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ABSTRACT
The Fijian ground frog [FGF] (Platymantis vitiana) is listed as a threatened amphibian species in
the tropical Fiji Islands. This frog species is currently an endangered species found on four small
islands (Taveuni, Gau, Viwa and Ovalau) free of the Indian mongoose (Herpestus javanicus) and
a remnant population on Vanua Levu. In recent years, population assessment and one invasive
species eradication project were conducted in-situ. The reproductive biology, ecology and
endocrinology of the FGF are virtually unknown. Consequently, the main aims of this PhD study
were to explore the biology of reproduction, ecological aspects and endocrinology of the FGF
using a captive population and free-living frogs on Viwa Island, Tailevu (the smallest of the four
small islands with extant FGF populations). A small population of ten FGF was maintained in an
outdoor enclosure at the University of the South Pacific (USP), Suva. Using this captive
population, a detailed study of the captive propagation and breeding behaviour of the FGF was
explored. Additionally, non-invasive assessment of reproductive and stress hormones of the FGF
was conducted on Viwa Island and in captivity in order to understand the possible mechanisms
that influence the breeding cycle. This PhD thesis comprises five main chapters. A summary of
each chapter, main results and key recommendations have been provided below.

The first chapter is based on the reproduction and ecology of the FGF on Viwa Island. It
discussed the breeding of the FGF and morphometrics of eggs that were discovered in-situ. Daytime choices of micro-habitats and variations in capture rates of adult sexes and metamorphs
were compared with in-situ rainfall. More adult male (< 60mm mean snout-vent length) and
vitellogenic female (> 60mm mean SVL) frogs were captured during the wet months of
November, December and January. Vitellogenic females were caught throughout the year.
Metamorphs were more common after the completion of the breeding season. The breeding cycle
of the FGF is probably annual and breeding is associated with higher rainfall months, which may
provide favourable breeding grounds and physical conditions for egg incubation.

The second chapter examines the research and management implications for the captive
propagation of the FGF to develop innovative methods for supplementing populations in the
wild. In 2006, an intensive programme was undertaken between the USP, Kula Ecopark and the
community on Viwa Island. The aim of this intensive program was to create an outdoor enclosure
to mimic the natural habitat conditions so that the frogs could exhibit natural breeding behaviour.
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Methods of captive management, captive diet varieties and assessment of behaviour of the FGF
in captivity were discussed. Overall, the most beneficial aspect of using an outdoor enclosure was
the easy adaptability of the FGF to the enclosure conditions. A total of 39 froglets was reared
after one only year of this programme. The reminder of this chapter was based on substrate
preferences of the FGF in captivity and relationships between nocturnal activities and
environmental conditions including rainfall, temperature and relative humidity. Results showed
that FGF retreated into various naturally dense substrates during the day-time. At night, the frogs
moved occasionally between both naturally dense and open-exposed substrates. The average
monthly percentage nocturnal occurrence of the FGF was strongly correlated with mean monthly
rainfall (r = + 0.732, p < 0.05) but average monthly percentage nocturnal occurrence of the frogs
was negatively correlated with mean monthly values of maximum ambient temperature (r = 0.394, p < 0.05), minimum ambient temperature (r = - 0.648, p < 0.05) and RH (r = - 0.382, p <
0.05). The main conclusion from this study was that naturally dense micro-habitats are a key
physical resource for the FGF, especially for performing diurnal retreat, nocturnal movement and
breeding activities. Thus, the results are useful in guiding captive propagation techniques in local
zoological parks like the Kula Ecopark and for statutory organizations such as the National Trust
of Fiji.

The third chapter examines the features of direct embryonic development of the FGF. Ex-situ
breeding of the FGF coincided with the Fijian wet months (December and January) and two
fertile egg masses (n=40 and 54 eggs for each mass) were found. Each egg mass was located in a
distinct nesting site (a rotting log and a rotting bamboo). The fertility of these egg masses were
92.5% and 77.8% respectively. Incubation of egg masses of the FGF to hatching of froglets
(n=39) took an average of 29 days, at incubation temperatures between 26-28oC and relative
humidity ranging from 94-100%. A direct mode of embryonic development into a newly hatched
froglet (n = 39) with mean body mass = 0.098 + 0.002 g and mean snout-vent length (SVL) = 8.0
+ 0.01 mm was observed. In conclusion, based on these observations, the FGF was placed into
the reproductive mode 17 (terrestrial eggs, direct development) of out of the 29 different modes
of anuran reproduction.

The fourth chapter examines the non-invasive assessment of reproductive hormonal metabolites
of the FGF using urine. Enzyme-immunoassays (EIAs) were biologically validated to monitor the
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gonadal function in male (testicular) and female (ovarian) FGF, based on changes in
concentrations of hormonal metabolites including estrone conjugate (EC) and progesterone (P) in
females and testosterone (T) in male frogs after hormonal challenge. Endocrine sampling,
reproductive assessment and morphometrics were undertaken on freshly caught frogs from Viwa
Island and a population of ten frogs maintained in captivity. The reproductive status of wild
females was used to determine the two phases of breeding. During the active breeding phase
[ABP] (August through to January), the total concentration of urine EC metabolites in wild
vitellogenic females (n=51) was 694.55 ± 160.8 pg/µg creatinine (Cr) whereas it was 330.2 ±
131.5 pg/µg Cr during the non-breeding phase [IBP] (April through to June). The total
concentration of urine EC in the wild non-vitellogenic females (n=46) was 395.7 ± 117.7 pg/µg
Cr during the ABP whereas it was 112.0 ± 45.0 pg/µg Cr during the IBP. Total concentration of
urine P metabolites were higher i.e. 95.6 ± 27.3 pg/µg Cr, during the ABP but only for the wild
vitellogenic females. Furthermore, changes in urine EC and P hormonal metabolites in captive
females (n=4) corresponded with changes in reproductive status. Urine T hormonal metabolite
profiles in both wild (n=31) and captive males (n=3) were also higher during ABP than IBP.
Potential of urine EC metabolites to sex FGF was also investigated since sexing can be
problematic in frogs measuring < 60mm length (snout-vent) which do not carry oocytes. Urine
EC concentrations (mean monthly) were below 200 pg/µg Cr in all males (n = 34). In
comparison, mean annual EC concentration in all females (n=97) was 450.3 ± 97.3 pg/µg Cr. The
lowest concentration of urine EC in wild vitellogenic females was 59.0 pg/µg Cr. There were 12
values from all the males that were higher than this, and another 5 (non-vitellogenic females)
from all females that were lower than 59.05 pg/µg Cr. Thus 17/130 or only 13% overlap. That is,
EC was 87% successful in correctly sexing all male frogs. Overall, this study has demonstrated
the use of a non-invasive endocrine technique to assess reproductive cycles and potentially assign
sex in an endangered anuran. This technology could be used for optimising captive breeding
programmes and for the long term assessment of reproductive cycles in wild FGF in response to
eradication of in-situ threats, climate change and possible translocations into new habitats.

The fifth chapter examines results based on the non-invasive assessment of stress hormones in
wild and captive individuals of the FGF. Captive breeding was unsuccessful at the Kula Ecopark,
and it was not known if stress might have affected the breeding success of captive frogs.
Glucocorticoid EIAs were developed to non-invasively measure corticosterone (CORT) in FGF
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urine. A pool of FGF urine showed parallel displacement with CORT but not cortisol (CTSL)
standards. Therefore, CORT EIAs were used to examine stress in the FGF. Immuno-reactive
CORT increased in the FGF urine at 6 hours, 1 and 2 days after injection of the frogs (n=5) with
adrenocorticotropic (ACTH) hormone (at 2.5µl/g body mass), indicating that the urine CORT
metabolite EIAs could detect physiological changes in circulating CORT in frogs. Seasonal
profiles of CORT were measured in wild vitellogenic females, non-vitellogenic females and adult
male frogs on Viwa Island. The mean concentration of urine CORT was significantly different
between the 10 months of endocrine sampling for wild vitellogenic females (n=51) [ANOVA,
F=5.56, df = 9, 41, p<0.001] but not for wild non-vitellogenic females [ANOVA, F = 1.27, df =
9, 36, p = 0.284]. The mean concentration of CORT metabolites in wild males was lower (58.4 ±
20.2 pg/µg Cr) during the months of August through to January (ABP) whereas it was higher
(207.0 ± 78.3 pg/µg Cr) during the months of April to July (IBP). Similarly, the mean
concentration of urine CORT metabolites in captive males was slightly higher in the IBP in
comparison to ABP. Mean urine CORT metabolite concentration in captive females increased
during egg retention and this also corresponded with decline in urine EC and P metabolite peaks
during the ABP. Results indicate that vitellogenic female frogs have higher baseline urine CORT
metabolite concentrations during reproduction but not post breeding (IBP) because the
vitellogenic females need to metabolize different energy (with the help of circulating CORT)
reserves to maintain the oocytes they are carrying. Urine CORT metabolites were lower during
the ABP than IBP for males and this could be due to the reason that both T and CORT require the
same binding globulin for circulatory transportation. Therefore, high levels of T, naturally
occurring in the breeding season may bind to these globulin proteins providing negative feedback
mechanism which in turn regulates the production of high concentrations of corticosterone by the
adrenal gland during the active breeding season. In captive females, unsuccessful breeding was
most likely related to stress. Urine CORT metabolites increased significantly when vitellogenic
females retained vitellogenic follicles during the ABP, a case known as atresia. In a second study,
urine concentrations of CORT were measured in FGF (n=19) after capture in the field. CORT
significantly increased within an hour of capture, indicating that frogs, like other vertebrates such
as birds and mammals, have an acute CORT response to capture. In conclusion, the
glucocorticoid EIA was validated to measure urine CORT metabolites in both captive and wild
FGF. The potential application of this technique is that it could be used to determine if potential
‘stress factors’ associated with daily captive husbandry or environmental factors that may be
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negatively impacting upon the well being of the FGF and possibly hindering with their
reproductive success. Another important application of the urine CORT EIAs would be for
undertaking studies related to behavioural endocrinology of the FGF for example, comparing the
endocrine function of wild FGF in response to density dependent competition for food, space and
being preyed upon by the invasive cane toads. Like the non-invasive monitoring of reproductive
hormones, monitoring of stress could help optimise breeding performance of FGF both in
captivity and in the wild.

Comprehensive knowledge on the captive propagation, ecology, reproduction and non-invasive
endocrinology of the FGF, can be used to further strengthen the conservation and management of
both captive and wild populations.
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General Introduction

CHAPTER 1
GE ERAL I TRODUCTIO

1.1

INTRODUCTION

Preventing the loss of biodiversity is one of the greatest challenges facing humanity
today (Wilson, 1992). The Earth is currently experiencing its sixth great mass
extinction, but unlike the previous events this one is uniquely caused by human related
activities. Over-harvesting (Flannery, 2002; Martin, 2005) was the initial driver, but
today anthropogenic-induced climatic change, habitat loss, toxic substances and
invasive species, including novel diseases, all have contributed to wildlife declines
world-wide (Wilson, 1992; Vitousek et al., 1996; Lubchenco, 1998; McMichael and
Kovats, 2000). Invasive species have had a significant impact on ecosystems
worldwide, especially within remote island ecosystems. The loss of biodiversity
through the introduction of invasive species is second only to the loss due to habitat
destruction (Wilcove et al., 1998). Cultures around the world have had complex
relationships with nature and no single cause is the root of environmental degradation
and loss (Diamond, 2005). Only a few of the many species at risk of extinction actually
obtain legal protection. Many more species become endangered, or potentially will
become extinct, without gaining public notice, if no immediate action is taken.
Conservation biology is a promising applied science born in the late 1960s (Carson,
1962; Ehrenfeld, 1970) out of a pragmatic desire to stem the loss of our natural heritage.
The development of conservation science has focused at the genetic, population,
landscape, and ecosystem levels (Meffe and Carroll, 1997; Hunter, 2001; Soule and
Orians, 2001; Primack, 2006). Curiously, conservation practice has placed less
emphasis on the individual species and studies involving the reproduction and ecology
of threatened species have been few, despite the tools available from decades of ecophysiological research (Stevenson et al., 2005). This is because comprehensive
information on both reproduction and ecology, though pivotal to wildlife conservation,
is often difficult to obtain for many declining species that live in remote natural habitats
(Richter et al., 2003).
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Reproduction is the foundation on which a species survives, thrives or, failing this it
becomes extinct. Therefore, the study of reproduction is fundamental to conserving
species, populations and, indirectly, the vitality of entire ecosystem (Wildt et al., 2003).
Reproductive biology as a discipline has valuable contributions to make towards the
broad aims of conservation because it provides insight into the many reproductive
specialties and adaptations of different species, and is crucial for understanding the
novel factors that deleteriously affect the survival of populations (Holt and Pickard,
1999). There is still a paucity of information about the reproductive biology of most
wild species. The reproductive biology of fewer than 200 total animal species is clearly
understood, and the realization that this is true of a particular species of interest often
comes when the population is in decline and difficult to study. Hence, there is strong
case for gathering basic information about any species, whether threatened or not, as the
opportunities arise (Wildt et al., 2003).

Currently, reproductive physiology and conservation are strongly linked to veterinary
sciences and animal husbandry (Wikelski and Cooke, 2006). Reproductive
physiologists can contribute a wealth of knowledge, concepts and perspectives that
should make them invaluable participants in endangered species conservation (Carey,
2005). However, it is important to realise that a multi-disciplinary approach, rather than
a focus on a single scientific discipline is the key to the achievement of conservation
outcomes (Wildt et al., 2001, 2003). For example, while reproductive technologies were
valuable for breeding the endangered Black-Footed Ferret (Mustela nigripes) in
captivity, the successful recovery of reintroduced offspring required a conservationeffective approach, drawing on the integration of many scientific disciplines in
partnership

with

stakeholders,

sociologists,

economists,

demographers

and

wildlife/habitat managers themselves (Howard et al., 2003).

Recently, reproductive physiologists have been making tremendous contributions to
wild species conservation by trying to understand the biology of endangered wildlife
(Clemmons and Buchholz, 1997; Berger et al., 1999; Gordon and Bartol, 2004;
Pukazhenthi and Wildt, 2004; Carey, 2005; Stevenson et al., 2005; Wikelski and
Cooke, 2006). The focus is placed on the use of non-invasive hormonal assessment to
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study the reproduction of many threatened vertebrates ranging from avian species such
as the spotted-tailed Quoll (Dasyurus maculatus) [Hesterman et al., 2008], Kakapo
(Strigops habroptilus) [Cockrem and Rounce, 1995] and many mammals [Ziegler et al.,
1997; Ginther et al., 2001; Moss et al., 2001; Raminelli et al., 2001; Barrett et al., 2002;
French et al., 2003; Larson et al., 2003; Monfort, 2003; Ostner and Heistermann, 2003;
French et al., 2004; Pukazhenthi and Wildt, 2004; Jensen and Durrant, 2005; Pereira et
al., 2005, Busso et al., 2007; Dittami et al., 2007]. This extensive literature indicates
that non-invasive endocrine assessment has provided the vertebrate conservationist with
a useful tool for understanding the reproductive biology of rare animals in remote areas
where data on reproductive events are often difficult to obtain. Such assessment can
expand knowledge about population and species management into the realm of
ecosystems (Berger et al., 1999). According to Pukazhenthi and Wildt (2004), noninvasive endocrine assessment is in considerable demand in modern zoo breeding
programmes for identifying everything from the causes of infertility in gorillas to
predicting the impending birth of a baby elephant. Particularly significant and exciting
is the value of hormonal tracking under field conditions, merging behavioural ecology
with explanations of reproductive function and fitness. Together, this scientific
knowledge contributes strongly towards wildlife conservation (Pukazhenthi and Wildt,
2004).

Non-invasive endocrinology draws on a range of existing research areas, including
captive breeding with the goal of reducing the global loss of biodiversity by enhancing
the survival and reproduction of threatened animals (Cockrem, 2005). Previously,
endocrine studies required blood samples from wild animals. Due to the capture and
restraint procedures performed on the study animal, this technique was regarded as
highly invasive by wildlife managers. The stress response of captured animals would
lead to unreliable hormonal profiles. The endocrine methods involved in conservation
endocrinology are entirely non-invasive, because of the measurement of reproductive
and stress hormonal metabolites in urine and or faecal samples using either enzymeimmunoassay (EIA) and radio-immunoassay [RIA] (Cockrem, 2005). Non-invasive
endocrinology plays an important role in optimizing the success of natural as well as
captive breeding programmes. Through the analysis of urine and faecal samples, this
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type of technology provides invaluable management information about the reproductive
status of diverse species (Holt and Pickard, 1999). It also links descriptive studies with
reproductive hormonal assessment of wild animals. Descriptive studies can begin with
observations of basic parameters of breeding cycles then extend to descriptions of the
endocrinology of the reproductive cycle (Cockrem, 2005). This information is the
essential foundation for any conservation management program for a species, both free
living and when captive breeding is attempted (Cockrem, 2005). At the same time, field
research in conservation endocrinology offers opportunities to contribute directly to
conservation programs and help maintain self sustaining populations of wild animals in
ways that cannot be achieved by work with captive animals (Cockrem, 2005).

One of the greatest concentrations of threatened wild species is in the tropics where
many small island nations face economic problems and have limited resources. The
natural ranges of oceanic island species may be small, yet these contain wildlife that
have evolved under protected and isolated conditions, having unique natural history
characteristics and being vulnerable to ecological disturbances. In many cases, threats to
island species comes less from direct human intervention than from introduced fauna,
especially feral mammals (Morrison, 2003). Fiji Islands (latitude 18o00’ south and
longitude 175o00’ east) are one of them and thus recognized as a biodiversity hot spot
of the South Pacific (Ryan, 2000). Efforts to conserve threatened species are urgently
required and worthwhile at every level of conservation response and for all (Cockrem,
2005). Thus in this context, a multidisciplinary work that can help simultaneously for
the conservation of a native Fijian animal, with field work to study reproduction is a
high conservation priority. Most of the current literature on anurans (frogs and toads) is
for temperate Bufo and Rana species; however, the great diversity of reproductive
patterns in tropical anurans remains relatively unstudied (Kouba et al., 2009).
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1.1.1 Frogs of the Indo Pacific Region
The Indo Pacific region extends from the Red Sea and Indian Ocean to Hawaii and the
eastern Pacific, encompassing landmasses in between latitudes 30o north and 30o south.
The majority of the amphibians represented in this region are anurans (Duellman,
1988). Of the currently recognized 29 families of frogs in the world (Anon, 2006a), 10
are located in the Indo-Pacific region. Fiji Island has eastern most distribution of frogs
in the southwest Pacific, with two extant native frog species belonging to the genus
Platymantis. The Platymantines belong to the largest anuran family (Ranidae), and are
endemic to the Philippines, Papua New Guinea, Palau, the Moluccas (eastern
Indonesia), New Britain and Admiralty Island, the Solomon Islands, and Fiji. Frogs
included are those in the genera Platymantis (65-80 species total, of which there are
more than 30 undescribed forms), Batrachylodes (8 species), Ceratobatrachus (1
species), Discodeles (5 species), and Palmatorrapia [1 species] (Brown, 2004).

Platymantines are noted for their unusual geographical distribution, highly variable and
unique morphology, direct development and their ability to colonize habitats that
otherwise obviously lack ranid frogs (Brown, 2004). Furthermore, frogs within the
genus of Platymantis can occupy a range of micro-habitats in various rainforest strata.
For example, even on small oceanic islands and in high-elevation cloud forests that lack
standing water, platymantines are often the dominant group of frogs, with as many as
11 species occurring in sympatry on some mountains in the Philippines (Brown, 2004).
Because the genus has extensive morphological and ecological divergence, and because
each species in the genus has a restricted range, Platymantis is a fertile group for the
study of speciation (Kuramoto, 1997).

The frogs within the genus Platymantis are absent from most islands north and east of
the Solomon Islands and their natural occurrence in the Fiji Island have baffled many
scientists (Gorham, 1968; Pernetta and Watling, 1979; Ryan, 1984). Gibbons (1984)
suggested that Vanuatu may have been by-passed by frog species that have reached Fiji.
Considering that Vanuatu is geologically younger than Fiji and that Platymantis may be
an older group as postulated by Brown (1997), this could be possible (Allison, 1996).
As Fiji Islands oceanic islands that have never been joined to other land masses on

5

General Introduction

which Platymantis occurs, Fiji’s endemic frogs must have come by sea, although, it is
difficult to rationalize this scenario when frogs are not very tolerant of sea water
(Pernetta and Goldman, 1977; Ryan, 1984). Platymantis frogs are also found in Papua
New Guinea including Platymantis nexipus, a medium-sized frog, with adult males
reaching 39.2-42.7 mm in snout-vent length (Brown et al., 2006). (Refer to web site:
http://en.wikipedia.org/wiki/Platymantis

for

various

species

within

the

genus

Platymantis).

1.1.1.1 Fiji’s native frogs
Fiji Island is home of the Fijian ground frog (FGF), Platymantis vitiana and the Fijian
tree frog (FTF), P. vitiensis; and one extinct species P. megabotoniviti (Worthy, 2001).
The extinct Fiji frog, P. megabotoniviti is believed to have been hunted to extinction by
the first Fijian inhabitants and rats (Rattus exulans and R. praetor) that had come with
them in the late Holocene (Worthy, 2001). Currently, the FGF is listed as endangered
[B1ab(v)] by the International Union for Conservation of Nature (IUCN) 2008
standards (Zug et al., 2004) because its extent of occurrence is less than 5,000 km2, its
distribution is severely fragmented, and the frog numbers are considered to be declining
in the wild. They have been extirpated from the Fijian mainland, e.g. Viti Levu (Morley
et al., 2004) but recently rediscovered in Vanua Levu.

Historical records of the FGF have been made from Viti Levu, Vanua Levu, Taveuni,
Koro, Gau, Kadavu and Viwa (Ryan, 2000) but the species is now found only on four
small islands (Taveuni, Gau, Viwa and Ovalau) free of the Indian mongoose (Herpestus
javanicus) and a remnant population on Vanua Levu in the presence of mongoose
(Morrison, 2003). On the other hand, its congener, the FTF is currently listed as near
threatened (NT) [Anon, 2006a]. The extirpation of the FGF from the main islands of
Viti Levu and from several other locations around Fiji has been attributed to habitat
modification and introduced alien species such as the small Indian mongoose (H.
javanicus), three species of rats (Rattus rattus, R. norvegicus and R. exulans), dogs
(Canis familaris), cats (Felis catus) and pigs (Sus scrofa) [Morrison, 2003]. It has been
suggested that cane toads Chaunus (Bufo) marinus (formerly Bufo marinus) [Smith and
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Chiszar, 2006] and the FGF compete for prey, which raises great concern regarding the
long-term population viability of this species (Ryan, 2000).

The recruitment of young into the wild population is low due to the destruction of
breeding sites (deforestation), possible predation of hatchlings and adults by ants
(Pheidole megacephala), and cane toads. Even though the ground frogs are more
common in forested areas, they also inhabit crop plantations, and have been
accidentally killed by farmers whilst burning and clearing their plantations, or removing
piled up felled trees and coconut husks. Unlike the cane toad, Fiji’s endemic frogs are
highly vulnerable to desiccation. The activities of the FGF are thus restricted to shady,
forested areas with abundant leaf litter, rotting logs and piled coconut husks in which
they take refuge during the day and when escaping predators.

Most scientific research efforts have focused on the distribution patterns and population
density of the FGF (Kuruyawa et al., 2004; Thomas, 2007). Furthermore, a project on
mammalian predator eradication to enhance metamorph and juvenile survival in the
wild population on Viwa Island was recently attempted (Morley et al., 2004; Morley,
2006). Work to protect the in-situ habitats of the FGF from anthropogenic destruction
involved education of the villagers and landowners about its importance to their
surrounding biodiversity (Anon, 2004a). However, with the dramatic decrease of in-situ
populations, few data exist on FGF conservation efforts (Watling and Zug, 1998;
Morrison, 2003; Kuruyawa et al., 2004). Next to nothing is known about its ecology
and information on its reproductive biology is anecdotal.

1.1.1.2 General biology of Fiji’s native frogs
The two extant Fijian frogs, the FGF (Known as the dreli or botoniviti in Fijian
language) and the FTF (known as the ula, ula turaga, drani, sakalau or tu koro). Both
species are similar in appearance, but distinguishable by the presence of large finger
discs in FTF. FGF is easily identified by the presence of white spots behind the
tympanum. The finger discs of the FGFs are small, being only slightly larger than the
toe discs. The FGF is also much larger than the FTF, with adult female sizes ranging
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from 75-105 mm snout-vent length (SVL), and males 51-70 mm SVL (Barbour, 1923;
Ryan, 1984).

The FGF (Figure 1.1) is a rain forest inhabitant but is also found in anthropogenic
habitats, including degraded gardens, plantations, and even close to beaches (Ryan,
2000). The FGF is an expert swimmer and considered to be associated with streams
(Gorham 1968; Pernetta and Goldman, 1977). It covers up to 1m during one leap and
unlike most frogs it can put together a series of 10 to 20 giant leaps in a row. The FGF
is nocturnal and cryptic and will sit for a long time in one position until a suitable prey
comes along. During the day time, the FGF remains immobile and tends to lie pressed
flat against the ground. The FGF eats live insects and the eating habit of the FGF is
quite different from the normal frog manner in that it does not always flick out its long
tongue to catch prey. Instead, the FGF sometimes leaps at flying or crawling insects and
catches them with its mouth. The fore-limbs may assist the FGF to restrain struggling
prey. The male FGF has a short, sharp bird-like call, which is difficult to hear by an
untrained observer. If threatened, the FGF freezes and or inflates itself. If captured, it
excretes urine on its captor. Although mainly a ground dweller, the FGF is also found
on low shrubs (Ryan, 2000). Maxillary and vomerine teeth are present in the FGFs
(Morrison, 2003). The dorsal surface color of the FGF varies from yellowish brown,
orangish brown to dark brown. There is usually a white patch on the shoulders and
often a white vertebral stripe along the snout to vent. The ventral surface is off white in
color and transparent (Morrison, 2003).

The FGF was first described by Duméril (1853) more than 150 years ago and has since
had the following synonyms: Hylodes vitianus (Duméril, 1853 in Frost, 2004);
Halophila heros (Girard, 1853 in Frost, 2004); Platymantis vitiana (Günther, 1858 in
Frost, 2004); Hylodes (Batracyla) heros (Cope, 1862 in Frost, 2004); Hylodes
(Batrachyla) vitianus (Cope, 1862 in Frost, 2004); Platymantis vitiana (Günther, 1853
in Frost, 2004); Hylodes (Batrachyla) heros (Cope, 1862 in Frost, 2004); Cornufer
unilineatus (Boulenger, 1882 in Frost, 2004); Rana (Platymantis) vitianus (Guibé, 1950
in Frost, 2004); Platymantis vitiana (Günther, 1999 in Frost, 2004).
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The FGF has been recorded from the following vegetation types: lowland rainforest
(Gorham, 1968; Pernetta and Watling, 1979; Morrison, 2003; Kuruyawa et al., 2004);
coastal strand vegetation (Ryan, 2000) and agricultural land (Kuruyawa et al., 2004).
Seeman (1862) recorded their presence in swamps, indicating that they were probably
previously widely distributed where they occurred.

Figure 1.1 FGF (adult female, SVL=70mm) resting on leaf litter substrate (Photo:
Edward Narayan).
Like many other amphibian species, the FGF does display sexual size dimorphism that
can help distinguish between adult males and females in the field (Foufopolous and
Brown, 2004; Kuruyawa et al., 2004, Thomas, 2007). However, males and females are
the same colours; the males have no nuptial pads for amplexus; and there are no
distinguishable morphometric traits that can be used to sex the same sized frogs in the
field other than finding very large vitellogenic females (frogs carrying vitellogenic
follicles and also mature oocytes in oviduct) [Kuruyawa et al., 2004]. In contrast, the
adult FTF males have a yellow groin flash that distinguishes them from females and
juveniles (Osborne, 2006). Thomas (2007) commented that SVL measurement
exclusively was not a good method for assigning the sex of the FGF because of the
overlap in the sizes of males and females.
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The FTF (Figure 1.2) is considerably smaller with adult female size ranging from 4760mm SVL; males 32-45mm SVL and metamorphs 9-11mm in SVL. The FTF finger
discs are much larger than their toe discs. Maxillary and vomerine teeth are present in
the FTFs. Their dorsal color is more highly variable than in the FGF, ranging from light
creams to browns, tans, oranges, and brilliant yellow to greenish grey (no true greens).
Some FTFs may have an hourglass or x-shaped dark marking between the shoulders
and eyes. The ventral surface is usually whitish. Reproductively mature individuals
have bright yellow flash inside groin and thigh (Morrison, 2003; Osborne, 2006). Both
frog species are able to change the background color of their skin even though the basic
pattern remains the same (Ryan, 1984).

Figure 1.2 FTF (adult female, SVL=49mm) resting on a leaf litter substrate (Photo:
Paddy Ryan).
1.1.2 Taxonomic Distribution of Amphibians
Amphibians are a group of animals whose ancestors evolved from a group of fishes to
be the first vertebrates to colonize the world’s land surface about 270 million years ago
(Cogger, 2000). Amphibians contain nearly 6,000 known species (Stebbins and Cohen,
1995). They have existed on earth for a very long time (approximately 300 million
years), yet very recently (the last several decades) nearly 168 species are believed to
have gone extinct and at least 2,469 (43%) species are declining, indicating that the
number of threatened species will probably continue to rise (Stuart et al., 2004).
Amphibia can be divided into three orders: (I) Gymnophiona (caecilians), (II) Caudata
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(salamanders and newts) and (III) Anura (toads and frogs). Caecilians are worm-like,
burrowing, legless amphibians living underground in tropical environments. Little is
known about animal numbers within most of the 156 species in this order, but two
species are listed by Convention on International Trade in Endangered Species (CITES)
as Endangered or Threatened (Roth and Obringer, 2003). The caudates comprise 440
species of salamanders and newts that primarily inhabit the Northern Hemisphere. A
few species extend to southern Brazil, Bolivia, and Southeast Asia. The biology of
amphibians has been described in an extensive number of reviews and books including
those by Lofts (1974, 1976), Moore (1964), Noble (1931) and Duellman and Trueb
(1994).
Anurans are the most broadly dispersed and abundant amphibians with 5,532 species
recognised (about the total number of mammalian species known). Of these, 398 are
considered as ‘critically endangered’, 650 as ‘endangered’ and 576 as ‘vulnerable’ (See:
www.iucnredlist.org/static/stats, online accessed 12th June, 2008). In 1989, the global
amphibian population declines was recognized as a phenomenon that deserved worldwide attention (Corn, 2005) and by the year 1993 more than 5,000 species of frogs and
salamanders were reported to be in decline or were listed as of special conservation
concern (Alford and Richards, 1999). Of the 5,532 described species of living frogs and
toads in 29 families, 32% are currently listed as threatened (Anon, 2006a). By
comparison, only 12% of all bird species and 23% of all mammal species are threatened
(Morrison, 2006).

1.1.3 Review of Global Amphibian Population Declines
There is rapid and alarming disappearance of amphibian species in seemingly
undisturbed ecosystems. This decline of amphibian species is a matter of great concern
largely because amphibians are very important components of many ecosystems and in
some locations they may constitute the highest fraction of vertebrate biomass in these
ecosystems (Blaustein et al., 1994). Several factors causing global amphibian
population declines include global environmental changes (Blaustein et al., 1998; Corn,
2000; Bradford, 2001; Kiesecker et al., 2001; Roy, 2002; Heyer, 2003), habitat
destruction and alteration (Ryan, 1984), contaminants (Alford and Richards, 1999;
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Storrs and Kiesecker, 2004), diseases (Madronich and de Gruijil, 1993; Kiesecker et al.,
2001; Bradford, 2002; Blaustein and Kiesecker, 2002; Heyer, 2003; Kats and Ryan,
2003) and invasive species (Case and Bolger, 1991; Worthington and LoweMcConnell, 1994; Vitousek et al., 1996; Fritts and Rodda, 1998; Whittaker, 1998; Mark
et al., 2000; Hernandez et al., 2000; Mooney et al., 2005). Many of these factors
probably interact to exert an effect, but disease is emerging as significant and
widespread. Chytridiomycosis, an infectious disease of amphibians, caused by the
chytrid fungus (Batrachochytrium dendrobatidis) Bd, has been associated with mass
amphibian deaths in Latin American and Australian rainforests and parts of North
America (Roth and Obringer, 2003). Ranaviruses can be 100% lethal, especially in
tadpoles, but have not been linked to mass deaths. Pesticides are the probable cause of
the final demise in the wild of the Wyoming toad (Bufo baxteri) [Dickerson, 1999].
Ultimately, there appears to have been a change in the global environment that
predisposes amphibians to lethal pathogens and it offers an advantage to pathogens that
makes them more deadly (Roth and Obringer, 2003).

Regrettably, even with an increasing literature on the representation of global
amphibian population declines (e.g. Alford and Richards, 1999; Houlahan et al., 2000;
Carey et al., 2001), there has been very little consensus on the actual causes. According
to Blaustein and Kiesecker (2002) sound understanding of the global amphibian
population declines requires emphasis on complex interactions amongst multiple biotic
and abiotic factors. The reasons for amphibian declines are site specific and probably
include factors that arise locally and factors that are worldwide, such as increased
ultraviolet (UV) light exposure and global warming (Heyer, 2003). Such enigmatic
causes to amphibian species declines present the greatest challenge for conservation,
because there are currently no known techniques for ensuring survival in the wild
(Stuart et al., 2004). However, Heyer (2003) has indicated that the global amphibian
research community has rightfully moved from trying to identify a single causal factor
to studying synergistic effects of interacting factors, each of which may contribute to
overall decline in amphibian numbers.
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Interest in amphibian physiology has had a recent resurgence with the global realization
that amphibian populations and species are rapidly disappearing (Stuart et al., 2004).
While there are several proposed causes for the demise of amphibian populations
(parasites, UV radiation, pesticides, herbicides), they are all based on a common
mechanism, the inability of the amphibian’s biology to cope with the new and in many
cases unnatural environmental perturbation.
The value of captive breeding as a conservation tool remains controversial (e.g., Snyder
et al., 1996; Hodder and Bullock, 1997; Ebenhard, 1998; Fischer and Lindenmayer,
2000). However, results of the Global Amphibian Assessment (GAA) highlight the
urgent need for creative tools to address the global amphibian crisis (Stuart et al.,
2004). With some 32% of species threatened with extinction, and complex, often
synergistic, threats as putative agents of decline, actions to address the problem are
difficult to perceive. This left Stuart et al. (2004) to surmise: “For a species facing an
‘enigmatic’ decline, the only conservation option currently available is captive
breeding” Indeed, captive breeding and reintroduction form 2 out of the 11 priority
actions for amphibian conservation and research within the recently published
Amphibian Conservation Action Plan (Gascon et al., 2007). A reappraisal of the
effectiveness of captive breeding and reintroduction as a conservation tool for
addressing the amphibian crisis is therefore urgently needed. In 2008, zoos around the
world have answered the call for amphibian conservation action and announced a
global campaign called ‘Year of the Frog’. Facilities and holding spaces were created to
assist state, government and non-governmental agencies tasked with the preservation of
our remaining amphibian heritage. It is highly likely that these global triage efforts can
save a substantial portion of our amphibian fauna (Kouba et al., 2009).
1.1.4 Anuran Reproduction
A reproductive strategy may be viewed as the combination of physiological,
morphological, and behavioural attributes that act in concert to produce the optimum
number of offspring under certain environmental conditions. Reproductive strategies
are as significant to the survival of the species as are physiological and morphological
adaptations to the environment. Patterns of reproduction are modified by natural
selection so as to produce strategies with high fitness, and they reflect a compromise
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among many selective pressures (Duellman and Trueb, 1994). Some components of
anuran reproductive strategies include;

A. Endogenous and extrinsic control of gametogenetic cycles.
B. Fecundity, including number and size of oocytes, frequency of oviposition,
and proportion of females breeding.
C. Duration of development and metamorphosis.
D. Reproductive effort, including parental care.
E. Biological and environmental constraints.

Compared with those of salamanders, little is known of anuran reproductive modes
because most of species live in the tropics, where few detailed studies have been
accomplished (Duellman and Trueb, 1994).

1.1.5 Amphibian Health Status Assessment
Animal welfare often deals with the ability of an animal to cope with a given situation
or environment (McLaren et al., 2006). For details on the importance of animal welfare
in wildlife conservation refer previous work done by Macdonald and Service (2006).
The diagnosis of disease in amphibians can be found in works of Johnson-Delaney
(1977) and Beynon and Cooper (1991). There is no current evidence to suggest that
Chytridiomycosis

disease

caused

by

a

Chytrid

fungus

(Batrachochytrium

dendrobatidis) is affecting amphibians worldwide, is present in wild populations of Fiji
frogs. However, other diseases could be present and therefore all necessary precautions
should be observed when setting up a captive breeding facility. By carefully screening
the frogs it promotes correct health status diagnosis methods for other amphibian
projects that may be conducted in the future. For example, mass loss can be a minimally
invasive measure of the cost of stress (McLaren et al., 2006). It can be used as a
measure of the cost of capture and handling stress in wild animals, especially where
animals are routinely captured. According to Wikelski and Cooke (2006) endocrine
techniques can usefully indicate problems in captive propagation, such as chronic stress
associated with long term captive maintenance of animals.
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1.1.6 Non-invasive Endocrinology
Guimarães (2003) stated that reproduction is one of the keys, besides environmental
protection, for the successful conservation of an endangered species. Hormones are the
essence of reproduction thus understanding the intricacies of how animals reproduce is
fundamental to managing or conserving wildlife (Pukazhenthi and Wildt, 2004; Brown,
2006). In the past, hormone assessment relied on blood sampling after physical restraint
or anesthesia that can be impractical, stressful or dangerous for many wild species
(Whitten et al., 1998). Beginning in the late 1970s, improvements in wildlife anesthesia
allowed sporadic blood sampling that produced enough data to suggest that hormonal
profiles in wildlife were different from domesticated species. However, the problem
remained that too few blood samples were recoverable from most wild animals to plot
longitudinal hormonal profiles. The stress generated by the restraining procedures,
besides compromising animal health, would also render multiple and consecutive
collection unfeasible (Pukazhenthi and Wildt, 2004).

Within the past 15 years, a powerful new approach has emerged for ex situ and in situ
wildlife conservation research, the assessment of reproductive and stress hormonal
patterns from voided urine and faeces. Gone is the need to anaesthetize or restrain
animals to collect blood, procedures that had the potential of compromising data by the
very stresses they imposed upon the blood donor. There are now many scientific papers
describing how urine and faecal hormone analyses reveal the mysteries of reproductive
status, function and fitness of rare species in zoos and research institutions (Carlstead et
al., 1993; Sapolsky and Krey, 1988; Whitten et al., 1998; Wasser and Hunt, 2005;
Dehnhard et al., 2006; Busso et al., 2007). Although most studies are descriptive rather
than conservation-oriented, there are a growing number of studies using hormone
metabolite assessment in the field. Examples include the studies of Creel et al. (1991,
1993) who conditioned dwarf mongooses (Helogale parvula) in the Serengeti National
Park to urinate on a rubber pad during the course of normal scent-marking. The result
was hundreds of urine samples analyzable for reproductive hormonal metabolites,
allowing elegant examinations of behavioural and endocrine mechanisms of
reproductive suppression.
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The evaluation of reproductive hormonal metabolites in either urine or feces permits the
long term study of reproductive patterns in individuals, populations or species, all
without perturbing the animal (Monfort, 2003). For over two decades, independent
laboratories around the globe have pioneered techniques for measuring hormonal
patterns in voided feces and urine, that enable the monitoring of the reproductive status
of vertebrate species by using non-invasive hormone assessment (Ziegler et al., 1997;
Ginther et al., 2001; Moss et al., 2001; Raminelli et al., 2001; Barrett et al., 2002;
French et al., 2003; Larson et al., 2003; Monfort, 2003; Ostner and Heistermann, 2003;
French et al., 2004; Pukazhenthi and Wildt, 2004; Jensen and Durrant, 2005; Pereira et
al., 2005, Busso et al., 2007; Dittami et al., 2008).

Today, reproductive and stress hormonal metabolites can be measured non-invasively in
excreta, such as urine, feces, saliva, sweat and hair by EIA techniques (Fogerson et al.,
2000; Szymanski et al., 2005; Chen et al., 2006). These non-invasive methods for the
study of reproductive and stress endocrinology can be used in free-living and captive
species as a conservation tool (Brown, 2006). Non-invasive assessment techniques have
been the only feasible way to get serial physiological data on wild individuals (Dittami
et al., 2008). Urine and or faecal samples can be collected from free-ranging animals
and contain gonadal and adrenal hormones that parallel profiles of serum hormones. In
some cases, excreted hormones can even be superior to blood data because they
represent average values pooled over time, rather than a single point in time (Carey,
2005). In other words the resulting hormonal profiles are generally less noisy than those
observed after analyzing blood because the excretory patterns represent a pool of
metabolites since the last excretion rather than reflecting the often hour-to-hour
fluctuating dynamism quantified in blood (Pukazhenthi and Wildt, 2004).

Integration of reproductive and stress hormone assessment with the knowledge of
reproductive status of animals both in the wild and in captivity provides a powerful
management tool (Shimizu et al., 2003; Berger et al., 2005). Whitten et al. (1998)
pointed out that endocrine data complements the traditional behavioural data collected
by field scientists providing quantitative measures for the examination of basic
reproductive processes. For ex-situ programmes, it enables predictions about, for
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example, why the species fail to breed in captivity, the success of an assisted
reproduction programme, the point when available resources for housing animals will
become limiting, or the impact of the environment on an animal’s physiology (Carlstead
et al., 1993; Molinia et al., 2007). Studies have correlated faecal glucocorticoid (GC)
excretion patterns with potential stress in the face of less-than-ideal reproduction and
husbandry conditions (Pukazhenthi and Wildt, 2004). From an in-situ view point,
predictions about the natural reproductive cycles can be known.

