.
Vitamin D3 is a secosteroid, which can either be consumed in the diet, or
formed in the skin following exposure to UV-B light (Holick 2003; DeLuca 2004;
Feldman and Malloy 2004; Webb 2006; Antwis and Brown 2009; Klaphake 2010;
Bikle 2011). It is vital for calcium metabolism as it is the precursor to calcitriol
(Holick 2003), a hormone which preferentially directs calcium absorption from the
intestines, rather than from bone tissue, during times of calcium deficiency
(Bentley 1984; Antwis and Brown 2009). Calcitriol also controls the deposition of
calcium ions in the bone matrix and works in synergy with the parathyroid
hormone, which controls the mobilisation of calcium ions from the bone matrix
and the formation of vitamin D3 to calcitriol (Antwis and Brown 2009).
A lack of either dietary vitamin D3 or UV-B light can cause MBD as calcitriol
cannot direct uptake of calcium from the intestines or deposition of calcium into
the bones; which become increasingly brittle and weak as calcium is mobilised to
allow continuing cellular function, but is not replaced (Klaphake 2010). For
comprehensive reviews of calcium homeostasis and metabolic bone disease in
amphibians, see Antwis and Browne (2009) and Klaphake (2010).
Due to its complex nature, calcium homeostasis is often poorly understood
in many amphibian species (Antwis and Brown 2009), which often develop MBD in
captivity due to a combination of the previously mentioned factors (King et al.
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2011). To alleviate and prevent MBD in a captive species it is necessary to first
understand, then reduce or remove the factors leading to its development, by
improving captive husbandry techniques.

Metabolic bone disease in Leiopelma
The most recent assessment of metabolic bone disease in captive Leiopelma
was conducted by Shaw et al. (2012a) and found that 67 % of L. archeyi at Otago
University, 47 % of L. archeyi at Auckland Zoo and 37 % of L. hochstetteri at
Hamilton Zoo had developed the disease. Their examination of 29 wild L. archeyi
and 12 wild L. hochstetteri found no skeletal abnormalities, indicating that MBD
does not occur naturally in wild Leiopelma. The authors concluded that the
primary cause of MBD in these species in captivity was osteofluorosis, in which
fluoride ions accumulate in the body and replace ions which form an important
part of the bone matrix, thereby impairing its structure (Shupe et al. 1964). Shaw
et al. (2012a) also concluded that the development of osteofluorosis may have
been exacerbated by a deficiency in dietary calcium and vitamin D3, a calcium to
phosphorus ratio of less than 1:1 and a lack of UV-B light.
The multifactorial nature of MBD in these species highlights the need to
improve many aspects of the captive husbandry for all Leiopelma. Some
improvements, such as moving L. archeyi at Auckland Zoo to outdoor enclosures to
allow natural UV-B exposure, have already been implemented and many are
reviewed by Shaw et al. (2012a). As the broken and bowed bones, limb paralysis
and tetany caused by MBD significantly reduce the fitness and longevity of
Leiopelma, which are exceptionally long lived (Bell 2010), this disease therefore
reduces the ability to create self-sustaining breeding populations in captivity.
Accordingly, it is necessary to ensure that all dietary and environmental factors
that may cause this disease are removed as far as practicable for all captive
Leiopelma.
As the invertebrate species fed to Leiopelma at the University of Otago and
Hamilton Zoo are not nutritionally supplemented in any way, it is likely, based on
the results of Shaw et al. (2012a) that the diets of captive frogs held in these
institutions have calcium contents of less than 1 % and a negative calcium to
phosphorus ratio, which may have contributed to the development of MBD in these
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populations (Finke 2002; Antwis and Brown 2009; Shaw et al. 2012a; Shaw et al.
2012b). Additionally, because these diets contain invertebrates that are known to
be deficient in other essential vitamins and fatty acids (Allen 1997; Barker et al.
1998; Donoghue 1998; Finke and Winn 2004; Hadfield et al. 2006) they could have
reduced the immunity, growth and reproductive success of Leiopelma in captive
institutions in ways that are not yet understood.
For instance, vitamin A deficiency in amphibians is known to cause lowered
immune function, defects in vision and epithelial tissue, reproductive failure and
decreased growth (Densmore and Green 2007). Some reported symptoms of
hypovitaminosis A include eye lesions (Wright 2005), as well as listlessness,
weight loss and an inability to capture prey with the tongue due to limited
extension and stickiness (Pessier et al. 2005). It is therefore possible that vitamin A
deficiencies played a part in the death of captive Leiopelma which were categorised
as being caused by ophthalmic, reproductive, or rhabdomyolysis, issues as well as
those caused by bacterial, mycobacterial or fungal infections (Shaw and Holzapfel
2008).
Vitamin A deficiency may also be an underlying factor in the historical lack
of breeding seen in captive Leiopelma, an issue which could also be caused by a
deficiency in vitamin E, which has been observed to reduce cell membrane
function, fertility and hatchability of captive avian species (Calle et al. 1989;
Dierenfeld et al. 1989). As the role of dietary vitamin D3 in the calcium metabolism
of Leiopelma species is not yet understood, evaluating its presence in invertebrates
eaten by both captive and wild frogs is important, as it is absent from almost all
examined invertebrates (Hocking and Matsumura 1960; Barker et al. 1998; Finke
2005; Zachariah and Mitchell 2009).
To improve health and breeding success of captive Leiopelma it is important
that the nutritional quality of all captive diets is assessed, and if necessary,
improved. Improvements should aim to make nutritionally complete diets which
mimic those which are naturally consumed in the wild (Shaw et al. 2012a; Shaw et
al. 2012b). In this instance, improvement to the diet can occur in two ways: 1) The
diet is changed to include invertebrates that are naturally high in nutritional
components which are lacking in the diet and 2) the nutritional qualities of the
captive diet are improved by artificially enhancing the nutrient content of the
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invertebrates currently fed to the frogs. Examining the nutritional profile of
invertebrates found in the natural diet of Leiopelma, as recommended by Shaw et
al. (2012a; Shaw et al. 2012b) will inform these improvements.

Improving a diet with nutritionally valuable invertebrates
The isopod P. scaber was introduced to the diet of all Leiopelma held at
Otago University and to L. archeyi held at Auckland Zoo over the last two years
(Personal Communication Gibson 2012; Shaw et al. 2012a). This addition was
made because Leiopelma consume native isopods in the wild (See Chapter 2, as
well as Shaw et al. (2009; 2012b)) and because this species was assumed to be a
nutritionally rich source of calcium (Shaw et al. 2012a) so should increase the
calcium content of the frog’s diets. This assumption was recently confirmed by
Oonincx and Dierenfeld (2012) who found this species to have a high Ca:P ratio of
12:1, although only one individual was examined.
Unfortunately, using P. scaber or amphipods to increase the calcium content
of the Leiopelma diet may be ineffective if the calcium in their exoskeleton is not
readily absorbed by the frogs. The bio-availability of calcium varies between the
species ingesting the element and the form in which it is supplied (Soares Jr 1995;
Klasing et al. 2000) and while the calcium in P scaber may be bio-available to
Leiopelma as the exoskeleton is made up of the highly soluble amorphous calcium
carbonate (38 %) and amorphous calcium phosphate (12 %) (Becker et al. 2003),
it should not be presumed that this addition will improve the diet until
assessments of bio-availability are made.
Previous studies investigating calcium absorption in amphibians have
analysed calcium content of ashed bone (Young 2003) or values of circulating
calcitriol, calcium or vitamin D3 in the blood (Boschwitz and Bern 1971; Oguro et
al. 1975; Oguro et al. 1980; Stiffler 1993). New Zealand’s Leiopelma are too
endangered to be killed for bone ash analysis and it is likewise unacceptable for
blood to be taken from these species unless they are dying. For these reasons, the
absorption of calcium or any other nutrient has not yet been investigated in
Leiopelma. The least invasive method to assess the absorption of a nutrient from
food is to assess difference between dietary intake and faecal output (Bjorndal
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1987; Bjorndal 1989; Nagy et al. 1998), although this requires knowledge of a
species’ gut retention time.
In ectotherms, gut retention times have been studied using methods such as
gastric pumping (Freed 1980), the introduction of X-ray opaque materials to the
diet (Jiang and Claussen 1993; Cramp and Franklin 2003) and faecal analysis for
novel digestible (Clarke and Nicolson 1994) or indigestible (Bjorndal 1987; Jiang
and Claussen 1993; Hailey 1997; Babbit 2003) materials. As the gut retention
times of Leiopelma have never been examined, an assessment of both gut-retention
and calcium absorption from invertebrates is required if we are to improve captive
diets for these species.

3.2 Aims of study
Investigating the nutritional quality of captive diets fed to Leiopelma in
captivity is important as it will provide information on deficiencies that may be
present in the diet and insight into ways in which the diet may be improved. This is
especially important in the light of metabolic bone disease which is reducing the
health and breeding success of captive Leiopelma populations, which is potentially
caused by an imbalance or deficiency in calcium, phosphorus and vitamin D (Shaw
et al. 2012a). Following on from the dietary study of wild frogs in Chapter 2, this
chapter aims to:
1)

Analyse the calcium, phosphorus, vitamin A, vitamin E and

vitamin D content of invertebrates commonly found in the captive diet of
Leiopelma (Gryllus bimaculatus, Porcellio scaber, Tenebrio obscurus and
Locusta migratoria) so that these may be compared to the same nutritional
values of invertebrates that are present in the natural diet (Hymenoptera,
Diplopoda, Araneae, Orthoptera, Isopoda). The overall nutrient content of
diets fed to different Leiopelma species at Otago University will also be
assessed. The results of this study will highlight nutritional deficiencies and
allow informed changes to be made to the diet so that it may closely
resemble that eaten by wild frogs. It will also provide information on which
invertebrates may make valuable additions to the captive diet.
2)

To inform captive institutions on the efficacy of using P.

scaber to improve calcium content in the captive diet, an investigation will
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be made into the gut retention time of captive Leiopelma. The results of this
will allow an examination of the bio-availability of calcium in P. scaber to
captive Leiopelma, which will be examined through analysis of faecal output
versus dietary intake of calcium. Observations on differences, if any, in
calcium absorption between Leiopelma species may also provide
information on calcium metabolism in this genus. Similarly, by comparing
calcium uptake in L. archeyi that have and have not been exposed to the UVB Boost method (300-400 μ W/cm2 UV-B for 20 minutes a month), the
effect of UV-B on vitamin D3 production in this species may be better
understood.
3)

To investigate, through faecal pellet analysis, the possibility of

captive frogs in Hamilton Zoo eating self-seeded invertebrates in their
enclosures. The results of this study may indicate that their captive diet is
more nutritionally varied than previously assumed.
These aims will be addressed in three separate investigations and the
chapter will conclude with recommendations on methods to improve the captive
husbandry of Leiopelma in relation to diet.

3.3 Investigation 1: Analysis of nutritional components
in a range of wild and captive invertebrates eaten by
Leiopelma
Methods
Invertebrate sources
Wild invertebrates
After analysing the wild diet of L. hochstetteri at Tapu (Chapter 2), a second
trip was made in order to collect samples of the invertebrates that were seen to be
common in the frogs’ natural diet. Invertebrates were collected from sites adjacent
to streams in which L. hochstetteri had been found. Collections were made both
diurnally and nocturnally over a period of two days in April 2012. Invertebrates
were caught by hand, placed in plastic falcon tubes, chilled in the field and then
frozen. Some of the invertebrates seen in the diet were unable to be found in large

56
3 Improving the Diets of Captive Leiopelma

enough quantities to analyse, especially Coleoptera, the Apocrita (wasp) portion of
Hymenoptera and Acari.
Captive invertebrates
Mini mealworms (Tenebrio obscurus) were collected from the insect
breeding rooms in the University of Otago Zoology Building. These were fed on a
mix of milk powder and wheat meal, supplemented with fresh apple and carrot.
Medium sized and pinhead crickets (G. bimaculatus) were sourced from Insect
Direct (Auckland, New Zealand), as were Locusta migratoria. Porcellio scaber were
collected from gardens and parks around Dunedin, and from breeding colonies
held by Steven Evans and the University of Otago. Rice weevils (Sitophilus oryzae)
were raised in the lab on organic whole wheat purchased from Taste Nature
(Dunedin, New Zealand) and were assessed as a novel species to feed to Leiopelma.
Captive diets
The diets fed weekly to Leiopelma at University of Otago were as follows:


L. hochstetteri: 3 T. obscurus (larvae), 2 P. scaber, 10 G. bimaculatus
(pinhead).



L. pakeka: 2 T. obscurus (larvae), 2 P. scaber, 4 L. migratoria, 5 G.
bimaculatus (pinhead).



L. archeyi: 4 T. obscurus (larvae), 2 P. scaber, 2 T. obscurus (beetles) 2 G.
bimaculatus (medium), 12 G. bimaculatus (pinhead).

Analysis of calcium
Each invertebrate sample was freeze dried and then digested using 5 mL of
concentrated nitric acid. The resulting solution was then added to a 25 mL
volumetric flask and 1 mL lanthanum chloride (1 % w/v) was added to overcome
interference by phosphorus. The flask was then made up to the 25 mL mark with
distilled deionised water. The concentration of calcium in each sample was
determined

using

an

automatic

injection

flame

atomic

absorption

spectrophotometer (Perkin Elmer 2690, Ebos Group Ltd. Auckland, New Zealand).
Analysis of phosphorus
Phosphorus was analysed using a modification of the AOAC Official Method
986.24 (AOAC 2000). Phosphorus in the invertebrates was determined by
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spectrophotometry on the same dissolved samples that were used in the calcium
analysis. Plates were read on an enzyme-linked immunosorbent assay plate reader
(Anthos 2010, Austria) in the Department of Nutrition at the University of Otago.
HPLC Analysis of vitamins E, D and A
Invertebrate samples were freeze dried, crushed into powder and then rehydrated in borex tubes with 400 μL of deionised water, 0.20 mL 10 mM sodium
dodecyl sulphate reagent and 1 mL of tocopherol acetate (in ethanol). Samples
were vortexed for 1 minute and 1 mL n-heptane containing 0.50 g/l butylated
hydroxytoluene was added. Samples were then centrifuged for 10 minutes at 2500
g. Following this, 0.70 mL supernatant was extracted from each sample and dried
down under nitrogen. This was then reconstituted in 0.20 mL mobile phase,
vortexed for 5 minutes and transferred to high powered liquid chromatography
(HPLC) vials.
Vitamin E (alpha-tocopherol), vitamin A (retinol, beta-carotene) and
vitamin D3 (cholecalciferol) were then measured simultaneously using HPLC
following the methods used by O’Neill and Thurnham (1998) on a 100 x 4.6 mm 5
micron column, using tocopherol acetate as the internal standard, at the University
of Otago Human Nutrition Department. As a standard curve had not yet been
developed for vitamin D3, its concentration in the samples was measured against
one sample of vitamin D3 with a concentration of 10 μg/mL.
Vitamin A activity was calculated as 1 IU (International Unit) = 0.60 μg of
beta-carotene. Vitamin E activity was calculated as 1 IU = 0.67 μg alpha-tocopherol.
Vitamin D activity was calculated as 1 IU = 0.025 μg cholecalciferol.

