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 Abstract

Global declines and disappearances of amphibians from high altitude, pristine habitats

have been reported in recent years. To date the cause of many of these declines and/or

disappearances has not been identified. Although it is well documented that life history

characteristics of temperate amphibians are influenced by altitude (due to systematic

variation of temperature with altitude), little work has been carried out on the effects of

altitude on Australian anurans. This lack of ecological data is a major impediment to

identifying the causal factors responsible for amphibian declines.

Due to differences in life history characteristics, high altitude populations may be less

resilient than their lowland counterparts and subsequently may be more vulnerable to

extinction. Consequently, the main aim of this study was to determine whether altitude

influenced life history characteristics and ultimately population resilience of anurans in

the southeast Queensland region.

Six anuran species; Litoria chloris, L. lesueuri, L. pearsoniana (Anura: Hylidae),

Mixophyes fasciolatus, M. fleayi and M. iteratus (Anura: Myobatrachidae) were studied

over three field seasons (1997-1999) in 18 sites of varying altitude (100-950m) in the

southeast Queensland region. The life history characteristics examined were: activity

and breeding season length, fecundity and egg size, number of clutches produced per

season, tadpole growth and development rates, longevity, age at maturity, reproductive

life span, average lifetime fecundity, survival and recapture rates. The data were

collected using a combination of field-based surveys (body sizes, clutch sizes, and

survival and recapture rates), museum specimen dissections (clutch and egg sizes),

reciprocal transplant field experiments (tadpole growth and development rates) and

skeletochronology (longevity, age at maturity, reproductive lifespan and average

lifetime fecundity).

On average, high altitude populations of all species had shorter breeding and activity

seasons than low altitude populations (up to 10 weeks less in some cases). The

magnitude of the difference in breeding season length varied among years depending on

the average temperature and rainfall for the year; i.e. differences appeared greater in

warmer and wetter years. Within a population males had longer breeding and activity

seasons than females. Although breeding season length varied with altitude, the number

of nights that individuals were active within the breeding season did not vary; i.e. low
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altitude populations were not active for more nights despite having a longer breeding

season. This result was attributed to the absence of a relationship between individual

activity and environmental variables (air temperature, rainfall, etc.) in many of the

populations.

Generally, intraspecific clutch size did not vary significantly with altitude. This result

was due to the absence of a significant relationship between female body size and

altitude (as clutch size is proportional to female body size). Egg size also did not vary

with altitude however, suggesting egg size may be canalized (i.e. fixed) in these species.

Results also suggest that females of these species only produce one clutch of eggs per

season. Interspecific differences in reproductive characteristics largely reflected

differences in reproductive mode, larval habitat and female body size.

Altitude negatively influenced growth and development rates in L. chloris and

development rates in L. pearsoniana. Tadpoles raised at high altitudes were also

generally larger at each Gosner Development Stage in both species. The results of the

reciprocal transplant experiments suggested that most of the variation in growth and

development rates was due to environmental factors (water temperature) rather than

genetic or maternal factors. Altitude or genetic factors did not significantly affect

tadpole survival in either species. The results suggest that tadpoles occurring at high

altitudes take longer to reach metamorphosis and do so at a larger size than their lowland

counterparts.

With the exception of L. lesueuri, skeletochronology was suitable for age estimation in

the study species. Altitude had a significant effect on the age at maturity or longevity in

some of the species, however there were trends toward older individuals and older ages

at maturity in high altitude populations for the remaining species. Females were

generally older than males for all species and in the case of longer-lived species (i.e.

Mixophyes spp.) also tended to be older when breeding for the first time. The large

overlap of body sizes of individuals of different ages demonstrates that body size is a

poor indicator of age in these species. This is the first study to estimate average lifetime

fecundity for more than one amphibian species and/or population. The results suggest

that the absence of significant altitudinal variation in the average lifetime fecundity of

different populations is due to tradeoffs made by females (current reproduction vs.

survival).



  Abstract

iv

There was no significant altitudinal variation in annual survival and recapture rates in

any of the species, and generally there was no difference in the survival and recapture

rates of males and females in each population. Within a year, monthly survival and

recapture rates were more variable at low than high altitudes and this was attributed to

the longer breeding season of low altitude populations. The results did not support

previous studies that suggested there was a size bias in survival and recapture rates.