1.1.6.1 &on-invasive assessment of reproductive hormones
The non-invasive assessment of reproductive hormonal metabolites in anuran
excrement has a single publication by Szymanski et al. (2005). Specific hormone
metabolites excreted by amphibians in either feces or urine have never been reported.
Previous studies of amphibian hormones have focused on androgens with T or DHT
described as the major plasma androgen and in different amphibian species (Kime and
Hews, 1978; Delgado et al., 1989; Canosa and Ceballos, 2002). Because there are many
possible ways amphibians process steroid hormones, it is difficult to predict the
identities of specific metabolites they excrete, and one may anticipate species
differences in the identity of the secreted hormonal metabolites.

Regardless, the antibodies and EIA protocols, well established for mammalian and bird
species (Munro and Stabenfeldt, 1984; Lasley and Kirkpatrick, 1991; Bamberg et al.,
1991; Gudermuth et al., 1998) seem to be effective for measuring steroid metabolite
immunoreactivity in toads (Szymanski et al., 2005). For details on the amphibian
endocrine system refer work done by Battelle (2004) and DeGroot (1995). Hayes
(2000) has emphasized that the function of the amphibian endocrine system is
reasonably consistent with those of mammals.

1.1.6.2 &on-invasive assessment of stress hormones
The ability to cope is normally measured by assessing how stressed an animal is
(Wikelski and Cooke, 2006). Stress has been defined as the experience of having
intrinsic or extrinsic demands that exceed an individual’s resources for responding to
those demands (Morgan and Tromborg, 2007). Anything that challenges a system in
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steady state (homeostasis) is referred to as a stressor (Morgan and Tromborg, 2007).
Only if a stressor pushes the organism into an ‘allostatic overload’, which is a state in
which organisms can no longer cope with external requirements, will it need to change
its physiology and behaviour to survive (Wikelski and Cooke, 2006). The biological
cost of mounting a stress response, in terms of both energy and damage, depends upon
the frequency and intensity of the stressor (Holt et al., 2003; McLaren et al., 2006).
While some stress is necessary to ensure survival and allow adaptation to changes in the
environment, it is only a concern when the “stress response” threatens animal well
being and exerts deleterious effects on the individual’s biological state. This has welfare
implications during energetically costly periods such as growth and reproduction, or
when animals are suffering from parasites or other diseases (Holt et al., 2003).

Stress responses can include a range of physiological systems and behaviours, but the
common element is activation of the hypothalamus-pituitary adrenal (HPA) axis of the
central nervous system. Corticotropin-releasing factor from the hypothalamus
stimulates the release of adrenocorticotropic hormone from the anterior pituitary gland.
Arginine vasopressin or arganine vasotocin from the median eminence can also
stimulate the release of ACTH. ACTH then stimulates the release of glucocorticoid
[GC] (cortisol [CTSL] in most mammals but CORT in rodents and most other
vertebrates) from the adrenal cortex. GC release is considered a hallmark of the
vertebrate stress response. GCs are metabolic hormones that help to maintain blood
glucose levels during fasting. They also have a wide range of other actions including
effects on intermediary metabolism, immune function, behaviour, electrolyte balance,
growth and reproduction. GCs released when an animal responds to a stressor help the
animal to adjust to the stressor (Sapolsky et al., 2000) but if stress is prolonged then GC
may have detrimental effects on the animal (Cockrem, 2007).

The measurement of GC hormonal metabolites perhaps provides one of the most useful
tools in vertebrate conservation physiology (Wikelski and Cooke, 2006). These steroid
hormones are ubiquitous in vertebrates and occur at low (baseline) levels in all
individuals. Stress-induced GC release is thought to protect animals from acute
unpredictable stress through several actions such as changes in metabolism,
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cardiovascular tone, and behaviour (Sapolsky et al., 2000). However, long term
activation of the stress response to chronic stressors is thought to be maladaptive. Stress
may be, broadly, chronic or acute. Acute stress is a response to a short-term stressor
such as a predator attack, after which it wanes rapidly and is followed by homeostasis.
It brings about a ‘flight or fight’ style response, characterized by the production of
hormones such as CORT and adrenaline, but also accompanied by other physiological
and immunological changes such as tachycardia, increased respiration rate, increased
glucose metabolism, and an increase in various isomers of GC, which shift metabolism
towards energy mobilization and away from energy conservation (Morgan and
Tromborg, 2007). These changes are rapidly reversible, and in some cases (e.g. CORT)
are controlled by their own negative feedback system. Chronic stress, for example longterm climate change and or prolonged starvation, results in extended elevation of GC
levels that in effect become self-sustaining. In conservation, interventions that might be
acute stressors include trapping and short-term transport whereas chronic stressors
could include captivity and translocation (Holt et al., 2003). High levels of circulating
GCs damage areas of the brain responsible for terminating the stress response. This
effect results in a long term or possibly permanent shift in an animal’s physiology and it
has a greater potential to affect survivorship, growth and reproduction (Morgan and
Tromborg, 2007). It is important to understand the relationship between GC and health
because vertebrate conservationists could then use GC concentrations to indicate the
health of animals in a particular population (Sapolsky et al., 2000; Wingfield and
Kitaysky, 2002).

GC levels are typically measured in blood plasma; however blood samples usually
require having to capture and handle the animal to obtain the sample. Therefore,
restraint and handling required for blood sampling may be stressors by themselves, thus
causing sharp increases in peripheral GC concentrations within minutes (Carlstead et
al., 1993). In the last decade increasing attention to animal welfare has stimulated
research on the effects of the environment, thereby promoting studies aimed at the
validation of alternative, non-invasive techniques for assessing adrenal function. The
decision to use non-invasive techniques to assess control of the hypothamalus pituitary
adrenal axis activity in animals may be essential, imperative and further grounded on
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experimental considerations (Holt et al., 2003). The application of stress endocrinology
to conservation biology can make significant contributions to the survival of
endangered species of animals (Cockrem, 2007). The GC response to stress can be
measured with minimal danger to the animal, allowing an assessment of the animal’s
health. This assessment is just beginning to be used by conservation biologists to
identify populations in need of protection and in evaluating risk management strategies
(e.g., Creel et al., 1997; Hopkins et al., 1997; Wasser et al., 1997).

According to Cockrem (2007), it can be tempting to suggest that measurements of
plasma GC concentrations will indicate whether an animal is “stressed” or not.
However, the interpretation of plasma GC concentrations in relation to must be based
on a sound understanding of the physiology of the adrenal gland. If plasma GC
concentrations are elevated in samples collected from one group of animals compared
with concentrations in samples collected from another group of the same species it
would be unwise to conclude that these differences meant that one group was
“stressed”. A difference in plasma GC concentrations may reflect differences in the
normal physiological state of the animals. Conversely, it is possible that animals may
indeed be experiencing chronic stress but that basal GC concentrations were elevated
only transiently during initiation of the stressor.

Recently, fecal (F) and urine (U) GC analysis has been used to measure stress in wild
animals. Urine Glucocorticoid (UGC) and Faecal Glucocorticoid (FGC) metabolite
analyses are very promising tools for measuring stress because samples can be obtained
easily and non-invasively. Also, UGC and FGC metabolite levels reflect a longer term
physiological stress profile than a blood sample. UGC metabolite analysis has been
used to indicate physiological stress of a number of endangered vertebrate species both
in captive and natural populations such as Bonobos (Pan paniscus) [Jurke et al., 2000],
Giant Panda (Ailuropoda melanoleuca) [Owen et al., 2004], Wied's black tufted-ear
marmoset (Callithrix kuhli) [French et al., 1999] and FGC metabolite analysis has been
used with endangered species such as Northern spotted owls (Strix occidentalis caurina;
Wasser et al., 1996), western lowland gorillas (Gorilla gorilla gorilla) [Peel et al.,
2005] and African wild dogs (Lycaon pictus; Creel et al., 1997).
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Capture and handling are often unavoidable in practical conservation and almost
inevitably cause stress (McLaren et al., 2006). However, if stress can be measured
protocols can be selected to minimize it. There has been considerable interest in
measuring adrenal corticoid metabolites in urine and feces as an index of the relatedness
of both stress and reproductive success in both captive maintained and free-living
wildlife (Pukazhenthi and Wildt, 2004). Most observations have been done mostly on
mammals (Owen et al., 2004; Peel et al., 2005) and avian species (Wasser et al., 1996).
Amphibians are currently facing various biological and physical threats therefore they
may be an ideal taxon on which to use such endocrinological techniques to identify
threatened populations or species.

1.1.7 Enzyme-immunoassay
Immunological techniques such as enzyme-immunoassays (EIAs) are used today
because they are capable of measuring small quantities of hormones. Many EIA
techniques are now as sensitive as radioimmunoassay (RIA) and are gaining in
popularity (Brown, 2006). Enzyme-linkedimmunosorbent assay (ELISA) has been
previously applied to larger mammals in both field and zoo studies, (for example, see
work by Carroll et al. 1990; Shimizu et al. 2003; Pereira et al. 2005). It has also been
applied to small vertebrates such as mice (deCatanzaro et al., 2003).

Brown (2006) has provided a detailed account of the types of EIA techniques useful for
assessing reproduction in domestic and non-domestic species, the laboratory
immunoassay validation and biological validation of methods, sample collection/storage
techniques, assay protocols and methods for the calculation of EIAs results. For a
detailed explanation of ELISA technology see Crowther (2001). In a study on anuran
sex identification (Szymanski et al., 2005) used faecal samples from American toads,
Bufo americanus, and boreal toads, B. boreas boreas, extracted using ethyl acetate to
measure concentrations of faecal E2, P and T metabolites using a ELISA technique
commonly used to evaluate hormone concentrations in feces of mammalian species.
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1.1.7.1 Advantages and disadvantages of urine endocrine sampling
Metabolism of circulating gonadal and adrenal hormones occurs in the liver and or
kidney before excretion into urine or bile. Generally, biologically potent hormones such
as T, E2, P and corticoids are rendered impotent during metabolism through subtle
molecular changes and thorough conjugation to highly charged, side chain moieties
(e.g. glucuronide or sulphate molecules) before excretion. Conjugated hormonal
metabolites have increased molecular polarity that improves solubility in the aqueous
environments of urine or bile. Whether these hormonal metabolites are primarily passed
into urine or feces is species dependant (Pukazhenthi and Wildt, 2004). Urine steroids
are almost always excreted as conjugates (e.g. oestradiol-sulphate, estrone-glucuronide)
and these are end products of complex metabolic processes involving large families of
steroids. For instance, estrone-glucuronide molecules are the ultimate result of the
conversion and breakdown of a variety of estrogens and androgens (Pukazhenthi and
Wildt, 2004).

In addition to being non-invasive, urine collection has a number of advantages that
make it an excellent tool for studying the frogs’ gonadal function in the field. EIA
techniques are relatively cheap, hormonal conjugates can be measured in small
volumes, and hormonal conjugates and creatinine (Cr) in urine appear to be fairly
resistant to degradation even when kept at room temperature for up to one week
(Kesner et al., 1995). Also, steroids are excreted in urine within hours of production
(Ziegler et al., 1989), while still giving an “average” result that is more resistant to
acute changes in steroid concentration than serum (Whitten et al., 1998).

Urine measurements have the advantage over faecal methods by providing a reduced
lag-time for hormone excretion (i.e. relative to blood circulation), simplified processing,
and reduced labor and ultimately lower costs. Millspaugh and Washburn (2004)
explained the problems of using faecal glucocorticoid (FGC) metabolite measures for
assessing adrenocortical status of both free-ranging and captive wild animals. Ideally,
feces collected for FGC metabolite analysis would be of known age, from a known
individual; however, this is often difficult in field studies. Furthermore, faecal samples
from an elusive species usually involve the collection of faecal samples that are
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potentially several days old. Samples that have been exposed to precipitation or
excessive temperature might not be an accurate assessment of faecal glucocorticoid
metabolite (FGM) levels. Thus ideally, one would collect only fresh samples (i.e. those
less than a couple of hours old), which is extremely difficult to know in the field studies
involving plot-based collection techniques. Faecal samples also require storage using
preservatives such as ethanol, prior to freezing and sometimes heat or chemical
treatments are also required to kill potential pathogens. Such treatments could influence
the structure and immunoreactivity of FGMs, thus preventing accurate measurement of
FGM levels. In contrast, frogs tend to urinate frequently and once collected, urine can
be preserved indefinitely by freezing at -20oC or -80oC (Monfort, 2003). Another thing
is that extraction of faecal samples to be suitable for analysis almost always invariably
results in loss of measurable hormone mass whereas urine can be assayed neat.

1.1.7.2 Method validations: physiological and laboratory steps
Immunoassays must be re-validated for each new species or medium to demonstrate
that they provide reliable and consistent estimates of hormone production (Monfort,
2003). There are two steps to method validation: (1) laboratory validation (specificity,
accuracy, precision and sensitivity) to demonstrate that the target hormone(s) is actually
being measured, and (2) physiological validation, as it is crucial to demonstrate that
hormonal measures accurately reflect physiological events of interest. From a practical
standpoint, it is unnecessary to determine the specific molecular structure of the
hormones being monitored in each species (Brown, 2006). Under biological or
physiological validation for example, an ovarian cycle might be validated by comparing
two independent measures of the same hormone in matched samples (i.e. faecal against
urine E2), or by comparing temporal hormonal excretion patterns with external signs of
reproductive status (e.g., visual inspection of reproductive status of female frogs).

Similarly, administering a drug known to stimulate hormonal production is useful for
demonstrating a cause and effect relationship between its exogenous administration and
the subsequent excretion of the targeted hormone. Typically, hormone challenges
include gonadotropin releasing hormone (GnRH) to study pituitary hormones,
luteinizing hormone (LH) and follicle stimulating hormone (FSH) and subsequent
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androgen production, or ACTH and corticosterone (CORT) secretion. This approach
also clarifies the excretory lag-time between stimulation of an endocrine gland and the
appearance of its hormonal metabolites in excreta (Brown, 2006). In vertebrates, ACTH
administration mimics a natural adrenal stress response by causing a rapid rise in
circulating native CORT, followed by a return to baseline within a few hours. The same
pattern should also occur in urine or feces, with the onset of the peak excretion delayed
by the species-specific excretion lag time (Wasser et al., 2000; Preest et al., 2005).

Urine steroid measures are typically indexed to creatinine (Cr) excretion, which is
measured using a modified Jaffe reaction (Monfort, 2003). Cr, a by-product of muscle
metabolism, is excreted at constant rate in individuals with normal kidney function and
is therefore a good index of the amount of time over which steroids have been
metabolised into the urine regardless of the volume of the sample. It is a way to
measure how concentrated a urine sample is and whether or not a certain sample is
viable (containing the hormonal metabolite of interest). For instance, if it contains too
much water and thus mass within the sample is too dilute to measure, it is not a viable
sample. Cr assays utilize the Jaffe reaction in which creatinine reacts with picric acid in
an alkaline solution to produce colour change (Taussky, 1954), and optical densities are
calibrated to three standards. In a study by deCatanzaro et al. (2003), ELISA
measurements were conducted using female mice urine samples for E2, P and T
metabolites and the results were corrected by Cr levels to account for variations in fluid
intake and output.

1.2

THESIS AIMS

This project was designed to examine reproductive biology of the FGF using a
population maintained in captivity and a sub-population studied on Viwa Island. The
mode of reproduction of the FGF was studied by making observations on both captive
and wild populations. Non-invasive endocrine assessment was used to investigate the
roles of the reproductive steroids testosterone, estrone and progesterone in regulating
the reproductive physiology and behaviour of the FGF in the wild and in captivity. This
was done by assessment of the reproductive hormonal metabolites (EC, P and T) in the
urine of wild and captive frogs. Non-invasive GC assessment was conducted using
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urine corticosterone enzyme-immunoassays in order to measure stress in captive and
wild frogs. Additionally, other aspects of the species’ biology associated with
reproduction, such as nesting behaviour, parental care, problems of froglet
management, biometrics and morphological features of froglets and aspects of ecology
of FGF in the wild and in captivity were explored. Overall recommendations were
provided to help towards the conservation and management of the FGF.

Specific project aims were as follows:
Aim 1
To study the captive propagation of the FGF to explore their captive husbandry
requirements such as diet, breeding behaviour and health status.

Aim 2
To study breeding biology of the FGF using a captive and/or wild population.

Aim 3
To study the embryonic development of the FGF and prepare a staging table the various
stages of metamorphosis.

Aim 4
To experimentally manipulate FGF eggs under laboratory conditions in order to
improve the ex-situ hatchability of froglets.

Aim 5
To conduct non-invasive assessment of reproductive hormones in urine of the FGF.

Aim 6
To conduct non-invasive assessment of stress hormones in urine of the FGF in the wild
and in a captive population and to study the stress hormonal response of the FGF to
short term capture using urine enzyme-immunoassays.
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Chapter 2 is based on the reproduction and aspects of ecology of the FGF on Viwa
Island.
Chapter 3 is based on the substrate preferences of the FGF in captivity, breeding
behaviour, captive management of froglets and mass assessment of frogs in captivity.

Chapter 4 is based on the stages of embryonic development of the FGF.

Chapter 5 describes a non-invasive assessment of the reproductive hormonal
metabolites of the FGF. It discusses the annual variations in reproductive hormonal
metabolites [T in males, P and EC in females] over an active breeding phase and an
non-breeding phase on Viwa Island and in captivity. It also discusses the potential use
of reproductive hormones for the indentifcation of adult male and female FGF.

Chapter 6 is based on the non-invasive assessment of stress hormonal metabolites
using urine of the FGF in captivity and on Viwa Island. It also investigates the
measurement of acute stress responses to short-term capture in adult male and female
FGF using urinary GC EIAs.

Chapter 7 provides a general discussion based on the overall results, and it provides
recommendations for future research.

1.2.1 Animal Ethics Protection
The FGF is protected by the Animal Ethics Committee (AEC) of the USP. Therefore
approval was required from the AEC prior to collection or handling of any frog
specimen for this research. This research activity was approved by the AEC based on
satisfactory procedures outlined towards any handling and use of FGF as a research
specimen.
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CHAPTER 2
REPRODUCTIO A D ACTIVITY I A WILD POPULATIO OF THE
E DA GERED FIJIA GROU D FROG (PLATYMATIS VITIAA)

2.1 INTRODUCTION

A reproductive strategy may be viewed as the combination of physiological,
morphological, and behavioural attributes that act in concert to produce the optimum
number of offspring under certain environmental conditions. Reproductive strategies
are as significant to the survival of the species as are physiological and morphological
adaptations to the environment. Patterns of reproduction are modified by natural
selection so as to produce strategies with high fitness, and they reflect a compromise
among many selective pressures (Duellman and Trueb, 1994).

Since the mid-1970s, discoveries of previously unsuspected reproductive behaviour
such as gastric brooding, terrestrial breeding, direct embryonic development, cloacal
apposition during mating suggested that many fascinating aspects of reproductive
biology remain to be discovered. However, the most rewarding prospect would be the
integration of diverse reproductive behaviour with extrinsic factors such as
environmental condition (Duellman and Trueb, 1994). The timing of reproduction in
amphibians depend strictly on physiological and morphological responses of these
vertebrates to the environment on the basis of endogenous (hormonal) and
environmental mechanisms and the extraordinary variety of breeding patterns amongst
anurans reflect a compromise among many selective pressures. In general, reproductive
hormonal activity, such as secretion by the adenohypophysis, is correlated with
environmental changes. These changes act as primary stimuli to nerve receptors and are
integrated by the central nervous system, which relays appropriate impulses to the
hypothalamic neurosecretory nuclei (Zug, 1993).

In amphibians, reproduction utilizes considerable energy resources (mainly stored in the
form of fat bodies) and both sexes must be ready as soon as environmental conditions
are favorable (Brizzi and Corti, 2006). The annual cycle of physiological changes
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involves growth and regression of gonads and hormonal changes related to the
reproductive activity (Brizzi and Corti, 2006). Furthermore, the hormonal changes are
often subject to genetic limitations and hormones are also influenced by environmental
cues, organism’s micro-environment and its species-specific characteristics (Duellman
and Trueb, 1994). Vitellogenesis (also known as yolk deposition) is the process of yolk
formation via nutrients being deposited in the oocyte, or female germ cell involved in
reproduction (Duellman and Trueb, 1994).

Vertebrates coordinate their physiological state with external cues to appropriately time
reproduction. Certain cues in the external environment predict favorable breeding
periods (Burmeister and Wilczynski, 2005). The integration of seasonal environmental
cues and behavioural interactions to regulate hormonal state is an important aspect of an
organism’s life history (Wingfield et al., 1990). In anurans, which are ectotherms,
breeding appears to be influenced mainly by ambient temperature and rainfall (Saidapur
and Hoque, 1995; Delgado et al., 1992).

Fiji Islands enjoy a typical tropical climate, with a south-east trade wind blowing across
the

islands

maintaining

a

cool

atmosphere

during

most

of

the

year

(http://www.met.gov.fj). Rain can be expected at any time of year. Simple climatic
factors, such as changes in weather are being observed in Fiji (Anon, 2006c) and
variations in the temperature and rainfall can be linked to global environmental
changes. Fiji Island is characterized by a tropical maritime climate without extreme hot
or cold periods. The mean annual minimum temperature is 18oC and mean annual
maximum temperature is 32oC. The difference in average temperature varies only 2-4oC
between the warmest (January to February) and coolest months (July to August).
Average annual rainfall ranges from 1500mm (small islands) to 6000mm (mountainous
regions). Rainfall is influenced by the prevailing south-east trade winds, with the
western regions experiencing drier conditions (average annual rainfall ~2000mm) than
the south eastern areas (average rainfall >3000 mm). The Fiji Islands have distinct wet
(November to April) and dry seasons (May to October), with mean daily rainfall
ranging from 100-150mm/month during the driest months and >400mm/month during
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the wettest months (http://www.met.gov.fj/climate_fiji.html, online accessed 12th June,
2008).

Over the past decade, research gaps were identified mainly in the knowledge of
geographic distributions of native Fijian frogs because of incomplete surveys of several
natural habitat areas (Morrison, 2005). Therefore, more targeted herpetological surveys
were undertaken by local scientists (Kuruyawa et al., 2004; Morrison et al., 2004;
Osborne, 2006; Thomas, 2007) to evaluate the distribution of amphibian fauna of Fiji
Islands. Kuruyawa et al. (2004) confirmed that the range in distribution of the
endangered Fijian ground frog (FGF) had decreased considerably due to invasive
predators. There is no evidence that the abundance of frogs has decreased where they
still occur. Thomas (2007) conducted recent surveys on Viwa Island and compared the
spatial distributions and nocturnal micro-habitat choices of the FGF and Chaunus
(Bufo) marinus and concluded that the spatial distributions of the two species on Viwa
Island overlap considerably, but the cane toads are numerically more common and
abundant than the FGF. This chapter presents results of field surveys conducted on
Viwa Island examinining reproductive biology of the FGF, and micro-habitat choices.
This chapter also provides new information on the morphology and histology of
reproductive tissues and cells.

For the ecological study, this chapter presents results based on the day-time microhabitat choices of the adult male and female FGF so that similar natural substrates
could be incorporated into the captive enclosure for stimulating natural breeding of the
frogs (Chapter 3). It also compares the number of frogs caught within each category
(adult male and adult female) each month with respect to mean daily rainfall. This
chapter also discusses the difficulty associated with sexing frogs in the field and
presents the most reliable technique for sexing. Finally, this chapter discusses the
possible pattern of breeding cycle of the FGF in the wild.
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2.2

RESEARCH METHODS

2.2.1 Study Area and Sampling

2.2.1.1 In-situ field sites
Field surveys were conducted with the help of three field assistants (local villagers) on
selected habitat sites of the FGF on Viwa Island (Figure 2.1). Viwa Island is the
smallest (60 ha) of the four outer islands in Fiji with an extant populations of the FGF.
The island is inhabited with one village, including 27 households occupying the
northern part of the island. Viwa is located about 30km northeast of Suva city. During
low tide, the island is approximately 900m off the east coast of the main island of Viti
Levu (Figures 2.1 and 2.2).

Viwa has a gentle saddle and valley terrain that runs east to west, with four major high
points: Dromuinuku, Daku, Uluimoala, and the village church (49m above sea level).
The island is easily traversed by permanent tracks used by the villagers for daily
agricultural activities. Because it is a low-lying small island, the climate on Viwa is
more seasonal than many of the nearby larger islands (Mueller-Dombois and Fosberg,
1998). Water sources for the villagers are limited to rainwater (for consumption) and
well water and artificial ponds (for washing and bathing). There are a total of five water
bodies on the island, including three ponds within the village, and and two others in the
plantation (agricultural) forest areas. A preliminary study on the native vegetation of
Viwa Island by McGuire (2005) revealed that the island has low plant species diversity.
Of the 129 plant species recorded, 78 were native, and 51 introduced. None were
endemic. The native Fijian fauna present on Viwa comprises nine species. These
include the FGF, banded iguana (Brachylophus fasciatus); Pacific boa (Candoia
bibroni); oceanic gecko (Gehyra oceanica); skink toed gecko (&actus pelagicus); the
endemic Fijian green tree skink (Emoia concolor); the brown-tailed copper striped
skink (E. cyanura) and blue-tailed copper striped skink (E. impar) [Morrison, 2003;
Morley et al., 2004].
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Viwa Island has six mataqalis (traditional land-owning units) each of which owns parts
of the island. Before conducting the field sampling for this study, as is the protocol in
any village in Fiji, the heads of the mataqali with the support of the turaga ni koro
(village headman and the village representative to the Fiji government) were
approached for permission to conduct the study. Seeking permission from the
landowners or presenting the i sevusevu is critical to any study to be conducted on
traditionally owned land in Fiji, especially if the assistance of the landowners will be
required for the continuation and success of conservation projects.

Two smaller islands bordered
by mangroves
Village and main
landing point

200m

Second landing point and
footpath across to main village

Figure 2.1 The oblique aerial photograph the geography of Viwa Islands. The village is
located S17o56′26” (Photo: Craig Morley).

Viwa village
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Figure 2.2 location of Viwa Island relative to mainland Viti Levu in the Fiji Islands
(Adapted from: http://earth.google.com/).
Surveys were conducted throughout the year from April 2007 to January 2008 (av. 5
days per month). The accessibility to mainland and easy terrain makes Viwa Island one
of the best natural locations for herpetological surveys. The surveys were conducted
mainly within the forested landscape on Viwa Island. The amount of rainfall in the field
was recorded (mm per day) from a rain gauge.

2.2.1.2 Sampling design
The breeding phases of the FGF were unknown previously anywhere in literature. For
this study, it was important to assign the phases of breeding of the FGF based on some
criteria. I studied the reproductive status of wild females. Two breeding phases were
assigned based on the biometrics of underbelly vitellogenic follicles of wild females.
The non-breeding phase (Group 1) included months when the vitellogenic follicles on
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average measured less than 2mm in diameter per wild female (Table 2.1). The active
breeding phase (Group 2) included the months when the vitellogenic follicles measured
greater than 2mm and up to 6mm in diameter per wild female. The same female was not
able to be caught each month therefore the reproductive status was representative of the
sub-population of frogs throughout the year. Group 1 (the non-breeding phase)
comprised the months from April through to June 2007, plus April 2008. Group 2 (the
active breeding phase) comprised the months from August 2007 through to January
2008.

Hence these two phases of breeding provided a biological basis for comparing the
concentrations of reproductive hormones in urine of captive and wild frogs between the
assigned groups. The reproductive status of male frogs was not characterised in this
study, thus it was assumed that both male and female FGF would synchronize their
breeding cycle similar to the breeding behaviour observed in most tropical anurans
(Duellman and Trueb, 1994). Thus the same breeding phases as assigned using female
reproductive status were used for comparing hormonal changes among captive and wild
males.

Table 2.1 The active and inactive phases of FGF breeding that were assigned based on
the reproductive status of wild females
Breeding Month
phase

Inactive

Active

Inactive

April 2007
May
June
August
September
October
November
December
January 2008
April 2008

Vitellogenic Average
female (n) number
of ovarian
follicles
counted

7
5
3
3
6
5
11
5
4
2

10
15
5
7
16
13
23
26
22
10
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Average
size
of largest
oocyte
(mm)

Nonvitellogenic
female (n)
without any
oocyte >
2mm

2
2
2
2.5
2.5
3
4
5
6
2

12
3
2
9
8
3
3
0
2
4
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WetLANDS
lands
WET

200m

FRUIT
INGTree
TREES
FOREST
Fruiting
Forest
Figure 2.3 The major habitats of the FGF on Viwa Island.
Note: The green lines indicate the boundary of artificial fence put up by the villagers for
agricultural purposes. Field sampling was conducted in the fruiting tree forest area.
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2.2.2

Frog Morphometrics and Reproductive Status

The mass (g) was recorded using a hand-held Pesola balance (Figure 2.4) and SnoutVent length (SVL in mm) was recorded using a Vernier calliper (Figure 2.5).

Figure 2.4 Measurement of mass (g) of a frog using a Vernier caliper.

Figure 2.5 Measurement of SVL of a frog using a Vernier caliper.
I assigned an inspected female as vitellogenic if it was carrying vitellogenic follicles > 2
mm in diameter. The vitellogenic follicles were identified by a rapid method of visual
inspection performed under darkness. A bright light source was shone from a hand-held
torch and the frog was inspected for creamy, round oocytes through their semitransparent underbelly skin (Fig. 2.6). Non-vitellogenic females were those not showing
any vitellogenic follicles.

35

Reproduction and activity in a wild population of the endangered Fijian ground frog
(Platymantis vitiana)
The cut-off mark of the SVL for vitellogenic and non-vitellogenic females was decided
based on the SVL of the smallest vitellogenic female frog captured on Viwa Island
during the surveys. There were no vitellogenic females captured with SVL < 60mm.
Therefore, all frogs with SVL < 60mm were grouped as male frogs or could be nonvitellogenic females. Based on literature by Thomas (2007), juvenile frogs were those
frogs with SVL < 25 mm. Therefore, frogs within 60 mm to 25 mm were assumed to be
adult male frog. Frogs with SVL > 60mm with indication of vitellogenic follicles were
assigned as vitellogenic females and frogs with SVL > 60mm and with no vitellogenic
follicles > 2mm were grouped as non-vitellogenic females. Furthermore, these
classifications were confirmed for all frogs (both captive and wild) that called whilst
being handled, with females making a loud "dog-barking" call (all frogs > 60 mm SVL)
and males a softer "bird chirping" call (all frogs < 60 mm).

Additionally, to confirm that frogs with SVL < 60mm were males, and with “bird
chipping call” were male, wild male (n = 1) with length (snout-vent) < 60 mm were
sacrificed using the methods explained in section 2.2.3 and dissection revealed paired
testes, therefore confirming sex as male. Similarly, wild female (n = 1) with length
(snout-vent) > 60 mm and with “dog-barking” call were sacrificed and dissection
revealed vitellogenic follicles, therefore confirming sex as female. The frogs with SVL
< 60 mm could be females; however, based on the above criteria these frogs were
assigned as male frogs for the purpose of this study. Detailed discussion has been
provided on methods that can be used to correctly identify male frogs (See chapters 2,
5, 6 and 7 for discussion).

Simultaneously, I recorded the morphometric data of developing ovarian follicles of
each female frog that was caught on Viwa Island. These parameters included (a) the
total number of vitellogenic follicles visible during underbelly inspection and (b) the
average size of vitellogenic follicles observed (measured using a Vernier calliper).
Similar reproductive parameters were recorded for the female frogs that were managed
in captivity. The data from the captive frogs provided a longitudinal assessment of
reproductive status that would provide useful information about the reproductive
physiology of individual frogs (See Chapter 3).
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A

B

Figure 2.6A Non-vitellogenic female (SVL = 70 mm) with no vitellogenic follicles
observed and 2.6B the large creamy follicles (possible mature oocytes) are
clearly visible in a vitellogenic female (SVL = 72 mm).

2.2.3 Gross Morphology of Reproductive Tissues
The morphology of the reproductive tissues of an adult male and an adult female FGF
was examined after they were humanely sacrificed using a double-pithing procedure
(Silverman et al., 2006).

(A) Adult Male
Each testis of the adult male FGF (Fig. 2.7) was attached to the right and left kidney by
fine membranous mesentery. Fine blood vessels divert from the kidneys to each testis
and attached to each testis were minute fat bodies, a yellowish bundle with finger-like
strands. At the base of the ureter was an enlarged area, the seminal vesicle; it is used for
storing sperm.
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2

1

3

2

4

1

- Kidney; 2-Testis; 3- Vas efferentia; 4-Mesentery

Figure 2.7 The testis and associated structures of adult male FGF (SVL = 40 mm).

The testis of the adult male FGF weighed 0.022 g and SVL was 29 mm. The testis was
thin and membranous with eight testicular sections. Thick mucus strands were areas of
pigment probably melanin.

Figure 2.8 The testis of adult male FGF. A single testicular section has been enlarged
for clear view. The black pigments are possibly melanin.
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(B) Adult Female
Euthanized adult female FGF (Mass = 63.45g; SVL= 96.78mm). Female frog had two
ovaries with developing oocyte mass attached to the mesenteries on the medial border
of each kidney. Underneath each oocyte mass was a thick, whitish, highly coiled
oviduct. Along the edge of the kidney was a thin white tube. This is the ureter which
carries urine from the kidney. Large oocytes, 4 mm diameter and average weight 0.135
g (n =5) were visible above the ovary. The ovary at this stage had 6 large (mature)
oocytes and average of 16 vitellogenic follicles.

A

1
2

3

1-Vitellogenic oocyte; 2-Oviduct; 3-pre-vitellogenic oocyte
Figure 2.9 The ovary of adult female FGF. The dark grey colored structure (label no. A
on the upper panel) between oocytes is intriguing; this could be transient
corpus luteum from a recent ovulation, or corpus atretium (regressing follicle)
from the previous breeding season.
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2.2.4 Histology of Reproductive Tissues and Morphology of Sperm Cells

An adult male (SVL = 30mm) and adult female (SVL = 75mm) FGF were sacrificed.
The frogs were humanely killed by using a euthanization or double-pithing procedure
adopted from work conducted by Costanzo and Lee (1991). The reproductive tissues of
both sexes including testis, oviduct and eggs were obtained by dissection. The tissues
were transferred into a Petri dish with phosphate-buffered saline (PBS), pH 7.2. A
portion of the testis from each male specimen was macerated in phosphate-buffered
saline and a sperm-containing suspension was prepared. This sperm preparation was
stained using eosin-negrosin staining technique. The morphology of sperm cells of
adult male individuals of each specimen was observed under a light microscope
(1000x) and biometry measurements were recorded. The morphology of the
reproductive system of each specimen was observed under an Olympus SZX12
stereoscopic microscope (magnification = 120x).

2.2.4.1 Histological analysis

The reproductive tissues were processed via a tissue processing technique adapted from
work conducted by Clayden (1962). The tissues were immediately fixed using 10 %
formalin (4 % formaldehyde) solution for 24 hours and then dehydrated using 95 %
alcohol (6 hours), absolute alcohol treatment Ι for 6 hours and absolute alcohol
treatment ΙΙ for 12 hours. The tissues were then cleared with xylene for 1 hour.
Infiltration was done using molten paraffin (mpt. 56 oC-58 oC) took place for 12 hours.
The infiltrated tissues were then embedded into the molten paraffin following proper
orientation of the specimen for sectioning. A Leica (LM 2155) rotary microtome (Fig.
2.9) was used for tissue sectioning. Serial sections were obtained from the paraffin wax
embedded tissues after trimming at 3 µm and then sectioning at 5 µm using the rotary
microtome. The thin sections were floated onto a Microm SB 80 Water Bath at a set
temperature of 30oC. The paraffin wax coated serial sections were drawn up onto
frosted microscopic slides (76 mm x 25 mm). The microscopic slides were dried and
excess paraffin wax was removed by keeping it in medium set microwave oven for 5
minutes.
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Figure 2.10 Microtome (Leica RM 2155).

A standard staining technique using work conducted by Clayden (1962) was followed.
The staining procedure used a series of reagents and stains including xylene-AOHEhrlich haematoxylin-Eosin Y-AOH-xylene. Coverslips were mounted onto the stained
sections using Canada balsam embedding media. The Ehrlich haematoxylin-Eosin Y
stained sections were examined using a BX-50 Olympus light microscope at
magnification of 1000 x.

2.2.5 Ecological Study

2.2.5.1 Day-time frog searches

Frog searches were conducted by one field assistant over four hours in daylight (n =5
days each month; 20-person hours per month in total). Since the frogs remain under
cover by day, searches involved lifting substrates such as coconut husks, logs and other
debris on the ground. The types of the micro-habitat in which the frogs occurred and the
number within each of the three sex-age classes (adult males SVL < 60 mm, adult
females SVL > 60 mm, Juveniles < 25 mm and metamorphs SVL < 11 mm) observed
were noted. Natural substrates were also inspected for the presence of eggs.
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2.2.5.2 &ight-time frog searches

Natural surveys were conducted (n = 5 nights per month; 20-person hours per month in
total) along 50 m transects laid across the island over four hours per night starting from
2000 h. At night, the FGF that had emerged from ground cover were located by eye
shine (due to reflection of the torch light in the tapetum of the eye). Frogs were
generally caught by hand capture upon sighting. The experimental design used a time
honored technique known as visual encounter surveys (VES). The VES technique was
formalized in 1982 by Campbell and Christman and in 1990 by Corn and Bury, both
using time as the constraint (Crump and Scott, 1994). The advantage of using VES
method for herpetological surveys is that they are effective in most habitats and for most
species that breed in lentic (non-flowing) water.

2.2.5.3 Statistics

Comparison of the day-time micro-habitat preferences between natural substrates within
the forested landscape was done using non-parametric Mann Whitney U test, p < 0.05.
Graphs were plotted to show the number of vitellogenic and non-vitellogenic females
captured each month compared with mean daily rainfall. Furthermore, the capture rates
of adult frogs were compared between the dry and wet months using Mann Whitney U
test, p < 0.05.

2.3

RESULTS

2.3.1 Morphology and Histology of Reproductive Tissues and Cells

Individual sperm cell of adult male FGF measured 5µm (head to tail) lengthwise under
1000x magnification. The flagellum was continuous with the mid piece of the sperm
and measured 1.5µm under 1000x magnification. A thin membrane extended from the
right and left outer border of the sperm cell mid-piece and membranes were continuous
with the flagellum. This could possibly be the undulating membrane of the sperm cell.
The sperm head was stained dark pink using Eosin-Negrosin staining and it could be
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surrounded by acrosomal cap. Note: the live sperm cells were verified by their forward
movement under 1000 x using the sperm preparation.

Tail (flagellum)

Mid-piece

Head (Acrosomal cap)

Figure 2.11 Close view of sperm cell adult male FGF stained using Eosin-Negrosin and
observed under BX-50 compound microscope (1000 x). Note: The sperm
histology preparation was from only one dissected male frog thus making it
difficult to present any data in clear detail.
Fat bodies

Sperm cell

1000 x
Figure 2.12 Sperm cells of male FGF stained using Eosin-Negrosin and observed under
BX-50 compound microscope.
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Lumen of seminiferous tubule
Cross-section of
mature spermatocyte

1000 x

Figure 2.13 The cross-section of fixed tissue showing seminiferous tubule of male FGF
showing 1o, mature spermatocyte and spermatids.

200 x

Epithelium

Lamina propria

400 x
Figure 2.14 The cross-section of oviduct of adult female FGF.
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Granules of protein

200 x
Figure 2.15 Cross-section of female FGF egg yolk.

2.3.2 Ecological Study on Viwa Island

2.3.2.1 Day-time retreat sites
By day most of the frogs were found within the forested landscape micro-habitats; frogs
were found underneath piles of coconut husks, rotting logs and leaf litter. Frogs were
usually observed in a water conserving posture such as pressed flat. On an average, per
hourly intervals, more frogs were collected underneath rotting logs (n = 5.0 + 0.01 frogs
per hour) in comparison to coconut husks (n = 3.0 + 0.01 frogs per hour) and leaf litter
(n = 2.0 + 0.01 frogs per hour) in the forested landscape (U = 5.41, p<0.01).

2.3.2.2 &octurnal activities
Total number of frogs caught was highest in December (n = 79), followed by November
(n = 47) and lowest number caught was in June (n = 9). Generally more adult frogs were
found during the wetter months between August through till January in comparison to
the drier months from April to July (U = 6.51, p < 0.01, n = 271) [Fig. 2.16].
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An interesting observation was that the frogs had a tendency to climb high up in the
available vegetation, frogs (usually females) being found up to 3m high on sloping
trunks of Inocarpus fagifer trees even on nights with light rain.
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Figure 2.16 Total number of frogs within 2 categories of adult male and female caught
at night each month over 10 months on Viwa Island.

Average daily rainfall data is provided (Figure 2.17) in comparison with average
monthly number of adult vitellogenic and non-vitellogenic females captured by night.
Juveniles (av. SVL < 25mm) were generally observed throughout the survey period.
Metamorphs (av. SVL < 11mm) were captured towards the end of the year i.e.
completion of the high rainfall months. The average SVL of adult males were 40.459.7mm, adult females were 60.3-110mm and Juveniles were < 25 mm over the survey.
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Figure 2.17 Relationship between adult vitellogenic and non-vitellogenic females
caught, rainfall and month. The linear graph represents mean daily rainfall
(+SE). Sampling was not done in July.

2.3.2.3 Breeding
Egg masses (n = 2; average 50 fertilized eggs per egg mass) of the FGF were found
underneath rotting logs (Figure 2.17 and Figure 2.18) within the forested landscape on
the 22nd of December, 2007.

The average diameter of egg (n = 50) was 9mm. It was easier to locate the metamorphs
(< 11 mm SVL) underneath rotting logs and sometimes they were found in crevices
within the logs.
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Figure 2.18 Fertile eggs (n=50) of the FGF discovered in a nest created underneath
rotting log on Viwa Island.