Results
The only invertebrates to have a positive Ca:P ratios were the millipede
genera and the isopods (Porcellio scaber and Spherillo spp.), all of which had Ca:P
ratios of 2.28:1 or greater (Table 3.1). Of the invertebrates containing less calcium
than phosphorus, Amphipods had the highest Ca:P, at 0.64:1 (Table 3.1). At 0.90 %
or higher the wild caught invertebrates had greater phosphorus contents than the
laboratory raised invertebrates with the exception of P. scaber which contained
1.62 % phosphorus (Table 3.1). The diet fed to L. hochstetteri had the greatest

58
3 Improving the Diets of Captive Leiopelma

calcium content of the three Leiopelma diets (1.17 %) and was closest to having an
even Ca:P ratio, at 0.79:1 (Table 3.1).
All invertebrates in this study contained detectable levels of vitamin E
(Table 3.2). Of the captive Leiopelma at the University of Otago, L. pakeka would
receive the greatest level of vitamin E per week if they ate all of the invertebrates
fed out (489.26 IU/kg) followed by L. hochstetteri (370.98 IU/kg) and L. archeyi
(272.53 IU/kg). This is probably due to the high vitamin E content of L. migratoria
that is present in the weekly diet of L. pakeka. On average, laboratory raised
invertebrates appeared to have higher vitamin E contents overall than those
caught in the wild.
In the laboratory reared invertebrates, all but the pinhead Gryllus
bimaculatus contained either beta-carotene or retinol (Table 3.2). Of the wild
invertebrates, only ants, isopods and amphipods contained beta-carotene and weta
(Raphidophoridae) contained neither retinol nor beta-carotene at detectable levels
(Table 3.2).
International Units of vitamin A based on beta carotene ranged from 0.45
IU/kg in Tenebrio obscurus larvae to 21.32 IU/kg in Locusta migratoria. In the
captive diets, only that of L. archeyi contained retinol and only that of L. pakeka
contained levels of beta-carotene higher than 0.01 g/kg. As International Units of
vitamin A were based on B-carotene, the L. pakeka diet contained more than 5
times the amount of vitamin A than that of L. archeyi and more than 14 times than
L. hochstetteri (Table 3.2)
As a standard curve had not yet been prepared for cholecalciferol at the
time that this investigation was conducted, all these results were compared to a
single standard of 0.25 μg (equivalent of 10000 IU vitamin D3). All the
invertebrates tested aside from pinhead crickets contained detectable levels of
vitamin D3 (Table 3.2) and all were below the level of this internal standard except
for adult T. obscurus, which was almost 1.34 times higher than the internal
standard (0.25 μg), based on the peak areas.
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Table 3.1 Calcium and phosphorus content of wild invertebrates, laboratory raised
invertebrates and the University of Otago Leiopelma diets (with Ca:P ratio) (DM =
dry matter)
Ca (% DM)

P (% DM)

Ca:P (g/kg)

Gryllus bimaculatus (medium)

0.02

0.61

0.03:1

Gryllus bimaculatus (pinhead)

~

0.03

~

Tenebrio obscurus (adult)

0.05

0.63

0.07:1

Tenebrio obscurus (larvae)

0.04

0.49

0.09:1

Locusta migratoria (medium)

0.01

0.65

0.02:1

~

0.49

~

4.20

1.62

2.59:1

~

0.90

~

Isopods: Spherillo spp.

6.49

1.69

3.84:1

Millipedes: Genus Spirostreptida

6.59

2.89

2.28:1

Millipedes: Genus Polydesmida

5.51

2.05

2.69:1

Araneae: Mixed genera

0.11

1.85

0.06:1

Amphipoda: Mixed genera

1.58

2.48

0.64:1

Weta: genus Raphidophoridae

0.10

1.75

0.06:1

L. hochstetteri

1.17

1.47

0.79:1

L. pakeka

0.49

0.95

0.52:1

L. archeyi

0.58

0.97

0.60:1

Laboratory Raised Invertebrates

Sitophilus oryzae (adult)
Porcellio scaber (medium)
Wild Invertebrates From Tapu
Ants: Pachycondela spp.

Weekly Diets
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Table 3.2 Vitamins E, A, D and select carotenoids of wild invertebrates, laboratory
raised invertebrates and the University of Otago Leiopelma diets
[Vit E]
IU/kg
DMa

a-Toc b-Car Retinol [Vit
(g/kg) (g/kg) (g/kg) A]
IU/kg
DMb

[Vit D]
IU/kg
DMc

Laboratory Raised
Invertebrates
Gryllus bimaculatus (pinhead)

187.99

0.28

~

~

~

~

Tenebrio obscurus (adult)

260.60

0.39

0.00

~

0.64

<10000

Tenebrio obscurus (larvae)

409.58

0.61

0.00

1.93

0.45

>10000

Locusta migratoria (medium)

577.43

0.86

0.01

~

21.32

<10000

Sitophilus oryzae (adult)

40.68

0.06

~

~

Porcellio scaber (medium)

199.95

0.30

0.00

~

1.30

<10000

Wild Invertebrates from
Tapu
Ants: Pachycondela spp.

155.18

0.23

0.00

~

2.46

<10000

Isopods: Spherillo spp.

56.97

0.08

0.00

~

1.70

<10000

Millipedes: Order
Spirostreptida

321.88

0.48

~

~

~

<10000

Millipedes: Order
Polydesmida

20.93

0.03

~

~

~

<10000

Araneae: Mixed genera

66.52

0.10

~

~

~

<10000

Amphipoda: Mixed genera

266.10

0.40

0.00

~

0.93

<10000

Weta: genus Raphidophoridae

217.11

0.32

~

~

~

<10000

L. hochstetteri

370.99

0.55

0.00

~

2.22

<10000

L. pakeka

489.27

0.73

0.02

~

32.40

<10000

L. archeyi

272.54

0.41

0.00

13.83

5.47

<10000

<10000

Weekly Diets
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Discussion
This investigation gives novel information on the invertebrate groups that
are found to make up at least 37.80 % of the diet of wild L. hochstetteri (Chapter 2)
and is the first study to analyse the nutritional content of G. bimaculatus and T.
obscurus and terrestrial invertebrates in New Zealand.
Calcium and phosphorus
To maintain the health of captive insectivores, a dietary Ca:P ratio of at least
1:1 and ideally 2:1 is suggested in most dietary studies, as is a calcium
concentration greater than 1 % (Allen and Oftedal 1989; Donoghue 1998;
Anderson 2000; Wright and Whitaker 2001; Antwis and Brown 2009). As the
calcium to phosphorus ratios and calcium concentrations observed in the
laboratory reared invertebrates (except Porcellio scaber) were less than 1:1 and
below 1% respectively, it confirms that diets at both Hamilton Zoo and the
University of Otago diets need to be improved as they are currently inadequate for
growth and bone maintenance (Donoghue 1998; Wright and Whitaker 2001;
Hadfield et al. 2006). This inadequacy is likely to be playing a part in the
development of metabolic bone disease which is reducing the fitness and longevity
of affected frogs (Shaw et al. 2012a).
Native isopods, both ‘soft’ (Spirostreptida spp) and ‘hard’ (Polydesmida spp.)
millipedes, as well as P. scaber, all contained positive Ca:P ratios and calcium
concentrations (>5.5 %). Each of these groups are found within the wild Leiopelma
diet. Native isopods were found to comprise 3.78% and 3.38% of the juvenile and
sub-adult L. hochstetteri diet in this study, respectively (Chapter 2), and between
1.1 % and 22 % of Leiopelma diets examined by others (Kane 1980; Eggers 1998;
Ziegler 1999; Shaw et al. 2012b). Similarly, diplopoda made up in 0.76 % and 1.93
% of the juvenile and sub-adult diet in this study, respectively, and between 1.4 %
and 6 % of other Leiopelma diets (Kane 1980; Eggers 1998; Ziegler 1999; Shaw et
al. 2012b).
Amphibians can orally detect calcium (Junge and Brodwick 1970), with
stimulation occurring in the glossopharyngeal nerve at concentrations as low as
10µM CaCl2 (Kitada 1990) and the selection of calcium rich prey to increase dietary
calcium content has been noted in wild birds (Graveland et al. 1994; Graveland
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1996; Brenninkmeijer et al. 1997; Graveland and Berends 1997), poultry (WoodGush and Kare 1966; Hughes and Wood-Gush 1971) and rats (Widmark 1944;
Woodside and Millelire 1987). It is therefore possible that Leiopelma may be
selecting calcium rich isopods and diplopods in the wild to increase the calcium
content of their diet, especially as Chapter 2 found Dipolopoda and Isopoda in
higher percentage frequencies in the diet than in the surrounding environment.
The historical absence of these calcium rich invertebrates from captive
leiopelma diets may have played a part in the development of MBD and
aaccordingly, it is recommended that both of these orders should be used to
increase the calcium content the diet of all captive Leiopelma. Trial studies on the
palatability of Polydesmida and Spirostreptida should first be conducted using
small millipedes as although they are present in both the L. hochstetteri and L.
archeyi diet (Chapter 2), both orders secrete benzoquinones (Weatherston 1971)
that may be unpalatable or dangerous to the frogs.
At the University of Otago the diet fed to L. hochstetteri came closest to
obtaining a Ca:P ratio of 1:1 and was the only diet with an adequate calcium
concentration. This is due to the higher proportion of the diet that was made up by
P. scaber. Accordingly, if the species composition of captive Leiopelma diets at the
University of Otago remain the same in the future, the proportions should be more
closely aligned to this diet, with a greater addition of P. scaber to boost the Ca:P
ratio. As Auckland Zoo now feeds L. archeyi primarily on P. scaber, amphipods and
crickets (Personal Communication Gibson 2012) this study indicates that the Ca:P
ratio and calcium concentration of their diet should be adequate, but this needs to
be confirmed. Amphipods should not be seen as an ideal source of calcium, as they
contain less calcium than phosphorus, but should be kept in the L. archeyi diet as it
is present in their natural diet (Shaw et al. 2012a).
Further assesments of the palatability and calcium bioavailability of
Spherrillo and Polydesmida millipedes alongside P. scaber need to be instigated for
both Leiopelma and other captive animals suffering calcium poor diets, such as
tuatara (Spehnodon spp.)(Burgess et al. 2009) as they may provide a cheap and
effective source of natural calcium. For an assesment on the bio-availability of P.
scaber to Leioplma species, see Investigation 2, this chapter.
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Vitamin E (alpha-tocopherol)
Vitamin E was present in relatively high amounts in all of the invertebrates
studied compared to beta-carotene, retinol and vitamin D3. The laboratory raised
and wild invertebrates showed similar vitamin E activity, excepting the extremely
high activity found in L. migratoria.
The difference in vitamin E content observed between the wild millipedes
may be due to differences in their diet, although this area has not been well studied
in New Zealand. Similarly, the reason P. scaber contained more than 3.5 times the
amount of alpha-tocopherol than wild isopods may be due to the range of different
decaying matter that these isopods were fed in the lab.
The vitamin E activity in T. obscurus larvae and beetles was found to be
higher than reported for T. molitor larvae by both Barker et al. (1998) and Finke
and Winn (2004). Similarly, this study found juvenile G. bimaculatus contained
more vitamin E than juvenile and nymph A. domesticus (Finke 2002; Finke and
Winn 2004). These differences may be caused by differences in diet, which was not
described by either Barker et al. (1998) or Finke and Winn (2004). It is also
possible that different cricket genera and mealworm species contain inherently
different levels of vitamins. In either instance, G. bimaculatus and T. obscurus,
which have not been nutritionally examined before, are more beneficial feeder
species than A. domesticus and T. molitor in regards to vitamin E.
Of the captive Leiopelma at the University of Otago, L. pakeka would receive
the greatest level of vitamin E per week if they ate all of the invertebrates fed out,
followed by L. hochstetteri and L. archeyi. This is probably due to the high vitamin E
content of L. migratoria that is present in the weekly diet of L. pakeka. While the
requirements of amphibians for vitamin E are yet to be assessed, it is a positive
sign that the Leiopelma diets contain levels of vitamin E similar to or higher than
those recommended for ungulates (200 IU/kg), birds (100-250 IU/kg) and
domestic mammalian carnivores (20-80 IU/kg) (Dierenfeld 1989; Barker et al.
1998). Locusta migratoria should therefore be kept in Leiopelma diets throughout
any future dietary changes.
Vitamin A (retinol and beta-carotene)
Just over half the invertebrates studied here contained a detectable level of
beta-carotene. Retinol was detected only in T. obscurus larvae and the L. archeyi
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diet. It is unknown why the other two diets did not contain retinol, if it was
primarily found in T. obscurus larvae, as all the diets contained this species. Wild
isopods contained slightly higher levels of vitamin A than laboratory reared P.
scaber but as yet, no other study has investigated the vitamin A content of isopods
within the genus Porcellio so comparisons to the results in this investigation
cannot be made.
Other studies examining vitamin A recorded higher activity of both betacarotene and retinol than was observed in this analysis for all invertebrates
examined (Barker et al. 1998; Finke 2002; 2003; Finke and Winn 2004; Oonincx
and Dierenfeld 2012). As with vitamin E, divergence in content from other studies
may again be due to differences in pre-test diets or the species tested, but further
testing should be carried out using larger sample sizes to confirm this.
Of the University of Otago diets, that of L. pakeka contained the highest
vitamin A activity, which was more than five times higher than L. archeyi and more
than 14 times that of L. hochstetteri. These differences in the diet are presumably
due to the inclusion of L. migratoria as well as T. obscurus in the diet. As yet there
are no studies on the vitamin A requirements of amphibians (McWilliams 2008)
but it is known that they cannot synthesise carotenoids so must obtain these
nutrients from food (Densmore and Green 2007). To avoid the known effects of
vitamin A deficits in amphibians, which include lowered immune function, deficits
in vision and epithelial tissue, reproductive failure and decreased growth
(Densmore and Green 2007) invertebrates rich in vitamin A, especially L.
migratoria should remain in the diet.
Vitamin D3 (cholecalciferol)
As an internal standard had not yet been prepared (due to expense) for the
vitamin D3 analysis, the actual concentrations of vitamin D3 within these samples is
not known exactly, but all were less than 1000 IU/kg, excepting T. obscurus beetles,
which contained almost 10 times as much vitamin D3 than the internal standard
(>10000 IU/kg). This result is significant as vitamin D3 is not commonly found in
invertebrates (Finke 2002; Shaw et al. 2012a) and its detection in bee brood (Apis
melifera) (Hocking and Matsumura 1960) was recently negated (Finke 2005).
Vitamin D has been detected in bird-eating spiders, Theraphosa blondi, though the
method in which they acquire it is unknown (Zachariah and Mitchell 2009).