The shorter breeding seasons, slower growth and development rates, older age at

maturity and greater longevity found in the high altitude study populations will result in

increased generation time in those populations. In turn, increased generation time can

cause high altitude populations to be less resilient (i.e. population takes longer to return

to equilibrium after a disturbance away from equilibrium) (Pimm et al. 1988, Pimm

1991) and ultimately more vulnerable or prone to extinction or decline.

The majority of unexplained global amphibian declines have occurred at high altitudes

in tropical and subtropical areas. These latitudinal patterns may be explained by the

narrow range of environmental tolerances exhibited by tropical organisms resulting in

mountains being effectively "higher" in the tropics. Consequently, high altitude tropical

species are likely to be even more vulnerable than temperate species occurring at similar

altitudes. Further work on the effects of geographic variation, especially interactions

between altitude and latitude are needed to evaluate the hypotheses for the causes of

these declines and disappearances.
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1 Introduction

1.1 General introduction

Amphibians in many regions of the world, including Australia, have recently experienced

dramatic population declines (Richards et al. 1993, Blaustein & Wake 1995, Green 1997,

Lips 1998, Alford & Richards 1999, Houlahan et al. 2000, Young et al. 2001). Many of these

declines can be clearly related to environmental or anthropogenic factors such as habitat

loss/degradation or pollution (Barinaga 1990). However, since the late 1970s at least 25 frog

species have declined or disappeared from apparently pristine environments such as upland

rainforest streams and remote areas in national parks in Australia and many others have

declined from similar habitats around the world (Ingram & McDonald 1993, Richards et al.

1993, Pounds & Crump 1994, Green 1997, Lips 1998, Campbell. 1999, Young et al. 2001).

To date, the cause of many of these declines has not been identified.

In Australia the majority of these unexplained declines have occurred in populations at

altitudes over 300m.a.s.l (Osborne 1989, 1990, McDonald 1990, Richards et al. 1993,

Gillespie & Hollis 1996, Hero 1996, Laurance 1996, Mahony 1996, Campbell 1999). Several

factors have been proposed to explain the declines in these relatively pristine habitats

including: exposure to UV radiation, altitude, disease, introduction of exotic fish, feral pigs,

natural population fluctuations or a combination of two or more of these (Richards et

al.1993, Blaustein & Wake 1995, Hero 1996, Laurence 1996, Berger et al. 1998, Mahony

1999, Carey 2000, Bosch et al. 2001, Gillespie 2001, Kiesecker et al. 2001, Pounds 2001).

However, despite these proposed hypotheses and studies conducted to test them, the factors

causing most of the declines are still unknown.

Although it is well-documented that life-history characteristics of temperate ectotherms are

directly influenced by the lower temperatures and shorter growing and breeding seasons

found at high altitudes (Licht 1975, Berven 1982a, 1982b, Gollmann & Gollmann 1996,

Ryser 1996), little work has been carried out on the ecological implications of high altitude

on the reproductive and population ecology of amphibians in sub-tropical and tropical

Australia. This lack of ecological data is a major impediment to discovering the causal

factors responsible for amphibian declines.

As life histories are the product of local environmental selection pressures acting on the

genotype to produce the most successful life strategy, regional variation in environmental
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selection pressures will result in interpopulational differences in life history characteristics

and strategies. High altitude populations may be less resilient than their lowland counterparts

due to differences in life history characteristics especially those relating to fecundity or

reproductive success (Pimm 1991). Consequently, high altitude populations may be unable

to recover from disturbances (regardless of the cause) as easily or quickly as populations

found at lower altitudes rendering them more vulnerable and hence prone to extinction

(Pimm 1991). Despite these hypotheses, no studies have been carried out to quantify

altitudinal variation in a wide range of life history characteristics and subsequently determine

the influence of altitudinal variation in life history characteristics on population resilience.

1.2 Thesis aims and structure

The overall aim of this study is to examine altitudinal variation in reproductive and

population life history characteristics of six amphibian species in the southeast Queensland

region. By assessing the influence of altitude on the reproductive and population ecology of

amphibians, the results of this study may provide an estimate of the effect of altitude on

population resilience. Consequently, it may provide some insight into why high altitude

populations of certain amphibian species are currently in decline while lowland populations

of the same species appear to be less affected.