E

Figure 2.19 Developing FGF embryo within eggs found on Viwa Island. These eggs (n
= 4) were removed from the egg mass for closer view of developing embryo.
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2.4

DISCUSSION

The night time surveys were relatively affected by poor visibility during periods of
heavy rainfall. Similar difficulties were given by Thomas (2007) during night time
surveys on Viwa Island for the FGF and by Bell (2004) during night time field surveys
of Leiopelma species in New Zealand. Unpredictable rainfall conditions on Viwa Island
could have also influenced survey results as frogs were more readily located after
period of heavy rain than during dry periods. Low numbers of frogs were encounted at
day-time because they remained hidden within the natural substrates. The frogs
occupied various natural substrates including coconut husks, bamboos and rotten logs.
These substrates will need to be incorporated into the captive breeding enclosure
inorder to mimic the frogs’ natural habitat.

The sexing of the FGF was difficult since the adult frogs do not display distinct
morphological characters. The FGF is a sexually dimorphic frog species due to size
differences between male and female and it can have size ratios of 1:3. However, sexing
can be difficult for those frogs below 60mm SVL and without any vitellogenic follicles.
These frogs could either be adult males or juvenile females. Interestingly, distinctive
male and female stress calls produced while handling were used to sex the FGF and this
technique requires detailed analysis. Adult males do not carry nuptial pads and therefore
it makes sexing FGF more difficult. Furthermore, reproductive status provided an easy
method for identifying vitellogenic females. Those frogs with < 2mm ovarian follicles
were assigned as non-vitellogenic females. This criterion also matched with stress call,
plus with the few frogs that were sacrificed to reveal the oviduct. Therefore, for the
further parts of this thesis these criteria have been used to assign sex of the FGF. Later
in the thesis, the potential use of urine hormonal metabolite profiles as sexing tool is
presented. Another important point from the results is that the size at maturity of
females could possibly be 60mm SVL since no frogs before this length range had
vitellogenic follicles. The age at maturity of males could not be identified however
males were those frogs below the 60mm mark and up to 25mm. Below this SVL
included the juveniles. The morphometrics criteria for assigning the sex-age classes of
the FGF require detailed investigation in future.
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The encounter of vitellogenic females throughout the year indicates that reproduction is
more likely to be continuous rather than annual. The observation of juveniles,
metamorphs and findings of egg mass towards the end of the year indicates that
although reproduction is a continuous event, the frequency of courtship and mating
events were higher towards the end of the year, which also coincided with high rainfall
months on Viwa Island. It was noted that the same frog was not captured during each
field sampling and the reproductive status of the frog would definitely change as the
development proceeded. However, generally during the non-breeding phase female
frogs found were non-vitellogenic i.e. with vitellogenic follicles < 2mm in diameter.
Various biological parameters such as diameter of follicles before ovulation and
amplexus were not studied in the wild population. There was no previous report on FGF
nests being discovered on Viwa Island. It is possible that vitellogenesis in female FGF
progresses slowly and follicular development increases during the active breeding
phase. This change corresponds with period of sustained rainfall. It is suspected that the
endocrine activity particularly the reproductive hormones will increase as well (Chapter
5).

Duellman and Trueb (1994) have stated that among anurans, two basic reproductive
patterns are evident. Most tropical and subtropical species are capable of reproduction
throughout the year; rainfall seems to be the primary extrinsic factor controlling the
timing of reproductive activity. On the other hand, in most temperate-zone species,
reproductive activity is cyclic and dependant on a combination of temperature and
rainfall. The climatic pattern on Viwa is more seasonal than many of the major islands
because it is a low-lying small island (Mueller-Dombois and Fosberg, 1998). Therefore,
the high variability in rainfall months might restrict their reproductive activity
temporarily, which could provide a reason for fewer vitellogenic females being
encountered during lower rainfall months. Therefore, the availability of appropriate
breeding sites (terrestrial nesting areas) may also limit the continuity of reproduction in
the FGF. Sufficient rainfall is normally required to keep oviposition sites moist
(Duellman and Trueb, 1994).
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Continuous (acyclic or aseasonal) and cyclic (seasonal or sporadic) reproduction does
not arise from selection on the reproducing adults but mainly through selection on the
incubating eggs and newly hatched froglets. These two stages are fragile: their
occurrence must coincide with the most hospitable conditions permitting maximum
survivorship, that is, minimum physiological stress, few predators and abundant food
supply. The nutritional status of females may affect the numbers and sizes of eggs
(Duellman and Trueb, 1994). Thus, natural selection molds each population’s
reproductive physiology to local conditions.

Most tropical and subtropical species are capable of reproduction throughout the year
and rainfall seems to be the primary extrinsic factor controlling the timing of
reproduction. Tropical anurans breed throughout that part of the year when rainfall is
sufficient to provide oviposition sites (Heyer, 1973; Kluge, 1981; Lamotte, 1983;
Galatti, 1992; Duellman and Trueb, 1994). Duellman (1988) showed that an aseasonal
climate with continuously high humidity favored the occurrence of semi-terrestrial and
terrestrial reproductive modes. The habitat choice in amphibians is also strongly
correlated with reproductive mode (Zimmerman and Simberloff, 1996). A study by
Gottsberger

and

Gruber

(2004)

found

out

that

tropical

species

(genus

Eleutherodactylus) with direct development can anticipate weather changes, as
indicated by their calling activities in various rainfall conditions. This could be
important, because the terrestrial eggs need continuous humid conditions. Furthermore,
it is likely that rainfall is very important in the nocturnal foraging behaviour and
regulation of sexual cycles in amphibians (Duellman and Trueb, 1994). Penman et al.
(2006) suggested that physical meteorological conditions such as rainfall and
temperature have been shown to affect the activity of amphibians in the wild.
Knowledge of the relationships between animals and their environment is essential for
our understanding of the consequences of habitat alteration and environmental
perturbations including climate change (Wikelski and Cooke, 2006).

Histology is the study of microscopic anatomy (Stiles, 1968). Today the term
“histology” is used loosely to include all subdivisions of microscopic anatomy and
therefore it is the study not only of tissues but individual cells and organ systems
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(Leeson and Leeson, 1970). The basic structure of adult male FGF spermatozoa was
observed under light microscope. The sperm cell consisted of acrosomal cap, head,
mid-piece and flagellum in a linear, antero-posterior sequence. The dark colored,
negrosin stained acrosomal cap was observed under light microscope. The acrosomal
cap produces certain proteolytic enzymes that digest the egg capsule and permit
mechanical penetration of the spermatozoon into the ovum (Duellman and Trueb,
1994). The flagellated tail of FGF sperm cell may assist in the movement of sperm
towards the cell membrane of the egg during fertilization. These frogs lay their eggs on
the ground or within nests on the ground thus the small sized sperm cells of FGF are
possibly sprayed directly onto the eggs through the urine or semen of the adult male
frog. According to Duellman and Trueb (1994) the biological significance of
differences in size and structure of amphibian spermatozoa is unknown, and speciesspecific differences in spermatozoa may be correlated with differences in the structures
of egg membranes.

The excretory and reproductive systems are closely associated in amphibians, as they
are in all vertebrates, although these structures originate from different embryonic
tissues (Duellman and Trueb, 1994). The process of vitellogenesis is the accumulation
of a supply of nutrients in the cytoplasm of the oocyte, collectively referred to as egg
yolk, for embryonic development (Duellman and Trueb, 1994). The growth of oocyte
takes a definite amount of time. Lofts (1982) described four distinctive stages of oocyte
growth that may be distinguished at the beginning of the breeding season. The
spermatogenic cycle is completed in the testes. The testis of the FGF is composed of
lobes that may contain sperm cells at various stages of development. Normal sperm
production occurs by spermatogenesis: sperms are formed from spermatogonia in
seminiferous tubules in the testes. Spermatogonia (2n) undergo continual mitosis to
produce spermatocytes. Spermatocytes undergo meiosis to produce spermatids that
mature to become sperm cells. Spermatogenesis is seasonal in many anurans (Duellman
and Trueb, 1994).
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CHAPTER 3
SUBSTRATE PREFERE CE, ACTIVITY A D BREEDI G I A CAPTIVE
POPULATIO OF THE E DA GERED FIJIA GROU D FROG
(PLATYMATIS VITIAA)

3.1

INTRODUCTION

Captive propagation is an ex-situ conservation tool that may provide a realistic prospect
for many endangered amphibian species considering the difficulties associated with
addressing many of the in-situ threats of amphibian declines (Bahir et al., 2005; Anon,
2007). The IUCN endorses captive propagation as a proactive conservation measure
and one that should be initiated while a species is numerous to allow for a learning
curve on their husbandry, behaviour and health status (Anon, 2006a). Captive
propagation has been used successfully with a number of rare and endangered
amphibian species, for example, Houston Toad (Bufo houstonensis) in North America,
and Mallorcan Midwife Toad (Alytes muletensis) in Europe (Beebee, 1996); Spotted
Tree Frogs (Litoria spenceri), and Southern Corroboree Frog (Pseudophryne
corroboree) in Australia (Anon, 2001); Northern Leopard Frog (Rana pipiens) in
Canada (Anon, 2005). Captive breeding was responsible for rescuing the Wyoming toad
from near-extinction; since aerial pesticide treatments have been stopped near the
species natural habitat, 10,000 ex-situ bred toadlets have been reintroduced (Roth and
Obringer, 2003).

Captive propagules can help to maintain genetic diversity and, if necessary, serve as a
hedge against extinction in the wild (Bahir et al., 2005). Beebee (1996) stated that an
instinctive reaction to the plight of a seriously endangered species is to take a few
individuals into captivity and establish a captive-bred line, primarily as an insurance
policy against total catastrophe in the wild and so that animals can be released again at
some future time when conditions are right.

Captive propagation has its own pros and cons. Pros for example, establishing ex-situ
breeding programmes for frogs is acceptable in the conservation community and by the
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public. Cost-wise, these species are typically small-sized and easy to maintain
inexpensively in naturalistic enclosures. Effects of captivity on animal behaviour are
only a minor concern because these species are not considered as socially complex as
larger animals. Perhaps most importantly, reintroductions can be relatively simple
because animals can be introduced into nature as froglets and will learn to survive
naturally as they develop into adults (Roth and Obringer, 2003). Cons include genetic
constraints, such as inbreeding depression or unintentional selection for survival under
captive conditions but these constraints can be overcome, especially if stocks are
interchanged between different colonies at intervals to prevent random fixation of
alleles (Beebee, 1996). Although it is impossible to be sure that captivity will not itself
select for traits that might be disadvantageous in the wild, it is relatively easy to keep
most species in outdoor enclosures that mimic physical features of natural habitats to a
very high degree. Occasional infusion of wild stock, where possible, should minimize
this risk (Beebee, 1996). According to Halverson et al. (2006), inbreeding has a bigger
effect on fitness of frogs in the wild than in captivity, and measurements of survival are
more sensitive to natural conditions than measures of growth or development. It is less
easy, of course, to mimic predation that could be serious in long-term maintenance of
populations over many generations.

Amphibians differ in many respects from their human caretakers. Successful husbandry
requires combining an appreciation of the biology of these animals with awareness of
elements of the physical and biological environment that are insignificant or even
imperceptible to humans and sensitivity to subtle changes in the colors, postures, and
behaviours of the amphibians themselves. Many challenges confront biologists studying
the behaviour of amphibians in the wild (Duellman and Trueb, 1994) such as
remoteness of natural habitat and technological limitations. Most of the behavioural
studies on amphibians necessitate their maintenance in captivity. Suitable techniques
have been devised for maintaining and propagating amphibians in captivity (Duellman
and Trueb, 1994) in recent years.

Kouba et al. (2009) recommends the use of assisted reproductive technology (ART) for
the simulation of reproduction in captive frogs. This is because very little knowledge is
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available on the natural reproductive mechanisms of many amphibian species that are
placed into captivity. However, there are several problems associated with the animal
that can hinder the success of artificial reproductive technology (ART). Mimicking the
environmental stimuli that cue a natural reproductive event can be challenging, captive
hibernation may lead the animals to become immune-compromised, leading to bacterial
and fungal infections, females frequently fail to produce eggs, retain mature oocytes, or
release the immature oocytes in the absence of a male and dystocia is rapidly becoming
recognized as a major cause of death in amphibians that fail to lay eggs (Duellman and
Trueb, 1994). Furthermore, hormonal protocols are currently being developed to induce
egg laying in wild females. However, male anurans often fail to elicit correct breeding
behavior or to produce sperm. There may be asynchrony in sperm and egg release,
many captive breeding facilities report pairs in amplexus (clasping of the female by the
male) followed by egg-laying, yet no fertilization. Thus the escalating crisis in breeding
failures or reproductive disorders threaten the original established founder lines for
several captive collections, making it difficult for many programs to meet their longterm sustainable, genetically diverse population goals.

By incorporating assisted breeding techniques into captive management plans for
endangered amphibians, several of these problems may be reduced or eliminated
(Kouba et al., 2009). The first step in developing ART for any amphibian species is to
characterize seasonal hormone profiles and develop exogenous hormone administration
techniques that induce spermiation and ovulation. Non-invasive endocrine assessment
plays a key role as a method to study the breeding cycle especially in endangered
animals.

Captive propagation research can be conducted in variety of ways. However, the
success clearly relies upon our ability to propagate and efficiently manage the species
under captive conditions. Basic information is required about each new species for
which breeding is attempted (Roth and Obringer, 2003). A captive environment should
provide animals with opportunities to interact with their surroundings in ways which
promote the development of sensory and cognitive abilities, or that allow display of
species-typical behaviour (Morgan and Tromborg, 2007). The essential biological and
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physical characteristics of frogs in captivity include appropriate levels of relative
humidity, temperature, and artificial illumination as well as retreat sites and good
quality food and suitable mating pair (Pough, 2007). These factors are important for
natural breeding stimulation as well as for survival in the captive environment (Kreger,
1997).

Research on the key physical requirements of frogs in captivity, for example, the types
of micro-habitats used by frogs for foraging and adequate retreat sites for reproduction,
is important. It is essential that anyone setting out to study a particular amphibian
species in captivity has familiarity with their basic natural micro-habitat selection in
order to duplicate the conditions in the captive environment to stimulate breeding.
Current methods for improving artificial environments include, but are not limited to,
enhancing abiotic parameters, such as increasing natural sound and improving substrate
complexity. Elements from natural habitats should be introduced into animal enclosures
(Morgan and Tromborg, 2007). Moreover, often due to limitations in our knowledge of
natural reproductive mechanisms of many amphibians it is necessary to provide species
in captivity with simulation by natural reproductive cues (Browne and Zippel, 2007).

Amphibian husbandry requires information about the temperature at which animals
should be maintained, but it is not possible to provide specific recommendations for
amphibians in captivity. Although the temperature relations of amphibians are flexible,
their temperature preferences and temperature tolerance may change daily or seasonally
in response to the recent thermal history of the animals, to social interactions, or with
age (summarized in Hutchison and Dupré, 1992). The nocturnal habits of most
amphibians and the interaction of heat loss (via evaporative cooling) with heat gain (via
radiation and conduction) preclude generalizations about temperature regulation. Freeranging animals probably use micro-climate selection to adjust their body temperature,
and they may regulate for only a portion of the day. Species that are active at night, for
example, must choose between being active at the ambient conditions and forgoing
activity for that evening. These species may thermoregulate during the day, however, by
moving within their retreat sites as some nocturnal lizards do (Mautz and Case, 1974).
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Furthermore, a captive breeding facility should be designed to monitor the behaviour of
the frogs with minimal disturbances to the frogs so that they can display natural
behaviour. The role and importance of captive propagation, as a critical measure in
amphibian conservation is increasing, with many zoological institutions and
professional individuals throughout the world initiating and participating in
programmes aimed at combating critical amphibian population declines (See:
www.planet-pets.com/zoos.htm. and Gascon et al., 2007).

Well designed captive propagation programmes often incorporate the non-invasive
hormonal assessment methods because such reproductive technology provides
knowledge of the physiological and behavioural status of individual animal or group of
animals and it also provides opportunities for manipulating the captive breeding
strategies to stimulate species breeding (Cockrem, 2005).

The proper management and husbandry of amphibians require appropriate, speciesspecific care when using terrestrial animal models such as rodents (Smith and Stoskopf,
2007). Investigators have long known that many issues of nutrition beyond the vagaries
of feed composition (e.g., timing of feeding and environmental factors such as
temperature, light intensity, and light cycling) can have profound impacts on amphibian
physiology and have the potential of affecting experimental results (Paniagua et al.,
1990). The complexities of the interactions of these factors and their wide impact on
amphibian physiology are still being discovered.
Animal welfare often deals with the ability of an animal to cope with a given situation
or environment (McLaren et al., 2006). For details on the importance of animal welfare
in wildlife conservation see Macdonald and Service (2006). The diagnosis of disease in
amphibians can be found in works of Johnson-Delaney (1977) and Beynon and Cooper
(1991). There is no current evidence to suggest that Chytridiomycosis, a disease caused
by a Chytrid fungus (Batrachochytrium dendrobatidis) that is affecting amphibians
worldwide, is present in wild populations of Fiji frogs. However, other diseases could
be present and therefore all necessary precautions should be observed when setting up a
captive breeding facility. By carefully screening the frogs proper quarantine check
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promotes correct health status diagnosis methods for other amphibian projects that may
be conducted in the future. For example, weight loss can be a minimally invasive
measure of the cost of stress (McLaren et al., 2006). It can be used as a measure of the
cost of capture and handling stress in wild animals, especially where animals are
routinely captured. According to Wikelski and Cooke (2006) endocrine techniques can
usefully indicate problems in captive propagation, such as chronic stress associated with
long term captive maintenance of animals.
Various conservation strategies are required to save the FGF from extinction. Captive
propagation is one such measure to ensure the enduring survival of these frogs in the
wild. The captive reared frogs can be released at some future time when conditions are
right and there are sufficient numbers of captive propagules (Beebee, 1996). It would be
seen as desirable to establish an insurance colony in captivity, which would not only
provide valuable insights into the virtually unknown breeding habits of this vertebrate
species, but it would also provide a source of specimens for reintroduction experiments.
Regrettably, this approach was never attempted before now because of a lack of
expertise and knowledge, and because traditional land ownership which limited the
removal of native species from indigenous land.
In 2004, a scientific team from the USP in Suva and managers of the Kula Ecopark
(local zoological park) in Sigatoka, in conjunction with people of Viwa Island, decided
to attempt captive propagation of FGF. The primary goal was to rear the frogs in
captivity and education awareness was an additional benefit of this work. After lengthy
discussions, the scientists, by placing emphasis on the importance of public education
and eco-tourism benefits for the local community, were successful in convincing the
traditional stakeholders to translocate a few frogs from Viwa to chiefly representative of
Viwa Island. Nine FGF adults were released into the captive breeding chambers at Kula
Ecopark.
Despite sufficient provisioning by the Kula Ecopark management, eggs were laid in the
breeding chambers on a few occasions by the FGF but were infertile. Several potential
negative factors affecting the breeding of FGF at Kula Ecopark were identified. For
instance, the frogs were kept as pairs within each of the artificial breeding chambers
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therefore they probably received limited mate selection opportunities during the
breeding season. Furthermore, regular disturbances that were caused during daytime
public displays and limited natural rainfall simulation might have prevented the frogs
from displaying natural behaviour and also causing stress to the frogs.
As a result of the experience with raising the FGF at Kula Ecopark and because of the
need to study their behaviour and to breed more frogs in captivity, it was decided that a
detailed scientific study should be conducted at the USP. Thus in 2006, a captive
propagation programme was initiated at the USP using a more natural environment than
that had been used at Kula Ecopark. The enclosure was designed specifically for
observing frog behaviour with minimal disturbance. I hypothesized that an outdoor
enclosure would provide the frogs with better opportunity to display innate behaviour
and hence they would eventually breed. Thus the rationale of this study is to
disseminate new scientific data based on the captive propagation, growth and
development and behaviour of FGF for managing this species in captivity.
This chapter is based on the following objectives of captive breeding research:
•

To layout/design an outdoor enclosure with a semi-natural environment mimicking
the natural habitat micro-environmental conditions of the FGF in order to stimulate
breeding ex-situ

•

To study the ex-situ diurnal retreat site preferences of FGF

•

To study the relationship between ex-situ environmental conditions and FGF activity

•

To record the captive diet of FGF

•

To monitor the ex-situ health status of FGF

•

To record and monitor the reproductive status of female FGF

•

To conduct egg-searches in captivity and find out the potential FGF nesting sites
within the outdoor enclosure

•

To record the biometrics and micro-environmental conditions of FGF oviposition
sites and eggs

•

To discuss the above objectives and present recommendations to local zoological
park such as the Kula Ecopark and statutory bodies such as the National Trust of Fiji
and interested individuals, those willing to maintain FGF for captive breeding
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3.2

RESEARCH METHODS

3.2.1 Captive Environment

3.2.1.1 Frog collection
Standard protocols were used for handling amphibians to prevent contamination or
infection, the Amphibian Research Centre (ARC) website (www.frogs.org.au/arc/). The
frogs were collected from Viwa Island. In total five adult male FGF were collected
(SVLs: frog 1 = 30mm; frog 2 = 33mm; frog 3 = 32mm; frog 4 = 35mm; frog 5 =
31mm). These frogs were inferred to be male because no vitellogenic follicles were
observed and each frog produced a soft “birdlike” chirping sound. Five adult female
FGF (SVLs: frog 1 = 72mm; frog 2 = 69mm; frog 3 = 71mm; frog 4 = 77 mm; frog 5 =
71mm) and vitellogenic follicles > 2mm were collected. The reproductive status and
morphometric data of each frog was recorded upon capture (Refer to chapter 2 for
detailed methods on frog capture and sexing).

As a standard procedure, health checks on each frog were carried out when they were
collected on the Island. This was done via skin swab preparations taken aseptically from
the dorsal and ventral body surfaces of each individual. The skin swabs were later
analysed in the laboratory for growth and morphology identification of microbial
colonies using Gram-Staining procedure and endospore staining procedure adapted
from literature by Prescott et al. (2004). The two sexes were kept separate in two large
plastic containers (50mm x 50mm x 40mm), provided with mesh breathers in the lids
for proper ventilation. Each container had leaf litter and moist soil substrate collected
from Viwa Island and soft tissue paper previously dipped into distilled water was added
to maintain humidity. The frogs were transported via boat (15 minutes trip from the
island to the mainland) and then transport using a vehicle to the USP (40 minutes trip).

3.2.1.2 Enclosure
I constructed a purpose built outdoor enclosure (Figures 3.1A and 3.1B) with length and
width of 5m by 3.2m and a height of 2.2m. It was considered suitable to house ten adult
FGF without causing any overcrowding because these are quite agile frogs and need
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adequate space for movement while foraging at night (Ryan, 2000). The walls were
constructed of aluminium insect wire netting (10mm x 10mm gap) and there was a
50cm concrete base so that the frogs were protected from predators such as mongooses,
feral cats and rats and the frogs also could not escape. The roof was covered with a
green cloth having a 50:50 sun to shade ratio. At night, the enclosure was lit using four
low intensity incandescent light bulbs (23watts and 120volts) to attract various insects
as prey for the frogs.

3.2.1.3 Substrate
I provided the frogs with a selection of natural substrates (Figures 3.2A and 3.2B) as
retreat sites. Terrestrial breeding anurans lay eggs on ground substrate and undergo
direct development, wherein eggs hatch directly into froglets, forgoing a free living
tadpole stage Duellman and Trueb (1994). FGF had previously laid unfertile eggs on
the ground substrate at Kula Ecopark and therefore the enclosure in this study was
enriched with various natural substrates to stimulate the terrestrial nesting behaviour of
the FGF. The enclosure was divided into four sections. Section one (S1) and two (S2)
were covered using naturally vegetated substrates hence they approximated the
environment present on Viwa Island. These natural substrates included dried giant
bamboo (Phyllostachys sp.), coconut husk (Cocos nucifera), ground leaf litter, pot
plants containing native plant species such as Palaquium hornei (Sapotaceae) and the
palm Heterospathe phillipsii (Arecaceae), rock (size of a hand span) and rotting log (60
cm length) [Figure 3.1A]. The natural substrates were randomly arranged so that each
substrate was independent of the each other and the arrangement also provided
sufficient room for movement by the frogs. Section three (S3) and four (S4) were kept
without any natural vegetation hence they approximated the open sandy beach on Viwa
Island. S3 was kept with only a loosely cultivated type of loamy soil, similar to the clay
soil found on Viwa Island while in S4 river sand was added to represent the open beach
area on Viwa Island. The frogs could freely move between any of the four sections of
the enclosure.

The micro-climate conditions including relative humidity and temperature were
recorded near those natural substrates that were used as nesting areas (where laid eggs

61

Substrate preference, activity and breeding in a captive population of the endangered
Fijian ground frog (Platymantis vitiana)
were discovered) by the frogs. The percentage relative humidity level was determined
using a digital humidity meter. The soil and substrate temperature were recorded using
a digital thermometer which read substrate temperature within a range of 0 to 100oC.
Rainfall was recorded by the Fiji Meteorological Centre in Suva (1 km proximity of the
outdoor enclosure).

A
Figure 3.1A Exterior view of the outdoor enclosure during construction. The meshed
walls are clearly shown.
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B
Figure 3.1B Structural plan of the outdoor enclosure constructed at the USP.
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A

B

Figure 3.2A Interior view of the outdoor enclosure and 3.2B various natural substrates
(dried giant bamboo, leaf litter, pot plants) incorporated in the outdoor
enclosure.
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3.2.1.4 Physical requirements
Tap water was sprinkled onto the substrates on hot and dry days using a hand-held
pressure sprayer. Water is essential for bathing and body rehydration thus four small
plastic basins filled with tap water were provided; however no large pond was
constructed. The water basins were changed on a weekly basis with fresh tap water to
prevent inadvertent contamination to the frogs from infected or dirty water.

3.2.2 Captive Provisioning
To encourage a range of invertebrate prey for the frogs, fruits such as raw pawpaw
(Carica papaya) and pineapples (Ananas comosus) were placed in the corners of the
enclosure. House crickets (Achetus domesticus) and various other insects were also
collected from the USP botanical gardens. All these prey items were released into the
enclosure on alternate days. All insects and fruits were sprayed with a commercial
multivitamin supplement called Supradyn (Central Pharmacy, Suva) that was
recommended by a local veterinarian. To assess what the frogs were mostly eating,
fresh faecal samples and live insects were collected from the enclosure and these were
examined both grossly and microscopically to determine the approximate diet of the
frogs. Faecal samples were collected on the morning of routine cleaning of the
enclosure (i.e. every 7 days apart) and samples were kept in labelled sterile vials with
70% ethanol. For the microscopic examinations, wet mounts were prepared by mixing a
small amount of fresh feces with 3 drops of distilled water on a microscopic slide and
the content was thoroughly mixed and cover slipped. Microscopic examinations of
faecal wet mounts were verified for insect body components such as wings, carapace,
limbs and antennae. Light microscopic observations of these slides were conducted at
400 X magnification. The intact remains of insects found in fresh faecal samples were
verified for the insect name and each type of insect counted were presented as monthly
percentage (%). The insects were identified using the following web sites available
online; (http://hbs.bishopmuseum.org/fiji/biblio.html, www.pestnet.org).

A slightly different feeding regime was adopted for any captive reared froglet(s). They
were mainly fed on small Drosophila species such as Pacific fruit fly (Bactrocera
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xanthodes) and B. distincta. These insects were attracted into the aquarium by adding
fruits such as ripe C. papaya and A. comosus ad-lib.

3.2.3 Quarantine Period
During the quarantine or adaptation period into the outdoor enclosure, the adult males
were kept separate from the adult females using a boundary created using mesh across
the width of the enclosure. The adaptation period was observed for one month, which
allowed time for any potential health threats to surface and to help protect the captive
population. Completion of the adaptation period was indicated by movement and
substrate exploration by the FGF within the outdoor enclosure. The skin swabs of the
frogs were taken on Viwa Island during collection and analyzed using Gram staining
(Gram’s method) and endospore staining techniques (Prescott et al., 1999).

3.2.4 Laboratory
Any egg of FGF that were found in captivity was checked for development of embryos
through candling (Refer to Appendix C for photo) in the breeding season. Detailed
methods for study of FGF embryonic development are provided in chapter 4. Newly
hatched froglets of FGF were transferred into a laboratory glass aquarium to avoid
possible cannibalism of any froglets by the adults. Its dimension was 46cm x 32cm
rectangular and 41cm in height (Figure 3.3). The top cover had a wooden lid designed
with a removable mesh (10mm fine gauge) to allow for sufficient ventilation. The floor
was covered up to a height of 5cm using moist soil substrate. A medium sized pot plant
P. hornei was also placed inside the aquarium to act as a retreat site for the froglets. The
soil substrate was covered with small pieces of rotting wood and decaying leaf litter.
These substrates were sterilized by autoclaving at a set Temp of 120oC for 15 minutes.
The substrate moisture level was kept high by sprinkling distilled water into the glass
aquarium three times daily (0800h, 1200h noon and 1800h).
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46cm

32cm

Figure 3.3 Interior view of the laboratory glass aquarium used for housing froglets.
3.2.5 Growth and Development: General Assessment
A total of 5 adult male and 5 adult female FGF were collected from the forested
landscape on Viwa Island between 1800 to 2200h, on 13th April, 2006. The frogs were
sexed based on reproductive status and morphometric characteristics (For methods refer
to Chapter 2, section 2.3.5). A Nitrile examination glove (Sigma Company, Australia),
100% latex and powder free, was worn while handling each frog and any froglet inorder
to minimize the risk of transmitting diseases. As a precautionary measure, the frogs
were kept under daily observation for 30 days quarantine period after release into the
enclosure. This was done to closely monitor their activity and to find out any effect on
behaviour by the artificial light sources.

3.2.6 Growth and Development: Length and Weight
Upon collection, snout-vent length (SVL) and mass of each adult frog were recorded.
Mass was recorded using a hand held Pesola balance and SVL was recorded using a
manual Vernier calliper. The mass of the adult frogs were taken every 10 days for one
month and then on a fortnightly basis to monitor the frogs’ growth rate. Mass and SVL
of each newly hatched froglet were recorded at about 5 day intervals throughout captive
rearing in order to monitor their growth. SVL was recorded by carefully placing each

67

Substrate preference, activity and breeding in a captive population of the endangered
Fijian ground frog (Platymantis vitiana)
froglet on a manual Vernier calliper (Figure 3.4) and reading the SVL off the scale. The
mass of each froglet was recorded by using a simple method of mass difference
whereby each froglet was carefully placed into a Petri dish and its mass was recorded
using a digital pan balance.

Figure 3.4 SVL of the FGF froglets being measured using a digital Vernier calliper. The
froglet was placed on Fiji 10 cents coin (diameter=10mm) for comparison of
size.
3.2.7 Behaviour

3.2.7.1 &atural environment: general observations
A general survey of the natural habitat of the FGF was done prior to collection of the
frogs on Viwa Island. The micro-habitat types generally occupied by the frogs were
noted. Similar types of natural substrates were subsequently included in the enclosure.
It was not possible to set up video recording within the dense forested landscape on
Viwa Island, however, video recording was set-up in captivity (refer to section 3.2.7.2).

3.2.7.2 Captive environment: video recordings
Four digital video cameras connected were used to monitor the daily activity of the FGF
inside the enclosure. The cameras were operated on 24 hours daily using a DSR 2000
Digital Surveillance Recorder (Dick Smith Electronics, Suva). This digital recorder was
set up in a laboratory 30m away from the outdoor enclosure. The video cameras were
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positioned in the enclosure as such to record any activities of the frogs from a height of
50cm above the ground. Each video camera recorded the movement of frogs within the
enclosure. Initially, the video camera positions and recorder settings were adjusted for
the visibility of the frogs on the laboratory monitor screen (Figure 3.5). Each video
camera recorded 24 hours of activity in a total of 100 video clips each day. A frog was
categorized as fully active if it appeared on the video screen while the recorded video
clip was re-played.

The daily recordings from the digital video cameras were used to calculate the
percentage daytime occurrence (PDO) of the frogs (Total number of times frogs
appeared on the video screen during day-time/ total number of video clips x 100). From
the PDO the average percentage daytime occurrence was calculated during the 30 or 31
days observation period each month.

The APDO data were used to find out the time (days) required for the frogs to adapt
within the enclosure. The definitions of the nocturnal movement of the FGF that were
identified during video recording analysis were based on the text by Zug (1993).

C2

C1

C4

C3

Figure 3.5 Digital video camera screens displayed on the computer monitor. The upper
two cameras (C1 and C2) were inserted with a red colour filter to assist in
the display of the frogs on the monitor screen.
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3.2.8 Ecological Study in Captivity

3.2.8.1 Substrate preferences
The data were collected after 0800 h each morning throughout the study for one hour
using a dim torch. During this time the frogs had returned into their respective retreat
sites after the previous night’s activity. Care was taken not to cause any unnecessary
disturbances to the frogs during the searches. Each of the four sections of the outdoor
enclosure were randomly scanned to record if any frog was present. This preference
percentage was calculated by finding the mean monthly probability (p) of locating a
frog in any of the four sections and then multiplied by 100.

P = No. of times a frog was located in a section/substrate

x 100

Field days conducted in a month

The mean monthly preference for the four sections added up to 100%.

Secondly, the mean monthly probability of locating a frog in any of the various natural
substrate types was also calculated using the above formula.

These probabilities were ranked and the mean annual rank representing the percentage
preference of each substrate type was calculated in order to find out which substrate
was most preferred by the FGF in captivity.

3.2.8.2 &octurnal activities and environmental relationships of FGF
The ex-situ environmental conditions including rainfall (mm), relative humidities (%)
and minimum-maximum ambient temperatures (oC) was provided by the Fiji
Meteorological Centre, Suva and was recorded <1km from of the outdoor enclosure.
The recordings (24 hours of recording per night and 100 clips) from the digital video
cameras at night were used to calculate the average percentage nighttime occurrence
(PNO) of the frogs (Total number of times frogs appeared on the video screen during
night-time/ total number of video clips x 100). From the PNO values, the average
percentage nighttime occurrence (APNO) data was calculated for each month
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(PNO/number of days in the sampling month). The monthly APNO data across months
were statistically analyzed to find out any relationships between nighttime occurence of
the FGF and ex-situ environmental conditions.

3.2.8.3 Statistical analysis
Simple linear regression plots were used to find any relationship of average monthly
percentage nocturnal activity of FGF and ex-situ environmental conditions including
temperature, rainfall and relative humidity.

Analysis of variance (One-way ANOVA) was used to test (1) the relationship between
mass of adult frogs and average daily rainfall and (2) the relationship between SVL and
mass of froglets after hatching.

Correlation coefficient analysis was used to find out any linearity in SVL and mass of
froglets.

3.3 RESULTS

3.3.1 Captive environment

3.3.1.1 Enclosure
Generally, security was maintained as no frog managed to escape the enclosure
throughout the study. Various invasive predators, such as H. javanicus, R. rattus, and F.
cattus were found loitering within the vicinity of the enclosure but they never managed
to enter the enclosure. The open meshed design kept the interior compartments of the
enclosure well aerated and rain water could naturally fall onto the substrates on rainy
days. The frogs were found climbing almost up to 2m high against the walls.

The APDO data presented the activity of the FGF (n = 10) throughout the 30 days
observation period. The results were as follows, 80% (Day 1); 60% (Day 5); 50% (Day
10); 40% (Day 15); 35% (Day 20); 20% (Day 25) and 5% (Day 30). Within the first 5
days of release into the enclosure, it was observed that the frogs attempted to escape the
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facility by jumping against the walls thus APDO was recorded as high. After the 30
days observation period, they showed minimal escape behaviour with APDO of < 5%
thereafter. The artificial lighting system did not appear to affect the frog’s nocturnal
behaviour; however, it attracted plenty of insect prey within the enclosure at nighttime.

The results of the staining done on the skin swab showed presence of Gram + and Gram
- rods and coccus shaped bacteria. Results for the endospore staining of the agar
cultures prepared from the frog skin swabs showed absence of any endospore forming
bacteria. Freshly produced faecal samples of FGF constituted mainly of insect wings of
various types and sizes ranging from 50-180µm (Figure 3.6). All fresh faecal samples of
the FGF analyzed were clear of any faecal parasitic ova or gross specimen. Diet was not
examined systematically.

Figure 3.6 Insect body parts of various sizes present within fresh faecal sample of FGF.
Magnification = 120 X.

72

Substrate preference, activity and breeding in a captive population of the endangered
Fijian ground frog (Platymantis vitiana)
3.3.1.2 Substrate
During daytime, the frogs were generally found lying pressed flat or sitting mostly
beneath various natural substrates such as coconut husk, bamboos, rotting logs and
drying leaf litter. Throughout the cold months (May until June), two or more frogs were
grouped inside the natural substrates such as bamboos and coconut husks.

Several adult male (Average SVL=25mm, n=3) and adult female (Average
SVL=70mm, n=2) frogs were observed inside or near the natural substrates (Fig. 3.7)
throughout the wet months (September until December). The courtship and egg laying
behaviour of FGF was concentrated around the wetter months. This was indicated by
two main observations during the wetter months. Firstly, frequent calling was heard
from the frogs during nighttimes together with increased nighttime movement.
Secondly, two females were vitellogenic with increases in mass (Fig. 3.8). Female 1
was found vitellogenic in November while female 2 was found vitellogenic in
December (Fig. 3.8). Eventually, two fertile egg masses of FGF were found on 21
December, 2006 (Figure 3.9) and 7 January, 2007 (Figure 3.10).

Just before mating, the vitellogenic females are thought to excavate their nest within the
selected natural substrates using their mass probably by shifting. The two vitellogenic
females were found spending most of the daytime laying pressed on the ground. This
behaviour consequently created a hollow depression on the ground, which was used as a
nest for egg deposition.

A large female FGF (Mass=58.6g, SVL=98.86mm) was found within 30cm distance
from where the first egg mass was laid, and a second female (Mass= 25.14g,
SVL=69.41mm) was found near the second egg mass. Both male and female frogs
remained close to the nests after mating. The male frogs which were found closer,
within 30cm proximity of the nests, displayed “aggressive behaviour” by inflating their
underbelly when the nests were approached or disturbed. However, those males which
were found away, more than 30cm proximity of the nest, did not display aggressiveness
upon approach. Only the male frogs (not females) displayed this type of aggressive
behaviour.
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1
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3
4

A

B
Figure 3.7A FGF (n=4) grouped within a bamboo substrate and 3.7B a frog resting
inside coconut husk (bottom photo) in captivity.
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Figure 3.8 Mass of two females throughout September till December with respect to
total monthly rainfall. The red lines indicate the period during which these
two females were cycling in captivity. The vertical arrows are used to
indicate dates when eggs were found in captivity.

The entire mating process was not captured despite video recording as the frogs likely
mated behind the natural substrate materials. The egg masses were covered with small
pieces of twigs and leaf litter when discovered. Only 11% of the eggs hatched from the
first egg mass after being naturally incubated within the enclosure. The remaining eggs
from the first egg mass were lost to nature during period of heavy rainfall in December
occurring on three occasions causing flooding inside the enclosure. The eggs from the
second egg mass (n=54) were removed from the enclosure and incubated inside a
laboratory glass aquarium (Refer to section 3.3.3). This set up was maintained at an
incubation temperature of 27oC and relative humidity conditions of 100%, which were
similar to the micro-environmental conditions recorded inside the enclosure (Table 3.1).
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Figure 3.9 Fertile eggs (n=40) of FGF found in a nest underneath rotting log

Figure 3.10 Fertile eggs (n=54) of FGF found in a nest inside bamboo substrate
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Table 3.1 Description of the FGF nesting areas, eggs, micro-climate conditions and
froglet hatchability.
Nest

December egg mass

January egg mass

Location
Substrate type

Underneath a rotting log
Decaying leaf litter and moist soil on
ground
Rough, circular with shallow
depression (length 9cm; depth 2cm;
nest circumference 30cm)
40 eggs; eggs were arranged close to
each other; 3 infertile eggs present
near the outer boundary of the nest

Within bamboo
Decaying leaf litter and moist soil
(1cm thick)
Nest height 4cm above ground and
nest periphery 28cm

Nesting area

Fecundity and egg
arrangement

Fertility
Egg morphology

Approx. age
Nesting area
temperature (oC)
Nesting area
relative humidity
(%)
Natural Sunlight
hours
Nesting area
moisture
Av. daily rainfall
(mm) over month

Two week incubation following
method of Ryan [2000]

54 eggs; eggs were arranged close to
each other; 12 infertile eggs (10
present 1cm deep within the soil, 2
unfertile eggs present near the outer
boundary of the nest
42 fertile eggs (77.78%)
Diameter 6.5mm (n=5); weight of
0.24g
(n=5);
a
transparent
membrane covering the egg yolk;
embryo was a creamy stripe lying
dorsal to the single creamy egg yolk
One week incubation (Estimated
using Ryan [2000]

26-27oC (av.26.5oC)

27-28oC (av. 27oC)

94

100

0600 (dawn to 1800 (dusk)

0600 (dawn to 1800 (dusk)

Moist scale 9

Moist scale 9

4.86

3.27

37 fertile eggs (92.5%)
A spherical shape with diameter
8.5mm (n=5); weight of 0.29g
(n=5); embryo was indicated by a
thick reddish line
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Table 3.2 Identification of various prey types present in the outdoor enclosure.
Percentage (%) occurrence has been given in parentheses.
Movement
Pattern

Scientific
Name

Common Name
(% occurrence)

Percentage
occurrence
(%)

Method of transfer into
enclosure

Flying

Bactrocera
xanthodes
Achetus
domesticus
Periplaneta
Americana
Locusta
migratoria
Aleurodicus
disperses
Tenodera
australasiae
Tenebrio sp.