65
3 Improving the Diets of Captive Leiopelma

Further testing is therefore required for T. obscura, as this could form a valuable
prey species for captive animals suffering from MBD, if they require dietary intake
of this vitamin.
Based on the results of this study the frogs at this institution are unlikely to
receive any vitamin D3 in their current diet. Supplementation of vitamin D3 in
amphibians has been recommended at 500-1000 IU/kg (dry matter), indicating
that the previous dusting and gut-loading of invertebrates at Auckland Zoo, which
were found to contain 4390 IU/kg vitamin D3 (Shaw et al. 2012a), would have been
adequate if all supplements were ingested by the frogs. As none of the wild
invertebrates appeared to contain vitamin D3, further study is required into both
its presence in native invertebrates and the way in which Leiopelma naturally
acquire this vitamin. It is possible that this genus does not produce it cutaneously,
but require dietary supplementation, as seen in the nocturnal great barred frog
(Mixophyes fasciolatus) (Young 2003). Conversely, if they do produce vitamin D3
cutaneously, both the historical lack of UV-B light and the lack of calcium and
inappropriate Ca:P ratio of the diets will have led to MBD development.
It is important to note that while many of the invertebrates samples in this
preliminary study showed no results for the fatty acids that were tested for, this
does not necessarily indicate that the invertebrates did not contain these
compounds, as the samples used for testing were very small and the time between
collection and analysis may have caused some degradation of the compounds.
Ideally, larger samples would be collected and tested immediately.
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3.4 Investigation 2: Gut retention times and calcium
absorption from Porcellio scaber in three Leiopelma
species
Methods
Gut retention times
This study used a total of ten adult Leiopelma archeyi, 10 adult L. pakeka
and 10 adult L. hochstetteri. The frogs were kept in the University of Otago frog
husbandry room and maintained on a 12 hour photoperiod and at near 100 %
humidity and between 15 and 17 ˚C. All frogs in this study were fed every seven
days and housed individually in plastic containers (20 cm x 29 cm x 9 cm). The
plastic containers contained three moist paper towels. All frogs were checked
daily; with any dead prey items removed and replaced with live prey.
Due to the threatened status of Leiopelma it was necessary to determine a
measure gut-retention in a way that would not adversely affect the health of the
frogs. This ruled out methods which would require euthanisation, intubation or
force feeding (Gossling et al. 1980; Jiang and Claussen 1993; Brand et al. 1999) and
it was also impossible to get the frogs to ingest loose markers such as indigestible
plastic beads strips or string (Bjorndal 1987; Bjorndal and Bolten 1993; Hailey
1997), or to insert these types of markers into dead prey (Babbit 2003), as captive
Leiopelma are fed live invertebrates. As Hailey (1997) used loops of polyester
string to measure digesta passage in tortoises it was thought that it may be
possible to measure gut-retention in Leiopelma if the frogs would accept live prey
with loops of indigestible polyester string tied around them. These would be inert,
completely indigestible and consumed at the same time as the prey; which are
necessary requirements for digesta passage markers (Ajmal Khan et al. 2003).
To see whether Leiopelma would accept the string markers, Trial 1 was
conducted using two of each species, fed invertebrates with polyester strings tied
around them. To more accurately assess gut-retention time, the Normal Diet trial
then used four of each species, with strings tied only around the isopods, alongside
their normal diet. The P. scaber diet trial ran concurrently with the calcium
absorption experiment, to allow analysis of dietary uptake and to examine whether
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the gut retention time of Leiopelma would change if they were being fed solely on a
prey species without indigestible body parts. This trial used only one string, tied
around one of the seven isopods that each frog was fed. The diets and strings fed in
each trial are shown in Table 3.3.
Table 3.3 Captive Leiopelma diets and the number of marker strings used during gut
retention trials
Species

Trial 1 (2 frogs)

Normal Diet (4 frogs)

P. scaber Diet
(4 frogs)

L. hochstetteri

2 larval T. obscurus
2 P. scaber (2 strings)
1 adult T. obscurus
(1 string)
10 pinhead G. bimaculatus

3 larval T. obscurus
2 P. scaber (2 strings)
10 pinhead G.
bimaculatus

7 P. scaber
(1 string)

L. archeyi

4 larval T. obscurus
2 P. scaber (2 strings)
1 adult T. obscurus
(1 string)
2 medium G. bimaculatus
12 pinhead G. bimaculatus

4 larval T. obscurus
2 P. scaber (2 strings)
2 adult T. obscurus
2 medium G.
bimaculatus
12 pinhead G.
bimaculatus

7 P. scaber
(1 string)

L. pakeka

2 P. scaber (2 strings)
4 L. migratoria (1 string)
5 pinhead G. bimaculatus
2 adult T. obscurus

2 larval T. obscurus
2 P. scaber (2 strings)
4 L. migratoria
5 pinhead G.
bimaculatus

7 P. scaber
(1 string)

Calcium uptake study
This study used a total of twelve adult L. archeyi, 19 adult L. hochstetteri and
25 adult L. pakeka. All frogs were fed seven isopods each, every seven or eight
days, over a period of 32 days. All frogs were checked every day, to measure food
intake and to check for faecal pellet production. On the day of feeding, any uneaten
isopods from the previous feeding were counted and removed. The three paper
towels that were in each frog’s container were used to wipe up any faecal pellet or
urine residue and were placed in separate, sealed zip lock bags for analysis. Paper
towels were collected two weeks prior to the P. scaber diet and 8, 16, 24, 32 and 40
days after the P. scaber diet commenced.
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Analysis of calcium in faecal pellets
For analysis, all paper towels and faecal pellets from the 10 L. archeyi were
analysed, as well those from five L. pakeka and five L. hochstetteri. For L.
hochstetteri and L. archeyi, individuals that produced the greatest number of faecal
pellets each week and secondarily ate the most P. scaber were chosen for faecal
pellet analysis. As the paper towels were unable to be digested in the digestion
microwave the faecal pellets and any surrounding paper with traces of faecal
material were cut out, freeze dried and weighed. Each sample was digested using 5
mL of concentrated nitric acid. The resulting solution was the added to a 25 mL
volumetric flask and 1 ml lanthanum chloride (1 % v/v) was added to overcome
interference by phosphorus. The flask was then made up to the 25 mL mark with
distilled deionised water. The concentration of calcium in each sample was
determined

using

an

automatic

injection

flame

atomic

absorption

spectrophotometer.
Estimation of calcium absorption
The results of the P. scaber gut retention trials showed that the average gut
retention time across all Leiopelma was approximately 15 days, so it was decided
that calcium uptake from the isopods, as measured by presence of calcium in the
faecal pellets, would be estimated by counting how many isopods each frog had
eaten in the week of feeding 14 days before the faecal pellet was collected. If a
faecal pellet had not been produced in that week, the isopods that were eaten three
weeks beforehand were also taken into account. Percentage calcium absorption
was calculated following the methods of Bjorndal (1987; 1989) and Nagy et al.
(1998) using the equation:
Absorption = (X-Y/X)*100
Where X = estimated intake of calcium and
Y = estimated faecal output of calcium.
Leiopelma archeyi were examined as both a single group and as groups of
individuals which received the UV-B Boost method and those which did not.
Statistical analysis
The percentage calcium absorption calculated from the analysis of each
faecal pellet was averaged to give one measurement per group. The data were
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analysed separately; using a two-sample t-test for UV-B exposure and an ANOVA
for species. All analyses were performed in Minitab 16.

Results
Gut retention time
The first trial indicated that the frogs would eat invertebrates which had
strings tied around them and that these successfully passed through the
alimentary system, hence this method could be used to accurately measure gut
retention time in these species. In both Trial 1 and the Normal Diet trial, L. archeyi
and L. pakeka had similar gut retention times of around 10 days, with L.
hochstetteri having slightly shorter times at 5.5 and 7.3 days. The gut retention
time increased in each species during the P. scaber diet to between 14 and 15.5
days (Table 3.4).
Table 3.4 Mean gut retention time in days of Leiopelma in diet trials using string
Species

Normal Diet
Mean ± SD (number of
strings consumed)

P. scaber Diet
Mean ± SD (number
of strings
consumed)

L. archeyi

Trial 1
Mean ± SD
(number of
strings
consumed)
10 ± 3.66 (4)

10.5 ± 9.30 (4)

14 ± 0 (2)

L. hochstetteri

5.5 ± 1.00 (3)

7.3 ± 7.83 (6)

15 ± 4.24 (6)

L. pakeka

10 ± 4.00 (4)

10.2 ± 0.98 (5)

15.5 +21.92 (2)

Calcium absorption
There was no significant overall effect of UV-B exposure on calcium
absorption in L. archeyi (t = -1.34, P = 0.25). The overall mean difference between
the groups was large (33.5 %) but the sample size is small and the spread in the
unexposed group was large. Table 3.5 gives the minimum, mean maximum and
standard deviation for each group.
Table 3.5 Effect of UV-B exposure on calcium absorption in L. archeyi

UVB
Exposure
Yes

n

Minimum

Mean

Maximum

SD

6

-37.9

67.8

99.3

21.2

No

5

-324.1

34.3

100.5

52.8
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There was a significant overall effect of species (F2.19 = 4.60, P = 0.023) on
calcium absorption. Specifically, L. archeyi absorbed significantly more calcium
than L. pakeka, with an observed mean difference of 53.3 %. There was no
significant difference between L. pakeka and L. hochstetteri or between L.
hochstetteri and L. archeyi. Table 3.6 gives the minimum, mean maximum and
standard deviation for each group.
Table 3.6 Effect of species on calcium absorption in Leiopelma

Species
L. archeyi

n
11

Minimum
-324.1

Mean
53.9

Maximum
100.5

SD
39.5

L. hochstetteri

5

-148.9

26.8

88.0

16.2

L. pakeka

5

-118.0

0.6

97.14

29.8

Discussion
Gut-retention time
This study gives new information on the gut retention times of Leiopelma,
which have never been examined before. The long retention time (5-15 days)
observed in these species explains the difficulty in collecting faecal pellets in the
wild when holding frogs for up to 48 hours, as seen in Chapter 2 and noted by
Ziegler (1999). The longer retention times seen during the P. scaber diet may be
due to the highly digestible exoskeleton providing little resistance for peristaltic
action in the gut.
The gut retention times of wild frogs may differ from those seen here (3-23
days) as the captive frogs are kept at a relatively stable temperature (15 to 17˚ C).
Analysis has shown that gut retention time is negatively correlated with
temperature, with a decrease from 24˚ C to 16˚ C observed to double the length of
gut retention time in Hyla chrysoscelis (Babbit 2003) and an increase from 5˚ C to
25˚ C observed to cause a six fold decrease of gut retention time in Notopthalmus
viridescens (Jiang and Claussen 1993). Wild populations of Leiopelma would
therefore be expected to have a similar gut retention time if exposed to
temperatures similar to their captive environment, but this may slow down in
colder months and vice versa. For an investigation into the temperatures of natural
Leiopelma habitat, see Chapter 4.
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It should also be noted that the captive frogs observed in this study did not
have an opportunity to thermoregulate with regards to a heat source. It is possible
that the morning basking behaviour noted in L. archeyi (Bell 1978; Cree 1989) and
L. hochstetteri (Pers. Obs.) may enhance digestion efficiency, as has been observed
in other anuran species which bask after feeding (Freed 1980; Witters and Sievert
2001). The estimation of calcium absorption using gut retention times has never
before been examined in Leiopelma and with further refinement this method could
prove very valuable in providing information on the absorption of nutrients from
the diets of these and other species of amphibians for which blood-analysis is
unavailable.
Effect of UV-B on calcium absorption in L. archeyi
These results show that P. scaber is a source of bioavailable calcium for
Leiopelma archeyi, which is a positive result as it means that this isopod can be
used to increase the calcium content of the captive diet. Although there was no
significant difference between exposed and unexposed frogs, future examination of
bone density in these groups may be able to elucidate whether UV-B increases
calcium absorption. Regardless of whether this species requires UV-B to regulate
calcium homeostasis, an increase in bone density would depend on the frogs
consuming a diet with a positive Ca:P ratio and a calcium content of at least 1 %
(Antwis and Brown 2009). The results of Investigation 1 in this Chapter show that
this is not currently provided by the current invertebrates fed to L. archeyi, and so
both exposed and non-exposed groups should be fed a higher quantity of P. scaber
in future.
This study confirms the assumption that the diet dominated by P. scaber
and amphipods which is now fed to L. archeyi at Auckland Zoo (Gibson and Shaw
2012) should be beneficial to the frogs in terms of calcium provision, which had
not previously been confirmed. Although it cannot be verified due to the complex
nature of environmental and behavioural factors involved, the recent breeding
success of L. archeyi at Auckland Zoo (Auckland Zoo 2013) could be related to this
new diet, alongside the other husbandry factors that were reviewed and improved
following Shaw et al. (2012a; 2012b).
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Intra-specific differences in calcium absorption within New Zealand
Leiopelma
Absorption of calcium was highest in L. archeyi, followed by L. hochstetteri
and then L. pakeka. While this study is not expected to provide an absolute
measure of calcium absorption due to its inherent limitations, the differences in
absorption, especially between L. archeyi and L. pakeka indicate that calcium
metabolism may vary between Leiopelma species. Differences in calcium
metabolism between these species would explain why L. hochstetteri and L. archeyi
have historically developed MBD while L. pakeka have not, when kept under
similar conditions and fed the same diet for the same period of time (Personal
Communication Bishop 2012), a discrepancy which was not addressed by Shaw et
al. (2012a) in their review of MBD in Leiopelma.
It was not possible to determine the exact cause of the differences in
calcium absorption observed between species; for instance whether L. pakeka have
lower calcium requirements than L. archeyi, or were unable to absorb as much
calcium. This is because sixty seven per cent of the L. archeyi examined already
suffer from MBD (Shaw et al. 2012a) and the frogs within and between each
species group have experienced different lengths of captivity, different diets and
different holding conditions. Whatever the cause for the difference in absorption
between species, the results of this study, coupled with those of Investigation 1,
indicate that the P. scaber should be fed to all Leiopelma in captivity at relatively
high levels in order to encourage healthy growth and bone formation. However, it
is important to note that P. scaber should not be seen as an ideal source of calcium
for L. pakeka, if a reduced ability to utilise the calcium found in P. scaber was the
reason for this species having the lowest mean calcium absorbance.
This study is not an absolute measure of the calcium absorbed from P.
scaber by Leiopelma species, as the study itself was limited by a range of factors.
Firstly, as the paper towels were not able to be digested properly due to technical
limitations with the microwave digester, the study was limited in its ability to
quantify the amount of calcium lost through urination. Secondly, without marking
each isopod, which would involve frogs ingesting a large quantity of polyester
string, there was no way of knowing exactly how many of the isopods that were
eaten were digested and present in the faecal pellets collected. Thirdly,
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inaccuracies will have developed as the gut retention time varied between
individuals and not all individuals were fed string during each trial to assess gut
retention time, as this was thought to be an unnecessary risk if the strings caused
any unexpected adverse reactions. Potential inaccuracies aside, the positive result
that P. scaber was absorbed by each species means that X-Ray measurements of
bone density, as used to examine MBD in Leiopelma (Shaw et al. 2012a), will be
able to monitor calcium deposition in captive frogs following an increase of P.
scaber in the diet.
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3.5 Investigation 3: Are captive L. hochstetteri at
Hamilton Zoo eating self-introduced invertebrates?
Methods
Animal husbandry
Faecal pellets were collected from captive L. hochstetteri at Hamilton Zoo in
March 2010, following their monthly health check. A total of eighteen frogs were
weighed, measured and placed in individual plastic containers containing a
moistened paper towel (using water from their enclosures). The frogs were
checked again after 24 hours, at which time any faecal pellets were collected and
the frogs released.
Invertebrate identification
Invertebrates were sorted in the laboratory and identified to order and
genus level if possible, under a dissecting microscope (500 x magnification). Some
invertebrates were unable to be identified due to digestion, so in faecal pellets
containing many singular body parts, individuals were counted by grouping body
parts of the same size and colouration together.