The specific aims of the study were to determine the relationship between altitude and:

- breeding and activity season length

- clutch size and egg size

- body size

- number of clutches produced each year

- tadpole growth and development rates

- age at maturity, longevity and reproductive lifespan

- average lifetime fecundity

- adult survival and recapture rates

The influence of altitude on these life history characteristics was then used to determine

whether the high altitude populations were less resilient than their lowland counterparts and

therefore more vulnerable to extinction processes.
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Chapters 2 and 3 provide the background information for this thesis. A review of current

altitudinal and latitudinal ecology theory in relation to amphibians and reptiles is presented

in Chapter 2. The study area and the study species investigated are described in Chapter 3.

Chapter 4 describes the breeding phenology of each study species. The influence of altitude

and environmental variables on the activity and breeding seasons of each species is

examined and discussed.

Altitudinal variation in fecundity is examined in Chapter 5. This chapter summarises the

correlations of female body size and altitude on clutch size, egg size and clutch volume using

data collected from field measurements and museum specimen dissections. The number of

clutches produced by females from each population in a single season was also investigated.

Tadpole growth and development rates in the field are described in Chapter 6. The influences

of altitude, tadpole origin and maternity on the growth and development rates of two of the

study species were examined.

The average longevity, age at maturity, reproductive life span and average lifetime fecundity

for reproductive individuals are presented in Chapter 7. The effects of altitude on these

characters and the relationship between body size and age are also examined.

Annual and monthly survival and recapture rates determined through mark and recapture

studies are presented in Chapter 8. The influence of gender, body size and altitude on these

survival rates was examined for each species.

Chapter 9 summarises the influence of altitude on the reproductive and population ecology

of each of the study species and the subsequent impacts on population resilience. As the

majority of global amphibian declines have occurred in tropical regions, the influence of

latitude is also discussed.
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2 Current altitudinal and latitudinal ecology theory in

relation to amphibians and reptiles

2.1 General introduction

An organism’s life history is its lifetime pattern of growth, development, storage and

reproduction with every life history being, to some extent at least, unique (Begon et al.

1990). The life history of an organism is not immutable. It is fixed within limits by the

genotype of the individual but across different environments, the phenotypic expression of

the genotype may vary – otherwise known as phenotypic plasticity (Sorci et al. 1996).

Sources of variation in life-history traits for organisms with broad geographic ranges include

proximate (environmental - temperature, rainfall, food supply, predation, competition etc)

and ultimate (genetic) factors (Berven 1982a, Sorci et al. 1996).

The components of any organism's life history may be viewed as a suite of adaptations that

produces the best life-history tactic for survival in a particular environment (Ballinger

1979). The exact life history favoured by natural selection depends on the habitat and

genetic make-up of the organism concerned and consequently, habitat can play a crucial role

in moulding life histories (Purves et al. 1992). Species with large geographic ranges can be

exposed to such contrasting environments and exhibit variation in life-history traits between

different populations (Miaud et al. 2000). These species often display extensive variation in

traits such as age at sexual maturity, growth rate, fecundity, offspring size, and age-specific

schedules of fecundity and survivorship resulting from adaptations to the local environment

made by the different populations and individuals (Kozlowska 1971, Niewiarowski 1994,

Ryser 1996, Miaud et al. 2000).

This review will attempt to identify patterns in the life history characteristics of amphibian

and reptile populations living at different latitudes and altitudes. Characteristics examined

include: length of breeding season, number of clutches or broods produced per year,

fecundity, egg size, growth and development rates (eggs, juveniles and adults), age at first

reproduction, longevity and survival. Trends in these characters can be used to evaluate

whether amphibians at high altitudes are less resilient and therefore more susceptible to

extinction processes. Reptiles are included to determine whether patterns observed in

amphibians are representative of ectotherms in general.



Chapter 2 - Literature review

5

2.2 Breeding season length and the number of clutches laid per
year

The reproductive cycles of organisms are subject to hormonal controls, which within genetic

limitations, respond to environmental variables and produce certain patterns (Duellman &

Trueb 1986, Elmberg 1991, Pinilla 1994). Timing of reproduction is very important as

seasonal fluctuations in the environment result in some periods being more favourable than

others for the development of eggs and / or initiation of growth by the young (Heatwole &

Taylor 1987). Breeding outside these times can result in higher levels of mortality in both

adults and juveniles (eggs, larvae or live young).