Pacific Fruit Fly

45

Attracted by pawpaw fruit

Cricket

20

Cockroach

15

Laboratory bred/
Caught from botanical garden
Caught from botanical garden

Locust

10

Attracted by artificial light

Spiraling Whitefly

5

Caught from botanical garden

Praying Mantid

5

Caught from botanical garden

Meal Worm

20

Lumbricus sp.
Pheidole
megacephala
Trigoniulus
corallinus
Araneomorph
sp.
Achatina
fulica
Hemidactylus
frenatus
Tenebrio
molitor
Scolopendra
mortisans

Earthworm
House Ant

10
10

Rusty Millipede

10

Spider

10

Collected from local poultry
farm
Naturally present in soil matter
Naturally present in substrates
(e.g. rotting log, coconut husk)
Naturally present in substrates
(e.g. coconut husk, bamboo)
Caught from botanical garden

Land Snail

5

Caught from botanical garden

Common House
Gecko
Darkling Beetle

5

Naturally present in crevices

15

Naturally present in crevices

Centipede

2

Naturally present in substrates
(e.g. rotting log)

Crawling
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3.3.2 Captive Provisioning
The insect counts showed that fresh faecal samples of the FGF primarily comprised
ground dwelling insects such as cockroaches (40%), darkling beetles (40%) and
millipedes (20%). The various insect body components ranged from 50 to 180µm (at
400 X). On several occasions, remains of skin epithelium of entire earthworm of about
120 mm long were found in the faeces of frogs indicating that they had fed on them.

Newly hatched froglets had remains of underbelly egg yolk (Figure 3.11) that provided
a source of food for the froglets for 5 days before they began actively foraging within
the aquarium.

Oocyte
yolk
Ventral skin
pigmentation
Anterior
limb

Oocyte
yolk

Figure 3.11 Egg yolk remains in the underbelly abdomen of newly hatched FGF froglet.

3.3.3

Management of eggs and Froglets

Two methods (A and B) were designed for laboratory incubation of fertile FGF eggs.
Majority of the eggs were initially lost to nature in the outdoor enclosure thus a basic
protocol was developed for laboratory incubation of eggs (n=40) to improve their exsitu hatchability. The protocol included wearing a sterile pair of non-powdered latex
gloves before handling any eggs or refugia materials, rinsing each eggs in sterile
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deionised water to remove any dirt particles and autoclaving the refugia materials
(including soil, bamboo and leaf litter) at a set temperature of 100oC for 30 minutes.
Furthermore, a plastic container (30cm x 20cm x 15cm), cleaned by rinsing firstly with
diluted ethanol and then thoroughly with de-ionized water, was used for incubating the
eggs. A piece of sterile bamboo substrate was placed in this incubation container and
autoclaved soil was filled within this bamboo. Each eggs was then placed close to each
other on the soil layer inside the bamboo (Figure 3.12). A small amount of sterilized
leaf litter was added to cover the egg mass. The incubation container had a mesh lid and
the whole set-up was placed near a shaded, partly opened laboratory window to ensure
adequate ambient air circulation. The ambient temperature was regularly monitored
using a thermometer and relative humidity was measured using a relative humidity
meter.

For incubation method (B), fertile eggs (n=2 only since it was assumed that the eggs
would not survive the constant temperature and relative humidity conditions) of the
FGF were transferred into a culture cavity disc and placed inside an Innova 4230
incubator maintained at a constant temperature of 28oC and constant relative humidity
of 100%. The eggs were carefully wrapped in cotton wool moistened with de-ionized
water and this cotton wool was re-moistened with de-ionized water two times daily.
Hence, the ambient temperature and relative humidity fluctuated for method A while
they were constant for method B.

Embryonic development of the FGF was observed at temperature ranging from 26.527oC and RH between 94-100% throughout incubation within the outdoor enclosure and
laboratory method A. It is probable that constant temperature and relative humidity do
not promote embryonic development of the FGF since no froglet hatched using method
B.

A total of 39 froglets of the FGF hatched from the egg mass that was incubated in the
laboratory glass aquarium using method A while the two eggs that were incubated using
method B did not show any further development within 5 days of incubation. This was
most likely due to inadequate temperature and humidity conditions. Only two eggs were
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used for incubation method B since it was likely that the eggs would not survive these
conditions and so it was best not to lose more eggs in this case. Each froglet (Figure
3.13) was morphologically similar to the adult frog (Figure 1.1) and they retained the
characteristic blackish brown striped patterns on the dorsal surface of both anterior and
posterior limbs. All of the froglets were nocturnally active and capable of climbing the
vertical surface of the aquarium. The froglets were often observed grouping (Figure
3.14) underneath the rotting logs inside the aquarium during the daytime.

Figure 3.12 Fertile eggs (n=42) of the FGF placed above soil in a bamboo substrate
inside a glass aquarium.

81

Substrate preference, activity and breeding in a captive population of the endangered
Fijian ground frog (Platymantis vitiana)

Figure 3.13 Newly hatched froglet (SVL= 8.0mm) of the FGF placed on Fijian 10 cents
coin for comparison of size.

2
1

3
4
5

Figure 3.14 FGF froglets [n=5] (08/01/07) grouped on soil substrate in the glass aquarium.
Numbers 1-5 have been used to depict the froglets in this photo.
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On 4 February 2007, the aquarium was invaded by brown house ants (Pheidole
megacephala) during the night, entering via the meshed lid. This unanticipated entrance
was caused because the ants were attracted to the ripe pawpaw in the aquarium. Despite
their small size (minor workers approximately 2mm long and major workers 3mm to
4mm long) the ants consumed all 39 froglets on the night of invasion, leaving only a
few remains of the froglets the following morning.

3.3.4 Growth and Development: General Assessment
The mass of both the adult male and female FGF fluctuated each month. There was no
significant effect of average daily rainfall on the variation in weights of the adult frogs
(ANOVA: P>0.05). No apparent trend with regards to association between the mass of
the frogs and average monthly rainfall was depicted (Figure 3.15 and Figure 3.16).
However, it was generally observed that the frogs maintained their mass as long as food
provisioning was sufficient.

3.3.5 Growth and Development: Length and Weight
There was a linear relationship between the variation in length and weight of the
froglets [ANOVA; F = 18.07, df = 1, 5, P < 0.05] during the 30 days of rearing.
Furthermore, correlation coefficient analysis showed a linear increase in both the
lengths [r2 = 0.9547] and the weights [r2 = 0.8897] of froglets with respect of days post
hatching (Figure 3.17).

83

Substrate preference, activity and breeding in a captive population of the endangered
Fijian ground frog (Platymantis vitiana)

80

20
18

70

16
60

Mass (g)

12

F2

40

10

F3

30

8
6

F4

20

Rainfall (mm)

14

F1
50

F5

4

R
10

2

D

ec

Ja

nu
ar

y

em
be
r

em
be
r
N

O

ov

ct
o

be
r

be
r
te
m
Se
p

us
t
Au
g

Ju
ly

Ju

ne

0

M
ay

0

Months (2006-2007)

Figure 3.15 Average monthly mass of adult female FGF and average daily rainfall (+
SEM). Frogs have been indicated on the graph using numbers. Note:
Negative error bar has been removed to make the graph clear.
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Figure 3.16 Average monthly mass of adult male FGF and average daily rainfall (+
SEM). Frogs have been indicated on the graph using numbers. Note:
Negative error bar has been removed to make the graph clear.
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All frogs in captivity were most probably mature adults therefore the frogs maintained
mass however growth was limited due to age. The largest vitellogenic female laid eggs.
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Figure 3.17 Linear increases in the average SVL and mass of froglets with respect to
days post hatching
3.3.6 Behaviour: Natural and Captive Environment

3.3.6.1 General observations
The wet forest habitat of FGF mainly has a cold and damp environment and the ground
vegetation is mostly bare soil covered with coconut leaves, coconut husks, leaf litter,
and rotting logs. Tahitian chestnut trees (Inocarpus fagifer) provide shade over the
entire area.

3.3.6.2 Video recordings
The video recordings showed two types of forage patterns of the adult frogs (A) sit and
wait (ambush) [Figure 3.18a] and (B) motile search [Figure 3.18b]. During the sit and
wait foraging, a frog sat on top of a particular substrate such as a pile of coconut husk
for an average time of 15 to 30 minutes. It observed its prey, such as a moth, flying at a
height of 50cm above ground. The frog was easily able to camouflage on the natural
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substrates. The frog’s anterior portion was tilted upwards while its eyes focused on the
flying insect. The anterior and posterior limbs provided strong grip onto the substrate.
Once the frog had its prey targeted, it suddenly leaped at a high speed by pushing its
posterior limbs against the substrate hence throwing its entire body into mid air. The
anterior and posterior limbs were positioned parallel to the mid abdominal surface
during this leap. The frog darted straight at the flying insect and gulped the whole insect
using its widely gaped mouth and sticky tongue. Then it landed onto the ground and
quickly moved underneath leaf litter. While ambushing a crawling prey, such as a
cockroach, a frog quickly leaped onto the ground dwelling insect and it used its anterior
limbs to grasp the whole insect into its mouth. During the motile search forage pattern,
the frog made short leaps between various natural substrates such as leaf litter and
coconut husk.

As shown in Fig. 3.18A, a sit-and-wait forage mode is when a frog was observed
sitting on a vertical pile of coconut husks just before leaping onto a prey, recorded at
1900 h. As shown in Fig. 3.18B, motile search forage mode is when a frog was
observed exploring underneath coconut husks in search for suitable prey, recorded at
2200 h after a brief rainfall period. Clear circles were used to depict the position of the
frogs.

A

B

Figure 3.18 Digital video recordings of the activity of the FGF recorded at nighttimes
in the outdoor enclosure. 3.18A The FGF sitting on top of coconut husks.
3.18B FGF foraging on the ground
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3.3.7 Ecological Study in Captivity

3.3.7.1 Substrate preferences ex-situ
During the day, the frogs were found lying pressed flat or sitting mostly beneath natural
refugia rather than occupying the open exposed micro-habitat types such as river sand
and loam soil. FGF seldom occupied the open exposed areas such as sand and loamy
soil during the day probably due to the risk of dehydration or predation. Throughout the
cold months, two or more frogs gathered inside natural substrates such as a dried giant
bamboo probably to help regulate body temperature (Figure 4.6). The sexes were often
found collectively in particular substrates. FGF often retreated into the natural dense
micro-habitats provided within S1 and S2 rather than occupying the open-exposed
micro-habitats provided in S3 and S4 of the outdoor enclosure.
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Figure 3.19 Monthly percentage preferences of sections 1-4 of the outdoor enclosure
for daytime retreats
It was evident that FGF preferred to retreat frequently into the natural dense substrates
of the outdoor enclosure.
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Figure 3.20 Mean annual ranks (substrate preferences for day-time retreat throughout
the year) for the seven cover objects placed within S1 and S2 of the outdoor
enclosure. Rank 7 is most preferred and rank 0 is least preferred

I also heard frog calls throughout irregular visits to the outdoor enclosure in November
and December at night after heavy as well as light rainfall. Eventually, breeding took
place in captivity during a period of sustained rainfall towards the latter months of the
year.

3.3.7.2 &octurnal activity patterns
Frogs were active throughout the night (1800h to 0600h); however, the level of activity
varied throughout the night. Frogs generally came out of their retreat sites during short
periods of rainfall and also during periods of sustained rainfall at night-time. Peak
average monthly nocturnal occurrence of FGF recorded was 20.26% in November and
average lowest monthly nocturnal activity of FGF recorded was 17.06% in October.
Highest average daily ex-situ rainfall recorded was 14.0 mm in January, 2006 (Fig.
3.16). The APNO was positively correlated with the mean daily ex-situ rainfall
(r=0.732, p<0.05) values while APNO was negatively correlated mean monthly
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maximum ambient temperature (r=-0.394, p<0.05) and minimum ambient temperature
(r=-0.648, p <0.05).

3.4 DISCUSSION

In this study, I developed effective methods to house and manage the FGF in captivity.
The outdoor enclosure design had various improvements in comparison to the artificial
breeding chambers used previously at the Kula Ecopark. These mainly included (1)
using video recordings to monitor the frog’s activity with negligible disturbances, and
(2) the enclosure was open above and received natural rainfall and temperature. The
various natural substrates that were incorporated within the enclosure mimicked the
natural habitat conditions on Viwa therefore permitting the frogs to quickly adapt into
captivity. Furthermore, it is difficult to make any conclusions about the physical and
biotic properties of the enclosure because the enclosure represented a sample size of
one. It was reasonable to say that only one enclosure was available for the investigation
of captive propagation and the observations that animals selected micro habitats and
bred in the enclosure indicating that basic features were available. However, the
observation that a portion of an egg mass was lost to flooding indicated that the
habitats inside the enclosure were not entirely appropriate, although it may be
reasonable to assume that some loss may also occur in nature during flooding. Another
important point to note is that the features of the propagation process were found to be
successful. The captive husbandry was restricted to a sample size of one enclosure and
replication is not always possible when working with endangered animals. Thus the
approach to mimic as close as possible the natural environmental conditions is both
sensible and ethically appropriate. A main factor contributing to lack of captive
propagation success of New Zealand’s endemic and IUCN critically endangered
Archey’s frog (Leiopelma archeyi) in earlier years was too regular handling and
assessment of animals prior to and during breeding (Bell, 2002). In this study, I
reduced the level of human caused disturbances to the FGF, such as regular handling
with the help of video devices for recording their behaviour. It is probable that mean
growth in FGF is slow and that the largest individuals are much older than the smaller
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ones. In the case of females the difference in weights were significant, the smallest
female weighed 38 g and the largest 66 g, almost twice the weight. A similar case
could be made for the males, the largest weighed 20 g and smallest weighed 7 g. It was
the larger female that produced the egg masses and it was presumed that the larger
male was successful in fertilizing the eggs and subsequently observed guarding the
fertilized egg mass. Therefore, it is likely that some form of competition was occurring
such that growth and mating success was subdued in the smaller animals.

The natural rainfall and additional rainfall simulation on dry and hot days affected the
nocturnal activity of the frogs. Level of nocturnal activity increased during periods of
sustained rainfall towards the breeding season. Rainfall is the primary extrinsic factor
controlling the timing of reproduction of tropical frogs (Zug, 1993). My research
shows that the FGF are able to breed and survive in an ex-situ environment provided
they have a semi-natural environment and sufficient quality food. This research has
gathered good interest amongst the conservation community in Fiji and detailed report
of the captive propagation of the FGF at the USP was shown on the local Fiji television
news programme for conservation of Fiji’s icon.

There was no previous report of egg attendance behaviour displayed by the FGF nor
was there any previous report of insect predation on eggs of the FGF in the wild or in
captivity. My report of predation of froglets by P. megacephala appears to be the first
case among native Fijian frogs. Egg attendance behaviour of frogs may be to repel
approaching insect predators (Heyer and Crombie, 1979). Regular disturbances to egg
guarding frogs may also lead them to abandon the eggs thus increasing the
susceptibility of eggs to predation. The effects of soil invertebrates on the egg masses
of FGF need detailed investigations mainly in the wild to find out if invasive insects
might a threat to FGF by preying upon newly hatched froglets and the occurrence of
insects near their breeding grounds. For captive breeding, I strongly recommend the
inclusion of protective barriers in the enclosures to prevent ants or other predatory
insects from reaching the eggs and froglets. For example, the laboratory egg and froglet
breeding chambers may be surrounded with pool of water or kerosene containers to
deter invasive ants.
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Overall, the most beneficial aspect of captive propagation of the FGF using an outdoor
enclosure was their adaptability to the enclosure. However, it is important that future
research focusing on amphibian declines by disease aspects such as those induced by
fungal or bacterial agents that may be an unforeseen cause for the in situ declines of the
FGF. Disease aspects must also be thoroughly investigated ex-situ to avoid unforeseen
loss of frogs in captivity. Disease is thought to be the major agent responsible for
declining populations of neighbouring New Zealand frogs, given the rapidity and
severity of the decline, its spread (South to North) and finding frogs with
chytridiomycosis caused by B. dendrobatidis (Bell et al., 2004).

The limited availability of captive animals limited any replication and controlled
experimentation to study other key aspects of husbandry such as the temperature
conditions required for incubation of eggs. Atoda (1950) observed the development of
terrestrial frogs of Palau Islands at room temperature ranging from 25.1oC to 31oC and
Gibbons and Guinea (1983) observed embryonic development of the Fijian tree frog
(FTF) at 25oC to 27oC room temperature. The types of adaptations of amphibians to
temperature regimes have been described by Duellman and Trueb (1994). One is
behavioural adjustment; the time and/or place of breeding are governed by
temperatures suitable for embryonic development. A second adaptation involves
modifications of embryonic temperature responses. If a species is sufficiently
conservative in its selection of times and places of breeding, or if the habitat is
extremely stenothermic, there is no need for embryonic adaptation to a broad range of
temperatures. Such conservativeness restricts the successful breeding of a species
should the environment change (Duellman and Trueb, 1994). Further investigations are
required into the range of environmental temperature tolerances of the FGF embryos
during the various stages of development. Studies involving the effects of temperature
on embryonic development can be less challenging technically than measuring
variables such as water potential, which drives water uptake by the egg. Such studies
will be requiring replication and control for clutch effects and this is limited by the
number of successful breeding events in captivity.
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The required amount of substrate water moisture is essential during incubation of eggs
naturally. Kam et al. (1998) studied the effects of substrate moisture and flooding on
the arboreal eggs of Chirixalus eiffingeri (Rhacophoridae) and determined the possible
causes of egg mortality. Eggs appeared highly permeable to water vapor, losing
16.24% and 38.38% of initial egg mass in 2 h at 90 % and 45 % relative humidity,
respectively. Eggs that experienced positive water uptake developed faster, hatched
earlier with larger hatchlings, and had greater hatching success than eggs that
experienced negligible or negative water uptake. Furthermore, according to Taigen et
al. (1984), the gelatinous layer surrounding each egg offers no resistance to the
exchange of water by the egg, and rates of exchange are determined by microclimatic
conditions, structural characteristics of the nest, and the behaviour of the male frog.
During development in natural nests, the eggs of C. eiffingeri experience a three to
fourfold increase in mass. Laboratory experiments coupled with field observations
indicate that this increase is the result of the transfer of liquid water from the
incubating male to his eggs. The transfer is driven by a difference in water potential
between the eggs and the body fluids of the male frog that is nearly constant
throughout incubation, despite an increase in egg mass (Taigen et al., 1984). Similarly,
FGF eggs must take up water during incubation. FGF eggs that did not experience an
increase in mass during incubation either die or produce small hatchlings (pers.
observ).

My research has strong implications for the ex-situ conservation and management of
the FGF as well as for the conservation of other threatened native vertebrate species.
Fiji harbours a great number of endemic vertebrates, for example, there are 30 species
of terrestrial reptiles, 12 of which are endemic (Ryan, 2000). Research on the captive
propagation of wild native vertebrates has been limited in Fiji mainly due to the lack of
technical expertise for each species. My study has demonstrated that captive
propagation is a useful conservation tool for generating insurance colonies as well as
for the study of vertebrate reproduction, especially for those threatened species that are
poorly known. The reproductive biology of many other terrestrial native Fijian species
such as the banded iguana Brachylophus fasciatus, native skinks Emoia sp., and
Peregrine falcon Falco peregrinus are poorly understood. Most of these iconic Fijian
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species are virtually unknown to majority of the locals and being endangered, these
species are of high conservation priority. Thus, captive propagation can be a significant
component of conservation and public education about native fauna for Fiji and
neighbouring Pacific islands.

Captive propagation of frogs using non-scientific approach maybe counter productive
and/misleading. Adaptive management involves experimental treatments and is
acceptable method in conservation biology. Therefore, by including research into the
FGF captive propagation programme, including careful health screening of all
individual frogs, any eggs laid, and froglets, the captive propagation techniques can be
refined to help breed and recruit more froglets back into the wild. Knowledge of
amphibian animal husbandry provided technical advice required for the construction of
additional captive breeding facilities, training the frog breeders and development of
captive management guidelines are followed to ensure the long term survival of the
FGF and other native species. Such co-operative efforts would substantially increase
the captive propagation success over current achievements and would be useful for
devising protocols for captive propagation of other native species in the future.
Ultimately breeding success and the production of metamorphs could result in the
release of FGFs into suitable natural habitat areas in the future.

This study has shown that the FGF utilizes naturally dense vegetations for retreating or
sheltering during the daytime in captivity. Previous studies on micro-habitat
preferences of amphibians have emphasized the importance of natural micro-habitats
for breeding, mating and the physiological needs of amphibians (Kam and Chen, 2000;
Hero and Morrison, 2004; Herrman et al., 2005). Several terrestrial frog species for
example, dendrobatid, most of bufonid and leptodactylid species also generally use
terrestrial shelters, such as fallen tree holes (Wells 1977; Elinson et al., 1990), ground
vegetation (Stewart and Pough, 1983; Stewart and Rand, 1991), rock crevices (Wells,
1977; Haddad and Martins, 1994), and natural or constructed burrows (Hoffman and
Katz, 1989; Schwarzkopf and Alford, 1996) because of moisture availability.
Furthermore, terrestrial invasive amphibians like C. (Bufo) marinus selectively use
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moist shelters in-situ (Cohen and Alford, 1996). Cane toads maneuver in both openexposed areas and natural dense vegetations (Cohen and Alford, 1996).

This study has shown that the FGF prefers to stay mainly in naturally dense vegetation.
The naturally dense substrates also provide suitable environment for reproduction
(Stewart and Pough, 1983; Townsend, 1989; Ovaska, 1991; Inger, 1994; Beebee 1996;
Schwarzkopf and Alford, 1996; Smith et al., 2003). The FGF was presented with a
favorable substrate to perform mating in the outdoor enclosure. Thus the availability of
naturally dense habitat is likely to be a key physical resource for the FGF especially for
performing diurnal retreat and reproduction. This result is particularly important for
both captive husbandry of the FGF and also the in-situ eradications of C. (Bufo)
marinus planned for Viwa Island (Morley et al., 2004). Spatial distributions of the two
species on Viwa Island overlap considerably (pers observ), but the cane toads are
numerically more common and abundant than the FGF. Thus competition for natural
habitat space and food with the invasive C. (Bufo) marinus might also occur on Viwa.
Therefore, it would be worthwhile for the local conservation groups and scientific
community to educate the landowners and villagers of Viwa Island about the
importance of protecting the key natural habitat resources of the FGF in order to save
this unique tropical frog from extinction.

The occasional nocturnal movement of the FGF between natural dense substrates and
open-exposed areas was most probably related to their specific foraging patterns and
availability of suitable prey. On Viwa, the FGF showed a high night occurrence within
micro-habitats of minimal ground cover (open-exposed) such as bare ground and perch
on tree trunks and branches up to 2 m in height (Young et al., 2006; Thomas, 2007).
Cree (1989) essentially summarizes that the nocturnal micro-habitats of anurans often
differ from diurnal micro-habitats because of the vulnerability of anurans to desiccation
and predators.

Sustained rainfall probably provided favorable ex-situ micro-climate conditions
required for egg incubation, decreased predatory sources such as invertebrates that
could harm any eggs and froglets and it also provided abundant food supply for
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vitellogenic females and any future hatched froglets. Duellman and Trueb (1994) stated
that the diverse reproductive patterns in frogs did not arise from selection on the
reproducing adults but mainly through selection on the incubating eggs and newly
hatched froglets. These two stages are fragile and their appearance must coincide with
the most hospitable conditions permitting maximum survivorship, that is, minimum
physiological stress, few predators and abundant food supply. The outdoor enclosure
presented an environment with favorable micro-habitat and environmental conditions
for reproduction that mimicked the natural habitat on Viwa.
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CHAPTER 4
EMBRYO IC DEVELOPME T I THE E DA GERED FIJIA GROU D
FROG (PLATYMATIS VITIAA)

4.1 INTRODUCTION

Duellman and Trueb (1994) described 29 different anuran reproductive modes in three
major groupings: aquatic eggs, terrestrial eggs or arboreal, and eggs retained in
oviducts. Each of these includes different embryo/tadpole feeding strategies, different
egg placements, and several other aspects of reproductive biology. Other excellent
reviews on amphibian reproductive modes include those by Salthe and Duellman
(1973) and Salthe and Mecham (1974). Terrestrial reproductive modes are usually
associated with reduced dependence on water, often including the evolution of fewer,
larger eggs, and various modes of protection of the developing eggs, such as nests,
parental care of several sorts, and retention in or on the body of a parent (Wake, 1982;
Magnusson and Hero, 1991).

Terrestrial eggs maybe laid on the ground or in burrows, and the tadpoles upon
hatching move to ponds or streams; the tadpoles can be carried for a time by a parent,
then dropped into water to complete development; the tadpoles maybe non-feeding,
and complete their development in a nest; the eggs maybe shifted to the skin of the
back of the female or the vocal sacs of the male, with metamorphosis occurring before
“birth”, or direct developing and fully metamorphosed froglets hatching (Wake and
Dickie, 1998).

Most of the species that lay their eggs on land have direct development (See: Salthe
and Duellman, 1973; Corben et al., 1974; Duellman and Maness, 1980; Tyler and
Carter, 1981; Beebee, 1996), such that development of the embryos through
metamorphosis occurs within the egg membrane (the membrane that encloses the yolk,
cytoplasm, and nucleus, and then the developing embryo), and froglets hatch from the
egg, excluding the free-living larval period. Jorgensen (1992) found that climatic
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conditions, latitude, altitude, seasonality, the length of the breeding season, courtship
and endogenous factors are all inextricably tied to reproductive mode.

Altig and McDiarmid (2007) defined an amphibian ‘egg’ as an ovum and its vitelline
membrane of ovarian origin surrounded by one to several oviductally-produced jelly
layer(s). The internal layer is deposited first by the anterior region of the oviduct, and
as the egg moves down the oviduct more and more layers are deposited sequentially by
more posterior oviductal regions. Altig and McDiarmid (2007) suggested that entire
assemblage of oviductal materials deposited around the ovum be referred to as ‘jelly’
or ‘jelly layers’ regardless of variations in their apparent physical structure (e.g.
toughness, density, thickness, water content). Layer, zone, and membrane refer to units
within this assemblage. A ‘layer’ is morphologically discrete, easily recognizable
region of the jelly surrounding the ovum; it has a discernible thickness along a radius
and typically has a uniform and visually apparent optical density. Layers are numbered
from interior to exterior in the order in which they formed. The term ‘layer’ does not
encompass any specific function or physical characteristic. Zones are discernible but
less discrete subdivisions of some layers. Membranes are delimiting boundaries
between layers, exclusive of the vitelline membrane. The basic amphibian egg structure
consists of an ovum within a vitelline membrane surrounded by jelly layers 1 and 2 of
oviductally produced materials (Altig and McDiarmid, 2007).

‘Clutch’ describes the total number of eggs deposited per ovulation event independent
of the number or presence of a male(s), reproductive or ovipositional mode,
ovipositional behaviour of parents, or number of ‘groups’ (Altig and McDiarmid,
2007). The organisation of the total clutch, and not the number or manner in which
eggs emerge from the female in a single bout, is important. If a female ovulates and
oviposits more than once a year or in multiple years, she has produced multiple
clutches (Altig and McDiarmid, 2007). Five categories of ovipositional modes were
described by Altig and McDiarmid (2007) including various arrangements of
independent eggs, three-dimensional arrangements, floating arrangements, froth nests,
and linear arrangements. Most arboreal and terrestrial eggs are arranged often in a
three-dimensional arrangement known as a clump. A clump is a multi-tiered stack of
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aquatic or terrestrial eggs, that lack a common, surrounding surface or matrix; adjacent
jellies remain distinct even if melded and may be adherent or not. A clump is
analogous to a stack of marbles, although in terrestrial settings; the stack sometimes
slides into a single tier (e.g. plethodontids). The surfaces of adjacent eggs may be
turgid enough to form interstices (i.e. ‘open clump’) or sag or fit together without
interstices (i.e. ‘melded clump’) either at the time of oviposition or later.

‘Ovipositional mode’ describes the morphology of an aggregation of deposited eggs
(i.e. the clutch structure). Explanations of how egg aggregates are produced and
postulates about the evolution of different structures are largely lacking. It seems
apparent that oviductal (i.e. jelly formation), ovipositional (i.e. parental behaviour),
postovipositional (e.g. jelly dissolution) processes are involved (Altig and McDiarmid,
2007).

Frogs of the genus Platymantis have unique reproductive modes, for example the
Negros Cave Frog (Platymantis spelaeus) has direct development, like all other species
of Philippine Platymantis where the reproductive mode is known, but unlike most
frogs. The eggs are fairly large (2.5-3.0 mm in diameter) and unpigmented. Embryos
develop directly into froglets, bypassing the tadpole developmental stages (Alcala and
Brown, 1998). Another interesting frog species is the Palau frog (Platymantis
pelewensis). Despite the species’ abundance, reproductive behavior is very poorly
known. Like other Platymantis, direct development (terrestrial nests of large eggs that
hatch into froglets, lacking a free tadpole stage) is confirmed but egg clutches have
been reported only twice and none of the important details are included in the notes.
With some females being almost twice the size of males, traditional methods of egg
fertilization via amplexus would be non-functional as the cloaca of the male would be
nowhere near that of the female so the eggs could not be fertilized as they were
deposited. No amplectant pairs have been found among the hundreds of specimens
seen and collected, further suggesting that egg deposition and fertilization may include
some innovative twists. An attendant frog (or frogs) and even parental care is common
in direct-developing species but this information is unknown for P. pelewensis. On the
other hand, frogs of the genus Rana are pond frogs. Many frogs in this genus breed in
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early spring, although subtropical and tropical species may breed throughout the year.
Males of most of the species are known to call, but a few species are thought to be
voiceless. Females lay eggs in rafts or large globular clusters and can produce up to
20,000 at one time.

Altig and McDiarmid (2007) recognised four major categories of oviposition or egg
deposition sites (parent-associated, terrestrial, semi-terrestrial, and aquatic) based on
the suite of biological (i.e. predators) and physical (i.e. temperature and oxygen) as
mediated by water and light; conditions that the eggs experience. Terrestrial eggs,
including those in foam nests and in arboreal, fossorial, and subterranean sites, are
exposed to little or no free water at least at the time of oviposition. Detailed illustration
of amphibian eggs can be found in work by Altig and McDiarmid (2007).

There is a single report of the Fijian ground frog (FGF) eggs from the wild (chapter 3)
and a few anecdotal naturalist records (Gorham, 1968; Ryan, 2000) suggest that they
lay eggs under moist conditions such as under rotting logs on the ground or within
rotting logs. The IUCN assessment team has emphasized that the egg masses of FGF
are very difficult to locate in-situ (Anon, 2006a) thus the embryonic development of
this species was not studied to date. Therefore, in this study I explored the embryonic
development of the FGF using a population of frogs maintained in captivity.

Various literatures on descriptions of the development of terrestrial direct developers
were reviewed while staging the development of FGF embryo. These literatures
included works of del Pino (1989). Gibbons and Guinea (1983) and Ryan (2000)
studied the embryonic development of Fijian tree frog (Platymantis vitiensis) and the
descriptions used were also used as a reference source.
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4.2 RESEARCH METHODS

A total of 10 fertile eggs used for this study were obtained from the breeding egg mass
in December, 2007 in captivity. Eggs were selected from the egg clutch of 37 fertile
eggs and microscopic observations were conducted for various egg and embryo
morphological features and morphometrics. Eggs were incubated using a plastic
container (30cm x 20cm x 15cm), cleaned by rinsing firstly with diluted ethanol and
then thoroughly with de-ionized water. A piece of sterile bamboo substrate was placed
in this incubation container and autoclaved soil was filled within this bamboo. Each
egg was then placed close to each other on the soil layer inside the bamboo. Embryonic
development of the FGF was observed at temperature ranging from 26.5-27oC and RH
between 94-100% throughout incubation within the outdoor enclosure and laboratory
method A (cf. Chapter 3). For other information of methods for egg incubation refer to
Chapter 3.

4.2.1 Embryonic Developmental Study

4.2.1.1 Recording the embryonic stages
To record the embryonic stages of the FGF, a fertile egg was carefully transferred into
a culture cavity disc (area, 35mm x 35mm; depth, 12mm) filled with sterile de-ionized
water. Microscopic examinations were carried out using an Olympus SZX12
stereoscopic microscope mounted attached to an Olympus DP12 digital camera that
simultaneously took digital images of the eggs.

4.2.1.2 Staging the embryonic development
I divided the embryonic development of the FGF into four main stages as follows:
Stage 1- Limb Bud - early till late first week of incubation
Stage 2 - Limb Tail - early till late second week of incubation
(2a) - eyes and neural groove visible
(2b) - somites prominent
(2c) - visible heart, embryo lays underneath egg yolk
(2d) - invagination of egg yolk prominent
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Stage 3 - Metamorphosis - early till late third week of incubation
(3a) - anterior and posterior limb phalanges visible
(3b) - egg yolk completely reduced
(3c) - embryo lays on top supported via abdominal fluid, minute tail
(3d) – tail completely absorbed
Stage 4 - Hatching - early till late fourth week of incubation

These 4 main stages represented the major embryo developmental changes throughout
the incubation period.

4.3

RESULTS

4.3.1 Embryonic Developmental Study

4.3.1.1 Stages of embryonic development

1. Limb Bud Stages- early till late first week of incubation.
Stage 1 (Figure 4.1)
Each egg had an outer, thin thread-like cuticular attachment to the neighboring eggs in
the egg mass. The egg of the FGF was creamy and unpigmented and was surrounded
by a vitelline membrane filled with vitelline space. There were two jelly layers in
between the vitelline membrane and the outer membrane. The head, anterior and
posterior limb buds of the embryo were visible. The FGF embryo rotated to the upper
position.
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Figure 4.1 Eggs of the FGF (< 7 days incubation age). The thin thread like cuticle
connecting eggs to one another is clearly shown. Digital camera photo.
Mean diameter of egg (n =18) = 8.0 + 0.01 mm.
2. Limb Tail Stages 2a, 2b, 2c and 2d (early till late second week of incubation).

Stage 2a (Figure 4.2)
Both eyes of FGF embryos are pigmented black and two equal sized and cream colored
neural grooves were situated posterior to the eyes. A long tail that occupied 1/3 of
embryonic body (embryo head to tail length=11mm) underwent rhythmic lateral
contractions to help re-orientate the embryo to its original dorsal position when
stimulated by either movement or strong illumination. The tail of the FGF embryo had
a thin ciliated margin. Thin blood vessels expanded across the ventral surface of the
embryo and the egg-yolk.
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OM
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O
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2
1

PLB
Figure 4.2 Egg of the FGF during limb-bud stage of development (One week old
embryo). In the above figure, the ovum has two membranes and two jelly
layers produced in sequence by oviductal sections. Abbreviations: 1-2=jelly
layers numbered from ovum to surface, IM=inner membrane, O=ovum
(egg), OM=outer membrane, VM=vitelline membrane, and VS=vitelline
space, H=head, B=body, ALB=anterior limb bud, PLB=posterior limb bud.
Magnification=120X.

E
ALB

T
BV

Y

PLB
Figure 4.3 Limb Tail Stage 2a of FGF development. Abbreviations: E=eye, N=neural
groove, T=tail, BV=blood vessel, Y=yolk. See Fig. 4.2.
Magnification=120X.
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Stage 2b (Figure 4.4 and Figure 4.5)
On the dorsal surface of the FGF embryo a vertebral column extended from the neural
grooves towards posterior tail region. The vertebral column had nine somite segments.
Invaginations or margins appeared in the egg yolk (length=8mm) and a highly
voluminous allantois was visible. Blood vessels surrounded the abdominal sac and the
embryo. The abdominal sac had two inflated halves and each sac occupied the
embryonic body and egg yolk across the embryo head-tail axis. On the dorsal portion,
the embryonic head, tail and limbs lay external to the abdominal sac.

VC
BV

P

Figure 4.4 Limb Tail stage 2b (close-view of vertebral column). Magnification=120X.
Abbreviations: P = pigmentation. See Fig. 4.3 Egg diameter = 6.0 mm)

Y

PL

AS
T

Figure 4.5 Limb Tail stage 2b (close-view of tail). Digital camera photo.
Abbreviations: PL = posterior limb, Y = yolk, AS = abdominal sac. See
Fig. 4.3.
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Stage 2c (Figure 4.6)
The embryo lay below the egg yolk during this stage. Numerous blood vessels
surrounded the embryo via extensions across the abdominal sac. A small heart (length=
2mm) was visible in the upper thoracic region of the embryo and two major blood
vessels originated from the heart and extended along the egg yolk, abdominal sac and
joined to the smaller blood vessels leading to the entire embryonic body. The mouth
(upper and lower jaw) and the snout of the embryo were visible.

Stage 2d (Figure 4.7)
The egg yolk (length=6mm) divided into two equal halves with numerous
invaginations and it appeared as a thin leaf like structure. Two anterior limbs (length=
4mm) shorter than posterior limbs (length= 6mm) were visible.

P
E

H
BV

T

Figure 4.6 Limb Tail stage 2c. Magnification=120X. Abbreviations: H = heart. See Fig.
4.4, 4.5.
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Y
BV

IV
Figure 4.7 Limb Tail stage 2d. Magnification=120X. Abbreviations: IV =
invaginations. See Fig. 4.5, 4.6.

3. Metamorphosis Stages 3a, 3b, 3c and 3d (early-late third week of incubation).

Stage 3a (Figure 4.8 and Figure 4.9)
The anterior and posterior limb phalanges of embryos appeared together with blackish
under belly skin pigmentation. The second digit on the anterior and the posterior limbs
of the embryo was longer than the other four digits. The phalanges of the anterior limbs
had four digits on each while the phalanges of the posterior limbs had five digits on
each. The size of the egg yolk was reduced to 5mm length wise. The tail was still
present.

106

Embryonic development in the endangered Fijian ground frog (Platymantis vitiana)

S
M
ALP
Digits of anterior limb
phalanges

MBV
H
AL
P
MBV

“Leaf-like” oocyte yolk

Figure 4.8 Metamorphosis stage 3a (close-up of anterior limbs). Magnification=120X.
Abbreviation: S = snout, M = mouth, ALP = anterior limb phalanges, MBV
= major blood vessel, AL = anterior limb. See Fig. 4.6.

P

PLP
T

Figure 4.9 Metamorphosis Stage 3a (close-up of posterior limbs).
Magnification=120X. Abbreviation: PLP = posterior limb phalanges. See
Fig 4.6.
Stage 3b (Figure 4.10)
The embryo lay underneath the abdominal sac that helped to re-orientate the embryonic
body. The embryo resembled a froglet (SVL=7mm). Its dorsal abdominal skin
pigmentation and blackish brown striped patterns of both anterior and posterior limbs
were clearly visible.
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AS

VR

Figure 4.10 Metamorphosis Stage 3b. Magnification=120X. Abbreviations: VR =
ventral region. See Fig. 4.5.
Stage 3c (Figure 4.11)
The embryo lay afloat above the abdominal sac by help of the voluminous abdominal
sac fluid. The tail was minute (Length=2mm).

Stage 3d (Figure 4.12)
The dorsal abdominal skin pigmentation was prominent and the anterior and posterior
limbs showed frequent movement. The tail was completely reabsorbed. Hence the
embryonic development of the FGF does not require a tadpole stage; it undergoes a
direct mode of development.

P
PL
MT

Figure 4.11 Metamorphosis stage 3c. Magnification=120X. Abbreviations: MT =
minute tail. See Fig. 4.5, 4.6.
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Y
AS

TR

SP

PLP

Figure 4.12 Metamorphosis stage 3d. Magnification=120X. Abbreviations: TR = tail
reduced, SP = striped pattern, PLP = posterior limb phalanges. See Fig. 4.5,
4.7, 4.9.

4. Hatching Stage 4 (early-late fourth week of incubation)

[Figure 4.13, Figure 4.14, Figure 4.15, Figure 4.16; Figure 4.17]

There was certain interaction between each of the froglets within the eggs since
movement of one froglet caused movement in a neighboring egg. This interaction may
have stimulated hatching of the froglets. While hatching, froglets showed a rapid
kicking movement of their anterior and posterior limbs i.e. they moved in unison and
each froglet used their body to push through the rupturing abdominal sac to break free.
No egg tooth was present. A newly hatched froglet was coloured dark brown and its
skin appeared very slimy. The average bodyweight of a newly hatched froglet was
0.0987g + 0.02 (n=39). Each newly hatched FGF frog morphologically resembled the
adult. Two characteristic features of the froglets included a “butterfly” pattern of brown
warts on the dorsal head region and a distinctive blackish brown pattern, evenly
marked on the dorsal areas of both anterior and posterior limbs. Upon hatching the
froglets remained hidden underneath their egg cases for an average of 10 minutes,
seeking protection from the surroundings. The complete embryonic development
required an incubation period of approximately 29 days.
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AS
DR

AL

Figure 4.13 Hatching stage 4. Digital camera photo. Abbreviations: DR = dorsal
region. See Fig. 4.8, 4.12.

SP

S

W

V

Figure 4.14 Dorsal surface of newly hatched FGF froglet (SVL=10mm). Digital
camera photo. Abbreviations: W = warts, V = Vent. See Fig. 4.8, 4.12.
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Y

Figure 4.15 Ventral surface of newly hatched FGF froglet. Note the presence of egg
yolk (Y) remains that provide a source of food for newly hatched froglets
for 5 days. Digital camera photo.

Figure 4.16 Measurement of SVL of a newly hatched FGF froglet. Unit on ruler is in
mm. Digital camera photo. (SVL = 10 mm)
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Table 4.1 Principal characters used to represent the stages of the embryonic development in the FGF.