Results
Acari, Diptera and Hymenoptera composed 43 % of the invertebrates
identified in the two L. hochstetteri faecal pellets collected from captive frogs
(Figure 3.1). These orders were not part of the diet that had been fed to the frogs
(the most recent feeding was Locusta migratoria).
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Figure 3.1 Percentage frequency of invertebrate orders identified in two faecal
pellets from captive L. hochstetteri at Hamilton Zoo

Discussion
Only two faecal pellets were collected in this investigation. Based on the
results of the gut-retention time study on Leiopelma this is not surprising, as these
frogs have a long gut retention time as examined in Investigation 2, this chapter.
Although the sample size was small, the presence of Hymenoptera, Diptera and
Acari indicates that the frogs were eating invertebrates which had self-seeded into
the enclosures. From a conservation perspective this is a positive result, as it
indicates that the frogs have a more nutritionally varied diet than previously
thought and it may be possible that the reduction in the prevalence of MBD in
captive L. hochstetteri (Kudeweh et al. 2011) may be due to the frogs consuming
calcium rich invertebrates such as isopods and diplopods if they are now present
in the enclosure.
As feeding out laboratory raised invertebrates costs both time and money
and sourcing wild invertebrates may also be time consuming, it would be ideal if
changes could be made to the enclosure to encourage invertebrate colonisation.
This would mean that the frogs were constantly supplied with a wide variety of
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invertebrates which make up part of their natural diet (Chapter 2, Figure 2.1) and
could eventually be sufficient to eliminate the need for weekly feeding.
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3.6 Summary of techniques to enhance the current diet
of captive Leiopelma


For Leiopelma housed outdoors, fruit and vegetables could be used

to attract ants, flies and wasps into the enclosure. This would provide
seasonal variation in the diet, as observed in Chapter 2.


Introducing heat-treated logs or other vegetative matter may

encourage breeding in invertebrates that have already colonised outdoor
Leiopelma enclosures. This would provide frogs a greater access to
invertebrates which are naturally found in their diet.


If the benefit of increasing the variation of wild invertebrates in the

Leiopelma diet is deemed to outweigh the risk of introducing disease, nontreated matter could also be added to both indoor and outdoor enclosures,
which would introduce novel invertebrates.


In situations where introducing pre-colonised matter is not

appropriate, efforts should be made to breed the range of invertebrates
seen in the natural diet, especially Hymenoptera (ants and wasps),
Coleoptera (beetles), Araneae (spiders), Orthoptera (weta) and Diptera
(flies).


This study found that Porcellio scaber has both a high calcium

content and a positive Ca:P ratio. The calcium in this species was also found
to be bio-available to L. pakeka, L. archeyi and L. hochstetteri, so should be
introduced to all Leiopelma diets in quantities great enough to produce an
overall positive Ca:P ratio.


If possible, native isopods amphipods and millipedes should be

added to the diet, following palatability surveys, as they also have high
calcium content and positive Ca:P ratios and comprise part of the natural
diet of Leiopelma (Kane 1980; Eggers 1998; Ziegler 1999; Shaw et al.
2012b).


Following the addition or supplementation of P. scaber or any other

species to controlled diets (where all invertebrates fed out are recorded)
analyses of the nutritional content should be conducted to assess the Ca:P
ratio alongside vitamin composition and fat content.
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The current diet at Auckland Zoo should be examined again to assess

its Ca:P ratio and other nutritional variables, especially as this study found
P. scaber and amphipods to be low in carotenoids which are vital for
amphibian health.


Invertebrates should be fed fresh fruit prior to feeding out, to

increase carotenoid content (Ogilvy et al. 2011).


Locusta migratoria should be kept in, or added to, the diet of all

Leiopelma which are fed lab-raised invertebrates, as it contained the highest
concentration of vitamin A and vitamin E of any invertebrate examined in
this study.


All indoor Leiopelma enclosures should allow for thermoregulation

through the provision of a UV-B or full spectrum light source, as potential
basking behaviour has been noted in L. hochstetteri and L. archeyi (Bell
1978; Cree 1989). This may aid digestion efficiency in Leiopelma and will
certainly help calcium metabolism if this process requires UV-B exposure.


The results of this chapter indicate that captive Leiopelma are

receiving inadequate amounts of vitamin D3 in instances where
supplementation does not occur. Consideration should be given to
supplementing this vitamin until it is proven that Leiopelma do not require
it to metabolise calcium.


Enclosures could be enriched using the method developed for

Dendrobatid frogs, where a container with holes in it is used to randomise
invertebrate provision to frogs housed indoors (Hurme et al. 2003). This
could be prepared earlier in the day and put in the enclosures as late as
possible, so that invertebrates were released throughout the night when
Leiopelma were active, rather than being released during the day and
having the opportunity to leave the enclosure or move out of the range of
the frogs.
These investigations have given novel information on the ways in
which the captive diet of Leiopelma can be improved, which should aid in
the development of healthy captive populations with increased breeding
success. Now that the diet has been examined, potential differences in
abiotic parameters between captive and natural environments need to be
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assessed, to ensure enclosure designs closely mimic the habitats of wild
Leiopelma.

This

will

be

undertaken

in

the

following

chapter.
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4 Improving the Environments of Captive
Leiopelma
4.1 Introduction
With amphibian populations declining worldwide (Hussain and Pandit
2012), many reports have been published on methods to keep amphibians in
captivity. Some report techniques for successfully holding and breeding individual
species (Martin 1991; Sharbel and Green 1992; Preece 1998; Browne et al. 2006;
Lee et al. 2006; Banks et al. 2008; Essner Jr and Suffian 2010; Wildenhues et al.
2012), while others give non-specific recommendations for facility design (Browne
et al. 2007), water quality (Odum and Zippel 2008), larval rearing (Browne and
Zippel 2007) or general husbandry of amphibians (Poole and Grow 2012).
The expansive and freely available guide to amphibian husbandry provided
by the Association of Zoos and Aquariums specifies that keeping amphibians in
captivity requires that diets and the environmental conditions of enclosures are
informed by the natural history of the species (Pramuk and Gagliardo 2008). This
thesis has investigated the natural diet to inform the captive diet (Chapters 2 and
3) but many other aspects of the structure and environment of enclosures for
Leiopelma need to be improved as both biotic and abiotic parameters regarding
Leiopelma enclosures have caused significant disease and mortality events in
captive populations (Potter and Norman 2006; Shaw et al. 2011; Shaw et al.
2012a).
The ability to improve enclosures and therefore frog health is especially
pertinent as objective 11.1 of the consultative draft of the Native Frog Recovery
Plan sets the goal of establishing or maintaining breeding populations for each
Leiopelma species by 2019 (Bishop et al. 2009a). In order to achieve this goal, the
design of captive enclosures for Leiopelma must be informed by each species’
natural history and behavioural biology. The enclosures should promote the health
and survival of captive frogs, successful development of offspring and also
encourage natural activity patterns, foraging behaviours and individual
interactions (Shepherdson 2003).
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As the current Native Frog Captive Husbandry Manual (Webster 2004)
provides only basic guidelines on many of the abiotic requirements for captive
frogs, this chapter will focus on improving the captive environments of L. archeyi
and L. hochstetteri, in relation to the environmental parameters observed at Tapu,
from whence captive populations of both these species were collected (Shaw and
Holzapfel 2008).

Current Leiopelma enclosures
At the time of writing, Auckland Zoo houses Leiopelma archeyi from
Whareorino and Tapu in outdoor enclosures which are covered by a canopy of
shade cloth but otherwise exposed to ambient light, rainfall and temperature. They
are cooled on very hot days by overhead water misters, using reverse osmosis
water that has so far been recorded to have a minimum temperature of 12.1 °C and
a max of 19.6 °C (Personal Communication Gibson 2012). Retreat sites are
provided by a combination of logs, rocks and broken terracotta clay pots, alongside
vegetation and leaf litter.
At Hamilton Zoo, Leiopelma hochstetteri are currently held in up to four 2 x
2 m cells, in an enclosed and covered space outdoors. Each cell contains a separate
stream which is fed from a rainwater tank, filtered through carbon and sediment
and chilled to approximately 14˚ C. This water is not re-circulated. Sprinklers
above the frog cells are synchronised with water flow into the rainwater tank so
that it rains inside the enclosure during heavy rain outside. The roof provides 100
% cover overhead, but sunlight enters the enclosure through the outer mesh walls.
Retreat sites are provided by logs and smooth river rocks which are placed on
gravel and sand substrate, as well as by vegetation which has grown inside the
enclosure. A new enclosure for these frogs may be built in the near future.
Leiopelma pakeka at Zealandia (Formerly Karori Wildlife Sanctuary) are
kept outdoors in a 2 x 4 m predator proof mesh enclosure, exposed to ambient air
temperature, sunlight and rainfall. Retreat sites are provided by rocks logs and leaf
litter (Bell 2008). At the University of Otago, Leiopelma archeyi held are kept in
temperature controlled rooms in individually in plastic frog boxes on moist paper
towels which are changed weekly. L. hochstetteri are kept individually or in a
group tank with flowing water which provides UV-B light and L. pakeka are kept in
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group tanks which have a sphagnum moss substrate and rock pile retreat sites
(Personal Communication Bishop 2012). Orana Park is in the process of creating
an indoor nocturnal research and breeding enclosure for L. pakeka and potentially
L. hamiltoni if maintenance techniques prove to be successful (Bishop and Bell
2011).

Water
The ability to supply high quality water and substrate to captive
amphibians is an essential part of maintaining their health and condition (Browne
et al. 2007; Odum and Zippel 2008). Because their skin does not act as a barrier to
bidirectional water flow (Toledo and Jared 1993) they are extremely sensitive to
changes in water and soil quality.
Issues regarding water have affected the health of captive Leiopelma.
Firstly, the concentration of fluoride in the water of captive Leiopelma enclosures
has been implicated in the metabolic bone disease of captive L. archeyi and L.
hochstetteri, where it was found in concentrations between 0.25 mg/l and 0.94
mg/l (Shaw et al. 2012a). Following this identification, Auckland Zoo removed
fluoride using reverse osmosis; however this was not implemented at Hamilton
Zoo. Secondly, the temperature of streams in Hamilton Zoo enclosures caused
overheating and mortality in L. hochstetteri during hot weather; after which time
water chillers were introduced (Personal Communication Goddard 2009).
Although there are no studies on the temperature tolerance of eggs or larvae of
Leiopelma, the eggs and embryos of the Leiopelmatid species Ascaphus truei are
known to have a very small temperature tolerance (between 5-18.5˚ C) (Brown
1975). It is therefore possible that the death of developing L. hochstetteri tadpoles
in March 2010 (Personal Communication Goddard 2009) could have been caused
by the water temperatures in the Hamilton Zoo enclosures being higher than those
which tadpoles may experience in their natural habitat; which indicates the
necessity for comparisons between water temperatures at the zoo and those of
streams which naturally contain L. hochstetteri.
Regular water testing is conducted on the water provided to L. hochstetteri
at Hamilton Zoo. At the University of Otago, frogs held individually are provided
with artificial pond water (reverse osmosis water re-constituted with measured
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amounts of trace elements and salts) while L. pakeka held in group tanks received
filtered water from the Dunedin town supply (Personal Communication Bishop
2012). Up to seven characteristics of water from Hamilton Zoo, Auckland Zoo, the
University of Otago and Tapu have been examined by Shaw et al (2012a). More
information is needed on the quality and temperature of water in natural
Leiopelma habitats so that the quality of water in current Leiopelma enclosures can
be assessed.