The activity period of any organism is the time during a year when environmental conditions

are favourable for foraging, growth, development and reproduction (as opposed to

hibernation) (Purves et al. 1992). The length of the breeding season depends on the activity

period of the adults, as the energy required for breeding is obtained during this time. Species

with a shorter annual activity period will have shorter breeding seasons than those with

longer activity periods (Ryser 1996). The activity period also influences the timing of

reproductive bouts and the number of broods or clutches produced in a season. The

frequency of reproduction during a breeding season varies among species and individuals

but generally, the number of broods or clutches that can be produced during a year or season

decreases with a decrease in breeding season length (Bull & Shine 1979).

Amphibians

As latitude decreases, the length of the activity period of ectotherms, including amphibians

and reptiles, increases (Fitch 1985, Stebbins 1985, Purves et al. 1992, Ryser 1996), which in

turn results in longer breeding seasons.

In aseasonal, wet tropical areas, individuals of both sexes of many amphibians species are

able to reproduce throughout the year (Berry 1964, Inger & Bacon 1968, Crump 1974),

whereas the breeding activity of species living in tropical and subtropical regions with

seasonal rainfall is generally initiated by rainfall (Duellman & Trueb 1986, Jorgensen et al.

1986, Donnelly & Guyer 1994).
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Although temperate amphibians also respond to rainfall, temperature appears to be the major

factor initiating breeding activity in these regions (Duellman & Trueb 1986). At the higher

latitudes in temperate regions breeding seasons are greatly restricted by temperature. For

example, breeding seasons may be 5-6 months long in southern temperate wood frogs (Rana

sylvatica) but restricted to 1-2 weeks in the north (Herreid & Kinney 1967). In some

temperate species, the combination of a certain amount of rainfall above a certain

temperature is responsible for breeding activity (e.g. Bufo valliceps, Blair 1960 and Rana

aurora, Storm 1960).

As tropical and subtropical species have longer breeding seasons, they are capable of

producing more clutches per season (than temperate species restricted to shorter breeding

seasons); i.e. at all times of the year some females in the population are in a reproductive

state (Crump 1974). Individual female Hyla rosenbergi can produce as many as six clutches

in a single breeding season (Kluge 1981), while individual Syrrhophus marnocki (Jameson

1955), and Phyllomedusa trinitatus females (Kenny 1966) have been reported to produce

three clutches per season. A study of 81 species of neotropical frogs provided indirect

evidence that individual females in all bar 17 of these species produced multiple clutches

throughout the year (Crump 1974). However, tropical species with specialized reproductive

modes may not be able to multiclutch annually e.g. individual female brooding marsupial

frogs Gastrotheca riombambae although found throughout the year in the Ecuadorian

Andes, only produce one clutch per year (del Pino 1980).

Multiple clutches may be common among tropical frogs in nature, but a lengthy breeding

season is not necessarily indicative of the production of many clutches per female

(Duellman & Trueb 1986).  For example, the tropical amphibian Coleostethus inguinalis

has a lengthy breeding season but individual females only produce two clutches per year

(Wells 1980).

Due to the shorter (or cyclic) breeding seasons found in temperate regions, most temperate

anurans tend to reproduce annually (Kozlowska 1971, Berven 1982a, Ryser 1996). In these

environments there will be some point in the favourable season at which another

reproductive bout, while possible, would contribute very little to the fitness of the female

(Tinkle 1972). Although temperate anurans tend to produce single clutches, the production

of two clutches per season are known for some temperate species including Rana

catesbeiana in North America (Howard 1978) and Bufo valliceps in Mexico (Blair 1960).
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Perrill and Daniel (1983) found that a small number of temperate Hyla cinera and Hyla

regilla produced three clutches in one season.

While some temperate species may produce more than one clutch per season, females in

more seasonally dry or cold regions may only reproduce biennially or at even longer

intervals due to the high energetic requirements of developing and producing eggs and the

short activity periods available in which to accumulate the energy needed (Koch & Peterson

1995). Individuals in some Bufo populations (Blair 1943), Plethodon glutinosus and P.

wehrlei (Bull & Shine 1979) reproduce biennially while the Red Spotted Newt,

(Notophthalmus viridescens), can skip breeding seasons for up to five consecutive years

(Gill 1985).