Abbreviation

Key description character

Figure

Stage

V
C
H
B
PLB
Y
N
E
T
AS
VC
BV
P
PL
H
IV
AL
ALP
M
MBV
PLP

Vitelline membrane
Capsule
Head
Body
Posterior limb bud
Yolk
Neural grooves
Eye
Tail
Abdominal sac
Vertebral column
Blood vessel
Pigmentation
Posterior limb
Heart
Invagination
Anterior limb
Anterior limb phalanges
Mouth
Major blood vessel
Posterior limb phalanges

7
7
7
7
7
7
8
8
8
8
9
9
9
10
11
12
13
13
14
14
14

1
1
1
1
1
1
2a
2a
2a
2a
2b
2b
2b
2b
2c
2d
3a
3a
3a
3a
3a

VR
MT
TR
DR
EC
NHF
SP
W
S
V

Ventral region
Minute tail
Tail reabsorbed
Dorsal region
Egg Case
Newly hatched froglet
Striped pattern
Wart
Snout
Vent

15
16
17
18
19
20
20
20
20
20

3b
3c
3d
4
4
4
4
4
4
4
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16

18
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24

26
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28
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4.3.1.2 Morphometrics of embryo development

Table 4.2 Morphometrics of the FGF embryo (n = 10) during metamorphosis

Embryonic
structure

Unit
(mm)

Early
week 2

Late week
3

Mid week
4

Late week 4
(Hatched
froglet)

Tail

Length

4

3

Reabsorbed

Reabsorbed

Eye

Diameter

0.5

-

1

1

Yolk
(right half)

Length

9

7

5

4

Yolk
(right half)

Width

6

4

2

2

Snout
to heart

Length

3

3

-

-

Snout to
tail end

Length

11

12

-

-

Tip of longest
posterior limb digit
to vent
Snout to vent

Length

-

-

9

-

Length

-

-

8

10

Anterior limb digit

Length

-

-

4

4

Anterior limb digit
to posterior limb

Length

-

-

23

27

-

Not recorded
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4.4

DISCUSSION

This chapter has described a direct mode of the FGF embryonic development. Atoda (1950)
observed the metamorphosis of terrestrial frogs of Palau Islands at room temperature ranging
from 25.1oC to 31oC and Gibbons and Guinea (1983) observed embryonic development of the
Fijian tree frog (FTF) at 25oC to 27oC room temperature. The types of adaptations of amphibians
to temperature regimes have been described by Duellman and Trueb (1994). One is behavioural
adjustment; the time and/or place of breeding are governed by temperatures suitable for
embryonic development. A second adaptation involves modifications of embryonic temperature
responses. If a species is sufficiently conservative in its selection of times and places of
breeding, or if the habitat is extremely stenothermic, there is no need for embryonic adaptation
to a broad range of temperatures. Such conservativeness restricts the successful breeding of a
species should the environment change (Duellman and Trueb, 1994). Further investigations are
required into the range of environmental temperature tolerances by the FGF embryos during the
various stages of development.

Embryonic development of the FGF required an incubation period of approximately 29 days
until hatching. Atoda (1950) observed the metamorphosis of terrestrial frogs of Palau Islands at
room temperature ranging from 25.1oC to 31oC. Philatus viridis (terrestrial breeding frog
species) undergoes 46 days incubation before hatching (Bahir et al., 2005). Further details on
amphibian embryonic development and metamorphosis are available in the text by Pough et al.
(1990). Duellman and Trueb (1994) lists the fecundity and development of eggs within the genus
Platymantis such as P. guentheri (av. 8 eggs; av. diameter 3.00mm; av. 39 days incubation), P.
hazelae (av. 7 eggs; av. diameter 3.40mm; av. 49 days incubation) and P. meyeri (av. 27 eggs;
av. diameter 3.30mm; av. 39 days incubation). Adult individuals of FGF are larger in body size
than other platymantines species thus it is probable that larger female species within a
reproductive mode (17) have more eggs per clutch and larger ovum size than females of other
species with smaller body size (Duellman and Trueb, 1994). The Fijian tree frog has
reproductive mode 20 because their eggs are arboreal and hatch directly into froglets (Duellman
and Trueb, 1994). Both the FGF and FTF do not co-exist on any of the natural habitats in Fiji
therefore misidentification of eggs in the field is not a case. Furthermore, the eggs of FTF can be
told apart from FGF eggs as the eggs of FTF are smaller in diameter than the FGF eggs and they
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are also fewer in number i.e. around 20-30 eggs while FGF lays 50-60 eggs. The embryo of the
FGF upon hatching is also larger than FTF embryo.

The early developmental stages including the cleavage of egg of the FGF could not be recorded.
Cleavage in amphibian eggs is holoblastic and unequal; in large ova, many divisions may occur
on the animal hemisphere, before the first cleaves through the vegetal pole (Duellman and
Trueb, 1994). Cleavage through the blastula stage is essentially identical among several
amphibians (Duellman and Trueb, 1994) and the balstocoel occupies a relatively small area near
the animal pole in the large ova. Like other terrestrial anurans such as the Puerto Rican tree frog,
Eleutherodactylus coqui, the embryos of the FGF also developed from large-yolked eggs.
According to Duellman and Trueb (1994), development in these frogs with large-yolked eggs
takes place on the surface of the animal hemisphere unlike in most other salamanders and
anurans the entire yolk is covered as the blastopore closes. Therefore, in the FGF the bulk of the
yolk was not incorporated into the gut but instead formed a kind of a yolk sac similar to frogs
with large-yolked eggs. With exception of most viviparous taxa, amphibian embryos obtain all
nutrients for their development at least to hatching, from the egg yolk. Likewise, the egg yolk
was present throughout embryo development of the FGF and it depleted in size as embryonic
development proceeded indicating that the embryo was presumably utilizing the egg yolk and
possibly abdominal fluid as sources of nutrients during development. The embryo may be
provided with additional nutritional elements and respiratory gases from the abdominal sac fluid
(Allantois). Furthermore, newly hatched froglets of the FGF did not feed for at least five days,
while they continued to use up the still substantial underbelly egg yolk deposit.

Absorption of water is essential for the hatching of incubated frog eggs. Seymour and Bradford
(1987) studied the gas exchange through the jelly capsule of the terrestrial eggs of the Australian
frog (Pseudophryne bibroni). The study found out that the diameter of the frog eggs increased
during development by absorbing water from the substrate into the perivitelline space. This
decreased the thickness of the jelly capsule and increased its effective surface area, both effects
joining to increase the O2 conductance of the capsule in parallel with the rate of O2 consumption.
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In anurans having direct development of terrestrial eggs, respiration presumably is enhanced by
the development of vascularized tissue other than gills (Duellman and Treub, 1994). The tail is
greatly expanded and pressed against the vitelline membrane in the Papuan microhylid
Phrynomantis robusta and in many species of Eleutherodactylus. Platymantine ranids of the
genera Discodeles and Platymantis, with direct development of terrestrial eggs, have
vascularized, thin walled, lateral abdominal sacs that presumably function in respiration; in these
embryos the tail is small and external gills are absent. Therefore, based on these comparisons
and from the observation on development of terrestrial eggs of the FGF, it is plausible that both
the tail and vascularized abdominal sac helped in respiration of the FGF embryo. The tail was
most prominent during the early developmental stages: Limb-tail stage while the abdominal sac
was present throughout embryonic development and ruptured while hatching of froglets. A part
of respiratory functions, the lateral movement of the tail and the abdominal fluid of the
abdominal sac assisted in the appropriate orientation of the FGF embryo. Thus based on the
reproductive modes of anurans provided by Duellman and Trueb (1994), the FGF should be
placed in reproductive mode 17 (terrestrial eggs, direct development).

Amphibian mode of reproduction is a combination of ovipositional and developmental factors,
including oviposition site, egg and clutch characteristics, rate and duration of development, stage
and size of hatchling, and type of parental care, if any. Anurans have remarkably diverse
reproductive modes as part of their life history strategies and no other vertebrates matche them in
the sheer variety of ways in which they procreate (Beebee, 1996). There are 29 types of
reproductive modes reported in anurans (Duellman and Trueb, 1994). Kadadevaru and Kanamadi
(2000) stated that specific reproductive strategies are a prerequisite for the survival of species are
evidence of physiological and morphological adaptations to the environment.

Amphibians are probably best known for a mode of reproduction in which eggs are laid in water,
hatch into tadpoles and subsequently undergo tadpole metamorphosis into a morphologically
distinct adult form. Notably, this aquatic-terrestrial lifecycle pattern, while long familiar to
naturalists in the northern hemisphere, is much less typical of tropical species. Duellman and
Trueb (1994) noted that in each of the three living orders of amphibians there are trends towards
terrestrial breeding and the varieties of these trends are greatest in anurans.
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Terrestrial oviposition may have evolved in response to pond-drying, competition, or predation in
large bodies of water (see Magnusson and Hero, 1991 for review). The deposition of eggs out of
water is a major step in the trend toward terrestriality in anurans. Temperate species are more
likely to breed explosively for example, an entire population of North American bullfrogs (Rana
catesbeiana) breeds over a span of a few days or weeks (Duellman and Trueb, 1994). By
contrast, many tropical species restrict their breeding activity to either the wet or dry season
(Wells, 1977). Ecologically, the generalized aquatic reproductive mode is wide-spread in
lowlands, whereas trends toward terrestrial modes become prevalent in highlands. Many
terrestrial modes are restricted to environments with continuously high atmospheric moisture
which is required for embryonic development (Duellman and Trueb, 1994).

Watling and Donnelly (2002) suggested many terrestrial frogs (especially ground dwelling or leaf
litter frogs) time their reproduction in such a way so that metamorphs emerge during the season
of peak arthropod prey abundance. This may result in increased recruitment of leaf litter anurans
during the dry season. Terrestrial developing anurans are assigned into two subcategories by
Jameson (1957), both of which often involve direct development, wherein eggs hatch directly
into froglets, forgoing the larval stage. These two categories are 1) direct development of very
large ova deposited in nests on moss or in burrows and 2) eggs or tadpoles carried by a parent
before hatching into tadpoles or froglets.

The second subcategory of terrestrial development has many well documented examples (See:
Boulenger, 1897; Salthe and Duellman, 1973; Corben et al., 1974; Duellman and Maness, 1980;
Tyler and Carter, 1981; Beebee, 1996). Jorgensen (1992) found that climatic conditions, latitude,
altitude, seasonality, the length of the breeding season, courtship and endogenous factors are all
inextricably tied to reproductive mode. The first subcategory, direct development of terrestrial
eggs laid on ground or burrows, into hatched froglets (mode 17, Duellman and Trueb, 1994) is
common among frogs inhabiting perpetually humid regions, as well as some drier areas, and
occurs in eight or nine families. For the diversity of direct development in anurans refer to text by
Duellman and Trueb (1994).
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Direct development (forgoing a tadpole stage) in anurans can occur in the oviducts, in the case of
internally fertilized species (e.g. Eleutherodactylus jasperi) [Townsend et al., 1981] or within
eggs laid on land, as in many leptodactylids, including the majority of Eleutherodactylus species
(Townsend and Stewart, 1985) and several Australian microhylids species [e.g. Myobatrachus
gouldii] (Roberts, 1981) and the New Zealand leiopelmatids (Duellman and Trueb, 1994).
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CHAPTER 5
A

UAL CYCLES OF URI E REPRODUCTIVE STEROID HORMO AL

CO CE TRATIO S I WILD A D CAPTIVE E DA GERED FIJIA GROU D
FROGS (PLATYMATIS VITIAA)

5.1 INTRODUCTION
Three hormones that are all found in amphibians are known to play roles in the relevant
physiology and behaviour linking energy storage and reproduction in anurans (Table 5.1). These
are Testosterone (T), Estradiol-17β [beta] (E2) and Progesterone (P). In male frogs, the hierarchy
of the hypothalamus pituitary gonadal axis (HPG) includes the main target organs such as
gonads, liver and central nervous system (CNS). Endogenous and exogenous stimuli on the CNS
lead to secretion of gonadotropin releasing hormone (GnRH), which is produced by cells of the
hypothalamus. In turn, GnRH acts on the gonadotrophs of the pituitary, thus stimulating the
secretion of the gonadotropins, luteinizing hormone (LH) and follicle stimulating hormone (FSH)
into blood circulation. The gonadotropins increase synthesis and release of androgens. The main
sources of androgens are the testes, where androgen synthesis principally occurs in the interstitial
(Leydig) cells. However, it must be noted that E2 is also produced in males but at very low levels
(Duellman and Trueb, 1994). In anurans, Testosterone (T) and dihydrotestosterone (DHT) are the
main androgens (Duellman and Trueb, 1994). In female anurans, sex steroids are regulated by the
same endocrine components via the HPG-axis as in males. However, the female ovary produces
much higher levels of E2 compared to males because the enzyme aromatase converting T into E2
is much more pronounced and active (Duellman and Trueb, 1994).

Sex hormone production is one of the endogenous mechanisms that are in phase with
gametogenesis and involves gonadal tissue [Sertoli cells and interstitial tissue in male testes,
follicle cells and corpora lutea in female ovaries] (Pough et al., 1998). T is the main sex steroid
hormone studied in relation to courtship and copulatory behaviour in male anurans. T peaks with
spermatogenesis (sperm cell production), ovulation and mating (Pough et al., 1998; Woolley et
al., 2004). E2 is the hormone responsible for the stimulation of yolk production (i.e. deposition of
energy as yolk into developing eggs) [Callard and Ho, 1987; Ho, 1987]. Vitellogenin is a femalespecific protein produced by the liver of non-mammalian vertebrates including amphibians and
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incorporated into eggs by the ovary where it forms the basis for egg yolk (Olmstead et al., 2009).
Production of vitellogenin is induced by circulating E2 (Olmstead et al., 2009). P levels peak at
ovulation (egg maturation). Generally during the active breeding season female frogs have high
circulating plasma E2 and P levels and the elevation of these hormones occurs when the female
has mature eggs (Wilczynski et al., 2005). These correlations are also seen in other yolk
producing vertebrates, including fish, reptiles and birds (Duellman and Trueb, 1994), implying an
evolutionary highly conserved role of the reproductive hormones.

Amphibians are a relatively understudied group, and the area of hormone to reproduction
relationship is inspired by testable hypotheses based on studies of other terrestrial vertebrates.
The ability to correlate physiological measures with estimates of reproductive success identifies
areas of amphibian research that will profit from continued attention (Houck, 1998; Sutherland,
1998).

The interplay between the reproductive events in anurans and fluctuations in reproductive
hormones was confirmed experimentally under controlled conditions via gonadotropin injections
(e.g. human chorionic gonadotropin [hCG] and luteinizing hormone releasing hormone [LHRH]
(Wilczynski et al., 2005). For example, using various exogenous gonadotropin releasing hormone
treatments, Lynch et al. (2006) determined whether the female Túngara frog (Physalaemus
pustulosus) would display mate choice behaviour similar to that observed in wild caught females
during breeding (e.g. egg laying). The mean plasma E2 concentration with high doses of hCG
was 6.5 to 6.8ng/ml, which was within the physiological range of wild-caught females that were
in amplexus (actively reproducing). Lynch et al. (2006) found that the levels of circulating
androgens such as T significantly declined in wild-caught female frogs when they underwent
unamplexed to amplexed state and suggested that the decline in T levels may reflect
aromatization of T into E2.
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Table 5.1 Frequency of concentration of the three gonadal steroids (E2, P and T) during the
different reproductive states of individual male and female frogs. Low refers to steroid
concentrations at baseline. High refers to peak steroid concentrations.
Steroidal Hormones
Female

Male

Reproductive State

E2

P

T

Non-breeding phase

Low

Low

Low

Breeding

High

High

High

Post-Bred (after amplexus and

Low

Low

Low

egg laying)

The above figure was adapted from a previous literature by Lynch and Wilczynski (2006). For
details on the diverse reproductive cycles in amphibians refer a text by Duellman and Trueb
(1994). The common reproductive steroids and stress hormones in amphibians are listed in Table
5.2.

Table 5.2 Reproductive and stress hormones present in amphibians (Battelle, 2004)
Category

Common Name

Chemical Name

Androgens

Testosterone (T)

17β-Hydroxy-4-androsten-3-one

Androstenedione

4-Androstene-3,17-dione

Dehydroepiandrosterone

3β-Hydroxy-5-androsten-17-one

17β-Estradiol (E2)

1,3,5(10)-Estratriene-3,17β-diol

Estrone (EC)

3-Hydroxy-1,3,5(10)-estratrien-17-one

Estriol

1,3,5(10)-Estratriene-3,16α,17β-triol

Progestogens

Progesterone (P)

3β-Hydroxy-5-pregnen-20-one

Corticoids

Aldosterone

11β,21-Dihydroxy-3,20-dioxo-4-pregnene-18-al

Cortisol

11β,17,21-Trihydroxy-4-pregnene-3,20-dione

Corticosterone

11β,21-Dihydroxy-4-pregnene-3,20-dione

11-Deoxycorticosterone

21-Hydroxy-4-pregnene-3,20-dione

Estrogens
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Harvey et al. (1997) found significant differences in plasma concentrations of T amongst prebreed, amplexed and post-bred groups of explosively breeding desert spade-foot toad
(Scaphiopus couchii). In female toads, T levels ranged from 0.05ng/ml in the post-breed group to
227ng/ml in the amplexed group. The levels of T and E2 were significantly higher in prebreeding and amplexed females than in post-breeding females. Plasma P was significantly greater
in amplexed females than in either pre-breeding or post-bred females. Harvey et al. (1997)
commented that the elevated E2 levels in unamplexed vitellogenic females may reflect the
development of mature oocytes (egg-cells) and the high level of plasma P in amplexed female S.
couchii probably corresponded with the period of ovulation of mature eggs. Early vitellogenic
oocytes secrete E2, causing continued production of yolk proteins from the liver while P is then
secreted by late stage oocytes as the process of maturation and ovulation begins (Harvey et al.,
1997). The presence of elevated plasma T during the breeding season is a common pattern in
female amphibians. The T is a precursor in the synthesis of E2 for reptiles and also for
amphibians (Duellman and Trueb, 1994). Elevated T may be related to ovulation because the preovulatory surge of P is subsequently converted to T (Harvey et al., 1997).

Sound knowledge of reproduction is one of the key factors, besides environmental protection, for
the successful conservation of an endangered species (Guimarães, 2003). Metabolism of
circulating gonadal and adrenal steroids occurs in the liver and kidney before excretion into urine
or bile. Generally, biologically potent steroids such as T, E2, P and corticosteroids (Cortisol and
Corticosterone) are rendered inactive during metabolism through subtle molecular changes and
or/ thorough conjugation to highly charged, side chain moieties (e.g. glucuronide or sulphate
molecules) before excretion (Norris, 1997). Mammals and other non-mammalian vertebrates also
conjugate some steroids. In mammals, conjugation occurs most extensively in the liver to
deactivate and solubilise steroids into either a sulphate or a glucuronic acid moiety for excretion
in faeces or urine (Hiestermann et al., 1993; Wasser et al., 1996; Velloso et al., 1998). In nonmammalian species such as teleosts, for example, the role of conjugated steroids as pheromones
has been studied extensively (Stacey and Sorenson, 1986; Scott and Vemeirssen, 1994; Stacey et
al., 1994). In male blotched blue-tongued lizards (Tiliqua nigrolutea), conjugated forms of T
metabolites constitute the majority (80%) of detectable T in excreta. Conjugated steroids have
increased molecular polarity that improves solubility in the aqueous environments of urine or
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bile. Whether the hormones are primarily passed into urine or feces is species-dependant. Urine
steroids are almost always excreted as conjugates (e.g. estrone-glucuronide) and these are end
products of complex metabolic processes involving large families of steroids (Pukazhenthi and
Wildt, 2004). With the advent of direct conjugate immunoassay procedures, polyclonal and
monoclonal antibodies that are raised against specific steroid conjugates simply permit dilution
and assaying of urine without further processing. Once collected, urine can be preserved
indefinitely by freezing at either -20oC or -80 oC (Monfort, 2003).

Non-invasive measures must be carefully validated if they are to be effective research or
management tools. Validity is especially important for species at risk, whose proper
management can have serious impacts on the conservation and biodiversity platform both locally
and internationally. It is difficult to validate noninvasive endocrine techniques against blood
hormone levels especially in endangered amphibians since the retrieval of blood requires
invasive procedures such as anesthesia and cardiac puncture, for example Itoh et al. (1990)
measured plasma sex steroids of free-living toads, Bufo Japonicus and blood sample retrieval
involved cardiac puncture. Such destructive or invasive procedures are not an option on practical
and welfare grounds in endangered species (Pickard, 2003). Conversely, it is crucial to
demonstrate that noninvasive hormonal measures accurately reflect the physiological events of
interest before this can be used as a reliable assessment tool. As a gold standard, administering a
drug known to stimulate hormonal production is useful for demonstrating a cause-and-effect
relationship between its exogenous administration and the subsequent excretion of the target
hormone. This approach also clarifies the excretory lag-time between stimulation of the
endocrine gland and the appearance of its hormonal metabolites in excreta (Brown et al., 2003).

The central aim of this study was to develop non-invasive reproductive hormonal assessment of
the Fijian ground frog (FGF) through the development of enzyme-immunoassays (EIAs) to
measure reproductive hormonal metabolites (testosterone in males, progesterone and estrone
(EC) in females) in urine. I hypothesize that the changes in these reproductive hormonal
metabolites will be reflected in the changes in reproductive status of individuals. I further
hypothesize that in wild and captive male and female FGF, such changes will differ between the
active breeding phase (ABP) and phase (IBP). However, due to the sample size variation, it was
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difficult to statistically compare the reproductive hormonal profiles between captive and wild
frogs to infer whether similar reproductive cycles were occurring in the wild and in captivity.
Ultimately, non-invasive endocrine assessment technique developed in this study would become
useful for the long-term assessment of reproductive trends and physiological status of both
captive and wild FGF with negligible disturbances.

It will also be a significant contribution to the knowledge of the diversity of reproductive
patterns amongst the unique amphibian group of Platymantids (Duellman and Trueb, 1994). This
tool has a role in more efficient management of captive FGF populations and assists in
maintaining a healthy ex-situ reserve population that can be released back into suitable natural
habitats once the in-situ dangers have been completely eliminated.

Additional focus of this study was to determine the potential of hormonal metabolites for sexing
the FGF. The FGF is a sexually dimorphic frog species due to size differences between male and
female and it can have mass and SVL ratios of 1:3 (F:M SVL of female = 90mm; male = 30 mm;
mass of female = 75g; male = 15g). However, males do not display nuptial pads during breeding
(Thomas, 2007). Narayan (pers comm.) has clarified that nuptial pads are not present in adult
male FGF. Frogs of similar sizes (especially those < 60 mm snout-vent length) can be very
difficult to sex if no oocytes are observed. Frogs were classified as males or females from the
presence of abdominal oocytes (females), size (females are larger than males) [Morrison, 2003].
The smallest female frog with oocytes was 60.1 mm long (snout-vent). Frogs without oocytes
were classified as female if they measured > 60 mm in SVL and as males if they measured
between 25 to 60 mm in SVL. As explained earlier in chapter 2, the frogs with SVL > 60 mm
were definitely females since they either carried vitellogenic follicles > 2mm in diameter (i.e.
vitellogenic females) or had vitellogenic follicles < 2mm in diameter (i.e. non-vitellogenic
females). Frogs with SVL < 60 mm and without any vitellogenic follicle were sexed as male
based on these criteria plus the “stress calls” and dissection of a male and female frog that
confirmed sex as male (See Chapter 2).
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Syzmanski et al. (2005) discovered in adult American toads, Bufo americanus, and boreal toads,
B. boreas boreas that ratios of P: EC and P: T measured in faecal sample varied between known
male and female toads. E.g. male toad (P: EC ratio=0.09; P: T ratio=0.03); female toad (P: EC
ratio=0.12; P: T ratio=0.12). Excrement steroids have also been used for sex identification in
birds and mammals. For example, Bercovitz et al. (1978) used droppings from two dimorphic
birds, Gallus gallus murghi and &ymphicus hollandicus, to develop an assay for distinguishing
sex in several avian species based on the ratios of T and EC. Kubokawa et al. (1992) found that
the sex of giant pandas (Ailuropoda melenoleuca) can be identified based on relative amounts of
androgen metabolites excreted in their feces. The only other study on non-invasive reproductive
steroid hormone monitoring in frogs was conducted recently by Germano et al. (2009), whereby
enzyme immunoassays were developed to measure estrone, testosterone, and progesterone
hormone metabolites within the urine of Litoria raniformis, the southern bell frog. Results
showed that concentrations of urinary estrone, testosterone, and progesterone increased during
the breeding season for females (P < 0.05). Testosterone and progesterone increased for males
during the breeding season compared to months where no reproductive behaviors were observed
(P < 0.05). Furthermore, this study also showed that urinary estrone concentrations was reliable
sexing tool for adult frogs with no overlap between the sexes in 98% of cases, regardless of
season.
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5.2

RESEARCH METHODS

5.2.1 Establishment of in-situ habitat locations

Field survey for the ecological study and endocrine sampling were conducted on selected sites on
Viwa Island, which basically had high abundance of FGF. This habitat location was identified in
earlier study by Thomas (2007); see Chapter 2 for detailed description of the field sites.

5.2.2 Frog Collections for Endocrine Study
Collection of the FGF on Viwa Island proceeded at dusk from 1900h and continued up to 2200h
from May 2007 through to April 2009. During each monthly urine sampling, the FGF
(approximate number of 20 adult male and 20 adult female - 15-20 sample sizes are usually used
in endocrine studies for example, Sanson et al. (2005) n=20 female blue foxes, Alopex lagopus;
Busso et al. (2005) n=19 male chinchilla, Chinchilla lanigera) were randomly searched within
the major habitat locations by shining light from a head torch. At night, the frogs were usually
sighted foraging on the ground and then immediately captured by hand. This method avoided any
requirements for chasing the frogs that could influence an unwarranted stress response. The time
spent in the field for endocrine sampling and the number of frogs caught (together with each
urine sample) was dependent on ground conditions to prevent the rain water from contaminating
the frog urine samples. Thus frog urine collection can be difficult as risk of contamination of
samples can be higher in the rainy season. Care was taken to avoid or remove contaminating
elements such as soil or leaf litter from the sample, and those samples which appeared to be
accidently heavily contaminated by soil and feces were discarded. Urine samples were eliminated
if frogs were caught twice in successive months or twice in a month in order to avoid
pseudoreplication of the statistics.

5.2.3 Urine Collection and Preservation: In-situ Sampling
For hand-capture of frogs, non-powdered hand gloves were worn to prevent contaminating the
urine samples or transmitting infective agents between the specimen and the investigator. A field
assistant was trained in the urine sampling protocol in local (Fijian) language. The reproductive
status and biometrics of all sampled frogs were recorded. All sampling materials and equipments
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were pre-cleaned with 95% ethanol prior to use in the field. Upon capture in the field, each frog
displayed normal physiological behaviour and tried to escape by releasing urine through its vent.
To collect urine, frogs were carefully hand-caught upon sighting. Each frog was then held by a
thumb and index finger, anterior and across the pelvic girdle, above a 100mm diameter sterile
plastic cup (pre-cleaned with 95% ethanol and de-ionised water). Gentle massaging then
promoted urination, usually within 10-60 seconds after capture and the volume of urine varied
from 0.04ml up to 3ml. Urine was removed from the cup using an Eppendorf pipette and placed
in a labeled 1.5ml polypropylene Eppendorf tube (Fig. 5.1 and Fig. 5.2).

Morphometrics and reproductive status of frogs were recorded in the field (see Chapter 2 for
details on these methods). All frogs were kept in a zip lock bag until sampling was completed
and then the frogs were released carefully into their original habitat. The urine samples were
transferred into an insulated container with dry ice (Temp was <0oC) upon returning to the field
station (on average it took 2 hours to return to the field station from the forest). The frozen urine
samples were transported to the laboratory at the Biology Division, the University of the South
Pacific, Suva. Here the samples were kept at -80oC and no loss in the volume of sample was
observed, and the tight fitting O-ring caps on the Eppendorf tubes were effective at preventing
evaporation of urine samples stored at this temperature over 100 days.

Figure 5.1 Urine collection from frog into a plastic cup
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Frog urine

Figure 5.2 Storage of urine into Eppendorf tube

5.2.4 Urine Collection and Preservation: Ex-situ Sampling
Urine sample collection was conducted on a fortnightly basis for 10 months (April 2007 through
to April 2008) on 5 adult male and 5 adult female frogs in the outdoor enclosure at Suva. The
primary aim was to generate a longitudinal profile of hormone excretion over the active breeding
phase and non-breeding phase. Sampling occurred between 1600h and 1800h when frogs were
still hiding in their retreat sites and were easily captured.

I used an outdoor enclosure that mimicked the natural habitat conditions; thus I expected the
frogs to display normal physiological and morphological behavior. Thus the endocrine profiles of
frogs in captivity were expected to be similar to those of wild frogs; however, statistical
comparisons between wild and captive hormonal profiles were not done due to access to few
frogs in captivity which restricted robust statistical analysis using captive frog data. The urine
sample collection and storage method was similar to the in-situ urine sampling methods provided
in section 5.2.3.
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5.2.5 Enzyme-immunoassays

5.2.5.1 Laboratory Validations

Recovery/accuracy checks
Recovery/accuracy checks represents the degree to which the measured concentration
corresponds to the true concentration of a substance. It tests for potential interference caused by
substances contained within biological sample that were independent of specific antigen-antibody
binding. Recovery was expressed as a linear regression formula (y=mx + b, where y=amount
observed, x=amount of hormone expected, m=slope of the line) and the multiple correlation
coefficient was squared to produce the coefficient of determination (R2). Slopes > or < than 1
represent an over or under-estimation of hormone mass, respectively. The ‘m’ should normally
range from 0.85 to 1 to 1.15. Assay sensitivity was calculated as the value 2 standard deviations
from the mean response of the blank (zero binding) samples, and expressed as a mean + SEM.
Intra- (within) and inter- (between) assay coefficients of variation (CV) were determined from
high- (approximately 70%) and low- (approximately 30%) binding internal controls run on all the
assays. Accuracy was tested by recovery of standards added in aliquots to pooled urine samples
and is expressed as mean + SEM.

Quality control
Proper validation and standardization of an assay is only the first step towards establishing a
reliable endocrine assessment program. Subsequent assessment of assay quality and consistency
is necessary to assure the biological relevance of results. For every assay system there is an
inherent level of error which must be accepted. A quality control program indicates when that
level of error becomes unacceptable. Quality control samples only have value if their analysis
provides a reasonable confidence in data for the whole assay, or reflects a true error in the
method. Further details about parallelisms and quality control are provided in text by Brown et
al. (2003).
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5.2.5.2 Biological validation

Treatment of a separate cohort of captive frogs with exogenous reproductive hormonal inducers
were used to biologically validate the reproductive EIAs, given that similar treatments raised serum
measures of reproductive hormone levels, respectively, in other frog species (Iimori et al., 2005,
Lynch et al., 2006). Four male and four female were used for the reproductive hormonal
challenge.

A pharmacological challenge with human chorionic gonadotropin (hCG) [Pregnyl, Suva
Pharmacy] conducted on captive FGFs (n=4 male and n=4 female) was used to establish whether
the urine T, EC and P assays accurately reflected acute gonadal activation of male and female
frogs.

hCG hormone is a ligand for luteinizing hormone receptors, which causes gonadal activation and
therefore, the production of gonadal hormones. hCG has been shown to be effective in
stimulating ovulation in other frogs species including, Xenopus laevis, Bufo americanus and B.
fowleri and Eleutherodactylus coqui (Browne et al., 2006).

Iimori et al. (2005) used C. (Bufo) marinus as a model to study male anuran reproductive
endocrinology. The optimal protocol for sperm recovery in cane toads was injection of either
1000 or 2000 IU hCG without any difference in the quality of the spermic urine samples obtained
using either dose of hCG or with respect to collection time. Iimori et al. (2005) concluded that
the hCG protocols developed using C. (Bufo) marinus could be applied in studies on the
reproductive biology of rare and endangered male anurans.

Lynch et al. (2006) gave subcutaneous injection of hCG dissolved in 0.9% saline solution in a
volume of 50µl to female Túngara frog (Physalaemus pustulosus) as they transitioned through
different reproductive stages (e.g. oviposition). Lynch et al. (2006) observed that hCG induced
oviposition in approximately 24 h in most frogs that were treated with high doses (500IUinternational unit hCG treatment-75% females released eggs and 1000IU hCG treatment 68.75%
females released eggs). There was no significant difference in the mean plasma E2 concentrations
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between the 500IU and 1000IU treatment groups. Lynch et al. (2006) observed that hCG induced
egg laying in approximately 24h in most females that were treated with high doses (500IU hCG
treatment-75% females released eggs and 1000IU hCG treatment 68.75% females released eggs).
I administered hCG 500IU in saline vehicle to the male and female captive FGF. For the
biological validation of the EIAs, the hCG hormonal challenges, individual pre-treatment
baselines were calculated as the average of urine samples collected on all days before the hCG
injection. (Dose calculations are provided in appendix).

The sample size of hormonal challenge was not enough to conduct robust statistical analysis,
however, my aim was to adopt procedures of Young et al. 2004 where even smaller sample sizes (n=1)
were used. Reproductive hormonal responses to stimulation with hCG were expressed as a

percentage of the pre-treatment baseline, with the baseline value being equivalent to 100% since
n value was too small for conducting statistical analysis (Young et al., 2004). The mean urine T,
EC and P concentrations in responses to hCG challenge in the male and the female FGF and
mean urine reproductive steroid concentrations in response to hCG challenge in group of both
sexes are shown in tables 5.3 and 5.4 of the results.

5.2.5.3 Urine enzyme-immunoassay analysis

Concentrations of T hormone metabolites were determined in the male FGF urine samples using
a polyclonal anti-T antiserum (R156/7) diluted 1:25000, horseradish peroxidase (HRP)conjugated T label diluted 1:40000 and T standards (0.78-200pg/well). Concentrations of EC
metabolites in the female FGF urine samples were determined using a polyclonal anti-EC
antiserum (R522-2) diluted 1:45000, HRP-conjugated EC glucuronide label diluted 1:45000, and
EC glucuronide standards (0.39-100pg/well). Concentrations of P metabolites in the female FGF
urine samples were determined using a monoclonal anti-P (Quidel Corporation, San Diego, USA)
antiserum (CL425) diluted 1:15 000, HRP-conjugated progesterone label diluted 1: 40000, and
progesterone standards (0.39-100pg/well). All reagents were provided by Dr Coralie Munro
(University of California, Davis, USA). Detailed protocols for EIA for each reproductive
hormone are provided in the appendix (A).
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The antibody cross-reactivities for the EIAs used were previously reported for testosterone
R156/7, which cross reacts ≤ 1% for any hormone other than dihydrotestosterone or testosterone
(Ginther et al., 2001; deCatanzaro et al., 2003; Szymanski et al., 2005), estrone R522/2, which
cross reacts ≤ 0.1% with oestradiol-17β and over 100% with estrone (Munro et al., 1991),
progesterone CL425, which cross reacts over 50% with most 4-pregnene- and 5-α pregnanmetabolites (Graham, et al., 2001; Szymanski et al., 2005).
For each assay, the Nunc MaxisorpTM plates were coated with 50µl of antibody diluted to the
appropriate concentration in a coating buffer (50mmol/L bicarbonate buffer, pH 9.6) and
incubated for at least 12h at 4oC. Plates were washed using an automated plate washer (Figure
5.3) supplied with phosphate-buffered saline containing 0.5ml/L Tween 20 to rinse away any
unbound antibody. Stocks of standards, high and low-binding internal controls, urine samples
(diluted at appropriate dilution ratio using assay buffer based on the 50% binding point from the
parallelism curves), and HRP labels were diluted to the appropriate concentration in assay buffer
(39 mM NaH2PO4.H2O, 61 mM NaHPO4, 15 mM NaCl and 0.1% bovine serum albumin, pH
7.0).

c
b
a

Figure 5.3 Enzyme-immunoassay automated plate washer (a) and automated plate reader (b)
hooked to computer with Gen 5 software (c)
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High standard
(Minimum blue color
developed)
Zeros
(Maximum blue color
developed)
A

High standard
Zeros
B

Figure 5.4A Intense blue color formation as the chromagen in the substrate react with the bound
enzyme conjugate and changes color and 5.4B intense yellow color formation after
the stop solution was added to each well.
For each EIA, 50µl of standard, internal control and urine sample was added to each well. For all
assays, 50µl of the corresponding HRP label was then added to each well and the plates were
incubated at room temperature for 2h. Plates were washed and 50µl of a substrate solution (50
µL of substrate buffer (0.01% tetramethylbenzidine and 0.004% H2O2 in 0.1 M acetate citrate
acid buffer, pH 6.0) was added to each well. During each assay, plates were normally loaded
(sample, standards and HRP) within 10 minutes because the enzymatic reactions were time
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sensitive. The chromagen within the substrate reacts with the bound enzyme conjugate and
changes color. The more color change in the well, the more enzyme conjugate is bound, meaning
low concentration of hormone. Hence, the relationship of color to hormone concentration is
inversely proportional. The zero wells contain only enzyme conjugate so there is no competition
for antibody binding. The zero wells represent the maximum binding of the labeled antigen and,
hence, have the most colour change (intense blue color in zero well) [Figure 5.4a]. Stopping
solution (50µL of 0.5mol/L H2SO4) was added based on the visual inspection of plates so that the
optical density of the zero wells would read between 0.7 and 1 (usually after 7-20 min incubation
at room temperature) [intense yellow color in zero well] (Figure 5.4b).

Plates were read at 450nm (reference 630nm) on a microplate reader (Figure 5.3). Blank
absorbance was subtracted from each reading to account for non-specific binding. In all assays,
standard curves were generated and a regression line fitted; the equation was then used to
determine the concentration of reproductive hormonal metabolites in urine samples. Urine steroid
conjugates were standardized to Cr levels to control for water content.

5.2.5.4 Creatinine assay

Creatinine (Cr) concentrations in frog urine were determined using the method of Jaffe reaction.
Creatinine index for correcting urine hormone metabolite measures was earlier justified in studies
by Taussky (1954), Miller et al. (2004). Creatinine index for urine hormonal metabolite
assessment have been used in many endocrinology studies including that by Jurke et al. (2000),
Andrada et al. (2006), Shimizu et al. (2003). Reactions were done on ordinary flat bottom plates.
Standard values used (including zeros) were 500, 250, 125, 62.5 and 31.25 ng/well. 240 µL of
standard working stock (10 µg/mL or 500 ng/well) was serially diluted (2-fold) in a glass tube by
using 120 µL stock plus 120 µL Milli-Q water, and repeated for next standard etc. Tube for zeros
contained 120 µL Milli-Q water. Urine samples were diluted 1:4 by adding 30 µL of neat sample
to 90 µL Milli-Q water. For plate loading, 50 µL of standard and sample were pipetted per well
according to plate map. Speed of addition was unimportant as this was not a binding assay. An
alkaline picrate reagent was prepared immediately before use by combining 4 mL Milli-Q water,
4 mL 0.75 N NaOH and 4 mL 0.13% picric acid and mixed well. 100 µL of alkaline picrate
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reagent was added to all wells that contained standard or sample. Plate was tapped briefly to mix
and incubated at room temperature for 30 min. Plates were read at 490 nm and optical density of
0 wells was expected to be around 0.2. Urine hormone concentrations were therefore expressed
in relation to urine creatinine concentrations. Concentrations of urine T, P and EC hormonal
metabolites were expressed as mass per µg Cr. Protocol for Cr (Jaffe Reaction) assay is provided
in Appendix (A).

5.2.6 Reproductive Steroid Hormonal Profiles
Assessment of urine T metabolite concentrations was done each month in wild males exposed to
normal photoperiod. Similarly, assessment of urine EC and P metabolite concentrations were
done each month in wild vitellogenic and non-vitellogenic female FGF exposed to normal
photoperiod on Viwa Island.

The mean monthly concentrations of urine T metabolites in wild males were statistically tested to
discriminate between the two phases of breeding assigned on Viwa Island. The mean monthly
concentrations of urine EC and P metabolites in wild vitellogenic and non-vitellogenic females
were also statistically tested to discriminate the changes in reproductive status and the two phases
of breeding assigned on Viwa Island. The active breeding phase was assigned from July to
January and during this period the wild vitellogenic females carried vitellogenic follicles > 2 mm
in diameter. The non-breeding phase was assigned from April to June and during this period the
wild vitellogenic females carried vitellogenic follicles of size 2 mm in diameter. Wild nonvitellogenic females carried ovarian follicles < 2 mm in diameter. The wild males were those
frogs within the SVL range of 25 – 60 mm. These frogs could also possibly be juvenile females
however for this study I was assuming these frogs were males based on the stress call criteria and
dissection of the five frogs within this SVL range showing male gonads.

Longitudinal assessment of urine T concentrations of three of the captive male FGF (urine
samples from other two male frogs were used for parallelisms and accuracy-recovery checks) that
were maintained in captivity and exposed to natural photoperiod was undertaken to evaluate
testicular activity. Longitudinal assessment of urine EC and P hormonal concentrations of the
four adult female FGF (urine sample from one other female frog was used for parallelisms and
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accuracy-recovery checks) that were maintained in captivity and exposed to semi-natural
photoperiod was undertaken to evaluate ovarian activity. Data are presented from two females
that were vitellogenic and two other females that remained non-vitellogenic. The latter two
females had bred during the previous year in captivity; however, endocrine assessment was not
conducted during this period.

To test whether urine EC metabolite was a potential sexing hormone, the mean monthly
concentrations of urine estrone in wild males and all wild females were tested statistically to
discriminate between the two breeding seasons on Viwa Island. Furthermore, the mean monthly
concentrations of EC in captive males were also measured and results were discussed.

5.2.7 Statistics
Statistical analyses were carried out using the Gen Stat version 5 and Prism (GraphPad Software
Inc.). All urine hormone concentrations were transformed to logarithms before analysis. One-way
ANOVAs were used to compare steroid concentrations between months. Concentrations of mean
monthly urine estrone and progesterone for wild vitellogenic females and non-vitellogenic
females and testosterone for wild males were grouped into the active-breeding phase (July to
January) and non-breeding months of breeding (April to June). These two groups were then
statistically tested using unpaired two sample t-test to find out any seasonal effect in the urine
hormonal metabolite concentrations.

Body mass (log data) of wild male, wild vitellogenic female and wild non-vitellogenic female
were compared by month using one way ANOVAs. This was the bladder-empty body-weight
since the mass was taken after the urine sample collection. This way it was made certain that
variable quantities of urine stored in the bladder would not contribute to the fluctuations. For the
captive frogs, linear mixed effects models (LME) in the Gen Stat software were used to find out
if there were any significant trends in weight loss/gain in these frogs.