Substrate
Substrate has been implicated in relation to the poor health and mortality of
captive Leiopelma at Auckland Zoo and the University of Canterbury. It is
speculated that the heating of substrate to kill chytrid also killed healthy bacteria,
fungi and invertebrates, leading to the colonisation of bacteria and fungi to which
the frogs were naïve, which may in turn have caused disease and mortality (Shaw
and Holzapfel 2008). It is known that elements found naturally in soil can
negatively affect amphibian health if their concentration falls outside of the range a
species is exposed to in their natural habitat (Browne et al. 2007). As soil quality is
not covered in the Native Frog Captive Husbandry manual (Webster 2004), the
chemical composition of substrate in all Leiopelma enclosures should be compared
to that found in their natural habitat, so that any significant differences which may
impact the health of the frogs can be addressed.

Air and precipitation
Air temperature, relative humidity and rainfall are known to affect the
emergence activity of all extant Leiopelma species (Cree 1989; Newman 1990;
Tessier et al. 1991; Slaven 1992; Slaven 1994; Bell et al. 2004b; Bell and Pledger
2010). A study conducted in Whareorino gives the only year-round data on
environmental variables in L. archeyi and L. hochstetteri habitat and was conducted
from July 1996 to June 1997 by Eggers (1998). This study provides important
information on temperature parameters that may be suitable for frogs obtained
from this region, but similar research is needed on the abiotic parameters of
natural habitats for each captive Leiopelma population, so that enclosures
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encourage natural behaviour and do not expose frogs to thermal stress or the risk
of dehydration.

Ultra-Violet B light
Ultra-Violet (UV) light or radiation is the spectrum ranging between 100400 nanometres (nm) and is further divided into the sub-categories UV-C (100280 nm), UV-B (280-315 nm) and UV-A (315-400 nm) (DeLuca 2004). Exposure to
ultra-violet irradiance, especially UV-B, can be both beneficial and detrimental to
amphibians on individual, population, species and global levels, as has been
thoroughly reviewed in previous papers; see Licht and Grant (1997), Adkins et al.
(2003), Blaustein et al. (2003), Bancroft et al. (2008) and Antwis and Browne
(2009).
As UV-B exposure plays an important role in the normal physiological
processes of all vertebrates (Holick 1995), it is an absolute necessity to determine
how much UV-B amphibians may exposed to in the wild, so that this may be
replicated in their captive environments. This is especially true for Leiopelma,
which were originally considered to need very little UV-B light in captivity
(Webster 2004). This position was changed following the development of
metabolic bone disease in captive L. archeyi and L. hochstetteri, which may be
related to a lack of adequate UV-B exposure if this exposure is necessary for the
endogenous production of vitamin D3 in these species (Shaw et al. 2009; Shaw et al.
2012a)
Leiopelma are considered to be primarily nocturnal, but the timing and
frequency of diurnal emergence in this genus has not been thoroughly examined,
mostly because the majority of in situ studies on L. pakeka L. hamiltoni and L.
archeyi (with the exception of studies conducted by Dr. Ben Bell) are conducted at
night. Examination of the ultra-structures of Leiopelma retina have shown a
divergence in light sensitivity between species (Benno Meyer-Rochow and
Pehlemann 1990) and basking behaviour has been noted in L. hochstetteri and L.
archeyi (Whitaker and Hardy 1985; Cree 1989; Shaw et al. 2012a). Therefore, until
further diurnal emergence studies are conducted, it is important to understand the
level of UV-B exposure each species within this genus may be exposed to, if diurnal
emergence does occur.
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Preliminary investigations into the UV-B irradiance that may be received by
Leiopelma at Whareorino, Auckland Zoo and the University of Otago have been
completed by Shaw et al. (2012a) but similar data need to be collected seasonally
in all captive Leiopelma enclosures and in each species’ natural habitat, to ensure
that captive enclosures provide either natural or artificial exposure to appropriate
levels of UV-B irradiance. These studies are also required for other New Zealand
native herpetofauna, such as tuatara, which develop metabolic bone disease in
captivity but have historically been exposed to a wide variety of UV-B irradiances
in their enclosures (Burgess et al. 2009).

Group associations and habitat characteristics
The Native Frog Recovery Group has identified the need for better
understanding of microhabitats such as egg laying sites, juvenile habitats and
seasonal refuges (Bishop et al. 2009a). Collecting data on these microhabitat
parameters, alongside the group-associations and distributions naturally exhibited
by each species will allow current enclosure designs to be assessed and improved.
Few studies have been conducted with the categorical aim of ‘enriching’ the
environment of captive amphibians (Rosier and Langkilde 2011), although habitat
enrichment has been observed to alleviate negative social interactions in captive
Xenopus laevis (Kinne et al. 2006; Archard 2012) and to stimulate mental and
physical activity in captive Dendrobatids (Hurme et al. 2003).
Captive L. hochstetteri at Hamilton Zoo currently cluster under specific
stones or logs which provide shelter over damp or wet substrate (Personal
Communication Goddard 2009) and it is unclear whether these associations are
based on preferred grouping or on retreat site restriction, the latter of which can
have negative effects in captive amphibians (Torreilles and Green 2007; Archard
2012). Understanding appropriate groupings and holding densities for captive L.
hochstetteri is difficult because at present, the only age-class association data for L.
hochstetteri is provided by Ziegler (1999) and the relative abundance of L.
hochstetteri has been shown to vary widely between locations within a region and
between regions (Whitaker and Alspach 1999; Ziegler 1999; Mussett 2005; Baber
et al. 2006; Moreno-Puig 2009). Investigations need to be made on both group
associations and habitat characteristics for L. hochstetteri at Tapu, so that if
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necessary, enclosure design can be amended to minimise potential stress and to
encourage natural behaviour in the captive frogs.

4.2 Aims of study
This study aims to:
1) Compare abiotic parameters between Hamilton Zoo and Auckland
Zoo enclosures with retreat sites of L. hochstetteri at Tapu, as the
similarities or differences and the effect that these may have of the
health of captive frogs have not yet been assessed. This will focus on
soil and water composition, relative humidity, air temperature and
water temperature, as well as UV-B irradiation.
2) Examine age class associations between wild L. hochstetteri and the
characteristics of their retreat sites, which will further inform
enclosure design and holding density.
As there is still much to learn about the life history of Leiopelma, designing
enclosures which closely mimic the environment from which captive frogs were
sourced is the best way to avoid sub-lethal stress and encourage natural behaviour
such as breeding. The results of this chapter will therefore allow informed
decisions to be made about whether the design of enclosures need to change at all
in order minimise the differences between natural and captive environments.
Being able to make such changes could help improve the health and breeding
success of captive Leiopelma, allowing them to be maintained in the future for
conservation, advocacy and research.

4.3 Methods
Study site: Tapu
The Leiopelma habitats investigated in this study were found in the same
eight small streams in which L. hochstetteri were collected for faecal pellet analysis
in Chapter 2.

89
4 Improving the Environments of Captive Leiopelma

Soil and water analyses.
Water samples were collected twice from the eight streams where frogs
were found at Tapu from areas of flowing water, adjacent to the first frog caught at
each site. Water samples were also taken from one of the Hamilton Zoo frog cells in
addition to the 15 most recent samples that had been taken from the cells every
month by Zoo staff. Soil samples were taken once from the banks of the eight
streams where frogs were found. Samples were collected approximately 1 m from
the edge of the stream, away from potential frog retreat sites, but as close as
possible to where the first frog was found at each site. A soil sample was also taken
from one of the Hamilton Zoo cells. All soil and water samples were chilled and
sent to Hill Laboratories in Hamilton for analysis.

Year-long data collection.
In May 2010 a water temperature logger (HOBO U22-001 Water Temp Pro
V2) was placed in five of the eight streams where L. hochstetteri were found. Five
air temperature/relative humidity loggers (HOBO Pro V2 Temp/RH) were also
placed at these sites, at the base of trees as close as possible to each stream
without being in the flood-zone. The same loggers were placed in two of the four L.
hochstetteri cells at Hamilton Zoo. Data were collected until April 2011. All these
data loggers recorded on an hourly basis.
Air temperature for L. archeyi enclosures at Auckland Zoo was collected by
Zoo staff, at varying times and varying days of the week, and given to the author by
Richard Gibson. The first air temperature recordings were made at Auckland Zoo
in November 2010.

UV-B
Spectral irradiances for UV-B (μ W/cm2) were measured using a Solarmeter
Digital Ultraviolet Radiometer (Model 6.2 Solartech Inc., Harrison Township, USA)
which had a range of 0 to 1999 μ W/cm2 at a spectral response of 280-320 nm for
Ultra Violet-B light.
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Tapu
At Tapu, ten 1 m2 quadrats were marked out around Site 2. Five quadrats
were placed within 2 m of the stream edge in areas which L. hochstetteri had been
found to be the most abundant at Site 2 (within a 30 m length of stream) these
were labelled Stream Habitat. The other five were placed at least 2 m away from
the stream, adjacent to the Stream Habitat quadrats, on leaf litter covered soil. One
of the quadrats was placed in an area where L. archeyi had been seen. These were
labelled Stream-side Forest Habitat. The percentage vegetation cover above each
quadrat was recorded.
Each of the ten quadrats was divided equally into an additional four
quadrats. Measurements of UV-B were made by holding the solar meter at ground
level, angled toward the sun. Each quadrat was scanned for ten seconds and the
highest reading from each quadrat was recorded. Recordings were made every
hour from 0900 to 1700 hours. As not all of the quadrats could be scanned
simultaneously, quadrats were scanned in the same order each time, taking the
same amount of time, so that recordings were comparable across days. Recordings
at Tapu were made on 17, 18, 19, 21 April, 5, 6 May and 28, 29 December 2010.

Hamilton Zoo
Each of the four frog cells were divided equally into four quadrats.
Measurements of UV-B irradiance were made by holding the Solarmeter at ground
level, angled toward the sun and recording the highest reading for each quadrat.
Recordings were made every hour from 0900 to 1600 hours. Measurements were
made on 24 and 25 April 2010 and 1, 2, 4 February 2011. At the proposed site for
the new frog enclosures, five 1 m2 quadrats were marked out in the area which the
enclosure would cover. The percentage vegetation cover above each quadrat was
recorded. Measurements of UV-B irradiance were made using the same method as
at Tapu. Recordings were made every hour from 0900 to 1600 hours (limited by
the Zoo’s closing time). Measurements were made on 24 and 25 April 2010 and 1,
2, 4 February 2011.
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Auckland Zoo
The four frog enclosures that were in use (3, 4, 7 and 8) were divided into
four equal quadrats. UV-B measurements were made using the same method for
the indoor frog cells at Hamilton Zoo. Measurements were made on 26, 27 and 28
January 2011.

Age class associations and retreat site characteristics of L.
hochstetteri
Tapu
Between 14 April 2010 and 4 October 2010, 400 L. hochstetteri were caught
for faecal pellet sampling in eight streams at Tapu. Frog measurements were taken
using precision electronic callipers (Vernier, INSIZE) and frog weights were
measured using a hand held electronic balance (OHAUS model 1111120D) and
were grouped into age-class based on the method of Ziegler (1999).
For each frog found, the habitat characteristics of each retreat site were
recorded: retreat type, length of cover (if it was arock) the distance of the frog
from the stream edge, the height of the frog above water, percentage cover of
vegetation directly above the frog, UV-B irradiance above the frog’s retreat, the
width of the stream and stream bank, water flow rate and water pH. The pH
readings were taken using a handheld pH/mv/Temp meter; (IQ Scientific model
IQ140) and water flow readings were taken using a Flow Mate (Model 2000). Flow
and pH measurements were taken with the meter approximately 5 cm below the
surface of the water, and 20 cm away from the water’s edge, nearest where each
frog had been found.

Statistical analyses
Water Analysis
Each water measure was averaged to give one measure per site. 2-sample ttests were used to compare each of the water measurements for Hamilton Zoo vs.
Tapu sites. As there was only one zoo site in each case, zoo measurements were
assumed to have the same standard deviation as the Tapu measurements, since
this could not be computed. In some cases, the standard deviation for Tapu was
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zero; in this case no test was performed. In cases where the actual value was not
available (e.g. <0.002) the upper bound of the cut-off was used (e.g. 0.002) as this
resulted in the most conservative comparison between Tapu and Zoo
measurements.

Soil Analysis
2-sample t-tests were used to compare each of the soil measurements for
Hamilton Zoo vs. Tapu sites. As there was only one zoo measurement in each case,
zoo measurements were assumed to have the same standard deviation as the Tapu
measurements, since this could not be computed. In cases where the actual value
was not available (e.g. < 1.5) the upper bound of the cut-off was used (e.g. 1.5) as in
each case this resulted in the most conservative comparison between Tapu and
Zoo measurements. All analyses were performed in Minitab 16.

Year-long data collection
Each environmental measure was averaged to give one measure per month and
site. The data were analysed using a linear mixed model for each environmental
measure, with month and site type (Zoo or Tapu) as the fixed effects, and site and
month as a random factors to allow for correlations between values from the same
logger in both time and space. All analyses were performed in Genstat 15 using
REML.

Retreat site characteristics and UV-B
2 sample t-tests were used to detect differences between:


Water flow rates between Tapu streams and Hamilton Zoo.



UV-B irradiance between sites within Tapu, between Tapu and
Hamilton Zoo and between Auckland Zoo and Tapu.



Retreat site characteristics between autumn and spring (UV-B,
water temperature, air temperature, stream width).

Correlations between snout-vent length and weight as well as rock length
and snout-vent length were assessed using Pearson’s Correlation Coefficient. All
means are reported ± SE.
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Relative abundance and encounter rate
Relative abundance and encounter rates were calculated from search periods in
October and November when only one person was searching for frogs and the
same sites were searched. This removed the bias caused by different levels of
experience in observers, which has been noted in previous studies (Bell 1996;
Whitaker and Alspach 1999; Ziegler 1999).