The daily mean rainfall (log data) was also analyzed by month using one way ANOVAs for both
field sites. These were the mean daily rainfall data.
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Furthermore, urine estrone metabolites in all male FGF were analyzed using one-way ANOVA
to find out if estrone concentration remained low throughout the year and if it could be used for
sexing all the male frogs of length < 60mm (snout-vent). It was assumed the frogs within 25-60
mm SVL were males based on the “stress call” criteria and the 5 frogs within this SVL range that
were sacrificed to reveal the testis. Data are presented as individual points or as mean ± S.E.

5.3

RESULTS

5.3.1 Biological Validations
For the biological validations, captive male frogs (n=3) responded physiologically to human
chorionic gonadotropin challenge (Fig. 5.5). There was a mean baseline (± SEM) urine T
metabolite concentration of 69.2 ± 14.1 pg/µg Cr (n=6 days before challenge). The mean
concentration of the urinary T metabolite peaked at 48 hours after the challenge at 829.9 ± 182.3
pg/µg Cr, or 1198% of the pre-challenge concentrations.

Captive female frogs (n=3) also responded physiologically to human chorionic gonadotropin
challenge (Fig. 5.6). There was a mean baseline (± SEM) urine EC metabolite concentration of
35.6 ± 8.8 pg/µg Cr (n=7 days before challenge). The mean concentration of the urinary EC
metabolite peaked at 48 hours after the challenge at 266.7 ± 25.3 pg/µg Cr, or 749% (percentage
rise of the peak from baseline).

The same female frogs (n=3) also responded physiologically to hCG challenge for P response.
There was a mean baseline (+ SEM) urine P metabolite concentration of 44.9 ± 13.9 pg/µg Cr
(n=7 days before the challenge). The mean concentration of urinary P metabolite peaked at 72
hours after the challenge at 151.7 ± 71.1 pg/µg Cr, or 338% (percentage rise of the peak from
baseline).
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Figure 5.5 Mean ± SEM (standard error mean) concentrations of urine T metabolites in male FGF
(n=3) before and after hCG challenge. Note that urine was collected 6 hr after
injection thus data is not aligned with day 0.
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Figure 5.6 Mean ± SEM concentrations of urine EC and P metabolites in female FGF (n=3)
before and after challenge with hCG. Note that urine was collected 6 hr after injection
thus data is not aligned with day 0.
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Table 5.3 Average (± SEM) urine T, EC and P concentrations in response to hCG challenge in
the male (n=3) and female (n=3) FGF.

Baseline

Peak

Rise (%)

69.2 ± 14.1

829.9 ± 182.3

1198

EC

35.6 ± 8.8

266.7 ± 25.3

749

P

44.9 ± 13.9

151.7 ± 71.1

338

Average urine
Metabolite (pg/µg
Cr)

T

Note: Data from one other male and one other female frog were removed since the urine samples
from these two frogs on two consecutive days after hCG injection were not available.
5.3.2 Parallelism Graphs
A. Estrone (R522-2)
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Figure 5.7 Parallelism between serially diluted pool of captive (C) female FGF and estrone
conjugate ( EC) standards after EC enzyme-immunoassay.
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Figure 5.8A Parallelism between serially diluted pool of wild vitellogenic (G) and 5.8B wild
non-vitellogenic (NG) female FGF urine and EC standards after EC enzymeimmunoassay (See Fig. 5.7).
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Progesterone (CL425)
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Figure 5.9 Parallelism between serially diluted pool of captive (C) female FGF urine and
progesterone (P) standards after P enzyme-immunoassay.
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Figure 5.10A Parallelism between serially diluted pool of wild vitellogenic (G) and 5.10B nonvitellogenic (NG) female FGF urine and P standards after P enzyme-immunoassay
(See Fig. 5.9).

A comparison of parallelism curves of P and EC in wild and captive female urine pools that EC
metabolites are present in much higher concentration in female urine (lower 50 % binding point)
in comparison to P (binding took place above 50 % desired mark).
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Figure 5.11A Parallelism between serially diluted pool of (a) wild (W) and 5.11B captive (C)
male FGF urine pool and testosterone standards after T enzyme-immunoassay.
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D. Parallelism graphs for sexing hormone test
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Figure 5.12 Parallelism between serially diluted pool of captive (C) male urine pool and estrone
conjugate (EC) standards after EC enzyme-immunoassay.
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Figure 5.13 Parallelism between serially diluted pool of wild vitellogenic female (WG), wild
non-vitellogenic female (WNG), captive female (C) and hCG challenged female FGF
urine pool and testosterone (T) standards after T enzyme-immunoassays.
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As shown in figure 5.13, parallelism of wild vitellogenic and wild non-vitellogenic urine pool
against T standards showed that T hormonal metabolites were also present in female urine and
binding was observed near 50% similar to the binding of P metabolites in female urine pool (cf
Fig. 5.9 and 5.10). Therefore, this validation result rules out P and T as a potential sexing
hormone. Furthermore, the parallelism curves shown in figure 5.12 indicates that EC metabolites
are present in male urine pool at low concentration since the 50% binding point against EC
standards was at a lower dilution point. Thus urine samples from wild and captive males were
assayed separately on EC assay plates in order to find out the concentration of EC metabolites in
male FGF urine and whether EC could be a potential sexing hormone.

5.3.3 Recovery Graphs
55

Amount Observed

45
35
25
y = 0.8578x - 0.2243

15

2

R = 0.9955

5
-5 0

10

20

30

40

50

60

Amount Expected

Figure 5.14 Regression plot for recovery of progesterone (P) standard in FGF urine pool.
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Figure 5.15 Regression plot for recovery of estrone conjugate (EC) standard in FGF urine pool.
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Figure 5.16 Regression plot for recovery of testosterone (T) standard in FGF urine pool.

5.3.4 Quality Control

Sensitivity of EC EIA was 0.7 ± 0.1 pg/well (n=21).
The intra- and inter-assay coefficient of variation (CV) were 4.6% and 8.9% for the high binding
internal control (n=17). The intra- and inter-assay CV were 6.2% and 7.2% for the low binding
internal control (n=17).

Sensitivity of P EIA was 1.86 ± 0.27 pg/well (n=15). The intra- and inter-assay CV were 8.33%
and 16.26% for the high, binding internal control (n=13). The intra- and inter-assay CV were
6.9% and 16.6% for the low binding internal control (n=13).

Sensitivity of T EIA was 1.12 ± 0.26 pg/well (n=10). The intra- and inter-assay CV were 4.19%
and 15.05% for the high, binding internal control (n=9). The intra- and inter-assay CV were
6.02% and 13.13% for the low binding internal control (n=9).
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5.3.5 Wild Frog Reproductive Steroid Hormonal Profiles
The mean concentrations of urine EC metabolites were significantly different among the 10
months of endocrine sampling for wild vitellogenic females (n=51) [ANOVA, F=3.01, df=9,41,
p=0.007] and were also significantly different between the active and inactive phases of breeding
[t=4.45, df=49, P<0.001 (Fig.5.17A).

The concentration of urine EC metabolites in wild

vitellogenic females was 330.2±131.5 pg/µg Cr during the months of April to July (non-breeding
phase). However, between the active breeding months, from August throughout to January, the
concentration of urine EC metabolites was much higher, i.e. 694.55±160.8 pg/µg Cr (Fig.
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Figure 5.17A Mean monthly concentrations of urine EC metabolites in wild vitellogenic females,
wild non-vitellogenic females and captive female FGF; 5.17B Mean monthly
concentrations of urine P metabolites in wild vitellogenic females, wild nonvitellogenic females and captive female FGF.

Clearly EC concentration was very low in captive females. Error bars from Fig. 5.15 for EC and
P for captive females were removed to make graph presentation clear.
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The sample size for wild vitellogenic females ranged from 10-15 per month. Captive females (n
= 4) were a mixture of vitellogenic and non-vitellogenic frogs.
Concentrations of urine P metabolites in wild vitellogenic females were not significantly
different throughout the 10 months of endocrine sampling [ANOVA, F=1.40, df=9,41, p=0.220],
but were significant between the two seasonal groups [t=1.81, df=49, p=0.036]. The total
concentration of urine P metabolites measured 95.6±27.3pg/µg Cr during the months of August
throughout to January (the active breeding phase). The total concentration of urine P metabolites
measured 63.1±24.1pg/µg Cr during the months of April to July (the non-breeding phase) [Fig.
5.17B].

The reproductive status of wild vitellogenic females also varied during the active and inactive
phases of breeding. The morphometric (average number and diameter) of the underbelly oocytes
per vitellogenic female varied throughout the 10 months of endocrine sampling on Viwa Island
and is shown in Table 2.1 (See Chapter 2). The largest average oocyte size measured was 6 mm
in December and during this period the average monthly concentration of urine progesterone
metabolite was 149.2 ± 30.3 pg/µg Cr.

For wild non-vitellogenic females (n = 46), the mean concentrations of urine EC metabolites
were significantly different among months [ANOVA, F = 4.05, df = 9, 36, p = 0.001 and
between the two breeding phases [t = 7.74, df = 23.06, P < 0.001]. The concentration of urine
estrone was higher, i.e. 395.7 ± 117.7 pg/µg Cr during the months of August throughout to
January whereas the concentration was lower, i.e. 122.0 ± 45.0 pg/µg Cr during the months of
April throughout to July (Fig. 5.17A).

Furthermore, the mean monthly concentrations of urine P metabolites were significantly different
among months for wild non-vitellogenic females [ANOVA, F = 3.47, df = 9, 36, p = 0.004 but
there was no difference between the two seasonal groups [Active breeding phase = 50.8 ± 54.4
pg/µg Cr; Non-breeding phase= 59.8 ± 9.5 pg/µg Cr; t = 0.54, df = 44, P = 0.592] (Figure
5.17B). There were no observed changes in the reproductive status of non-vitellogenic females,
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that is, all non-vitellogenic females caught on Viwa Island had small ovarian follicles measuring
<2mm in diameter throughout the 10 months of endocrine sampling.

The concentrations of urine T metabolites were significantly different amongst months
(ANOVA, F = 4.94, df = 9, 19, p = 0.002) for wild males (n=31) and the two breeding phases (t
= 2.53, df = 27, P = 0.018) [Fig. 5.18]. The total concentration of testosterone conjugate
measured 138.8 ± 50.5 pg/µg Cr during the months of August throughout to January whereas the
concentration measured 43.8 ± 8.8 pg/µg Cr during the months of April to July (Figure 5.18).
Higher concentrations of urine T metabolites (>100 pg/µg Cr) were recorded during the months
of November, December and January (Fig. 5.18). These hormonal changes in males coincided
with the presence of large underbelly oocytes in wild-vitellogenic females (cf. Table 2.1 Chapter
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Figure 5.18 The mean monthly concentrations + SE of T in wild and captive males. Sample size
for wild males ranged from 2-6 per month. The SE bars for April is not shown for wild
males since only one male frog was sampled. Similarly, SE bars for January, February
and March for captive males are not shown since only one male frog was sampled.
5.3.6 Captive Frog Longitudinal Steroid Profiles
The mean (± SEM) monthly concentration of urine testosterone metabolites in three captive male
FGF is shown in Fig. 5.18. The total concentration of urine T metabolites was 16.2 ± 4.6 pg/µg
creatinine (n=3) during the non-breeding months whereas it was 62.2 ± 23.1 pg/µg creatinine
(n=3) during the active breeding months.
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In all three males, there was increase in the concentration of urine T metabolites in urine as the
active breeding phase was approached. Concentrations of urine T metabolites in male urine were
high throughout the active breeding phase and concentration declined towards the end (month of
January-February) of the active breeding phase. Concentrations of urine T metabolites in urine of
FGF were low during the non-breeding months including March, May, June and July.

The mean (± SEM) monthly concentrations of urine EC and P metabolites of the four captive
female FGF that were exposed to natural photoperiod over the 10 month period are shown in Fig.
5.19.

Female 1 cycled during the active breeding phase and had presence of developing underbelly
oocytes and also a peak in urine P metabolites. However, female 1 then retained underbelly
oocytes and this was shown by a decline in urine P metabolite concentrations. Female 2 also
cycled with peaks in both urine EC and P metabolite concentrations however female 2 retained
oocytes thus both EC and P metabolite concentrations decreased. The oocytes retained were unovulated follicles. Female 3 began to cycle during the active breeding season but female 3 was
unable to show further oocyte development. Female 4 did not show any signs of underbelly
oocyte masses during the active breeding phase and remained non-vitellogenic and showed no
marked changes in urine EC and P metabolites during the active breeding phase.
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Figure 5.19 Urine EC and P metabolite concentrations of captive female FGF: A- Female 1; BFemale 2; C- Female 3; D- Female 4. Vertical arrow indicates time during which
underbelly oocytes became apparent. Female 4 was non-vitellogenic and did not show
any underbelly oocyte.
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Table 5.4 Reproductive status of captive females 1, 2, 3 and 4 during the active breeding phase.
Female 2
(Fig. 5.19 B)

Female 3
(Fig. 5.19 C)

Female 4
(Fig. 5.19 D)

3 oocytes
visible
2mm diameter

Small ovaries
1mm diameter

No underbelly
oocytes visible

January

3
4 oocytes visible oocytesvisible
2mm diameter
2mm diameter

Small ovaries
1mm diameter

No underbelly
oocytes visible

February

5 oocytes
visible
2mm diameter

4 oocytes
visible
2mm diameter

Small ovaries
1mm diameter

No underbelly
oocytes visible

March

5 oocytes
visible
2mm diameter

4 oocytes
visible
2mm diameter

Small ovaries
1mm diameter

No underbelly
oocytes visible

Undergoes
vitellogenesis
and oocytes
retained

Does not undergo
Undergoes
vitellogenesis and vitellogenesis, no
oocytes observed
oocytes retained

Month

Female 1
(Fig. 5.19 A)

4 oocytes
December visible
2mm diameter

Undergoes
vitellogenesis
Comments and oocytes
retained

5.3.7 Body-mass and Rainfall
There were significant differences between months in mean body weights of wild male frogs
(Fig. 5.20; F8,21 = 3.89, p = 0.006). Body-mass was lower (<24 g) from April to June and higher
from August to January, with the highest mean body weight (32.3 + 2.2 g) in December. Bodymass of wild vitellogenic female frogs gradually declined from April (61.4 + 9.6 g) to August
and September (51.0 + 1.2 and 50.8 + 3.2 g), then steadily increased to a peak in February (82.3
+ 10.7 g; Fig. 5.20). Differences between months in mean body-mass were not however
significant (Fig. 5.20; F9,41 = 1.88, p = 0.083). Body weights of non-vitellogenic female frogs
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varied significantly between months (F8,37 = 4.131, p = 0.001), although there was no clear
pattern of annual changes (Fig. 5.20). Mean body–mass of the three captive male frogs and four
captive female frogs (Fig. 5.20) were similar to those of the wild frogs, with no apparent changes
in mean body-mass during the year.
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Figure 5.20 Mean body-mass (+SE) of captive and wild frogs (n = 31)

Wild and captive frogs on Viwa Island and in Suva experienced similar amounts of rainfall (Fig.
5.21). Although there were no statistically significant changes during the year in mean daily
rainfall at either location (F1,11 = 68.34, p = 0.094; F1,11 = 71.97, p = 0.092), there were seasonal
rainfall patterns. Rainfall was lowest in the colder months (June, July and August), increased in
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September, remained higher through October, November and summer (December-March), and
declined from April to June.
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Figure 5.21 Mean (± SE) daily rainfall data from Viwa Island and Suva for year 2007-2008 (upto
April)

The captive females 3 and 4 in which there were no observed changes in reproductive status were
the smaller individuals. Development in these two frogs was apparently slow, or the frogs were
immature.

5.3.8 Sexing Hormone
Estrone metabolite concentrations were lower in all months in wild male frogs (n = 31)
compared with wild female frogs (n = 97) (Fig. 5.22), and mean concentrations for all months
combined were significantly lower (61.9 + 14.7 c.f. 449.6 + 40.8 pg/µg creatinine; t126 = 5.33, p
< 0.001). The ranges of concentrations were 0.9 - 321.5 and 2.0 - 2073.0 pg/µg creatinine in
males and females. Frogs in which oocytes are seen in the abdomen are clearly female, whilst
frogs without oocytes could be male or female. Urinary estrone metabolite concentrations could
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potentially be used to distinguish between male and non-vitellogenic female frogs. If 100 pg/µg
creatinine is used as an upper value for male estrone metabolite concentrations then 26.1% of the
non-vitellogenic female frogs would have been incorrectly classified as male and 16.1% of male
frogs would have been incorrectly classified as female. Urinary estrone concentrations could thus
be approximately 80% reliable for distinguishing male from non-vitellogenic female Fijian

Estrone
(pg/ug creatinine)

ground frogs. The use and limitation of using EC as a sexing tool is provided in the discussion.
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Figure 5.22 Mean monthly urine EC metabolites (+ SE) in all wild males (n = 31) and all wild
females (n =97)
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5.4

DISCUSSION

In this study the non-invasive enzyme-immunoassays were developed for measuring the
metabolites of circulatory reproductive hormones (Testosterone in male frogs and estrone and
progesterone in female frogs) in the urine of the endangered Fijian ground frog (Platymantis
vitiana). This is a first study in which urine enzyme-immunoassays were biologically validated
against exogenous hormonal challenges in a frog and, activation of the hypothalamus-pituitarygonadal axis in both male and female frogs was reflected by significant peaks in concentrations
of urine testosterone, estrone and progesterone metabolites within 2 days after challenge. This
result can also predict the excretory lag time of hormonal metabolites in urine. hCG hormone is a
ligand for luteinizing hormone receptors, which causes gonadal activation and therefore, the
production of gonadal hormones. According to Browne et al. (2006), hCG has been shown to be
effective in stimulating ovulation in other frog species including, Xenopus laevis, Bufo
americanus, B. fowleri and Eleutherodactylus coqui. A weakness of the design worth noting is
that each animal has to serve as its own control (before and after hormone injection). A stronger
approach, if more animals had been available, would be to treat animals simultaneously with
vehicle to show that the same response was not induced. This limitation is not too important
especially when dealing with an endangered frog species like the FGF where the availability of
samples (frogs) can be very difficult.

The urine enzyme-immunoassays were also successfully validated for accuracy/recovery checks
and quality controls before the assays could be used to measure the reproductive steroid
hormonal metabolites in urine samples. The concentrations of reproductive hormonal metabolites
including, oestrone and progesterone in females and testosterone in males were measured in the
urine of the FGF using enzyme-immunoassays and monthly reproductive hormonal profiles were
generated. Previously, non-invasive assessment of reproductive hormone metabolites in frog
excrement had only a single publication by Szymanski et al. (2005). Specific hormone
metabolites excreted by frogs in either feces or urine has never been reported. There are many
possible ways via which frogs process steroid hormones so it is difficult to predict the identities
of metabolites they excrete, and one may anticipate species differences in the identity of secreted
hormone metabolites. Regardless, the antibodies and EIA protocols, well established for
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mammalian (Molinia et al., 2007) and bird species (Munro and Stabenfeldt, 1984; Lasley and
Kirkpatrick, 1991; Bamberg et al., 1991; Gudermuth et al., 1998) seemed to be effective for
measuring steroid metabolite immuno-reactivity in the FGF. In addition to being non-invasive,
urine collection has number of advantages that make it an excellent tool for studying the frogs’
gonadal function. Frogs generally tend to urinate frequently, enzyme-immunoassays are
relatively cheap, steroid conjugates can be measured in small volumes, and steroid conjugates
and creatinine in urine appear to be fairly resistant to degradation even when kept at room
temperatures for up to one week (Kesner et al., 1995). Also, steroids are excreted in urine within
hours of production (Ziegler et al., 1989), while still giving an “average” result that is more
resistant to acute changes in steroid concentration than serum (Whitten et al., 1998).

Metabolism of circulating gonadal and adrenal steroids occurs in the liver and kidney before
excretion into urine or bile. Generally, biologically potent steroids such as testosterone, estrone
and progesterone are rendered inactive during metabolism through subtle molecular changes and
or through conjugation to highly charged, side-chain moieties (e.g. glucuronide or sulphate
molecules) before excretion (Norris, 1997). Conjugated inactivated steroid metabolites have
increased molecular polarity that improves solubility in the aqueous environments of urine or
bile. Urine steroids are primarily excreted as conjugates (e.g. estrone glucuronide) and these are
end products of complex metabolic processes involving large families of steroids (Pukazhenthi
and Wildt, 2004). With the advent of direct conjugate immunoassay procedures, polyclonal and
monoclonal antibodies that are raised against specific steroid conjugates simply permit dilution
and assaying of urine without further processing.

New information on the reproductive cycle of the FGF was provided. Two phases of breeding
were identified based on the reproductive status of wild females. The active breeding phase
represented the months, July to January, during when characteristic reproductive behaviour, such
as gonadal development (> 2mm in diameter vitellogenic oocytes in females), calling (Thomas,
2007) and peak nocturnal activities (See chapter 3) were observed. The non-breeding phase
represented the months April to June, during which the FGF were reproductively quiescent
(inactive) and females did not display any reproductive behaviours (underbelly oocytes measured
< 2mm in diameter). These two phases of breeding provided a basis for comparisons of
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reproductive hormonal metabolites of the FGF between months. During the active and nonbreeding phases, changes in urine estrone and progesterone metabolites corresponded with
changes in reproductive status of females. The concentrations of urine estrone and progesterone
were higher during the ABP than IBP for vitellogenic females and this also corresponded to
presence of large underbelly oocytes (measuring > 2 mm diameter). Similar observations were
reported in the reproductive status and endocrinology of female Tungara frogs Physalaemus
pustulosus (Lynch and Wilczynski, 2005). During the active breeding season, female P.
pustulosus had high circulating plasma estrone and progesterone levels and the elevation of these
hormones occurred when the females had mature oocytes. Several other tropical anuran species
show changes in reproductive status with respect to changes in circulating reproductive hormones
(Licht et al., 1983; Pierantoni et al., 1984; Iela et al., 1986; Itoh et al., 1990; Harvey et al., 1997;
Medina et al., 2004; Lynch and Wilczynski, 2005).

In captive female FGF, concentrations of urine estrone were unusually low in comparison to
estrone concentrations in wild females. This could account for the vitellogenic oocyte retention
(follicles undergoing atresia) and unsuccessful breeding in captive FGF. According to Smalley
and Nace (2005) low estrone concentrations in captive female frogs reflect reproductive
deficiencies, which could be due to poor captive husbandry conditions and nutritional
deficiencies in females. This result is quite relevant to the captive propagation of the FGF as
recent breeding rates in captivity have been low. Further studies are necessary to find out the
potential contributing factors that may be affecting the normal functioning of the HPG axis
during the active breeding phase in captive females. This has important implications for the
captive breeding programmes since poor diet and husbandry requirements could affect breeding
success and eventually a heathly captive population would not be established. More research on
the captive breeding of frogs (such as diet requirements, stress physiology and induction of
breeding) is needed and this requires appropiate captive husbandry facilities and financial
support.

Body mass of males was lowest in cold months and highest in females during the latter half of
the year with egg laying peaks. Generally, the captive frogs maintained their weights as long as
sufficient quality food was available (cf. Chapter 3). According to Sole and Pélz (2007), wild
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males with longer active breeding phases tend to feed more upon available prey items. The
vitellogenic females of FGF were showing variation in mass during the active breeding phase.
The egg mass would be approximately (0.29 g x 40 = 11.6g, cf. Table 3.1 Chapter 3) therefore
upon laying the egg mass the vitellogenic female showed significant loss in mass as shown in
Fig. 5.18. Therefore the decline in mass in vitellogenic frogs during the APB could be associated
with egg release. This factor is important for captive breeding since it may assist in indicating
that breeding or oviposition took place if there were no other methods of monitoring available.

In the study by Ryser (1988), the consequences of reproduction for body weight, growth and
survival were studied in a Swiss population of the explosive breeder, Rana temporaria. Females
also lost about 33% (1983) and 29% (1984) due to spawning. In addition to this significant yearto-year variation, there was also considerable individual variation in reproductive output. Ryser
(1988) concluded that the weight loss in individual female is caused by a seasonally elevated
metabolism in combination with lack of feeding and represents a basic energetic cost of
reproduction, resulting in lowered growth. In captive environment, females with eggs were
generally found laid pressed flat on the ground and this might lead to significant weight loss upon
oviposition (cf. Chapter 3). The growth in SVL of captive female FGFs was very slow, or the
frogs were immature. It follows that fecundity in the FGF may be a limiting factor in the
recovery of the species from declines.

Urine testosterone metabolites in all males were higher during the active breeding phase in
comparison to the non-breeding phase. Male frogs most probably underwent spermatogenesis,
calling and were found near the potential nesting sites (See chapter 3 for results) during the ABP.
During the APB, a potential biological factor affecting the breeding success of wild FGF could
be the density dependant competition for food with invasive C (Bufo) marinus since both frog
species co-exist on Viwa Island (Morrison, 2003). This behavioural interaction requires further
investigation.

In this study changes in reproductive hormones of adult male and female FGF corresponded with
changes in reproductive status during the active and non-breeding phases. Since this reproductive
endocrinology assessment was done entirely non-invasively, it has important implications for
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both in-situ conservation and captive propagation of FGF. For captive breeding programmes,
non-invasive hormonal assessment can be used to track the reproductive performance of
individuals and for making predictions about the breeding events. Non-invasive reproductive
endocrine assessment is useful for assessing the success rates of captive breeding programme. It
is also useful for making appropriate management decisions aimed towards establishing a
sustainable captive breeding colony for future release into the wild once the in-situ threats have
been eliminated. For in-situ conservation, non-invasive reproductive endocrine assessment can be
used to study the reproductive cycle of populations under natural conditions, as well as to study
the influence of invasive species on the breeding cycle and tracking reproductive behaviour of
frogs after translocation to new habitats. Overall, non-invasive endocrinology can make
tremendous contributions towards baseline information on the reproductive biology of threatened
wildlife; however, this technology is new to the smaller Pacific Island countries and my study is
the first one conducted on a native Fijian species. In the future, I aim to validate similar
reproductive assessments in other iconic native Fijian species including the critically endangered
Fijian crested Iguana (Brachylophus vitiensis), threatened Fijian tree frog (Platymantis vitiensis)
and others in a similar way to establish a much stronger database on the reproductive biology of
Fijian wildlife.

Another possible factor contributing to the observed breeding phases and changes in
reproductive status of both wild and captive FGF is rainfall. Emerson and Hess (1996) proposed
that activation of breeding behavior is totally dependent on androgen levels but that species vary
in their threshold levels for activation. For example, the climatic pattern on Viwa Island is more
seasonal than many of the larger islands because it is a small low-lying island (Mueller-Dombois
and Fosberg, 1998). Therefore, the highly variable rainfall months might restrict the breeding
cycle temporarily. Periods of sustained rainfall generally favour breeding in terrestrial frogs
because of the availability of suitable breeding sites and abundance of insect prey (Duellman and
Trueb, 1994). This reason could account for the display of reproductive behaviour and gonadal
development during the months with higher rainfall, both in the wild and in captivity. Tropically
breeding anurans that require heavy rainfall in order to reproduce are subject to favourable
breeding conditions that are sporadic (Lynch and Wilczynski, 2005). Although there is an
increased probability of rain during the rainy season, the probability of local rainfall is
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unpredictable and this may influence female anuran reproductive strategies. Overall, from this
study, it is confirmed that there is an active breeding phase in the breeding cycle of the FGF
which starts from August and continues throughout to January. These months also recorded very
high rainfall in comparison to the IBP. Therefore, the phases of breeding in FGF are possibly
affected by changes in reproductive hormonal metabolites and rainfall. Both factors could be
determining the incidence of FGF mating events in the wild and in captivity.

This study also tested the assessment of estrone in males to find out if it could be used to sex
frogs (< 60 mm snout-vent length). Circulatory estrone is generally absent from male frogs’
blood (Olmstead et al., 2009). Although FGF is sexually dimorphic that is, large females can
easily be sexed based on the presence of underbelly oocytes and snout-vent length (60mm to
110mm, pers. observ.), sexing can be problematic if frogs are < 60mm in size. There are no
morphological characters that can be used to distinguish between these individuals unlike its
congener the Fijian tree frog (Platymantis vitiensis), in which reproductively mature male frogs
have a yellow flash inside groin and thigh (Morrison, 2003). In Chapter two, I reported using
stress calls to distinguish between males and females however, a quantitative assessment of this
technique is required. It is important to note that the sex of frogs with < 60 mm SVL were not
independently confirmed in this size range (e.g. dissection of more number of frogs,
laparoscopy). Therefore, it is uncertain how useful the hormonal approach is though certainly
worth exploring further.

The current study has shown that urine estrone assessment can be up to 80% successful in sexing
the FGF. Another way to increase the possibility of sexing the FGF non-invasively using the
endocrine assessment development here would be by collecting consecutive urine samples over
several days to months and using EIAs to assay them for both EC and T and finding out the ratio
of E/T. For example, Wasser and Hunt (2005) determined the accuracy of E/T ratio to
discriminate male from female northern spotted owl (Strix occidentalis caurina) and two other
related species (barred owl and great horned owl). The E/T ratio was 86% reliable at identifying
sex from any given sample. Moreover, no individual sample with a high ratio was misclassified;
all samples classified as “female” were indeed from the female. Those female samples that fell
within the male samples’ range were almost always followed by samples with “female”
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concentration within the next one or two samples. Using two or three consecutive samples thus
increased sex assignment accuracies to more than 98%. Furthermore, this method needs to be
supported by other techniques such as the non-invasive sperm recovery in frogs (measuring <
60mm) similar to the protocol of Iimori et al. (2005). Such techniques could provide a more
accurate sexing tool and therefore useful selecting mating pairs for captive breeding programmes
and for other related scientific research.

Non-invasive reproductive endocrinology allows the instantaneous assessment of the endocrine
status of the wild frogs therefore providing exciting opportunities to interrelate the physiology of
the species concerned with its natural environment. This noninvasive approach offers
extraordinary new opportunities for biologists to understand the fundamental mechanisms
associated with endocrine control of general health and reproductive success. Because endocrine
data can now be retrieved from voided urine, reproductive status can be assessed without the
sampling procedures themselves causing stress. It can play an important role in determining the
reproductive activity, including duration of active breeding phase, and the effect of season,
human interferences, and various environmental perturbations on reproductive function of
captive frogs. Eventually, these techniques may also be important for determining the status of
frogs in captivity and the effects of reintroduction on reproductive performances and animal
well-being.
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CHAPTER 6
A

UAL CYCLES OF URI E CORTICOSTERO E CO CE TRATIO S I WILD

A D CAPTIVE E DA GERED FIJIA GROU D FROG (PLATYMATIS VITIAA)

6.1 INTRODUCTION
Information about the reproductive biology of the Fijian ground frog (FGF) both in-situ and exsitu is anecdotal to date. Wild populations will continue to decline as a consequence of habitat
alteration and invasive predators, yet this species has received very little attention by the
conservation community. Establishing a self-sustaining ex-situ population can help to secure the
continued existence of this species. However, the captive-held population of the FGF at the Kula
Eco-park, Sigatoka has shown little success in breeding for almost two years. Inability of the
FGF to breed in captivity was indicative of suboptimal husbandry conditions and poor animal
well-being since enrichment of the captive environment had led to successful breeding in the
outdoor enclosure in Suva as discussed in chapter 3 of the thesis. However, the possible effects of
stress on the lack of breeding in captive frogs were not investigated. In this chapter, I aimed to
look into the stress hormonal responses of FGF both in the wild and in captivity. Analysis of
corticoids in blood or excreta can provide a physiological indicator of adrenal activity and stress
(Wielebnowki et al., 2002). However, regular blood sampling is impractical for cryptic wild
species such as the FGF. Faecal collection can also be logistically difficult, since retrieval of
voided feces requires the animals to be held temporarily in captivity. Urine enzymeimmunoassays were successfully developed in chapter six of the thesis for the assessment of
reproductive hormones in wild and captive FGF. Corticosterone (CORT) and aldosterone are the
major corticosteroids produced in vitro (Chan et al., 1969; Carstensen et al., 1961; Macchi and
Phillips, 1966; Battelle, 2004) and in vivo (Jungreis et al., 1970) by the adrenal tissue of several
species of anuran amphibians. Development of noninvasive urine glucocorticoid assessment
techniques in captive and wild FGF provides a new avenue for research on physiological stress
responses. Furthermore, the analysis of stress hormonal data of the FGF together with
reproductive behaviour and reproductive hormonal data (from chapter 5 of the thesis) are likely
to provide a more informative and integrative assessment of its physiology.
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I developed enzyme-immunoassays (EIAs) for assessment of glucocorticoids in urine of FGF in the
wild and in a small captive population. The present experiment had three goals: (1) to determine if
there was any seasonality in the concentrations of CORT in three groups (vitellogenic females, nonvitellogenic females and adult males) of wild FGF on Viwa Island, (2) to relate stress hormone
profiles with the reproductive hormone profiles of wild and captive frogs, and (3) to measure the
stress responses of the FGF to short-term capture via urine corticoid metabolite analysis over hourly
intervals after capture in the wild. Serum measures from wild frogs have indicated that they are
prone to acute stress due to short-term capture (e.g. Litoria ewingi, Coddington and Cree, 1995).

The endocrine data from the wild represents seasonal variations in a measurable urine corticoid of
the wild vitellogenic, non-vitellogenic and male FGF exposed to normal photoperiod. Since
corticoids have previously not been measured using frog urine before, two corticoid standards
(CORT and cortisol – CTSL) were compared for parallelism against FGF urine pool. This study
demonstrates the first laboratory and biological validation of CORT EIAs using frog (FGF) urine.
The treatment of a sub-population of FGF with adrenocorticotropic hormone (ACTH) was used to
biologically validate the assays, given that similar treatments raised serum measures of reproductive
hormone or corticoid levels, respectively, in other frog species (Hopkins et al., 1999, Iimori et al.,
2005, Lynch et al., 2006).

6.2

RESEARCH METHODS

6.2.1 Exogenous Hormonal Challenge
It is crucial to demonstrate that hormonal measures accurately reflect the physiological event of
interest. From a practical standpoint, it is unnecessary to determine the specific molecular
structure of the hormones being monitored in each species. However, it is critical to prove that
fluctuations in the hormonal metabolites being measured provide physiologically relevant
information. I evaluated the ovarian function of the adult female FGF and testicular function of
the adult male FGF via exogenous hormonal challenges. Physiological validation of the adrenal
function using exogenous challenge was previously not conducted in frogs but it has been
successfully used on the Galápagos marine iguanas (Amblyrhynchus cristatus) [Romero and
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Wikelski, 2005], mammals and pigs (Janssens et al., 1994) and a New Zealand gecko,
Hoplodactylus maculatus (Preest et al., 2005).

Administering a drug known to stimulate hormonal production is useful for demonstrating a
cause-and-effect relationship between its exogenous administration and the subsequent excretion
of the targeted hormone. Typically, hormone challenges include gonadotropin releasing hormone
(GnRH) to study pituitary hormones (Luteinizing Hormone - LH and Follicle Stimulating
Hormone - FSH) and subsequent androgen production, or ACTH and corticoid secretion. This
approach also clarifies the excretory lag-time between stimulation of the endocrine gland and the
appearance of its hormonal metabolites in excreta (Brown, 2006). In vertebrates, ACTH
administration mimics a natural adrenal stress response by causing a rapid rise in circulating
native CORT, followed by a return to a baseline within few hours. Therefore, the same pattern
should also occur in urine or feces with the onset of the peak excretion delayed by the speciesspecific excretion lag time (Wasser et al., 2000).

I used a pharmacological challenge with ACTH fragment 1-24 (Sigma; A-0298) conducted on
the captive FGFs (n=5) to establish whether the urine CORT assays accurately reflected acute
adrenal activation of frogs.

Corticotropins and gonadotropins were measured as indicators of the native or conjugated forms
of the steroidal and corticoid hormones the animal produces (Preest et al., 2005). Preest et al.
(2005) examined whether New Zealand common geckos H. maculatus, pregnant with embryos at
stages 34-35 of development, secreted CORT in response to ACTH and whether an ACTHinduced increase in maternal CORT affected the outcome of pregnancy. The geckos were given
an intraperitoneal (ip) injection of ACTH (fragment 1-24) in saline solution at 2.5µl/g Bwt
(equivalent to 0.446µg ACTH/g Bwt; Sigma Chemical Company, A-0298; = experimental
group). The same product was used in my study and dose of injection was calculated based on
the Bwt of frogs.

I carried out physiological validations during two months of the non-breeding phase (IBP) [May
and June 2008] of captive FGF when the level of endogeneous reproductive hormonal
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metabolites was expected to be low. The frogs were given injection in the ventral peritoneal
region (distant from the vital organs). The frogs (n=5) were brought from Viwa Island on 6th of
March, 2008 and these frogs were maintained separately in a captive enclosure and acclimated in
the enclosure settings for one month prior to the hormonal challenges. The cohort of frogs used
for the longitudinal captive hormonal assessment study were not used for exogenous hormonal
treatments as this might affect their adaptation and behaviour in captivity and therefore affecting
results of longitudinal hormonal assessment. Two male and three female frogs were used for the
stress hormonal challenge. Given the interests of minimising the number of invasive procedures
(injections) performed on individual frogs, only 5 frogs (3 female and 2 male) were used for the
stress hormonal challenge study.
For urine CORT validation, pre-injection urine samples were collected daily for a week in the
captive female and male FGF. I administered ACTH at 2.5µl/g Bwt (equivalent to 0.446µg
ACTH/g Bwt; Sigma Chemical Company, A-0298; = experimental group) in saline vehicle
(0.9% NaCl) using a 1ml sterile syringe. The hormonal concentration results were averaged for
the 5 frogs and raw data for response in each frog was also shown. Dose calculation is provided
in appendix A.

After the ACTH challenge, the frogs were rested for three weeks so that all metabolic and adrenal
functions of the frogs could return to baseline.

The sample size for the hormonal challenge was not enough to conduct robust statistical analysis
(based on power analysis performed using the web-based calculator “PiFace” (see
http://www.stat.uiowa.edu/~rlenth/Power/), My aim was to adopt procedures of Young et al.
(2004) where even smaller sample sizes (n=1) were used. Stress hormonal responses to
stimulation with ACTH were expressed as a percentage of the pre-treatment baseline, with the
baseline value being equivalent to 100% (Young et al., 2004).
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6.2.2 Urine Enzyme-immunoassay
Reagents were obtained from the Clinical Endocrinology Lab at the University of California at
Davis to develop and run CTSL (R4866) and CORT (CJM06) EIAs on the same FGF urine samples
that were assayed for the reproductive hormones (cf. Chapter 5). Both CORT and CTSL assays
were developed for the first time to measure stress hormone metabolites in frog urine. A
checkerboard titration was done to determine the appropriate antibody and HRP dilutions to be
used for each assay. The plate maps for both CORT and CTSL checkerboard titrations have been
provided in the appendix (A). Based on the appropriate dilution ratios calculated from the
checkerboard titrations (Appendix A), concentrations of urine CORT were determined using a
polyclonal anti-CORT antiserum (CJM06) diluted 1:45000, HRP-conjugated CORT label diluted
1:120000 and CORT standards (1.56-400pg/well). Concentrations of urine CTSL were determined
using a polyclonal anti-CTSL antiserum (R4866) diluted 1:15000, HRP-conjugated CTSL label
diluted 1:80000 and CTSL standards (1.56-400pg/well). Samples were assayed on Nunc
MaxiSorpTM plates [96 wells] and in duplicate. Dilution of sample was determined by parallel
displacement curves that were based on the concentration of pooled neat urine sample that
resulted in 50% of the maximum binding of the label in the given assay system (%B/TB). I reassayed as necessary when (a) sample duplicates produced divergent estimates, (b) plates
produced bad curves or internal controls outside the expected range, or (c) the dilution produced
optical density higher or lower than the standard range.

For details on the enzyme-immunoassay and creatinine assay methods, see Chapter 5.

6.2.3 Laboratory Validation

Laboratory validations of urine EIAs were achieved by demonstrating:
(1) Parallelism between serial two-fold dilutions of pooled urine extracts (neat, 1:2, 1:4, 1:8,
1:16, etc. 1:512) and the respective standard curves.
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Parallelism is a way of determining if the assay is actually measuring what it should be
measuring (Brown et al., 2003). It can also tell what dilution (50% binding) of sample to use for
the assay. I conducted parallelism using samples that were >500µL in total volume.

A parallelism of the FGF urine samples from the wild and in captivity was conducted against both
CTSL and CORT standards before assaying the urine samples to find out the percentage binding
with respect to standard hormone. This method was used to select the suitable corticoid for
assessment stress in frogs.

The standard plate maps for EC R522-2, P CL425, T R156/7, CORT CJM06 and CTSL (R4866)
and volume of sample used for parallelism are provided in appendix (A).

6.2.4 Stress Hormonal Profiles
Assessment of urine corticosterone metabolite concentrations was done each month in wild males
exposed to normal photoperiod. Similarly, assessments of urine corticosterone were done each
month in wild vitellogenic and non-vitellogenic female FGF exposed to normal photoperiod on
Viwa Island.

The mean monthly concentrations of urine corticosterone in wild males were statistically tested
to discriminate between the two phases of breeding (active breeding phase and non-breeding
phase) on Viwa Island. The active breeding phase was assigned from July to January and the
non-breeding phase was assigned from April to June based on the inspection of underbelly
vitellogenic follicles of wild females (see chapter 2). The mean monthly concentrations of urine
corticosterone in wild vitellogenic and non-vitellogenic females were also tested to discriminate
with the changes in reproductive status and the two phases of breeding assigned on Viwa Island.

Longitudinal assessment of urine corticosterone concentrations in three captive male FGF that
were maintained in captivity and exposed to semi-natural photoperiod was undertaken to evaluate
male adrenal function. Longitudinal assessment of urine corticosterone concentrations from four
adult female FGF that were maintained in captivity and exposed to semi-natural photoperiod was
undertaken to evaluate female adrenal function. Data are presented from two females that were
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vitellogenic and two other females that remained non-vitellogenic. The latter two females had
bred during the previous year in captivity.