4.4 Results
Water and Soil Chemical Composition
Quality
The characteristics of water from Tapu streams and Hamilton Zoo frog
enclosures were similar. Hamilton Zoo water had significantly higher copper and
nitrate-N concentrations than Tapu water, as well as significantly greater electrical
conductivity (Table 4.1).
Table 4.1 Water characteristics at Tapu and Hamilton Zoo
Water measurement

Tapu
mean

95 % CI for Tapu
mean

Zoo

P-value

pH

7.22

7.12

7.32

7.33

0.40

Total Hardness (mS/100 mL)

24.05

15.85

32.25

36.63

0.27

10.73

8.11

13.35

18.64

0.049

5.46

3.44

7.49

10.77

0.078

0.0011

0.0007

0.0014

0.0051

0.00

Total Iron (mg/l)

0.95

-0.01

1.90

0.23

0.57

Total Lead (mg/l)

0.0003

0.0000

0.0006

0.0010

0.10

Dissolved Magnesium (mg/l)

2.53

1.73

3.33

2.36

0.87

Chloride (mg/l)

13.98

12.02

15.93

19.19

0.07

Fluoride (mg/l)

0.05

0.33

-

Nitrite-N (mg/l)

0.0021

0.0020

0.75

Electrical Conductivity (mg/l as
CaCO3)
Dissolved Calcium (mg/l)
Total Copper (mg/l)

No variation
0.0018

0.0024
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Nitrate-N (mg/l)

0.016

0.007

0.025

0.312

0.00

Total Kjeldahl Nitrogen (mg/l)

0.28

0.10

0.46

0.33

0.84

Total Organic Carbon (mg/l)

5.08

3.74

6.41

3.00

0.26

2342500

1063084

3621916

830938

0.38

129438

62035

196840

176872

0.60

Heterotrophic Plate Count at
22 °C (cfu/100 mL)
Heterotrophic Plate Count at
35 °C (cfu/100 mL)

Table 4.2 Water flow rates (m/s) of Tapu streams and in Hamilton Zoo L.
hochstetteri enclosures
Tapu

Hamilton Zoo

Minimum

0.01

0.00

Maximum

1.23

0.02

0.16 ± 0.01

0.011 ± 0.00

Mean (±SE)

Table 4.3 Soil Characteristics of Leiopelma retreat sites at Tapu and Hamilton Zoo L.
hochstetteri enclosures
Tapu
mean
63.91

95 % CI for Tapu
mean
53.9
73.8

Zoo

P-value

79.02

0.27

Total Recoverable Calcium
(mg/Kg)

3469

2265

4673

2300

0.47

Total Recoverable Phosphorus
(mg/Kg)

283

255

310

880

0.00

Total Recoverable Phosphate
(mg/Kg)

864

782

945

2700

0.47

pH

6.63

6.32

6.93

6.50

0.76

Ammonium-N (mg/Kg)

8.50

6.45

10.55

5.00

0.01

Nitrite-N (mg/Kg)

1.35

1.15

1.56

1.00

0.001

Nitrate-N (mg/Kg)

2.88

0.29

5.47

4.40

0.61

Total Organic Carbon (mg/Kg)

1.36

0.26

2.47

2.60

0.41

Soil measurement
Dry Matter g/100 g

95
4 Improving the Environments of Captive Leiopelma

Water flow was not significantly different between Hamilton Zoo
enclosures and Tapu streams (P = 2.65) (Table 4.2). The chemical composition of
Hamilton Zoo soil was similar to that from Tapu sites (Table 4.3), with the only
significant compositional differences being that Hamilton Zoo soil contained a
significantly higher mean concentration of phosphorus and significantly lower
concentrations of ammonium-N and nitrite-N than Tapu soils.

Year-long environmental data collection
Water
While there was no statistically significant overall effect of site type on
water temperature (P = 0.20) there was a highly significant interaction between
month and site (P < 0.001) indicating that the differences varied with time. On
average, the loggers at Hamilton Zoo recorded temperatures 0.85 °C hotter than
those recorded at Tapu, but this varied from virtually no difference in February
2011 to a difference of 2.48 °C in October 2010 (Figure 4.1).
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Figure 4.1 Mean monthly water temperature (± maximum and minimum) in
Hamilton Zoo L. hochstetteri enclosures (n = 2) and Tapu streams (n =5) from May
2010 to April 2011

Air
There was a statistically significant overall effect of site type on air
temperature (P = 0.013), and a highly significant interaction between month and
site (P < 0.001) indicating that this difference was not consistent over time. On
average, Hamilton Zoo loggers recorded temperatures 1.81 °C hotter than those at
Tapu, varying from an increase of 1.06 °C in July 2010 to an increase of 2.97 °C in
November 2010 (Figure 4.2). In the months that maximum air temperature
measurements overlapped, there was no statistically significant effect of site type
on maximum temperature between Auckland Zoo and Tapu (P = 0.50), nor a
significant change over time (Figure 4.3), which was most likely due to the lack of
replication.
There was a highly statistically significant effect of site type on relative
humidity between Tapu and Hamilton Zoo (P < 0.001) and a highly significant
interaction between month and site (P < 0.001) indicating that this difference
varied with time. Hamilton Zoo was 6.02 % less humid than Tapu on average,
varying from 3.32 % less humid in June 2010 to 8.68 % less humid in March 2011
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(Figure 4.4). The relative humidity of L. hochstetteri and L. archeyi retreat sites at
Tapu were significantly higher than those observed in Hamilton Zoo L. hochstetteri
frog enclosures (P < 0.001) with a mean overall difference of 5.43 % (Figure 4.4).
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Figure 4.2 Mean monthly air temperature (± absolute minimum and maximum) in
Hamilton Zoo L. hochstetteri enclosures ( n = 2) and Leiopelma retreat sites ( n = 5)
at Tapu from May 2010 to April 2011
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Figure 4.3 Mean maximum monthly air temperature (+ absolute maximum) in
Auckland Zoo L. archeyi enclosures and Leiopelma retreat sites at Tapu, between
November 2010 and November 2012
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Figure 4.4 Mean monthly relative humidity (± absolute minimum and maximum) in
Hamilton Zoo frog enclosures ( n = 2) and Leiopelma retreat sites at Tapu ( n = 5)
from May 2010 to April 2011
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UV-B Irradiance
A two-sample t-test assuming unequal variances found that the irradiance
recorded above the retreat sites of L. hochstetteri found in April and May ( ̅ = 0.67
µW/cm2) was significantly lower than that recorded above retreat sites in October
and November ( ̅ = 4.86 µW/cm2) (P < 0.01). The maximum irradiance was
recorded in November, at 205 µW/cm2.

Tapu
The irradiance recorded in Stream-side Forest habitats was not significantly
different to those recorded in Stream Habitats (P = 0.36). The mean difference
between the absolute maximum irradiances recorded in stream habitats and
Stream-side Forest habitats was 3.23 ± 2.64 µW/cm2. The maximum irradiances
recorded in the Stream-side Forest habitats were higher than those recorded in the
Stream habitats, with a mean difference of 2.09 ± 2.87 µW/cm2 (Figure 4.5).

Hamilton Zoo
The mean hourly irradiances recorded in the current L. hochstetteri
enclosures were significantly lower than those recorded in the proposed enclosure
sites (P < 0.001) (Figure 4.6) with a mean hourly difference of 24.93 ± 4.45
µW/cm2.

Auckland Zoo
The difference between the mean of hourly irradiances calculated across all
hours and days in which UV-B was measured was not significant between the
Coromandel enclosures and the Whareorino enclosures (P = 0.64). The
Whareorino enclosures showed a spike in exposure at 13:00 which did not occur
in the Coromandel enclosures (Figure 4.7).
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Figure 4.5 Mean maximum UV-B irradiances (+ absolute maximum irradiance)
recorded in Stream Habitat and Stream-side Forest habitat at Tapu over eight days
in 2010
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Figure 4.6 Mean of maximum UV-B irradiances (+ absolute maximum hourly
irradiance) recorded in proposed enclosure sites and current L. hochstetteri
enclosures at Hamilton Zoo over five days in 2010
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Figure 4.7 Mean maximum UV-B irradiance (+ absolute maximum irradiance)
recorded in Whareorino and Coromandel L. archeyi enclosures at Auckland Zoo,
over three days in 2011.

Age class associations and retreat site characteristics of L.
hochstetteri
Leiopelma hochstetteri associations
The majority of L. hochstetteri were found alone (76 % of all individuals)
(Table 4.4) but a total of 56 separate groups of L. hochstetteri were observed
throughout all search periods. Groups of frogs were more commonly found under
rocks than in or under vegetation; rock groupings contained greater numbers of
frogs than vegetation groupings (Figure 4.8).
Sub-adults were the most common age class found in groups, with 49 % of
groups containing a sub-adult. Sub-adults were most often found with other subadults (34.72 % of sightings) or juveniles (19.44 % of sightings) (Table 4.4).
Juveniles were the second most common age class found in groups (29.21 % of
groups) and were most commonly found with sub-adults or other juveniles (16.67
% of sightings) but hardly ever with adults (0.14 % of sightings) and never with
adult females. Adults were more common than adult females in group sightings,
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consecutively making up 14.61 % and 6.74 % of the age classes found in groups.
Adults were most commonly seen with sub-adults (15.28 % of sightings). Adult
females were only seen with sub-adults (6.47 % of sightings) or adults (0.28 % of
sightings), never with juveniles or other adult females.
Table 4.4 Age class associations of L. hochstetteri found in 56 different groups
Juvenile

Sub-adult

Adult

Adult female

Found Alone

132

146

13

13

With Juvenile

12

14

1

0

25

11

5

2

2

With Sub-adult
With Adult
With Adult female

0

50
45

Frequency of groups

40
35
30
25

Vegetation

20

Rock

15
10
5
0
2

3
4
Number of frogs in a group

5

Figure 4.8 Relationship between retreat type and the number of L. hochstetteri
found in a group

Retreat type
The majority of frogs found during searches used rocks as a retreat site (72
%). Vegetative retreat sites were comprised of rotting logs, fallen epiphytes, fallen
nikau (Rhopalostylis sapida) fronds and leaf litter. The 28 frogs observed in
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vegetative retreat sites during the searches were comprised of one adult, one adult
female, 14 juveniles and 12 sub-adults.

Relative Abundance and Encounter Rate
The mean relative abundance per 100m for October was 57.23 ± 2.72 and
the mean relative abundance for November was 93.68 ± 1.95 100m. In April and
May one frog was found every 13 minutes on average, whereas in October and
November one frog was found every 6 minutes on average.

Rock Shelter Dimensions
The rocks found to shelter individual and groups of frogs were similar in
length, with long axes ranging between 5 cm and 50 cm (Figures 4.9 and 4.10).
There was no significant difference between the length of rocks sheltering groups
of L. hochstetteri (20.20 ± 1.34 cm) (Figure 4.9) and those sheltering single frogs
(7.37 ± 0.51 cm) (Figure 4.10).
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Figure 4.9 Rock shelter dimension in relation to snout-vent length of L. hochstetteri
found in groups (n = 56) different symbols represent separate groups of frogs.
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Figure 4.10 Rock shelter dimension in relation to snout-vent length of L. hochstetteri
found individually (n = 344)
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Within Stream Distribution
The mean width of the streams where L. hochstetteri were found was
significantly greater in October and November than in April and May (P < 0.01),
although there was no difference in bank width or the distance of frogs from the
water’s edge (Table 4.5). Frogs were mostly found between the edge of the stream
and the stream banks, within 30 cm of the stream edge (Table 4.5), although in
April one frog was found 232 cm from the stream edge and in November a frog was
found 545 cm from the stream edge. In general, frogs were distributed relatively
evenly along the stream, close to the edge of the water and within the stream
banks as seen in Figure 4.11.
Table 4.5 Stream distribution data for frogs caught during autumn and spring (n =
400) (*** denotes statistical significance at 99.99 % confidence level)
April and May ( ̅ ± SE)

October and November (̅ ± SE)

Stream width (cm)

102.27 ± 3.73 ***

126.87 ± 4.94

Bank width (m)

233.27 ± 5.55

250 ± 8.12

Distance from water
(cm)

25.93 ± 2.55

29.64 ± 3.81
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Figure 4.11 Stream distribution of single (green) and grouped (orange) L.
hochstetteri from one search day in Site 1 (3.11.10) (n = 47). Blue line denotes
stream edge, black line denotes bank edge.

Vegetative cover
The mean vegetative cover for all frogs found was 63.63 ± 1.23 %. Vegetation in
the area is regenerating podocarp-broadleaf forest on Komata clay loam (Cree
1986). The canopy of the study sites was primarily composed of rimu (Dacrydium
cupressinum), rewa rewa (Knightia excelsia) towhai (Weinmannia sylvicola),
kotukutuku (Fuschia excorticata), nikau (Rhopalostylis sapida), kohekohe
(Dysoxylum spectabile) and supplejack (Rhipogonum spp.). Much of the forest and
stream banks were covered with nikau seedlings, ferns (Blechnum spp., Dicksonia
spp., and Cyathea spp.), rice grass (Microlaena avenacea) and hook grass (Uncinia
uncinata).

Weight in Relation to Snout-Vent Length
There was a strong linear relationship between frog snout-vent length
(SVL) and weight in the L. hochstetteri sampled in the present study. Pearson’s
Correlation Coefficient showed a strong positive relationship between frog size
and weight (r = 0.95, df = 398, P < 0.001). There was an overlap in weight between
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each age class and those both preceding and following, with adults showing the
greatest overlap into sub-adult and adult female weight ranges (Figure 4.10).
9
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Adult
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Sub Adult
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Juvenile
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0
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Figure 4.12 Relationship between age-class, SVL and weight in L. hochstetteri

The positive correlation between the snout-vent length and weights of wild
L. hochstetteri provide a useful tool for calculating healthy weight for captive frogs
based on SVL. Weight for captive L. hochstetteri can be calculated using the
equation:
Where:

= Ideal weight
= SVL of the captive frog.