6.2.5 Acute Stress Measurements
I conducted this experiment on Viwa Island in December 2007. The primary aim was to
investigate the urine CORT responses to short term capture in wild frogs. I intended to collect
sequential urine samples over minutes and hours from individual frogs. The following sampling
protocol was used for this field measurement:

A) FGF (10 adult male and 10 adult female) were captured around 0800h to 1100h on Viwa (see
chapter two for field site descriptions). Urine samples were collected according to the methods
explained in chapter 2 of the thesis. The time of actual urine sampling for each frog was
recorded. This was the 0 min sample.

B- Each frog was then placed in a zip lock bag and transported to the village field station and
urine samples were collected from each frog at 30 minute intervals over a period of 8 hours.

All urine samples were stored in labelled Eppendorf tubes and kept in dry ice and were
transported to the USP and transferred into a -80oC freezer until lab assays were done. A total of
8 wild male and 11 vitellogenic female urine samples were collected. Reproductive status and
morphometrics were also recorded in this experiment.

6.2.6 Statistics
All data are expressed as mean ± S.E. Statistical analyses were carried out using the Gen Stat
software version 5 and graphs were plotted using the Prism software. The three groups of wild
FGF included (1) vitellogenic females, (2) non-vitellogenic females and (3) wild males. The
individual urine corticosterone values were log transformed to account for departures in
normality of residuals before the ANOVA was performed on the mean values. The log
transformed concentrations of urine corticosterone were analyzed using One-way ANOVA (since
these were non-repeated measures) to find out any effect of months on the stress hormonal
concentrations.
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The mean monthly urine corticosterone concentration for groups 1, 2 and 3 were grouped into the
active (July to January) and inactive phases (April to June) of breeding. These two groups were
then compared using an unpaired two sample t test to find out any seasonal effect of the urine
stress hormonal metabolite concentrations. Furthermore, the mean monthly concentrations of
urine corticosterone and reproductive hormonal metabolites (testosterone, estrone conjugate and
progesterone; chapter 5) were compared using correlation coefficient analysis.

For the captive frogs, sample sizes were not large enough for conducting any robust statistical
comparisons of month to month changes in stress hormone profiles. Thus, urine corticosterone
profiles of individual captive male and female frogs were shown as linear graphs together with
descriptive statistics. Line graphs were plotted to show the changes in urine corticosterone
concentrations of adult wild males and wild females with respect to hourly intervals of short-term
capture. The data were partially repeated measures. A Kruskal-Wallis non-parametric ANOVA
was used for analysis.

6.3

RESULTS

6.3.1 Hormonal Challenge

For the biological validations, the frogs (n=5, 3 female and 2 male) responded physiologically to
adrenocorticotropic challenge (Fig. 6.1A and 6.2B) with a mean baseline (± SEM) urine
corticosterone concentration of 22.5 ± 4.8 pg/µg Cr (n=6 days before challenge) and a peak in
mean urine corticosterone concentration of 128.6 ± 28.6 pg/µg Cr within 6, 24 and 48 hours after
the challenge. Thus the rise in mean urine corticosterone concentration in response to hormonal
challenge in male frogs was 608%.
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Figure 6.1A Mean concentrations of urine CORT in FGF (n=5) before and after challenge with
ACTH and 6.1B mean concentrations of urine CORT of individual FGF (n=5) before
and after challenge with ACTH. Sex of frog has been provided in the key.
Note: Urine samples were collected 6 hours after ACTH injection thus this accounts for values
not being aligned with day 0.
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6.3.2 Parallelism Graphs
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Figure 6.2A Parallelism between serially diluted pool of captive (C) FGF urine pool against
corticosterone (CORT standard and 6.2B captive FGF urine pool against cortisol
(CTSL) standard after CORT and CTSL enzyme-immunoassay respectively.
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Dilution rates of FGF urine were based on the concentration of pooled samples that resulted in
50% binding. Dilution rates of samples were: undiluted for T in males; 1:10 for EC for females
and 1:4 or 1:3 for males; 1:2 for P in females and neat or 1:2 for CORT in males and females.

6.3.3 Wild Stress Hormone Profiles
Concentrations of urine CORT metabolites were significantly different among the 10 months of
endocrine sampling for wild vitellogenic females (ANOVA, F=5.56, df=9, 41, p<0.001, n=51,
Fig. 6.3A). However, statistical analysis showed that the mean concentration of urine CORT
were not significantly different [t=1.12, df=48.43, P=0.27] between the active breeding phase
(mean concentration of CORT = 166.8±55.7pg/µg Cr) and inactive phases of breeding (mean
concentration of CORT = 83.2±20.2 pg/µg Cr).

For wild non-vitellogenic females (n = 46), the mean concentrations of urine CORT were not
significantly different among months [ANOVA, F = 1.27, df=9, 36, p=0.284; Fig. 6.4A]. The
mean concentrations of urine CORT metabolites were not significantly different between the
active and non-breeding phases [t = -0.07, df = 44, P = 0.942].

As shown in Fig. 6.3A for wild vitellogenic females, the concentration of urine corticosterone
was higher at the beginning of the active breeding phase. It also corresponded to high
concentrations of urine estrone conjugate metabolites within the active breeding phase but not to
urine progesterone hormonal metabolites (Fig. 6.3B). Correlation coefficient analysis showed a
positive relationship between changes in urine CORT metabolites with respect to changes in
urine EC hormonal metabolites (r=+0.218, p < 0.01) while there was a negative relationship
between changes in urine CORT metabolites and changes in urine P metabolites (r=-0.103, p <
0.01).
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Figure 6.3A Mean ± SEM monthly concentrations of urine corticosterone and estrone conjugate
and 6.3B the mean ± SEM monthly concentrations of urine CORT (n = 10-15 frogs
per month) and P in wild vitellogenic females (See E and P data from chapter 5).
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Figure 6.4A Mean ± SEM monthly concentrations of urine corticosterone and estrone and 6.4B
mean ± SEM monthly concentrations of urine CORT and P in wild non-vitellogenic
females (n= 10-15 frogs per month). See E and P data from chapter 5.
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The concentrations of urine corticosterone metabolites were significantly different among
months (ANOVA, F = 3.93, df = 9, 19, p = 0.006) for wild males (n=31, Fig. 6.5). Furthermore,
there was a significant difference in mean concentrations of urine corticosterone between the two
breeding phases (t = 4.25, df = 27, P < 0.001). The mean concentration of corticosterone was low
(58.4 ± 20.2 pg/µg Cr) during the months of August throughout to January (active breeding
phase) whereas the concentration was higher (207.0 ± 78.3 pg/µg Cr) during the months of April
to July (non-breeding phase). Higher concentrations of urine corticosterone (>100 pg/µg Cr)
were recorded during the months of April, May and June [non-breeding phase] (Fig. 6.5). The
concentrations of CORT are much higher during the non-breeding phase in comparison to
concentrations of T in wild males. Correlation coefficient analysis showed a negative

Testosterone and corticosterone Testosterone and corticosterone
(pg/ug creatinine)

relationship between CORT and T (r=-0.467, p<0.01)

T level were
higher during the
ABP

CORT level
were higher
during the IBP

Testo
Cort

400

200

0
Apr

Jun

Aug

Oct

Dec

Feb

Apr

Month
Testo

Figure 6.5 Mean ± SEM monthly concentrations of urine CORT and T metabolites in wild male
FGF (n = 10-15 frogs per month).

175

Annual cycles of urine corticosterone concentrations in wild and captive endangered Fijian
ground frogs (Platymantis vitiana)
6.3.4 Captive Longitudinal Hormone Profiles
The mean concentration of urine corticosterone metabolites for captive males (n=3) was 52.3 ±
13.3 pg/µg creatinine during the active breeding phase whereas it was 56.3 ± 14.0 pg/µg
creatinine during the non-breeding phase. The mean (± SEM) monthly concentration of urine
corticosterone metabolites in the captive male FGF are shown in Fig. 6.6 and the mean monthly
concentration of urine corticosterone metabolites in individual captive females (together with
urine estrone conjugate and progesterone hormonal metabolite profiles) are shown in Fig. 6.7.
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Figure 6.6 Mean ± SEM monthly concentrations of urine CORT and T metabolites in captive
male FGF (n=3)
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As shown in Fig 6.7, Female 1 cycled during the active breeding phase and it had the presence of
developing underbelly oocytes. Female 1 also showed a peak in urine P metabolites during the
ABP. However, female 1 then retained underbelly oocytes diagnosed during reproductive
assessment and this was also followed by a peak in urine CORT metabolites (306.06pg/µg Cr)
and a fall in both estrone and progesterone.

As shown in Fig 6.7, Female 2 also cycled with high peaks in both urine EC and P concentration;
however, female 2 also retained oocytes and both EC and P peaks declined. There was a peak in
urine CORT metabolites (314.31pg/µg Cr) during this event.

As shown in Fig 6.7, Female 3 began to cycle during the active breeding season but female 3 did
not show any signs of oocyte development and there were three peaks in urine CORT
metabolites (ranging from 108.9-373.32pg/µg Cr) during the ABP.

As shown in Fig 6.7, Female 4 did not show any signs of underbelly oocyte masses during the
active breeding phase and hence it probably never cycled. Female 4 did not show marked
changes in urine EC and P hormonal metabolites and there was a peak in urine CORT
metabolites (314.44pg/µg Cr) during the active breeding phase.
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Figure 6.7 Mean monthly urine estrone conjugate, progesterone and corticosterone metabolite concentrations in four captive
female FGF: A- Female 1; B- Female 2; C- Female 3; D- Female 4. Vertical arrow indicates time during which
underbelly oocytes became apparent. Female 4 did not show any vitellogenic oocytes
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6.3.5 Acute Capture Experiment

There was an acute stress response shown within 3 hours of short-term capture of
adult wild male FGF (n=8) with mean concentration of urine CORT metabolites
higher than baseline of 10 minutes at 3-4 hour interval of short-term capture (Fig. 6.8).
There was significant acute stress response shown within 10min to 3-4, 5-6, 7-8.5hrs
of short-term capture of the wild frogs (Table 7.1, Appendix A). However, the
difference was not significant between consecutive hourly intervals (10-min vs. 2-3hr,
2-3hr vs. 3-4hr, 3-4hr vs. 4-5hr, 4-5hr vs. 5-6hr, 5-6hr vs. 6-7hr, 6-7hr vs. 7-8.5hr
(Appendix B).

The adult wild vitellogenic female FGF (n=11) showed mean concentration of urine
CORT metabolites higher than baseline of 10 minute after 3-4hr interval of short-term
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Figure 6.8 Relationship between concentrations of urine corticosterone metabolites
and time since capture in individual wild male FGF (n=8)
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Figure 6.9 Concentrations of urine corticosterone metabolites in individual wild
vitellogenic female FGF at 3-4, 4-5, 5-6, 6-7 and 7-8.5 hour intervals

The results indicate that both the wild male and vitellogenic female FGF responded in
a similar fashion to short-term confinement with a rise in concentration of urine
corticosterone metabolites within 3 hours of capture.
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6.4 DISCUSSION
This study provides the first record of corticosterone metabolites in the urine of the
FGF both in the wild and in captivity. Non-invasive glucocorticoid assessment can be
used as an effective tool for the assessment of various aspects of the reproductive
biology and management of both free-living and captive frogs. The wild vitellogenic
female FGFs had higher mean concentrations of urine corticosterone in comparison to
the non-vitellogenic females. One reason for the higher CORT concentrations in
vitellogenic females is the energetic costs associated with breeding (Emerson, 2001).
Studies by Wilson and Wingfield (1994), Zerani and Gobbetti (1993) indicated that
the positive relationship between stress and reproduction fall into two categories. The
first is a seasonal increase in baseline levels of CORT associated with the onset of the
reproductive season. This elevation appears to be long-lasting (weeks to months). The
second is a more pronounced increase in CORT which coincides with energetically
demanding reproductive behaviours. Female frogs have higher baseline CORT
concentrations during reproduction but not post breeding because the vitellogenic
females need to catabolize different energy reserves to maintain the oocytes they are
carrying (Wilson and Wingfield, 1994; Moore and Jessop, 2003). The stress
endocrinology of female anurans is more complex than that of males, and so its
relationship to reproductive behaviour is more difficult to understand (Wilczynski et
al., 2005).

The concentrations of mean monthly urine corticosterone metabolites in wild males
were lower during the active breeding phase in comparison to the non-breeding phase.
On the other hand, mean monthly concentrations of urine testosterone hormonal
metabolites were higher during the active breeding phase and lower during the nonbreeding phase. This observation can be discussed in relation to the theory that free
molecules of the stress hormone CORT “free CORT or active form of CORT” in the
blood is regulated when CORT molecules combine with binding globulins.
Interestingly, T also combines with the same binding globulin (Deviche et al., 2001).
Therefore, high levels of T, naturally occurring in the breeding season may bind to
these globulin proteins therefore providing a negative feedback mechanism which in
turn reduces the production of corticosterone by the adrenal gland during the active
breeding season. This sequence could also be an adaptive mechanism for male frogs
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to help increase their immunity to diseases, which is normally low when circulating
corticosterone concentrations are high (Duellman and Trueb, 1994). Furthermore, the
inter-individual variation in the mean urine corticosterone metabolites in male FGF
could also be due to the differences in energy required or expended during calling in
individual male frogs and Emerson and Hess (2001) have shown that inter-individual
variation can exist in the level of performed vocalization and calling effort in male
frogs of the same species. Male FGF are capable of calling during the breeding season
(pers. observ), therefore it would be interesting to further study the energetics of
vocalizations with respect to changes in corticosterone throughout the breeding cycle.

The assessment of urine corticosterone in captive female FGF showed interesting
results. Stress may have played a role in the failure of females to breed successfully in
captivity. Concentrations of urine corticosterone metabolites in captive females
increased with respect to declines in concentration of urine estrone conjugate and
progesterone and furthermore oocyte retention was observed. CORT acts as a potent
and rapid suppressor of reproductive behaviours during periods of acute stress, such
as sudden climatic changes in a captive environment, in amphibians (Moore and
Jessop, 2003). Further studies are required to investigate the potential factors that may
be acting as stressors in the captive environment, such as enclosure designs,
husbandry routines, human disturbances and other health related factors such as
diseases and emaciation leading to high mortality rates in captivity.

The inter-individual variation in urine corticoid concentrations was high in both
captive males and females and this may, in part, reflect the inherent variability of an
individual’s ability to cope with the captive situation. Similar observations have been
made during stress assessment studies involving captivity of mammals (Wielebnowski
et al., 2002). It may also to some extent be a reflection of intra-individual metabolic
variation (Wielebnowski et al., 2002).

There was also a sex difference in mean urine corticosterone metabolites, with
vitellogenic females as well as non-vitellogenic females producing consistently higher
average concentrations than males. Sex differences in adrenocortical activity are not
uncommon and have been observed in rodents (Kitay, 1961; Heinsbroek et al., 1991],
dogs (Gray, 1971), leopards (Wielebnowki et al., 2002) and humans (Handa and
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McGivern, 2000). Sex variation may also reflect underlying differences in steroid
metabolism, excretion routes, and pituitary responsiveness (Handa and McGivern,
2000). In support of this point, the ACTH challenge results provided by my study
showed observed sex differences in the intensity of adrenal response (Fig 6.1B).

This study has also showed that acute capture stress increases in urine corticosterone
concentrations within 6 hours of short-term confinement. In amphibians, plasma changes
in corticosterone with respect to short-term capture have been well documented (Licht et
al., 1983; Moore and Zoeller, 1985; Paolucci et al., 1990; Zerani et al., 1991).
Coddington and Cree (1995) measured the plasma concentrations of CORT in
vitellogenic (females with oocytes detected by visual examination through the ventral
skin) female frogs (Litoria ewingi) to examine their response to short-term captivity.
The results showed that at 24 h after capture the mean plasma CORT concentration in
vitellogenic female L. ewingi was 13.8 + 3.9ng/ml. Acute capture stress resulted in a
six fold increase in plasma CORT concentration. Acute stress response studies have
also been conducted on reptiles. Mathies et al. (2001) studied the subsequent effects of
handling and trapping on the plasma concentrations of CORT in brown tree snakes
(Boiga irregularis). Snakes in the free-ranging group were collected at night while
trapped snakes were sampled during the day. Preliminary regression analysis
conducted for each sex within the free-ranging group and the trapped groups that were
bled in the day revealed no cases where concentration varied significantly with the
time of day. Mathies et al. (2001) demonstrated a brief residence in a trap induces
acute stress response in brown tree snakes. Removal of snakes from traps followed by
confinement in a bag for 10 min elicited a further marked increase in plasma CORT.
The proximate causes for the observed elevation of plasma CORT in snakes in traps
was unknown. They found that effect of stressor was not cumulative since CORT
concentration did not increase with longer trap residence times.

In conclusion, the results from this chapter show that urine corticosterone metabolites
assessment can provide a useful tool for evaluating the adrenal function in FGF, and
when used in combination with reproductive behaviour data, it can become a powerful
management tool. The FGF is a good example of a frog species whose management
could greatly benefit from the kinds of analyses validated in this study. The FGFs are
declining rapidly from disturbances to natural habitats, presumably from a variety of
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pressures that are difficult to partition and therefore mitigate. Yet, this species tends to
exist naturally in the presence of biological disturbances such as the invasive cane
toad on Viwa Island. More sensitive measures are needed whose responses can be
readily interpreted. Non-invasive physiological measures of stress and reproductive
health hold great promise because, unlike behaviour, these physiological responses
should occur whenever the frog is disturbed, providing a more quantitative, less
subjective measure of disturbance impacts. This makes non-invasive physiological
indices particularly useful for assessment of the relative impacts of disturbance,
delineating the pressures that most need mitigation as well as tracking the
effectiveness of such mitigation efforts. Moreover, acquiring such measures,
accurately but non-invasively, will reduce any confounding stress created by
incidental disturbance associated with invasive sampling such as blood draw, while
also permitting a higher sample size. Fortunately, there is a chemical trail in urine
samples and my thesis can be used as guide for future assessment of a host of
physiological responses from a single sample. The endocrine technique can be linked
with immunological and genetic measures to create wealth of knowledge on the
biology of the FGF that could contribute towards their conservation.
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CHAPTER 7
CO CLUSIO A D RECOMME DATIO S FOR FUTURE RESEARCH

7.1 GENERAL DISCUSSION

The results presented in the five core chapters of my PhD thesis were the product of
three years of simultaneous field and lab based study on the breeding, development
and reproductive endocrinology of the endangered Fijian ground frog [FGF]
(Platymantis vitiana). Various aspects of reproductive biology and ecology of the FGF
were also studied during the 10 months of endocrine sampling on Viwa Island.
Captive management of the FGF (n=10) was undertaken from April 2006 throughout
to July 2008 in a purpose-built outdoor enclosure based at the University of the South
Pacific, Suva. For the endocrine assessment, urine samples from the FGF were
collected from Viwa Island and in captivity over period of 10 months. Enzymeimmunoassays were developed for the assessment of reproductive and stress hormonal
metabolites in FGF urine. These samples were analyzed for reproductive steroid
hormonal metabolites (Testosterone for male frogs and estrone conjugate and
progesterone for female frogs) and stress hormone (corticosterone in both male and
female frogs). Laboratory enzyme-immunoassays (EIA) were conducted at the
Landcare Research Lab based in Auckland, New Zealand from August until October,
2008. All statistical analyses for the endocrine work were done using the Gen Stat
software and graphs were plotted using Prism Graphpad software, Inc. The collection
of urine samples of the FGF and regular assessment of the reproductive status and
morphometrics of frogs, both in captivity and in the wild, were used as the basis for
developing a comprehensive strategy for obtaining reproductive behaviour data.
Hormonal

challenges,

using

human

chorionic

gonadotropin

hormone

and

adrenocorticotropic hormone for stress hormone, were conducted on a separate sample
of captive frogs for full biological validations of the EIAs. The discussion begins with
brief summary of the main results from each of the chapters of this thesis
(reproduction

and

ecology;

captive

propagation;

embryonic

development;

reproductive hormones; stress hormones) and then major recommendations for future
research work and conservation actions are provided.
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7.1.1 Reproduction and Ecology

The main result of the reproduction and ecology chapter was the identification of the
two distinct seasons within a natural population of the FGF. This was done to enable
for statistical analysis for comparison of the monthly reproductive steroid hormonal
samples. The active breeding season was selected from August throughout to January,
months with sustained rainfall. The non-breeding of the FGF was assigned within the
drier and hotter months of April to July. (These months corresponded with hot and dry
weather conditions). The two phases of breeding were assigned based on the
inspection of underbelly oocytes of wild females. Vitellogenic females had
vitellogenic follicles measuring > 2mm in diameter, the smallest female with this
value measured 60.1 mm in SVL (thus this coulld be the possible age at maturity).
Those frogs with SVL > 60 mm and with vitellogenic follicle < 2mm in diameter
were assigned as non-vitellogenic. Frogs measuring < 60mm in SVL and without any
vitellogenic follicle were assigned as possible male. Furthermore, the stress calls
produced were also used to verify sex; a soft bird-like chirping call was for males
(confirmed sex via dissection of few individuals) and louder dog-barking-like call was
for females (confirmed sex via dissection, see Chapter 2). Both vitellogenic and nonvitellogenic females were observed throughout the year, which was the only data
supporting the possibility that breeding in the FGF is continuous rather than annual.
However, no eggs were discovered during the first half of the year i.e. during the dry
and cold months. Furthermore, results showed that more vitellogenic females with
larger vitellogenic follicles were found during the latter half of the year i.e.,
coinciding with sustained rainfall months. Eggs were discovered on Viwa Island
during the summer month of December. The basic understanding was that rainfall was
necessary for provision of breeding sites and during this period there were sufficient
prey items necessary for the recruitment of newly hatched frogs (after 5 days yolk
absorption cf. Chapter 4).

The largest size of vitellogenic follicles/ovarian oocyte was observed within the active
breeding phase and this corresponded to period of sustained rainfall. During this
period, many females observed had large oocytes within the oviduct rather than
developing vitellogenic follicles (pers observ). This observation indicated that the
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females most likely reach the later stages of vitellogenesis and release their eggs
during the active breeding phase. Froglets measuring 8-10mm in SVL were also
observed during the active breeding phase on Viwa Island, whereas metamorphs <
11mm SVL and juveniles < 25mm were more common during the non-breeding
phase. All these informations strongly support the possibility of FGF being an annual
breeder.

7.1.2 Captive Breeding

The results of the captive breeding study showed that the FGF can easily be
stimulated to breeding under natural conditions within an outdoor enclosure with
provision of good quality food and natural substrates. The various recommendations
from the captive breeding study are provided in Appendix A.

Non-vitellogenic females carried underbelly follicles measuring < 2mm in diameter
both during the active breeding phase and non-breeding phase. It is possible that the
female Fijian ground frog releases one egg clutch per breeding season. The captive
females (n=2) which released only one egg clutch (av. 40-60 eggs) during the latter
half of the year (pers. observ). Most possibly, the vitellogenic follicles begin to
develop in females as the active breeding phase commences, which coincides with
period of sustained rainfall, increased concentration of urine estrone and progesterone
metabolites. Male frogs were those frogs with SVL measuring < 60mm in diameter.
These frogs did not have any vitellogenic follicle.

7.1.3 Embryonic Development

This thesis presented the first detailed illustration of embryonic development in the
Fijian ground frog (Platymantis vitiana). The metamorphosis of the FGF took 29 days
and at relative humidities ranging from 95-100% and ambient temperatures between
26.5-28oC. The importance of appropriate substrate moisture, constant vs. varying
temperature need to be studied further in order to improve the egg incubation
conditions and increase hatchability of froglets.
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7.1.4 Urine Reproductive Steroid Hormone Metabolites
At this point it is important to discuss about the non-invasive enzyme immunoassays
that were developed for the measurement of urine reproductive steroid metabolites in
the FGF. Results showed that there was an annual cycle of testosterone metabolites in
wild male frogs, with highest concentrations during the wet months from October to
January and low concentrations throughout the drier months (April to August). Wild
vitellogenic females also had annual steroid cycles, with peak estrone and
progesterone concentrations from August and September to December and a marked
decline in concentrations by January. Patterns of steroid concentrations in wild nonvitellogenic females differed from those of vitellogenic females, with low
concentrations of estrone metabolites from April to June, a rise in August to a peak in
September and a steady decline thereafter. Mean progesterone metabolite
concentrations generally declined during the study period. The results indicate that
male and female Fijian ground frogs have annual cycles of gonadal growth and
regression, with increased gonadal activity during spring and summer (Fijian wet
months i.e. active breeding phase).

Most tropical and subtropical species are capable of reproduction throughout the year
and rainfall is the primary extrinsic factor controlling the timing of reproductive
activity (Duellman and Trueb, 1994; de A Prado, et al., 2005). Periods of sustained
rainfall generally favour breeding in terrestrial frogs because of the availability of
suitable oviposition sites, abundance of insect prey and low predation risks (Duellman
and Trueb, 1994). According to Eterovick and Ferreira (2008) breeding success of
frogs reflect highly coordinated responses of males and females when selecting
breeding habitats and microhabitats that aid in offspring survivorship and
development. Furthermore, Jensen at al. (2003) found that the reproductive effort of
the rare Gopher frog (Rana capito) was positively associated with rainfall during the
breeding season.

Vitellogenic females were found throughout the year on Viwa Island. However, more
vitellogenic females with large underbelly oocytes were observed during spring and
summer than during cold and dry months. Amplexus mode was not observed, but
nests were discovered late in the summer and metamorphs were observed in February
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and March on Viwa Island. These findings correspond to the decline in reproductive
steroids in adult frogs after January indicating completion of an annual breeding
season. From my study, it is likely that adult male Fijian ground frogs undergo annual
cycles of testicular growth and regression which correspond with annual cycles of
testosterone metabolites. The wild males also had increased nocturnal activity and
frequent mating calls during spring and summer (Narayan et al. 2008). The inference
from the current study is that mating likely occurs from spring to mid-summer when
reproductive steroid concentrations are high. Lynch and Wilczynski (2005) showed
that female Tungara frogs had high circulating plasma estrone and progesterone levels
during breeding and elevation of these hormones occurred when the females had
mature oocytes. Although breeding ceases in the Fijian ground frog in late summer
when steroid levels decline yet rainfall is still relatively high, it is during this time that
egg incubation and metamorphosis occur (see Chapter 2 reproductive ecology data).

Seasonal reproductive patterns have been observed in tropical frog species in Central
America and the Amazon basin of South America (e.g. Eleutherodactylus
brandsfordii in which growth of metamorphs occurs during the dry season). The
availability of arthropod prey items and the severity of dry periods in the Amazon
basin limits the ability of terrestrial frogs to reproduce successfully, while in Central
America a more benign dry season, while strong enough to create distinct seasonal
trends in the phenology of rainforest animals, is not strong enough to prohibit frogs
from recruiting metamorphs during the dry season (Watling and Donnelly, 2002).
Based on my results, Fijian ground frogs are seasonal breeders with increased
reproductive steroid concentrations in spring and mid-summer followed by a decline
in steroid concentrations after egg laying. Body weight of males is lowest in cold, dry
months and highest in females during summer when egg laying peaks. Breeding
occurs during the wetter time of year when prey availability is maximal, and frog
recruitment is most active towards the end of summer when suitable nesting sites are
available.
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7.1.5 Seasonal timing of reproduction in the Fijian ground frog
The entire information based on reproduction, ecology and reproductive
endocrinology of the FGF led to the conclusion that it is an annual breeder. This
annual pattern of seasonality suggests the frogs may be photoperiodic, long day
breeders. According to Bradshaw and Holzapfel (2007) photoperiodism is the ability
of organisms to assess and use the daylength as an anticipatory cue to time seasonal
events in their life histories such as breeding. Photoperiodism associated with
seasonal breeding occurrence has been reported in neotropical frogs of Brazil (Both et
al., 2008). The Fijian ground frog may undergo gonadal growth in spring in response
to increasing daylengths, and then become photorefractory and undergo gonadal
regression whilst daylengths are still long in mid-summer, which occurs
simultaneously with periods of sustained rainfall. Rainfall may then provide
supplementary information that initiates the final stages of gonadal growth and then
egg laying similar to behaviour observed in birds (Wingfield, 1980).

In Fiji, the wet season begins in November and lasts until April. During this time it is
hot and humid with almost daily late afternoon downpours on the islands. As the heat
accumulates over the Pacific Ocean, depressions can form bringing torrential rain,
strong winds and the occasional tropical cyclone. Sustained rainfall leads to increases
in ground invertebrates which are food for frogs, and creates suitable nesting sites.
Hauselberger and Alford (2005) indicated that the initiation of mating calling in
tropical Australian microhylid frog, Austrochaperina robusta was affected by rainfall
and continuation of calling by rainfall and humidity. After oviposition, the
metamorphosis of Fijian ground frog embryo requires 29 days at constant temperature
of 26.5-28oC. Most of the early hatched froglets are found in January and February
towards the end of the wet season (Narayan et al., 2008). The captive frogs had peak
steroid concentrations at same time as wild frogs. Females carrying visible oocytes
had higher estrone and progesterone concentrations than females without visible
oocytes. Despite the provision of good quality food and environmental enrichment,
captive females retained oocytes during the breeding season, possibly because of
regular handling of the frogs for sampling. Thus handling of the captive males and
females should be minimized especially during the breeding season so that the frogs
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can breed successfully and stress is maintained at minimum (Bell et al., 2004; Browne
and Zippel, 2007).
Seasonal timing of reproduction in the wild FGF

Steroid hormones
Reproduction

Results (What is known)
• More vitellogenic
females observed
during the active
breeding phase

•

•

•

Larger vitellogenic
follicles (> 2mm in
diameter) observed
during the active
breeding phase
Discovery of egg nests
in captivity during the
active breeding phase
Breeding took place
both in the wild and in
captivity within the
active breeding phase
(eggs were discovered)

Ecology and environment

Results (What is known)
• Higher concentrations of
urine estrone conjugate
and progesterone during
the active breeding phase

•

Lower concentrations of
urine estrone conjugate
and progesterone during
the non-breeding phase

What is still not known?
• Reproductive steroid
hormonal metabolites
need to be assessed over
two reproductive years for
the confirmation of trends
• Sperm induction and
ovulation using
exogenous hormone
challenge

What is still not known?
• Mode of amplexus?
(Inguinal or axillary, none)

Results (What is known)
• Increased nocturnal
activity and calling during
the active breeding phase

•

Higher mean daily rainfall
during active breeding
phase both in the wild and
in captivity

What is still not known?
• How long does
development of froglet to
adult take?

•

Possible vulnerabilities
faced by froglet in the wild
during recruitment such
as the invasive ant attack
as witnessed in captivity

•

How many clutches
does a female lay per
reproductive year?
(One, two, multiple)

ANNUAL BREEDER

•

How long does
vitellogenesis take?
(Probably one reproductive
season)

•

What size does the
follicle diameter reach
before ovulation?
(Requires laparoscopy,
confocal microscopic
studies)

Figure 7.1 Diagram summarising what is now known about the seasonal
timing of events in the reproductive cycle of wild frogs
(FGF). The italicized sentences show the questions/work that
remains to be done and possible ways of how they might be
answered in future.
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7.2 Recommendations

The non-invasive assessment of reproductive and stress hormones of the FGF using
urine enzyme-immunoassays demonstrated the ability to monitor the ovarian and
testicular endocrine function in male and female FGF with minimal disturbances. The
knowledge gained from this study will greatly improve our understanding of the role
of the endocrine system (hypothalamus pituitary gland and hypothalamus adrenal
gland) in influencing the breeding cycle of the FGF. Non-invasive endocrine
monitoring can also be used to assess the success or failure of captive breeding
programmes by monitoring the longitudinal changes in reproductive and stress
hormonal metabolites of captive individuals and comparing these hormonal changes
with the reproductive status and behaviour. Urine samples can easily be collected
from both wild and captive individuals and the advent of direct enzymeimmunoassays allows the assessment of conjugated metabolites of reproductive and
stress hormones without further processing. The enzyme-immunoassay (EIA) systems
employed in this study are very readily available and cheap. The endocrine changes
were well estimated with the reproductive status of captive and wild frogs. Urine
EIAs for reproductive hormonal metabolites namely estrone conjugate and
progesterone in females and testosterone in males can used be to track the timing of
vitellogenesis and ovulation in female frogs and gonadal function in male frogs. For
the captive population, non-invasive endocrine assessment provided useful
information on the changes in reproductive and stress hormonal metabolites of the
FGF throughout the year. Furthermore, the establishment of endocrine basal levels for
male and female FGF over a long-term period allows for recognition of any
disturbances in these patterns in future analyses of individual reproductive function.
Thus, urine steroid analysis may aid in the diagnosis of possible causes of
unsuccessful breeding in captivity. For example, the oocyte retention behaviour of
captive females was most likely due to frequent handling and this observation
corresponded with an increase in urine corticosterone metabolites and fall in both
urine estrone conjugate and progesterone metabolites. Therefore, non-invasive EIAs
provided very good physiological indicator of the performance of the individual frog
in captivity.
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Urine hormone analysis goes beyond just captive populations. It is a useful tool for
monitoring in situ populations, particularly translocated stocks or reintroduced
populations or areas where some sort of management is occurring. Future possible
research question would be to utilize this non-invasive endocrine monitoring tool for
assessing the variation in reproductive cycles of the FGF with respect to inter-specific
competition for space and food with the invasive cane toad on Viwa Island. The FGF
behavioural ecology study can be linked with non-invasive reproductive and stress
endocrine monitoring during cane toad eradication programmes. Furthermore, the
breeding cycle of natural populations of the FGF on the outer islands including
Taveuni, Gau and Ovalau need to be studied using non-invasive hormonal assessment
to provide better understanding of the reproductive cycle of the FGF populations. The
other islands apart from Viwa Island are high volcanic islands with good rainfall
unlike Viwa which is a low lying island and has highly variable rainfall. Therefore, it
would be interesting to compare the reproductive patterns of FGF in each island.
Additionally, of the four islands, only Gau Island is free of both mongoose and cane
toads. Recent preliminary surveys by Kuruyawa et al. (2004) on the distribution,
abundance and conservation status of the FGF showed that frogs on Gau Island are,
on average larger than those on Taveuni, Ovalau, Viwa, and more recently, Vanua
Levu (Morrison et al., 2004). With the cane toad being the main differing biotic
variable for the FGFs between Gau and the other frog islands, it was assumed that
cane toads were possibly having an effect on the body sizes of individuals of FGFs in
islands where they co-occurred. Because of their competitive nature and possible
predation on FGF eggs, metamorphs and juveniles (Ryan, 1984; Kuruyawa et al.,
2004), cane toads appear to pose a threat to the survival of the FGFs. There has been
only one study; however, conducted on the impacts of the invasive cane toad on FGF
on Viwa Island;
(see: http://www.ruffordsmallgrants.org/rsg/projects/edward_narayan).

Another important research aspect is the detailed assessment of health status of the
FGF and knowing the disease status or threats to current wild populations. For
example, future research should investigate the occurrence of fungal infections such
as Chytridiomycosis, a fungal disease of amphibians, caused by the chytrid
Batrachochytrium dendrobatidis, a non-hyphal zoosporic fungus (Berger and Speare,
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2004) and death of frogs by oocyte retention, which is also known as dystocia (Kouba
et al., 2009).

The success of a captive propagation programme is judged by the number of frogs
successfully re-introduced into the wild. Re-introduction of the FGF requires the
assessment of sites available and if these sites can be safe for the FGF. Invasive
species are distributed all over the mainland of Fiji and therefore the removal of these
pest species will be necessary. For an immediate action, it would be recommended to
set-up ex-closures (barriers within the natural habitats of the FGF, such as on Viwa
Island, to prevent any access to cane toads and other pest species. Then, a long term
(1-2 years) study could be undertaken to monitor the reproductive variations of the
FGF within these cane toad inaccessible sites. A more exhaustive option would be to
remove the in-situ threats completely and then release the FGF bred in captivity. For
any re-introduction programme, it would be important to consider the specific agegroup of the FGF to be released so that sufficient recovery phase into the wild can be
provided. Juveniles (<25mm) and metamorphs (< 11 mm) would be appropriate for
re-introduction trials. The released frogs will have to be tracked using radio tracking
devices and pit tags to monitor their activity on a regular basis and re-capture study
will be required to monitor the health status of the individuals released.

Serious engagement of stakeholders (both governmental and non-governmental
organisations) and end-users (universities and research institutes) is required for this
to ever occur and with proper communication channels this is realistic for Fiji Islands.
We need to have pride in our natural fauna and flora and understand the fact that
native species will continue to be lost if no action is immediately taken to protect our
iconic species.

At best, we can work collaboratively towards salvaging populations in captivity and
with this PhD the basic requirements of captive breeding have been discussed. The
immediate step would be linking up the non-invasive reproductive and stress
endocrinology with genetics and health status monitoring to secure a stable captive
population for breeding and research purposes. There is an urgent need for our local
conservation groups such as the National Trust of Fiji to be proactively involved in
protecting these frogs. This process has recently started on Waisali reserve by the
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trapping of mongooses; however, frogs on islands such as Ovalau and Taveuni should
also be protected from feral cats and mongooses.

Overall, the knowledge gained from my PhD provides a basis for improved captive
management protocols and increased breeding success with the potential then of
providing FGF for re-establishing in the wild. There are other threatened species such
as the critically endangered Fijian crested iguana (Brachylophus vitiensis), the banded
iguana Brachylophus fasciatus, native skinks Emoia sp., and peregrine falcon Falco
peregrinus, on which the non-invasive endocrine tools developed in this study, can be
adapted for tracking their reproductive cycle. It can also be used for developing
sexing protocols for sub-adult crested iguanas. We urgently need to study the biology
of such species and this can only be achieved with determined minds and
collaboration amongst neighbouring Pacific Island countries. On a global scale, the
reproductive and stress hormonal monitoring technology developed in my PhD can be
used to study the reproductive cycle and health status of amphibian species globally.
Thus this PhD has provided a new perspective for studying reproductive function of
amphibians and it is a valuable contribution to conservation biology.
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Appendix A

EIA Protocols
1. EIA Stocks
Elisa Coating Buffer:
Take 1 capsule of Carbonate-Bicarbonate Buffer capsule (Sigma C-3041) and empty contents
into 100 mL of Milli-Q water. Mix on stirrer for 30 minutes. Label, date and check pH is 9.6
Store in fridge for up to 2 weeks.
EIA Buffer (Phosphate):
NaH2PO4 2H2O (dihydrate) 6.08 g or NaH2PO4 H2O 5.42 g
8.66 g
Na2HPO4 (Anhydrous)
NaCl
8.70 g
Add the above salts to 800 mL of Milli-Q water, mix until all salts have dissolved. Then add
extra water to make up to 1000 mL. Date and label and store in fridge for up to 1 month.
EIA Buffer with BSA:
Weigh 0.1g of BSA (Bovine Serum Albumin; Sigma A-3311) and dissolve in 100 mL of EIA
Buffer pH to 7.0, label and date.
Do not make more than needed, Will keep for 1 week in fridge.
Substrate Buffer:
TMB (1%)
Mix 0.1g TMB in 10 mL of dimethyl sulphoxide.
Store at room temp IN THE DARK.
Citric acid (0.2 M)
Dissolve 3.84 g of Citric acid in 100 mL of Milli-Q water.
Acetate citric acid buffer (0.1 M)
Dissolve 1.64 g Sodium acetate in 200 mL of Milli-Q water and pH to 6.0 using 0.2 M citric acid
above. Store in fridge for up to 1 month.
To make Substrate:
Take 7.425 ml of acetate citric acid buffer, add 75 uL of 1% TMB
Immediately before use add
1 µL of 30% hydrogen peroxide (H2O2)
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Plate Washing Buffer:
Washing solution (x10)
Weigh 87.66 g of Sodium chloride in 800 mL of Milli-Q water and mix on stirrer till dissolved.
Add remaining 200 mL water and 5 mL Tween 20, and mix till combined. Date, label and store
in fridge.
Dilute 10-fold with Milli-Q water for working wash solution, pH to 7.4 and store at room
temperature.
Stop Solution:
0.5 M H2SO4 solution made by slowly adding 26.4 mL conc. H2SO4 to 974 mL of Milli-Q water.
NB. Always add acid to water.

2. Testosterone (R156/7) EIA – per plate
Day1:
1. Plate Coating
• Use NUNC Maxisorp plates.
• Add 25 µL antibody stock (1:100, -20ºC) to 6225 µL coating buffer (working dilution
1:25,000).
• Do not coat column 1 with antibody (just coating buffer in nsbs [non-specific
binding substrate])-start at column 2 and add 50 µL per well of antibody solution to
plate using multi-pipette (left to right).
• Tap plates gently to ensure that coating solution covers bottom of well.
• Label, cover with acetate plate sealer and leave overnight (no less than 12 hrs) at 4ºC.
Day 2:
2. Standards (including zeros and nsbs)
• Standard values used are: 200, 100, 50, 25, 12.5, 6.25, 3.12, 1.56 and 0.78 pg/well.
• Dilute standard working stock (4 ng/mL or 200 pg/well) serially (2-fold) by using 200
µL stock plus 200 µL EIA buffer, and repeat for next standard etc.
• Tube for zeros and nsbs should have 500 µL EIA buffer.
3. Samples/controls
• Dilute urine samples in EIA buffer to appropriate dilution.
• Dilute the control stock 1:7.5 for C1 and use neat for C2.
• For duplicates of each aim to have a minimum of 120 µL per tube.
4. HRP
• Testosterone HRP working dilution is 1:40,000.
• Add 15 µL of HRP working stock to 5985 µL EIA buffer to make the working
dilution (keep this solution cool).