4.5 Discussion
The results of this study give detailed analyses of environmental
parameters of Leiopelma retreat sites at Tapu, which can be used to inform the
design of L. hochstetteri and L. archeyi enclosures, as well as those for L. hamiltoni
and L. pakeka.
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Water and soil
Water quality
It is a positive sign for L. hochstetteri health that the majority of
characteristics of Hamilton Zoo water did not differ significantly from the water
from Tapu streams. Nitrate-N levels in Hamilton Zoo water were significantly
higher than recorded in Tapu but should not adversely affect the frogs as they
were not than 1.5 mg/l which has been stated as an acceptable rate of dissolved
nitrates for water in amphibian enclosures (Odum and Zippel 2008). Likewise, the
significantly

different

levels

of

hardness

and

electrical

conductivity

(measurements of dissolved calcium and magnesium and dissolved solutes) fell
within acceptable levels (Odum and Zippel 2008).
Although they did not vary significantly from Tapu water, dissolved copper
concentrations at Hamilton Zoo should be carefully monitored, as decreased
growth rates and reduced mobility have been observed in northern leopard frog
(Rana pipiens) larvae exposed to copper concentrations of 0.025 mg/l (Chen et al.
2007) and aberrant behaviour and mortality noted at a concentration of 0.036
mg/l (Redick and La Point 2004). Chloride concentrations also require close
observation as physical and behavioural effects have been observed in anuran
larvae exposed to chloride concentrations as low as 0.30 mg/l (from NaCl) (Sanzo
and Hecnar 2006).
While there was no significant difference in fluoride levels between Tapu
and Hamilton Zoo, fluoride has been nominated as one of the causes of MBD in
captive L. archeyi and L. hochstetteri by Shaw et al. (2012a) and accordingly,
fluoride has been removed from water provided to L. archeyi at Auckland Zoo. It is
possible that fluoride may be the cause of tadpole mortality in the L. hochstetteri
enclosure, so this variable needs to be carefully observed and if necessary,
removed. The data from this study give a range of values for future water samples
from L. hochstetteri and L. archeyi enclosures to be compared to. This comparison
is especially important if successful development of L. hochstetteri larvae is to
occur, as fertile egg development in the Hamilton Zoo enclosures has not yet
progressed past the tadpole stage (Kudeweh et al. 2011).
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Soil Quality
Overall, the profile of soil from the Hamilton Zoo L. hochstetteri enclosure
was very close to those found in soil at L. hochstetteri retreat sites in Tapu, which
indicates that soil quality should not be adversely affecting the health of the
captive frogs. The only cause for concern may be the significantly higher
phosphorus concentrations in the Hamilton Zoo soil. Phosphorus is detrimental in
both water and soil as it can bind to calcium (Poole and Grow 2012), leading to
osteological problems such as the metabolic bone disease seen in captive L. archeyi
and L. hochstetteri (Shaw et al. 2012a). Fortunately, the high calcium content of
Hamilton Zoo soil means that its calcium to phosphorus ratio is 2.61:1, so the
potential binding effects should be minimal, however as this ratio is far less than
that of Tapu soil (12.26:1) consideration could be given to adding calcium to
Hamilton Zoo soil.

Water flow
The flow rate of water beside L. hochstetteri retreats was not significantly
different to those recorded in Hamilton Zoo enclosures. In the streams where L.
hochstetteri were found during this study, it was observed that heavy rains had
caused flooding between search periods. While there was no difference in the
distance between frog retreat sites and the water’s edge in April/May and
October/November, it was noted that the position of washed up debris and some
of the boulders had changed, which would have necessitated the frogs to move
away from the flood, as has been observed in other studies (Slaven 1992; Slaven
1994).
Water flow and rainfall may act as a temporal cue for this species, which has
a breeding season from August to February (Bell 1985c). Egg strings of L.
hochstetteri have been noted under a rock in a seep (Turbott 1949; McClennan
1985; Beauchamp et al. 2010), on the wet floor of burrows excavated by dragonfly
nymphs (Stephenson 1955), an underground cavity in a seep, in a water filled
cavity and in an open ground-water filled pool (Beauchamp et al. 2010).
Areas suitable for egg laying may be sought following periods of heavy
rainfall and high water flow, during which time frogs are noted to move away from
stream beds (Slaven 1992; Slaven 1994). During this time frogs would be able to
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find areas which would not put eggs in danger of being washed away or predated
upon, while avoiding the risk of desiccation during the journey. Heavy rainfall
would ensure that water flow (recorded as 0.25 l/m in one breeding site
(Beauchamp et al. 2010)) would be high enough to prevent sedimentation from
blocking oxygen exchange in the eggs, as it is known that Ascaphus truei requires
0.25- 1.20 µl /h O2 during development (Brown 1977) which may be similar for all
Leiopelmatids. Heavy rainfall may also increase the likelihood that enough water
would be present to submerge tadpoles for the duration of their development.
If rainfall acts as a cue for breeding or egg deposition in L. hochstetteri, it
would explain why the egg strings at Hamilton Zoo were all laid following periods
of heavy rainfall (Kudeweh et al. 2011) and why females held in captivity in
Canada without simulated rainfall became gravid, but did not amplex or lay eggs
on their own (Sharbel and Green 1992). Rain may also act as a breeding cue for L.
archeyi as the most recent egg laying seen in L. archeyi at Auckland Zoo was noted
to commence after heavy rainfall (Personal Communication Gibson 2012) and
although the weather conditions prior to and during amplexus observed in this
species have not been noted (Bell 1978), these frogs are known to be more active
during wet nights (Cree 1989). Heavy rainfall would ensure a period of high
moisture to prevent desiccation of egg clutches.
In captive red bellied toads (Bombina bombina) and Malayan horned frogs
(Megophrys nasuta) sexual activity can be stimulated by simulation of rainfall using
a watering can or hose (Kinne et al. 2006; Wildenhues et al. 2012), methods which
could both easily be used for Leiopelma housed indoors during breeding months. A
drop in air pressure also causes breeding in Bombina bombina,(Kinne et al. 2006) a
factor which should be kept in mind for frogs housed indoors without a rainfall
system synchronised to external rain levels.

Temperature
While there was no significant difference between Hamilton Zoo and Tapu
water temperatures overall, the significant difference between month and site
indicates that temperature differences varied over time, so the water chillers at
Hamilton Zoo should be set to match the monthly changes in water temperature at
Tapu. The necessity for this temperature matching is highlighted by the mortality
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of tadpoles observed in March 2010 (Kudeweh et al. 2011) which may have been
related to thermal stress, as the absolute maximum water temperatures recorded
at Hamilton Zoo fell outside of those recorded at Tapu between May 2010 and
April 2011. If future embryos are raised in artificial medium indoors, they should
be kept within the range of mean temperatures recorded in Tapu streams and if
left in the enclosure, the water around the eggs and tadpoles should be taken, as
this will vary from the temperature to which the water chillers are set.

Air
While the air temperature in Hamilton Zoo enclosures was significantly
higher than those of Leiopelma retreat sites, the mean monthly temperatures at
Hamilton Zoo fell within the minimum and maximum monthly temperatures
recorded at Tapu, so should not place undue thermal stress upon the captive L.
hochstetteri. Similarly, the significantly lower relative humidity observed in the
Hamilton Zoo enclosures should not have a detrimental effect on the frogs,
especially as the daytime retreat sites of captive L. hochstetteri may be closer to
100 % as they are most often found under rocks directly in the flow of the water in
the enclosures, while the Zoo’s loggers are positioned on dry ground out of the
range of the sprinklers.
As Eggers (1998) found that the mean daily maximum temperatures in
Whareorino never rose above 20 °C, the absolute maximum monthly temperatures
recorded at Auckland Zoo between December and March indicate that
consideration should be given to increasing shading and continuing to cool these
enclosures with sprinklers, as it is possible that the frogs from both Whareorino
and Tapu may be exposed to temperatures outside of the thermal profile. This
being said, it is important to note that the recordings were made only once per day
by staff at Auckland Zoo (at times ranging from 0730 to 1700) as opposed to every
hour at Tapu and Hamilton Zoo, so only basic comparisons can be made.

UV-B
The mean maximum UV-B irradiances recorded in the current L.
hochstetteri enclosures were not significantly different to those recorded in both
Stream and Stream-side Forest habitats at Tapu, which means that the captive. L.
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hochstetteri should receive UV-B irradiance levels equivalent to those that these
species may receive in the wild during diurnal emergence. This is beneficial if
percutaneous production of vitamin D3 through UV-B exposure is necessary for
calcium metabolism in this species, which is possible as diurnal activity has been
observed in L. hochstetteri in both the present study and by Whitaker et al. (1985).
If UV-B is required for calcium metabolism in this species and its provision
at Hamilton Zoo is adequate, it may explain captive L. hochstetteri with MBD have
shown fracture repair, and no new cases of the disease have developed (Kudeweh
et al. 2011; Shaw et al. 2012a), even though Chapter 3 indicates that their ‘fed-out’
diet (excluding self-introduced invertebrates) still has a low Ca:P ratio and the
frogs are exposed to some fluoride. This would indicate that a lack of UV-B was the
primary cause of MBD in this species as opposed to osteofluorosis (Shaw et al.
2012a) or a dietary imbalance of calcium and phosphorus, though they will receive
calcium and vitamin D from the topical treatments and may receive additional
calcium from self-introduced invertebrates.
The much higher levels of UV-B observed at the proposed frog enclosure
site should not be harmful to L. hochstetteri on an intermittent basis, if a new
enclosure is built here, as L. archeyi at the University of Otago are exposed to
monthly blasts of 300 to 400 µw/cm2 without detriment in the UV-B boost
programme (Shaw et al. 2012a). However, shading, via vegetation or netting
should be added so that sun exposure does not drop relative humidity levels
below, or raise enclosure temperatures above the parameters observed in these
frogs’ natural habitat.at Tapu.
As the UV-B irradiances recorded in Auckland Zoo L. archeyi enclosures was
not significantly different to those recorded at Tapu, or to those recorded at
Whareorino (Shaw et al. 2012a) the current enclosure design should allow
percutaneous vitamin D3 production via UV-B exposure, if this plays a role in the
calcium metabolism of L. archeyi. This is possible as Leiopelma archeyi, like L.
hochstetteri, is noted to show occasional diurnal behaviour (Cree 1989) and
basking (Shaw et al. 2012a). Following the transfer to the outdoor enclosures, no
new fractures have developed in the frogs with MBD at Auckland Zoo (Shaw et al.
2012a). This UV-B exposure, coupled with the new calcium rich P. scaber and
amphipod diet, as discussed in Chapter 3, as well as the removal of fluoride from
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the water, may mean that the factors which have led to the development of
metabolic bone disease have been successfully removed.
If captive Leiopelma cannot be exposed to UV-B from natural sunlight,
artificial UV-B lamps will need to be provided. Exposure to UV-B and full spectrum
light has been beneficial to other captive amphibians; improving growth and
development, feeding and colouration in species such as the Yosemite toad (Bufo
canorus) (Martin 1991), Amazonian milk frogs (Trachycephalus resinifictrix)
(Verschooren et al. 2011) and red-bellied toads (Bombina bombina) (Kinne et al.
2006). Care must be taken to provide the right quality of lamp, as irradiance and
longevity vary between manufacturers (Gehrmann 1987). This is especially
important in the indoor University of Otago enclosures and in the development of
future indoor enclosures such as those under development for L. pakeka at Orana
Park (Orana Wildlife Park 2012).

Group associations and retreat site characteristics
Aside from Ziegler (1999), this is the only known study to have reported the
age class associations of L. hochstetteri. The results of the current study were
similar to those found by Ziegler (1999), with juveniles found most commonly with
other juveniles or sub-adults, infrequently with adults and never with adult
females, while sub-adults were found commonly with adults or other sub-adults
(though Ziegler (1999) found more sub-adult/adult female groupings). Adults
were found more frequently with sub-adults and rarely with juveniles. The studies
differed in that Ziegler (1999) found adult females together, which was not
observed in this study and that only juveniles were found sheltering alone,
whereas in the present study, the majority of frogs in each age class were found
sheltering alone. As Ziegler’s (1999) associations were collated from searches
conducted between March 1998 and February 1999, differences in seasonal
associations cannot be compared.
Retreat sites were not limited in the streams studied here; with most rocks
sheltering individuals being large enough to shelter groups, which suggests that
retreat site selection and the decision to shelter in a group is non-random. It is
possible that retreat site selection in this species is informed by chemical
communication, allowing individuals to choose retreat sites based on vacancy or
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the type of individuals already inhabiting the retreat. This ability has been
observed in L. pakeka, which can utilise chemical signals in faecal pellets and skin
secretions to distinguish between areas occupied by themselves or neighbours
from unfamiliar frogs (Lee and Waldman 2002; Waldman and Bishop 2004;
Waldman and Macfie 2005).
Leiopelma pakeka have been found to preferentially spend time on
substrates marked with their own faeces or those of frogs found within their home
range, rather than those of conspecifics from areas greater than five metres away
(Lee and Waldman 2002; Waldman and Bishop 2004). Additionally, L. pakeka
choosing to spend time on faeces of other individuals chose faeces of individuals
either equal to, or smaller in size than themselves (Lee and Waldman 2002).
Therefore, it is possible that the retreat site fidelity observed in L.
hochstetteri, (Tessier et al. 1991) also involves the use of chemical signals and that
the age class groupings seen in this and Ziegler’s (1999) study are determined by
individuals using chemosignals to preferentially shelter with siblings or
individuals that did not pose the threat of predation, or competition for mates or
food. In many groups the similarity of size and colouration between frogs might
suggest that juveniles or sub-adults were the result of one spawning event (Pers.
Obs.). It would be useful to study the genetic affinities of L. hochstetteri found
together, so age class associations may be better understood.
Given that the majority of L. hochstetteri in this study were found alone and
groupings appeared to be non-random, it is important that Hamilton Zoo
enclosures provide enough retreat sites that each frog could shelter alone. This
would mitigate the negative social interactions and stress that may be occurring if
the current clustering behaviour is caused by a lack of suitable retreat sites, as
opposed to preferential grouping. This problem was observed in captive Xenopus
laevis populations and was subsequently solved by providing additional refuge
sites (Torreilles and Green 2007; Archard 2012). Additionally, because most frogs
were found close to the edge of the stream on damp substrate, either in vegetative
matter or under rocks, Hamilton Zoo enclosures should minimise the space taken
up by dry substrate as this area will not be utilised by the frogs.
It has been observed that leaf litter, moss, fallen nikau (Rhopalostylis
sapida) fronds and logs are used as refuge by all L. hochstetteri age classes
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(McClennan 1985; Newman and Towns 1985; Ziegler 1999; Baber et al. 2006;
Moreno-Puig 2009), however both this study and that of Ziegler (1999) found that
vegetation was primarily used by juveniles and sub-adults (93 % in this study).
These age classes may use vegetation as retreats to avoid interaction with larger
frogs, desiccation or predation, especially by stream dwelling predators such as
banded kokopu and short finned eels (Najera-Hillman et al. 2009a). For this
reason, vegetative refugia should be provided in all L. hochstetteri enclosures.
Vegetative site preference has also been observed in wild L. archeyi, with
adults climbing up to two metres above the ground and favouring branch forks or
branches of trees and fronds or frond bases of nikau (Rhopalostylis saida) and
silver fern (Alsophila tricolor), while juveniles preferred grasses, sedges and fern
fronds near the ground (Cree 1989). If provided in captivity for L. pakeka L.
hamiltoni and L. archeyi, vegetation may encourage increased physical and mental
activity, leading to activity budgets closer to those of wild Leiopelma as was
observed following the environmental enrichment of dendrobatid frog enclosures
(Hurme et al. 2003).
Recent studies have recorded L. hochstetteri abundances ranging from 0.8023 frogs/100 m (Mussett 2005) to 2.50-72.50 frogs/100 m (Moreno-Puig 2009) in
the Hunua ranges and 17.70 frogs/100 m in the Waitekauri valley, Coromandel
(Whitaker and Alspach 1999), to 59.90 frogs/100 m in the Waitakere ranges
(Ziegler 1999) and 2.70/100 m on Maungatautari (Baber et al. 2006). Compared to
these studies, the mean relative abundances calculated from searches at Site 2 in
October and November are very high, however there are no other studies on the
population in this area with which to compare abundance. Given that the water,
air, relative humidity UV-B and soil parameters of Hamilton Zoo have been found
to closely match those of L. hochstetteri retreat sites at Tapu, L. hochstetteri
Hamilton Zoo enclosures should have the capacity to hold healthy populations of L.
hochstetteri at the relative densities observed in this study, if they are provided
with an abundance of appropriate retreats and a nutritionally complete diet.
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4.6 Summary of environmental recommendations
regarding Leiopelma
This chapter provides information on habitat parameters that may help to
achieve the goal of maintaining healthy, breeding populations of captive L.
hochstetteri and L. archeyi. Below is a summary of recommendations based on the
findings of this chapter.

Hamilton Zoo L. hochstetteri enclosures


Continue water monitoring, paying close attention to nitrate-N,

copper and fluoride concentrations. Copper not filtered through the
charcoal and sediment may be able to be removed from the water using
Versene ® (EDTA) at 50 mg/l (Odum and Zippel 2008).


Following future reproduction, egg strings could be divided, with

half left in the enclosure and half raised in artificial medium (modifying the
protocols developed for L. archeyi (Eggers 1998) and L. pakeka (Bell 2008;
Lukis 2010)). This would both increase knowledge about artificially raising
juveniles of this species and potentially prevent the loss of all larvae if
water quality was the cause of previous tadpole mortality (Beauchamp et al.
2010).


If further tadpole mortality occurs in the enclosures, the chemical

composition of the tadpoles should be examined to determine whether
water quality issues need to be addressed; such as fluoride concentration
causing fluorosis.


If a new enclosure is built, soil tests should be conducted and if

possible, soil should be obtained from an area close to where the frogs were
sourced.


To prevent thermal stress to the frogs, water temperatures should

be checked regularly as the absolute maxima recorded there were greater
than those seen at Tapu from May through to December. The chillers’
temperatures should also be lowered for the months of October, November
and

December,

when

temperatures

differences

were

greatest.
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Temperatures should fall between a minimum of 9.8 °C in July and a
maximum of 16.02 °C in February.


The temperature of water surrounding egg strings left in situ should be
monitored daily to ensure that it does not fall out of the range observed at
Tapu, as the temperature in egg deposition sites will differ from that to
which the chillers are set.


The canopy and surrounding walls of new enclosures should provide

shade and keep relative humidity above 90 % (Figure 4.4) while still
allowing UV-B light (Figure 4.5) and rainfall to reach substrate level.


As the majority of L. hochstetteri n this study were found alone,

enclosures should contain enough rocks to allow a minimum of 76 % of the
captive frogs to have their own retreat site.


To ensure that all areas of the enclosure may provide adequate

retreat sites or areas for emergence, the majority of each cell should be
covered by a base of wet substrate soil and sand which is then covered by
rocks and logs, as most L. hochstetteri in this study were found close to the
stream in wet areas.


As the majority of the rocks which were used as cover by L.

hochstetteri had corrugated uneven surfaces, the smooth river stones in the
current enclosures should be replaced with volcanic rocks which provide
space above the substrate for retreat sites. Ideally these rocks should be
slightly concave with one or two openings when placed on substrate, to
allow for entry and exit while retaining high humidity levels.


Shallow seeps with a slow water flow (< 0.05 m/s) sheltered by large

concave rocks should be incorporated into enclosures, which will provide
areas for egg laying and tadpole development which can be easily
monitored.


Juveniles, sub-adults and adults were observed in vegetative retreat

sites, so vegetative matter (moss piles, nikau bases, leaf litter) could be
added to enclosures to both provide retreats and to encourage invertebrate
colonisation.


New enclosures should be left uninhabited for a period of time to

allow for the development of a stable microbiotic (bacteria, fungi,
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cyanobacteria, lichen, algae, liverworts, mosses) community and the
colonisation of plants and invertebrates so that the problem of microbial
infections seen in previous Leiopelma enclosures (Potter and Norman 2006;
Shaw and Holzapfel 2008) can be avoided.

University of Otago and future Leiopelma enclosures


So that temperatures can be assessed and changed to mimic those of

the natural habitat of each species, air temperature and relative humidity
loggers that record hourly should be placed in each enclosure.


Enclosures not exposed to natural sunlight should include artificial

UV-B and full spectrum lighting, with photoperiod and intensity set to
mimic that which each species are naturally be exposed.


Enclosures should include programmed or manual systems of

approximating the rainfall occurring outside of indoor enclosure, or that
which occurs in each species’ natural habitat. This way if rainfall or a drop
in air pressure acts as breeding cues in Leiopelma, amplexus or egg
deposition can be encouraged.


To promote natural emergence behaviour in L. archeyi, L. hamiltoni

and L. pakeka, vegetation or objects should be provided in enclosures which
allow the frogs to climb.


So that egg deposition and healthy tadpole development may occur,

L. hochstetteri enclosures should include sheltered areas with pooled water
within the stream.


To encourage or amplexus and egg brooding by males, L. archeyi, L.

pakeka and L. hamiltoni enclosures should contain enough retreat sites to
allow all males to brood alone.
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5 General Discussion
New Zealand’s native frogs, found within the genus Leiopelma, are some of the
rarest and most unique amphibians in the world. The ability to conserve ex situ
populations of each of the four species within the genus are vital, as each are
threatened by disease, predation, habitat loss and the inherent risks associated
with small population sizes (Bishop et al. 2009a; Bell 2010). The current
populations of captive Leiopelma have suffered significant mortality due to both
biotic and abiotic parameters regarding their enclosures and diet (Potter and
Norman 2006; Shaw et al. 2011; Shaw et al. 2012a).
The Native Frog Recovery Group has set a goal of forming captive breeding
populations for all Leiopelma by 2019 (Bishop et al. 2009a) and in order to help
meet this goal, this thesis undertook research which will help institutions holding
Leiopelma to make informed decisions about how to improve the diet and
environments currently provided to these frogs in captivity.

5.1 The diets of Leiopelma
Leiopelma are considered to be sit-and-wait, therefore opportunistic and
generalist, feeders (Eggers 1998). This was exemplified by L. hochstetteri, as
analyses of 73 faecal pellets produced by this species were found to contain a total
of 23 different invertebrate groups (Chapter 2). The frequency of invertebrate
groups observed in L. hochstetteri faecal pellets was significantly different to those
in the surrounding environment, as caught by pitfall traps, although this difference
may be due to the limited number of pitfall traps that were allowed to be used. As
the majority of the invertebrate groups observed in the diet were observed in the
pitfall traps, pitfall trapping should be used to assess habitat suitability for future
Leiopelma translocations.
Chapter 2 examined a larger number of faecal pellets from more age classes
of L. hochstetteri than any previous study. Hymenoptera, Coleoptera, Araneae,
Diptera and Orthoptera made up a large percentage of the diet of each age class.
Through the examination of more juvenile faecal pellets than previous studies, a
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gap in the knowledge about which invertebrate groups to feed captive juvenile L.
hochstetteri was filled.
The rate of faecal pellet production in this study was low for each age class
(Chapter 2). As a novel study on gut-retention time in Leiopelma (Chapter 3) found
that it took an average of five to fifteen days for an ingested prey item to pass
through the digestive system, future faecal pellets studies on this genus should aim
to hold frogs for at least three days. This would maximise faecal pellet collection
while minimising habitat disturbance and the stress placed on frogs by repeated
sampling.
The invertebrate groups that were observed in the L. hochstetteri diet
examined in this study were more diverse and occurred in different frequencies to
those found in previous dietary studies on this species (Kane 1980; Eggers 1998;
Ziegler 1999; Shaw et al. 2012b). This may be expected as the number of samples,
age classes of frogs, geographical location and sampling season differed between
each study and yet Hymenoptera, Coleoptera, Acari and Araneae were observed to
make up a large proportion of L. hochstetteri diet as well as that of L. archeyi (Kane
1980; Shaw et al. 2012b) and L. pakeka (Kane 1980). This indicates that the diet
designed for juvenile L. hochstetteri in this study (Chapter 2) could be used to
enhance the diet of all captive Leiopelma.
The nutritional profile of wild invertebrates from Tapu, laboratory-raised
invertebrates fed to captive Leiopelma and the whole diets fed to captive Leiopelma
at Otago University, were examined in Chapter 3. The calcium content and calcium
to phosphorus ratios of invertebrates provided to captive Leiopelma, with the
exception of the isopod P. scaber, were found to be insufficient for normal bone
growth and development. Unless captive diets are improved in regards to these
elements, calcium metabolism in captive frogs will continue to be impaired,
increasing the likelihood that frogs will develop metabolic bone disease, which will
limit the successful development of breeding colonies.
As Diplopoda and Isopoda are naturally found in the diet of Leiopelma
(Chapter 2) and were observed to have high calcium to phosphorus ratios and high
calcium content (Chapter 3), it is suggested that these invertebrates be used to
enhance the captive diet so that it mimics the nutritional profile of the diet of wild
frogs. Analysis of vitamins in the diet fed to captive Leiopelma (Chapter 2)
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indicated that while levels of vitamin E may be adequate; those of vitamin A and D
were not, so consideration should be given to artificially supplementing these
vitamins in the diet. Future research should aim to complete nutritional analyses
for all invertebrate groups which are known to be consumed by wild Leiopelma so
that captive diets can be even more thoroughly informed.
The technique of using the isopod P. scaber to improve the calcium content
of captive Leiopelma diets was shown to be effective, following analyses of dietary
calcium intake versus faecal output in three Leiopelma species (Chapter 3). The
calcium in the exoskeleton of P. scaber was able to be absorbed by each species,
with the highest absorbencies observed in L. archeyi, followed by L. hochstetteri
and then L. pakeka, with a significant difference observed between L. archeyi and L.
pakeka. The observation of interspecific differences in calcium absorption
highlights the need for further research into calcium metabolism in Leiopelma.
Although there was no significant difference in calcium absorption between
L. archeyi exposed to UV-B boost treatment and those that were not, providing
these frogs with a diet containing an adequate calcium content and Ca:P ratio will
allow the requirement for UV-B in this species to be more fully understood, as the
current diet is inadequate for bone growth even if UV-B is necessary and provided.
Such research will improve the ability of captive institutions to reduce the
incidence of metabolic bone disease in this genus.

5.2 The environments of Leiopelma
Few changes will need to be made to the environmental parameters in
enclosures at Hamilton and Auckland Zoo in order for them to mimic those
observed in natural L. hochstetteri and L. archeyi habitats at Tapu (Chapter 4). At
Hamilton Zoo, water temperature needs to be reduced in L. hochstetteri enclosures
in warmer months, and while average air temperature and relative humidity were
higher at Hamilton Zoo than at Tapu, they fell within the range of temperatures
observed at Tapu so should not adversely affect the frogs. The soil and water
profile of Hamilton Zoo enclosures contained few elements that were significantly
different to that of Tapu streams, but regular checks on soil and water quality at
Hamilton Zoo should continue. At Auckland Zoo, air temperatures may rise above
those observed in natural L. archeyi habitat at both Tapu (Chapter 4) and
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Whareorino (Eggers 1998), so mist cooling and shading should continue during
summer.
The captive enclosures at both Auckland Zoo and Hamilton Zoo appear to
provide UV-B irradiance at levels similar to those that the frogs receive in their
natural habitat. This means that current exposure levels should allow for adequate
vitamin D3 synthesis, if these species require UV-B for this process.
L. hochstetteri were highly abundant in three of the streams examined in
this study (Chapter 4). Frogs of each age class were found under rocks more often
than in vegetative retreat sites, with vegetative retreats more commonly used by
juveniles and sub-adults than adults and adult females. The majority of L.
hochstetteri were found alone in their retreat sites, but when found together; ageclass appeared to affect group relationships as not all age classes were found to
associate. Additional retreat sites should be provided within Hamilton Zoo
enclosures to ensure that the group associations occurring there are not due to a
shortage of retreat sites. Hamilton Zoo enclosures should ideally include more
vegetative matter for future juvenile frogs and replace smooth river stones with
volcanic rocks which provide greater retreat space.

5.3 Conclusions
This thesis provides an additional link in the chain of knowledge on the natural
history of Leiopelma, with a specific focus on the diet and microhabitat parameters
of wild L. hochstetteri. It also provides novel information on the nutritional profile
of their wild diet, gut-retention and calcium metabolism alongside an evaluation of
the differences in some abiotic parameters found between natural and captive
Leiopelma habitats. As this thesis focussed mainly on L. hochstetteri similar studies
are needed for L. archeyi, L. hamiltoni and L. pakeka.
The recommendations provided on ways in which to improve the diet (Chapter 3)
and environment (Chapter 4) provided to captive frogs should allow institutions to
improve captive maintenance techniques for Leiopelma. This will enhance the
nutritional health of these frogs and encourage natural behaviours, thereby
improving the chance of breeding success in captive Leiopelma. This in turn will
enhance the potential for conservation, research and advocacy regarding this
precious genus.
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