234

Appendices

5. Plate washing
• Wash the plate four times with wash solution using the automatic plate washer.
• Blot the plate on paper towel to remove excess wash solution.
6. Plate loading
• Immediately pipet 50 µL of standard, control and sample per well as quickly and
accurately as possible, according to plate map.
• Add 50 µL of diluted testosterone HRP (step 4) to all wells that contain standard,
control, or sample. Avoid splashing.
• No more than 10 minutes should pass during this process.
• Cover plates with acetate plate sealer and incubate at room temperature for exactly 2
hours.
7. Plate washing
• Wash the plate four times with wash solution using the automatic plate washer.
• Blot the plate on paper towel to remove excess wash solution.
• Plates are fairly stable at this point and can be left upside down on bench top until all
plates are washed (no more than 1 hour).
8. Substrate
• Prepare TMB substrate immediately before use.
• Combine 1 µL 30% H2O2, 75 µL 1% TMB and 7.425 mL substrate buffer. Mix well.
• Add 50 µL TMB substrate to all wells that contain standard, control, or sample.
• Cover with plate sealer and incubate at room temperature with shaking.
• Plate colour development will vary based on age of HRP and/or Ab, but should be
around 15 min but no greater than one hour.
• Stop with 50 µL Stop Solution (26.4 mL 0.5 M H2SO4 added to 973.6 mL Milli-Q
water) to all wells that contain standard, control, or sample.
9. Plate reading
• Optical density (OD) of 0 wells should read 1 or less.
• Optimal readings for 0 wells is > 0.7 to < 1 OD.
• Read at 450 nm (reference 630 nm).

TESTOSTERO E STOCK PREPARATIO – per plate
1. Antibody
• Dilute polyclonal anti-testosterone R156/7 at a dilution of 1:100 by adding 10 µL of
stock to 990 µL of coating buffer.
• Aliquot 125 µL into 0.5 mL eppendorf tubes (enough for 4 plates) and store working
stock at -20ºC. Store antibody stock at -80ºC.
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2. HRP Conjugate
• Dilute testosterone-horseradish peroxidase (HRP) 1:100 by adding 1 µL of stock to
99 µL EIA buffer for a working stock.
• Aliquot this into a 0.5 mL eppendorf tubes (enough for 6 plates) and store working
stock at 4ºC for up to 1 week. Store HRP stock at -80ºC.
3. Standards
• Weigh out 20 mg testosterone and add to 20 mL ETOH for a 1 mg/mL primary stock.
• Dilute 1 mg/mL primary stock 1:1000 by adding 20 µL to 19.98 mL ETOH for a 1
µg/mL secondary stock.
• Dilute 1 µg/mL (1,000 ng/mL) secondary stock 1:250 by adding 80 µL to 19.92 mL
EIA buffer for a 4 ng/mL (200 pg/well, a well is equal to 50 µL, the amount used in
the assay) working stock.
• Aliquot 1 mL into 1.5 mL eppendorf tubes (enough for 2 plates) and store all stocks
at -20ºC.
4. Controls
• Make a pool of urine samples with high testosterone levels.
• Serially dilute pool using EIA buffer and run on assay.
• Use the pool to make stocks for low and high controls using the dilutions that bind at
70% (C1) and 30% (C2) respectively. Make up enough controls to run on 100+
assays, aliquot and store stocks at -20ºC. Note: Our stocks are 1.5 ng/mL (75
pg/well) progesterone standard in EIA buffer in 350 µL aliquots (enough for 2
plates).
3. Estrone conjugate (R522-2) EIA – per plate
Day1:
1. Plate Coating
• Use NUNC Maxisorp plates.
• Add 15 µL antibody stock (1:100, -20ºC) to 6735 µL coating buffer (working dilution
1:45,000).
• Do not coat column 1 with antibody (just coating buffer in nsbs) - start at column
2 and add 50 µL per well of antibody solution to plate using multi-pipette (left to
right).
• Tap plates gently to ensure that coating solution covers bottom of well.
• Label, cover with acetate plate sealer and leave overnight (no less than 12 hrs) at 4ºC.
Day 2:
2. Standards (including zeros and nsbs)
• Standard values used are: 100, 50, 25, 12.5, 6.25, 3.12, 1.56, 0.78 and 0.39 pg/well.
• Dilute standard working stock (2 ng/mL or 100 pg/well) serially (2-fold) by using 200
µL stock plus 200 µL EIA buffer, and repeat for next standard etc.
• Tube for zeros and nsbs should have 500 µL EIA buffer.
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3. Samples/controls
• Dilute urine samples in EIA buffer to appropriate dilution.
• Dilute the control stock 1:5 for C1 and use neat for C2.
• For duplicates of each aim to have a minimum of 120 µL per tube.
4. HRP
• Estrone conjugate HRP working dilution is 1:45,000.
• Add 15 µL of HRP working stock to 6735 µL EIA buffer to make the working
dilution (keep this solution cool).
5. Plate washing
• Wash the plate four times with wash solution using the automatic plate washer.
• Blot the plate on paper towel to remove excess wash solution.
6. Plate loading
• Immediately pipet 50 µL of standard, control and sample per well as quickly and
accurately as possible, according to plate map.
• Add 50 µL of diluted estrone conjugate HRP (step 4) to all wells that contain
standard, control, or sample. Avoid splashing.
• No more than 10 minutes should pass during this process.
• Cover plates with acetate plate sealer and incubate at room temperature for exactly 2
hours.
7. Plate washing
• Wash the plate four times with wash solution using the automatic plate washer.
• Blot the plate on paper towel to remove excess wash solution.
• Plates are fairly stable at this point and can be left upside down on bench top until all
plates are washed (no more than 1 hour).
8. Substrate
• Prepare TMB substrate immediately before use.
• Combine 1 µL 30% H2O2, 75 µL 1% TMB and 7.425 mL substrate buffer. Mix well.
• Add 50 µL TMB substrate to all wells that contain standard, control, or sample.
• Cover with plate sealer and incubate at room temperature with shaking.
• Plate colour development will vary based on age of HRP and/or Ab, but should be
around 15 min but no greater than one hour.
• Stop with 50 µL Stop Solution (26.4 mL 0.5 M H2SO4 added to 973.6 mL Milli-Q
water) to all wells that contain standard, control, or sample.
9. Plate reading
• Optical density (OD) of 0 wells should read 1 or less.
• Optimal readings for 0 wells is > 0.7 to < 1 OD.
• Read at 450 nm (reference 630 nm).
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ESTRO ES CO JUGATE STOCK PREPARATIO – per plate
1. Antibody
• Dilute polyclonal anti-estrone conjugate R522-2 at a dilution of 1:100 by adding 10
µL of stock to 990 µL of coating buffer.
• Aliquot 75 µL into 0.5 mL eppendorf tubes (enough for 4 plates) and store working
stock at -20ºC. Store antibody stock at -80ºC.
2. HRP Conjugate
• Dilute estrone-glucuronide-horseradish peroxidase (HRP) 1:100 by adding 1 µL of
stock to 99 µL EIA buffer for a working stock.
• Aliquot this into a 0.5 mL eppendorf tubes (enough for 6 plates) and store working
stock at 4ºC for up to 1 week. Store HRP stock at -80ºC.
3. Standards
• Weigh out 20 mg estrone-glucuronide and add to 20 mL ETOH for a 1 mg/mL
primary stock.
• Dilute 1 mg/mL primary stock 1:1000 by adding 20 µL to 19.98 mL ETOH for a 1
µg/mL secondary stock.
• Dilute 1 µg/mL (1,000 ng/mL) secondary stock 1:500 by adding 40 µL to 19.96 mL
EIA buffer for a 2 ng/mL (100 pg/well*) working stock.
• Aliquot 1 mL into 1.5 mL eppendorf tubes (enough for 2 plates) and store all stocks
at -20ºC.
* A well is equal to 50 µL, the amount used in the assay.
4. Controls
4. Make a pool of urine samples with high estrogen levels.
5. Serially dilute pool using EIA buffer and run on assay.
6. Use the pool to make stocks for low and high controls using the dilutions that bind at
70% (C1) and 30% (C2) respectively. Make up enough controls to run on 100+ assays,
aliquot and store stocks at -20ºC. Note: Our stocks are 0.2 ng/mL (10 pg/well) estroneglucuronide standard in EIA buffer in 350 µL aliquots (enough for 2 plates).

4. Pregnane (CL425) EIA – per plate
Day1:
1. Plate Coating
• Use NUNC Maxisorp plates.
• Add 40 µL antibody stock (1:100, -20ºC) to 5960 µL coating buffer (working dilution
1:15,000).
• Do not coat column 1 with antibody (just coating buffer in nsbs) - start at column
2 and add 50 µL per well of antibody solution to plate using multi-pipette (left to
right).
• Tap plates gently to ensure that coating solution covers bottom of well.
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•

Label, cover with acetate plate sealer and leave overnight (no less than 12 hrs) at 4ºC.

Day 2:
2. Standards (including zeros and nsbs)
• Standard values used are: 100, 50, 25, 12.5, 6.25, 3.12, 1.56, 0.78 and 0.39 pg/well.
• Dilute standard working stock (2 ng/mL or 100 pg/well) serially (2-fold) by using 200
µL stock plus 200 µL EIA buffer, and repeat for next standard etc.
• Tube for zeros and nsbs should have 500 µL EIA buffer.
3. Samples/controls
• Dilute urine samples in EIA buffer to appropriate dilution.
• Dilute the control stock 1:5 for C1 and use neat for C2.
• For duplicates of each aim to have a minimum of 120 µL per tube.
4. HRP
• Pregnane HRP working dilution is 1:40,000.
• Add 15 µL of HRP working stock to 5985 µL EIA buffer to make the working
dilution (keep this solution cool).
5. Plate washing
• Wash the plate four times with wash solution using the automatic plate washer.
• Blot the plate on paper towel to remove excess wash solution.
6. Plate loading
• Immediately pipet 50 µL of standard, control and sample per well as quickly and
accurately as possible, according to plate map.
• Add 50 µL of diluted pregnane HRP (step 4) to all wells that contain standard,
control, or sample. Avoid splashing.
• No more than 10 minutes should pass during this process.
• Cover plates with acetate plate sealer and incubate at room temperature for exactly 2
hours.
7. Plate washing
• Wash the plate four times with wash solution using the automatic plate washer.
• Blot the plate on paper towel to remove excess wash solution.
• Plates are fairly stable at this point and can be left upside down on bench top until all
plates are washed (no more than 1 hour).
8. Substrate
• Prepare TMB substrate immediately before use.
• Combine 1 µL 30% H2O2, 75 µL 1% TMB and 7.425 mL substrate buffer. Mix well.
• Add 50 µL TMB substrate to all wells that contain standard, control, or sample.
• Cover with plate sealer and incubate at room temperature with shaking.
• Plate colour development will vary based on age of HRP and/or Ab, but should be
around 15 min but no greater than one hour.
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•

Stop with 50 µL Stop Solution (26.4 mL 0.5 M H2SO4 added to 973.6 mL Milli-Q
water) to all wells that contain standard, control, or sample.

9. Plate reading
• Optical density (OD) of 0 wells should read 1 or less.
• Optimal readings for 0 wells is > 0.7 to < 1 OD.
• Read at 450 nm (reference 630 nm).

PREG A E STOCK PREPARATIO – per plate
1. Antibody
• Dilute monoclonal anti-progesterone CL425 at a dilution of 1:100 by adding 20 µL of
stock to 1980 µL of coating buffer.
• Aliquot 200 µL into 0.5 mL eppendorf tubes (enough for 4 plates) and store working
stock at -20ºC. Store antibody stock at -80ºC.
2. HRP Conjugate
• Dilute progesterone-3CMO-horseradish peroxidase (HRP) 1:100 by adding 1 µL of
stock to 99 µL EIA buffer for a working stock.
• Aliquot this into a 0.5 mL eppendorf tubes (enough for 6 plates) and store working
stock at 4ºC for up to 1 week. Store HRP stock at -80ºC.
3. Standards
• Weigh out 20 mg progesterone and add to 20 mL ETOH for a 1 mg/mL primary
stock.
• Dilute 1 mg/mL primary stock 1:1000 by adding 20 µL to 19.98 mL ETOH for a 1
µg/mL secondary stock.
• Dilute 1 µg/mL (1,000 ng/mL) secondary stock 1:500 by adding 40 µL to 19.96 mL
EIA buffer for a 2 ng/mL (100 pg/well*) working stock.
• Aliquot 1 mL into 1.5 mL eppendorf tubes (enough for 2 plates) and store all stocks
at -20ºC.
* A well is equal to 50 µL, the amount used in the assay.
4. Controls
6. Make a pool of urine samples with high progesterone levels.
7. Serially dilute pool using EIA buffer and run on assay.
8. Use the pool to make stocks for low and high controls using the dilutions that bind at
70% (C1) and 30% (C2) respectively. Make up enough controls to run on 100+ assays,
aliquot and store stocks at -20ºC. Note: Our stocks are 0.8 ng/mL (40 pg/well)
progesterone standard in EIA buffer in 350 µL aliquots (enough for 2 plates).
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5. Corticosterone (CJM06) EIA – per plate
Day1:
1. Plate Coating
• Use NUNC Maxisorp plates.
• Add 15 µL antibody stock (1:100, -20ºC) to 6735 µL coating buffer (working dilution
1:45,000).
• Do not coat column 1 with antibody (just coating buffer in nsbs) - start at column
2 and add 50 µL per well of antibody solution to plate using multi-pipette (left to
right).
• Tap plates gently to ensure that coating solution covers bottom of well.
• Label, cover with acetate plate sealer and leave overnight (no less than 12 hrs) at 4ºC.
Day 2:
2. Standards (including zeros and nsbs)
• Standard values used are: 400, 200, 100, 50, 25, 12.5, 6.25, 3.12 and 1.56 pg/well.
• Dilute standard working stock (8 ng/mL or 400 pg/well) serially (2-fold) by using 200
µL stock plus 200 µL EIA buffer, and repeat for next standard etc.
• Tube for zeros and nsbs should have 500 µL EIA buffer.
3. Samples/controls
• Dilute urine samples in EIA buffer to appropriate dilution.
• Dilute the control stock 1:10 for C1 and use neat for C2.
• For duplicates of each aim to have a minimum of 120 µL per tube.
4. HRP
• Corticosterone HRP working dilution is 1:120,000.
• Add 5 µL of HRP working stock to 5995 µL EIA buffer to make the working dilution
(keep this solution cool).
5. Plate washing
• Wash the plate four times with wash solution using the automatic plate washer.
• Blot the plate on paper towel to remove excess wash solution.
6. Plate loading
• Immediately pipet 50 µL of standard, control and sample per well as quickly and
accurately as possible, according to plate map.
• Add 50 µL of diluted corticosterone HRP (step 4) to all wells that contain standard,
control, or sample. Avoid splashing.
• No more than 10 minutes should pass during this process.
• Cover plates with acetate plate sealer and incubate at room temperature for exactly 2
hours.
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7. Plate washing
• Wash the plate four times with wash solution using the automatic plate washer.
• Blot the plate on paper towel to remove excess wash solution.
• Plates are fairly stable at this point and can be left upside down on bench top until all
plates are washed (no more than 1 hour).
8. Substrate
• Prepare TMB substrate immediately before use.
• Combine 1 µL 30% H2O2, 75 µL 1% TMB and 7.425 mL substrate buffer. Mix well.
• Add 50 µL TMB substrate to all wells that contain standard, control, or sample.
• Cover with plate sealer and incubate at room temperature with shaking.
• Plate colour development will vary based on age of HRP and/or Ab, but should be
around 15 min but no greater than one hour.
• Stop with 50 µL Stop Solution (26.4 mL 0.5 M H2SO4 added to 973.6 mL Milli-Q
water) to all wells that contain standard, control, or sample.
9. Plate reading
• Optical density (OD) of 0 wells should read 1 or less.
• Optimal reading for 0 wells is > 0.7 to < 1 OD.
• Read at 450 nm (reference 630 nm).
CORTICOSTERO E STOCK PREPARATIO – per plate
1. Antibody
• Dilute polyclonal anti-corticosterone CJM06 at a dilution of 1:100 by adding 10 µL
of stock to 990 µL of coating buffer.
• Aliquot 75 µL into 0.5 mL eppendorf tubes (enough for 4 plates) and store working
stock at -20ºC. Store antibody stock at -80ºC.
2. HRP Conjugate
• Dilute corticosterone-horseradish peroxidase (HRP) 1:100 by adding 1 µL of stock to
99 µL EIA buffer for a working stock.
• Aliquot this into a 0.5 mL eppendorf tubes (enough for >15 plates) and store
working stock at 4ºC for up to 1 week. Store HRP stock at -80ºC.
3. Standards
• Weigh out 2 mg corticosterone and add to 20 mL ETOH for a 0.1 mg/mL primary
stock.
• Dilute 0.1 mg/mL primary stock 1:100 by adding 200 µL to 19.8 mL ETOH for a 1
µg/mL secondary stock.
• Dilute 1 µg/mL (1,000 ng/mL) secondary stock 1:125 by adding 160 µL to 19.84 mL
EIA buffer for a 8 ng/mL (400 pg/well*) working stock.
• Aliquot 1 mL into 1.5 mL eppendorf tubes (enough for 2 plates) and store all stocks
at -20ºC.
* A well is equal to 50 µL, the amount used in the assay.
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4. Controls
6. Make a pool of urine samples with high corticosterone levels.
7. Serially dilute pool using EIA buffer and run on assay.
8. Use the pool to make stocks for low and high controls using the dilutions that
bind at 70% (C1) and 30% (C2) respectively. Make up enough controls to run on
100+ assays, aliquot and store stocks at -20ºC. Note: Our stocks are 3 ng/mL
(150 pg/well) corticosterone standard in EIA buffer in 350 µL aliquots (enough
for 2 plates).
6.

Creatinine (Jaffe reaction) – per plate

1. Standards (including zeros)
• Use ordinary flat-bottom plates.
• Standard values used are: 500, 250, 125, 62.5 and 31.25 ng/well.
• Start with 240 µL standard working stock (10 µg/mL or 500 ng/well) and dilute
serially (2-fold) by using 120 µL stock plus 120 µL Milli-Q water, and repeat for next
standard etc.
• Tube for zeros should have 120 µL Milli-Q water.
2. Samples
• Dilute urine samples 1:4 by adding 30 µL of neat sample to 90 µL Milli-Q water.
• For duplicates of each aim to have a minimum of 120 µL per tube.
3. Plate loading
• Pipet 50 µL of standard and sample per well according to plate map.
• Speed of addition is unimportant as this is not a binding assay.
4. Alkaline picrate reagent
• Prepare alkaline picrate reagent immediately before use.
• Combine 4 mL Milli-Q water, 4 mL 0.75 N NaOH and 4 mL 0.13% picric acid. Mix
well.
• Add 100 µL alkaline picrate reagent to all wells that contain standard or sample.
• Tap plate briefly to mix and incubate at room temperature for 30 min.
5. Plate reading
• Read at 490 nm.
• Optical density (OD) of 0 wells should be around 0.2.
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CREATI I E STOCK PREPARATIO – per plate
1. Standards
• Weigh out 20 mg creatinine and add to 20 mL Milli-Q water for a 1 mg/mL primary
stock.
• Dilute 1 mg/mL primary stock 1:100 by adding 200 µL to 19.8 mL Milli-Q water for
a 10 µg/mL (500 ng/well*) working stock.
• Aliquot 0.6 mL into 1.5 mL eppendorf tubes (enough for 2 plates) and store all
stocks at 4ºC.
* A well is equal to 50 µL, the amount used in the assay.
2. Alkaline picrate reagents
9. Weigh out 3 g NaOH and add to 100 mL Milli-Q water for a 0.75 N working
stock. This is a strong base so store in a glass bottle at room temperature.
10. Just before use, dilute saturated picric acid (1.3%) in the fumehood 1:10 by
adding 400 µL to 3.6 mL Milli-Q water for a 0.13% working stock.
ote: Picric acid can be explosive, toxic, corrosive and an irritant so follow the laboratory
Safe Method of Use Protocol.

Calculation of hormonal challenge dosage
hCG
1500 IU of hCG was reconstituted in 1.5 ml of saline (0.7% NaCl) and each frog (n=5) was
injected with 1000 IU hCG (enough for two injections).

ACTH
Preparation of injection
Stock conc = 1000ug/1000ul
Saline soln = 0.7 % NaCl
Doze: 17.5µg of ACTH per frog. Calculated based on literature: Preest et al. (2005). …pg
826…lizards received an intraperitoneal injection of either 0.7% NaCl at 2.5ul/g BM (=control
group) or ACTH (fragment 1-24) in saline vehicle at 2.5ul/g BM (equivalent to 0.446ug ACTH
/g BM; Sigma Chemical Company, A-0298; = experimental group).
2.5µl/g BM x 11g (Av. BM of geckos) = 28.25µl solution per gecko
0.446 µg x 11 g = 4.906 µg
Av. BM of 6 FGF = 40 g
4.906 µg : 28.25µl
X
: 100µl
X = 17.5 µg of ACTH per frog/100 µl of saline.
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Solution Calcuation
1mg/ml = 1000µg/1000µl
700µg = 700µl
To this add 3300 µl Saline
700µg = 4000µl
From this 100µl was taken (contained 17.5 µg ACTH) and injected to the frogs.
EIA Plate Maps
ASSAY
DATE

Test R156/7

SPECIES Fijian ground frog
ANIMAL ID
DILUTION

1

2

3

4

5

6

A

nsb

0

6.25

100

6.25

B

nsb

0

6.25

100

12.5

C

nsb

0.78

12.5

200

25

D

nsb

0.78

12.5

200

50

E

1.56

25

C1

0

100

F

1.56

25

C1

0.78

200

G

3.12

50

C2

1.56

0

H

3.12

50

C2

3.12

0
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7

8

9

10

11

12
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ASSAY
DATE

SPECIES Fijian ground frog
ANIMAL ID
DILUTION

EC R522

1

2

3

4

A

nsb

0

3.12

50

3.12

B

nsb

0

3.12

50

6.25

C

nsb

0.39

6.25

100

12.5

D

nsb

0.39

6.25

100

25

E

0.78

12.5

C1

0

50

F

0.78

12.5

C1

0.39

100

G

1.56

25

C2

0.78

0

H

1.56

25

C2

1.56

0

ASSAY
DATE

Preg CL425

SPECIES
ANIMAL ID
DILUTION

5

6

7

8

9

10

11

12

Fijian ground frog

1

2

3

4

5

A

nsb

0

6.25

100

3.12

B

nsb

0

6.25

100

6.25

C

nsb

0.78

12.5

200

12.5

D

nsb

0.78

12.5

200

25

E

1.56

25

C1

0

50

F

1.56

25

C1

0.39

100

G

3.12

50

C2

0.78

0

H

3.12

50

C2

1.56

0
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6

7

8

9

10

11

12
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ASSAY
DATE

CORT CJM06

SPECIES Fijian ground frog
ANIMAL ID
DILUTION

1

2

3

4

A

nsb

0

12.5

200

12.5

B

nsb

0

12.5

200

25

C

nsb

1.56

25

400

50

D

nsb

1.56

25

400

100

E

3.12

50

C1

0

200

F

3.12

50

C1

1.56

400

G

6.25

100

C2

3.12

0

H

6.25

100

C2

6.25

0

ASSAY
DATE

5

6

7

8

9

10

11

12

SPECIES Fijian ground frog
ANIMAL ID
DILUTION

Creatinine

1

2

A

0

250

B

0

250

C

31.25

500

D

31.25

500

E

62.5

F

62.5

G

125

H

125

3

4

5
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6

7

8

9

10

11

12
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Quality Control Monitor
Date

Test-R156/7
Trial

Sensitivity
pg/well

C1
%B/TB

C1
CV%

C2
%B/TB

C2
CV%

26/9/2008

Parallelism: WM, CM, hCG male

2.87

29/09/2008

Accuracy/Recovery Run 1

0.15

46.69

3.14

12.64

3.62

29/09/2008

Accuracy/Recovery Run 2

1.37

50.32

1.92

11.85

7.87

30/09/2008

T Captive Male 1

2.32

65.45

2.03

22.28

14.90

30/09/2008

T Captive Male 3

0.52

64.84

0.51

24.11

0.34

30/09/2008

T Captive Male 4

0.73

65.83

9.94

14.84

16.10

2/10/2008

T wild males

1.42

67.91

3.75

24.21

1.85

3/10/2008

T hCG males 1 and 2

1.08

73.69

1.27

27.73

0.75

3/10/2008

T hCG males 3 and 4

0.76

75.71

7.11

28.60

7.78

4/10/2008

T re-run wild males

0.03

66.34
Interhigh

8.06
Intrahigh

23.84
Interlow

0.96
Intralow

Mean

1.12

64.09

4.19

21.12

6.02

STDEV

0.90

9.64

3.34

6.36

6.08

SEM

0.26

3.41

1.18

2.25

2.14

15.05

CV%
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C1
%B/TB

C1
CV%

C2
%B/TB

C2
CV%

4.35

60.32

13.77

19.03

3.68

Recovery: Run 2

2.36

53.86

7.90

19.62

23.87

16/092008

hCG: Females 1 & 2

2.13

55.50

0.95

18.32

0.41

17/09/2008

hCG: Females 3 & 4

2.30

59.71

11.08

17.99

3.21

18/09/2008

Captive Female 1

1.20

59.81

3.65

20.49

4.57

19/09/2008

Captive Female 3

0.84

52.0

5.87

14.2

1.84

19/09/2008

Captive Female 4

0.78

58.91

2.39

14.58

2.57

19/09/2008

Captive Female 5

1.00

48.55

2.74

13.56

0.65

23/09/2008

Vitellogenic Females Plate 1

1.72

48.25

6.88

17.76

6.05

23/09/2008

Vitellogenic Females Plate 2

1.80

80.18

31.52

21.97

0.34

23/09/2008

Vitellogenic Females Plate 3

2.48

45.59

2.57

21.9

13.89

23/09/2008

Vitellogenic Females Plate 1

1.11

45.81

18.23

13.68

24.64

23/09/2008

Vitellogenic Females Plate 2

1.72

57.52
Interhigh

0.71
Intrahigh

18.64
Interlow

3.99
Intralow

Mean

1.80

55.85

8.33

17.8

6.90

STDEV

0.96

9.08

8.73

2.96

8.45

SEM

0.27

2.51

2.42

0.82

2.34

Date

Preg CL425
Trial

Sensitivity
pg/well

11/09/2008

Parallelism: WG & WNG

2.57

12/09/2008

Parallelism: C & hCG

0.68

15/09/2008

Recovery: Run 1

15/09/2008

16.26

CV%
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Date

EC R522
Trial

Sensitivity
Pg/well

C1
%B/TB

C1
CV%

C2
%B/TB

C2
CV%

11/09/2008

Parallelism: WG & WNG

0.547

12/09/2008

Parallelism: C & hCG

0.38

15/09/2008

Recovery: Run 1

0.77

72.01

3.75

28.83

1.34

15/09/2008

Recovery: Run 2

0.34

71.03

0.98

22.2

8.69

16/092008

hCG: Females 1 & 2

0.77

81.20

0.68

24.80

10.66

17/09/2008

hCG: Females 3 & 4

0.41

75.71

7.11

28.60

7.78

18/09/2008

Captive Female 1

0.41

77.63

9.42

25.37

5.56

19/09/2008

Captive Female 3

0.79

79.03

1.45

28.32

3.58

19/09/2008

Captive Female 4

0.86

80.45

1.00

23.33

1.58

19/09/2008

0.62

82.96

1.89

30.54

2.47

0.61

73.14

10.50

20.29

9.38

1.53

76.73

2.13

22.75

2.91

0.84
0.34

63.62
81.44

7.24
0.50

25.44
23.66

0.70
2.23

0.22

85.63

0.34

24.90

6.23

23/09/2008

Captive Female 5
Wild Vitellogenic Females
Plate 1
Wild Vitellogenic Females
Plate 2
Wild Vitellogenic Females
Plate 3
Wild Non-Vitellogenic
Females Plate 1
Wild Non-Vitellogenic
Females Plate 2

26/09/2008

Parallelism:WM : CM : hCGM

0.61

30/09/2008

Captive Male 1

1.24

69.02

10.71

14.62

11.01

30/09/2008

Captive Male 3

1.49

63.68

8.47

12.75

17.45

30/09/2008

Captive Male 4

0.73

65.83

9.9

14.84

16.10

2/10/2008

Wild males Plate 1

0.33

72.5

1.48

19.27

2.14

2/10/2008

Wild males Plate 2

0.07

80.40

5.09

24.82

2.10

Mean

0.66

75.12

4.59

23.07

6.22

STDEV

0.38

6.65

3.92

5.06

5.10

SEM

0.11

1.56

0.92

1.19

1.20

23/09/2008
23/09/2008
23/09/2008
23/09/2008

8.85

CV%
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CJM 06
Trial

Sensitivity
pg/well

C1
%B/TB

C1
CV%

C2
%B/TB

C2
CV%

5.64

15/10/2008

Parallelism: WP, CP, ACTH
Accuracy/Recovery Run 1
Males
Accuracy/Recovery Run 2
Females

1.15

70.06

6.01

24.65

3.91

1.03

70.39

11.09

30.34

1.60

15/10/2008
15/10/2008

ACTH frogs 1 and 2

0.04

78.26

3.02

27.4

0.86

ACTH frogs 3 and 4

0.86

74.61

7.62

22.08

13.21

15/10/2008

ACTH frog 5

0.86

74.61

7.62

22.08

13.21

16/10/2008

Captive Male 1

4.46

74.03

2.23

28.99

0.33

16/10/2008

Captive Male 3

2.74

77.61

2.02

28.11

9.76

16/10/2008

Captive Male 4

0.11

73.44

2.22

26.16

10.93

17/10/2008

Stress Experiment Frogs 1-7

0.97

65.89

2.68

21.95

1.46

17/10/2008

Stress Experiment Frogs 7-14

0.64

68.10

10.27

23.41

2.49

17/10/2008

Stress Experiment Frogs 14-19

2.21

61.58

6.39

20.26

7.77

20/10/2008

Captive Female 1

1.74

69.09

3.43

26.77

12.22

20/10/2008

Captive Female 3

1.78

67.57

1.15

25.80

1.67

20/10/2008

Captive Female 4

2.83

73.41

1.85

27.06

7.97

20/10/2008

2.03

68.87

0.34

24.06

4.00

1.02

82.98

3.39

31.98

4.30

3.06

80.75

2.37

29.91

9.31

2.99

73.86

0.56

29.93

1.1

2.97

75.86

7.6

27.54

11.02

23/10/2008

Captive Female 5
Wild Non-Vitellogenic
Females Plate 1
Wild Non-Vitellogenic
Females Plate 2
Wild Vitellogenic Females
Plate 1
Wild Vitellogenic Females
Plate 2
Wild Vitellogenic Females
Plate 3

1.64

68.59

0.94

27.63

2.34

24/10/2008

Wild Males

3.66

82.96

2.61

29.90

3.62

24/10/2008

Wild Males and re-runs

2.38

79.88

1.10

30.68

7.76

Inter-high

Intra-high

Inter-low

Intra-low

Date
14/10/2008
15/10/2008

22/10/2008
22/10/2008
23/10/2008
23/10/2008

Mean

2.04

73.29

3.93

26.67

5.95

STDEV

1.38

5.65

3.18

3.28

4.42

SEM

0.39

1.99

1.12

1.12

1.56

7.71

CV%
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Date

Sensitivity
ng/well
19.38

CV%

6/10/2008

Creatinine
Trial
Wild Males

6/10/2008

hCG males 1, 2, 3 and 4

4.83

1.20

7/10/2008

hCG females 1, 2, 3 and 4

22.35

2.43

8/10/2008

Wild vitellogenic female plate1 and
plate 3

19.04

3.75

9/10/2008

Wild vitellogenic female plate 2
and Wild non-vitellogenic female
plate 1
Wild non-vitellogenic plate 1 cont.
and plate 2
Captive male 1 and 3 and Wild
males (3 re-runs)
Captive male 4

9/10/2008

8/10/2008
8/10/2008
9/10/2008

2.48

10.06
12.87

1.20
1.20

24.85
4.00

2.31
1.2

Captive female 1

8.14

1.25

9/10/2008

Captive female 3

2.12

1.27

9/10/2008

Captive female 4

4.20

0

9/10/2008

Captive female 5

-4.31

0

10/10/2008

Stress experiment frogs 1-11

10.62

1.20

10/10/2008

Stress experiment frogs 12-19

0

15/10/2008

ACTH challenged frogs 1, 2 and 3

2.21
10.00

15/10/2008

ACTH challenged frogs 4 and 5

4.79
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Standard Hormone Cross-reactivity
1. Testosterone R156/7
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2. Estrone Conjugate R522-2
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3.

Progesterone (CL452) Graham et al. (2001)

4. Corticosterone (CJM-06)
CORTICOSTERO E

% CROSS REACTION

CJM006

CJM010

CJM011

MP RIA

EIA ASSAY DESIGNS

Corticosterone

100.00

100.00

100.00

100.00

100.00

Desoxycorticosterone

14.25

59.00

29.2

0.34

28.6

Tetrahydrocorticosterone 0.90

1.04

1.40

11-Deoxycortisol

0.03

0.12

0.9

Prednisone

<0.01

<0.01

<0.01

Prednisolone

0.07

<0.01

1.1

Cortisol

0.23

0.04

2.8

Cortisone

<0.01

<0.01

<0.01

Progesterone

2.65

1.58

5.20

0.02

1.7

Testosterone

0.64

0.36

1.20

0.10

0.13

Estradiol 17b

<0.01

<0.01

<0.01

<0.01

<0.03
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Checker board plate maps
1.

Corticosterone (CJM-06)

2.

Cortisol (R4866)
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Parallelisms
For females, two parallelisms were performed on each assay plate (vitellogenic and nonvitellogenic, captive and hCG challenged). While for males parallelism was performed using
urine pool from wild males, captive males and hCG challenged males. I ran 26 samples in
duplicate i.e. 2 parallelisms on one 96 well plate (neat to 1:512 dilution ratio for each). Each of
these assays required 240µL of neat urine sample to start the assays. I removed 120µL urine
sample and added to a tube with 120µL EIA buffer, this was 1:2 dilution sample. I repeated the
above step until it reached 1:512 dilution. This provided 120µL in each tube except the last
dilution which had 400µL. This volume allowed me to duplicate 50µL aliquots to put on a Nunc
maxisorpTM plate and a bit surplus that was always lost when pipetting. Parallelism was
examined by comparing the regression of percent binding on standard concentration or dilution
of a sample. All tests for parallelism were successful in that they produced sample curves not
significantly different from the standard curves, except for CTSL (R4866).

Statistical analysis: acute stress response
Table 7.1 the statistical analysis results for corticosterone response to capture in wild FGF. * is
used to indicate the level of significance *(0.05), ** (0.001), *** (0.0001).
Kruskal-Wallis test
P value
Exact or approximate P value?
P value summary
Do the medians vary signif. (P < 0.05)
Number of groups
Kruskal-Wallis statistic
Dunn's Multiple Comparison Test
10 min vs 2 - 3 h
10 min vs 3 - 4 h
10 min vs 4 - 5 h
10 min vs 5 - 6 h
10 min vs 6 - 7 h
10 min vs 7 - 8.5 h
2 - 3 h vs 3 - 4 h
3 - 4 h vs 4 - 5 h
4 - 5 h vs 5 - 6 h
5 - 6 h vs 6 - 7 h
6 - 7 h vs 7 - 8.5 h

< 0.0001
Gaussian Approximation
***
Yes
7
31.75
Difference in rank sum Significant? P < 0.05?
-18.77
No
-26.52
Yes
-35.98
Yes
-39.32
Yes
-32.32
Yes
-26.22
Yes
-7.745
No
-9.467
No
-3.333
No
7.000
No
6.091
No
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Recommendations from captive breeding study
In view of the rapid rates of in-situ declines of remaining populations of the endangered Fijian
ground frog (Platymantis vitiana) [FGF], together with limited knowledge on its reproduction,
ecology and overall conservation, the importance of a viable captive population is obvious.
Captive enclosures are necessary for conducting experiments that cannot be undertaken in the
wild, to understand the reproduction of the species and also for establishing a reserve population
that can be released into suitable natural habitat areas once the in-situ threats have been
eliminated. In this thesis, the primary aim was to improve the scientific knowledge of the
reproductive biology of the FGF. The fundamental biological data accumulated from this study
will prove to be an effective aid in refining and improving the captive management of the
species. The FGF has very unique natural history features such as nesting in a terrestrial
environment, direct embryonic development, and a continuous breeding cycle which is activated
by favourable natural rainfall events. With a comprehensive understanding of its breeding
requirements, the FGF can now be stimulated to breed naturally in a captive outdoor enclosure as
long as sufficient quality food provision, substrates and security aspects are provided. The FGF
will feed on a range of invertebrates such as ants, crabs and lizards. Crickets (Achetus
domesticus) were a potential prey item for the FGF in captivity. The crickets are mainly found in
grassland vegetations. Crickets should be released into the enclosure at least three times per
week. Ripe fruits such as pawpaw and pineapple should be placed on the ground to attract
insects. In terms of security, the outdoor enclosure should be visited as part of a management
routine to ensure that security is not breached by other animals such as feral cats, rats or
mongooses or by any natural disasters. All damages should be rectified after temporarily
isolating frogs to the laboratory. Each substrate should be carefully checked to see that no frog is
isolated or trapped underneath or within it. Proper health status monitoring is also a crucial
aspect of captive husbandry of the FGF. Morphometric data such as body-weight provided a
minimally invasive measure of tracking health condition of each frog. For routine health checks,
frogs should be carefully captured on a fortnightly basis and bath in sterile deionised water to
check for any skin infections and if necessary a qualified veterinarian should be consulted for
general health check of each frog. All rotten fruits must be removed from the outdoor enclosure
because these attract germs and diseases and they should be replaced with fresh fruits.
Researchers should have the ability to recognize any signs of stress and diseases as well. The
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physical surrounding of the frogs should also be monitored and maintained to suit the adaptation
of the frogs. The enclosure decorations such as pot plants can be sprinkled with sterile deionised
water to maintain moisture level and to create a natural effect however insecticides or pesticides
must never be used inside or near the vicinity of the enclosure as this may be detrimental to the
frog’s health. The enclosure should not be filled with too many artificial substrates and sufficient
room for movement of the frogs should be allowed. The researcher should instinctively be aware
of the retreating sites of each frog so that they can be easily caught if required without causing
unnecessary disturbances to them. Successful breeding is the outcome of a well designed captive
breeding study. However, due care is warranted during egg incubation and management of newly
hatched froglets since invasive pests such as the brown house ant (Pheidole megacephala) can be
a problem even under laboratory settings. Aquatic barriers surrounding the froglet incubation
chamber can prevent ants from accessing the incubation area. Any future research on the captive
propagation of the FGF should focus on the translocation of metamorphs into suitable habitats
and possibly reintroduce them onto the mainland as well as outer islands. Successful
translocation will have to be properly planned and proper monitoring should be done to confirm
that the in-situ threats have been completely eliminated prior to releasing the FGF into the wild.
The future of a viable captive propagation research will also be critically dependant on the level
of support, both financial and ethical, that can be obtained from the government, nongovernmental organisations as well as national and international conservation agencies and the
people. With proper infrastructure support and scientific advice, local statutory bodies such as
the Kula Ecopark and the National Trust of Fiji can establish viable captive propagation
programmes for the FGF. Sufficient knowledge on the breeding cycle of FGF means that
effective conservation strategies can now be put into place for the in-situ and ex-situ
conservation of the FGF.
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Appendix B
Climate data (Mean Daily)
Supplied by Fiji Metrological Centre, Nadi
Weather Data 2007-2008
NAUSORI

Average
April
May
June
July
August
September
October
November
December
Jan-08
1-Feb
Mar-08
April

Maximum temperature
o
( C)
30
28.8
28.3
27.8
27.2
28.1
28.9
29.6
31
30.2
31.9
30.6
30.1

Minimum
temperature
o
( C)
23.1
21
21.6
27
21.1
22.4
22.2
22.6
24.2
23.2
24.4
22.6
22.2

Relative Humidity
(%)
88
88
86
87
82
86
84
81
79
82
79
85
86

Minimum
temperature
o
( C)
22.2
23
23.4
22.2
22.6
23.6
23.58
23.8
22.7
24.4
23.2
24.3
23.6

Relative Humidity
(%)
79
77
81
79
79
83.5
82
81
81
82
83
81
79

Rainfall (mm)
10.89
8.22
2.61
5.1
2.32
10.28
15.07
13.42
12.5
10.6
9.5
9.3
9.8

Standard
error
(rainfall)
3.48
4.84
0.78
2.3
0.82
2.84
4.6
3.63
3.2
3.3
3.7
2.6
2.9

Rainfall (mm)
16.87
6.17
1.47
7.95
2.61
8.7
12.9
11.23
7.9
13.8
12.7
11.6
14.9

Standard
error
(rainfall)
1.32
3.04
0.5
4.31
0.67
2.82
4.91
2.69
2.36
2.7
2.8
2.4
2.5

LAUCALA BAY

Average
April
May
June
July
August
September
October
November
December
Jan-08
Feb-08
Mar-08
April

Maximum temperature
o
( C)
30.6
29.8
29.3
28.7
28.4
28.9
29.9
31.1
30.1
31
31.2
31.7
31.1
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APPE DIX C
Photos
1.

Stereoscopic microscope used for observing the morphology of FGF eggs

2.

Villagers assisting with the sampling on Viwa Island
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3. Edward Narayan collecting FGF urine samples on Viwa Island

4. Field assistants (Edward in the middle) during endocrine sampling on Viwa Island
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5. Close-view of eye of adult FGF. Photo was taken by Dr. Paddy Ryan while visiting FGF
outdoor enclosure at the USP

6. Edward Narayan conducting enzyme-immunoassays laboratory work at the Landcare
research lab, Auckland, New Zealand.
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7. Eggs of the FGF placed on top of a candling devise (a box with bulb and opening through
which light is shined on the eggs) to reveal the inner structures. Note: The eggs are carefully
transfered on a moistened cotton wool and then placed on the candling devise. (Reading of ruler
is in mm)
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