An increase in altitude has the same effect on amphibian breeding seasons as an increase in

latitude. Populations at high altitudes tend to have shorter activity periods (Hemelaar 1988,

Elmberg 1991, Ryser 1996), and therefore shorter breeding seasons than those at lower

elevations (Berven 1981, Howard & Wallace 1985, Elmberg 1991, Ryser 1996). For

example, Berven et al. (1979) reported that the breeding season of Rana clamitans in

lowland localities in Virginia extended from mid-May to mid-September (four months)

whilst breeding in montane populations was restricted to a comparatively short two month

period. Howard & Wallace (1985) found that low elevation populations of long-toed

salamanders had a longer breeding season than mid and high altitude populations whilst

similar patterns were discovered by Elmberg (1991) while studying Rana temporaria

populations in Sweden. Similar patterns were also found in two separate studies of R.

temporaria in England (Holms 1982, Beattie 1985).

As a result of the short, cyclic breeding seasons found at high altitudes, the number of

clutches that can be produced each year are usually restricted. Individual female Ambystoma

gracile (Eagleson 1976), Salamandra salamandra (Joly 1961) and Triturus alpestris (Vilter

& Vilter 1963) reproduce either annually or biennially and tend to breed more frequently at

low altitudes. Individual female Rana pretiosa breed once every 1-3 years and also tend to

reproduce more frequently at low altitudes (Licht 1975).

Reptiles

Latitude and altitude affect the breeding season of reptiles in much the same way that they

affect amphibian-breeding periods in that the activity period of the adults is restricted at
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high latitudes and altitudes resulting in shorter breeding seasons (Ballinger 1979, Grant &

Dunham 1990).

Moving from tropical to warm temperate to cool temperate regions increases the influence

of temperature on breeding season length. The lower temperature in the temperate zones

along with seasonal rainfall produces short, well defined breeding seasons. Reptile species

whose ranges cover tropical and temperate regions invariably have a shorter breeding season

in temperate areas (Church 1962, Sanyal & Prasad 1967, Goldberg 1977).

In the tropics and subtropics, breeding season is primarily influenced by rainfall and most of

the well-investigated reptile species in these areas have extended breeding seasons that in

some cases last throughout the year (Fitch 1970). This pattern is found in many tropical

geckos (Church 1962, Shanbhag et al. 2000), anoles (Fitch 1970), several agamids (Harris

1964), chameleons (Bustard 1966), skinks (Wilhoft & Reiter 1965), teiids (Hirth 1963), and

snakes (Fitch 1970).

Relatively few tropical reptile species have been reported to have short, well defined

breeding seasons (Fitch 1970). The species that have include most of the hydrophiids

(Bergman 1943), the king cobra and the Australian taipan (Fitch 1970), Cyclura sp. (Shaw

1954), and some closely related species of chameleons in tropical Africa (Fitch 1970).

As reptile breeding seasons are short in temperate regions, individual females tend to

reproduce annually (Fitch 1970). However, in some of the higher latitude reptile species,

females may reproduce only biennially or even less frequently (Fitch 1970, Bull & Shine

1979) as there is insufficient time in one year to obtain enough food to maintain normal

metabolism and accumulate the reserves necessary for egg formation (Heatwole & Taylor

1987).  For example, female adders, Vipera berus breed every 2-3 years at higher latitudes

(Prestt 1971) whilst the wandering garter snake, Thamnophis elegans, and the prairie

rattlesnake, Crotalis viridis viridis, in Yellowstone National Park are only able to reproduce

biennially due to their short activity seasons (Koch & Peterson 1995).

In the mid-temperate zone, the breeding season is longer and species are able to produce

more clutches in a season. Various kinds of oviparous lizards including Anolis, Sceleoporus,

Uma, Agama, and Lacerta are able to produce up to six clutches per season (Fitch 1970).

The zebra tailed lizard, Callisaurus draconoides, ranges from northwest Nevada to Baja

California to south New Mexico and individual females produce between 1-5 clutches in a
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single breeding season with the greater number of clutches being produced in the southern

part of its range (Stebbins 1985). Individual female Colorado desert fringe-toed lizards, Uma

notata, produce clutches 4-6 weeks apart between May and August in Baja California

(Stebbins 1985), whilst individual female side blotched lizards, Uta stansburiana, produce

1-3 clutches in the northern parts of its range and 2-7 clutches in the south (Stebbins 1985).

Tropical reptiles with their extended breeding seasons tend to produce multiple clutches.

The Conzumel spiny lizard, Sceleoporus conzumelae (Lee 1996) and the rose-bellied lizard,

Sceleoporus teapensis (Fitch 1978) on the Yucactan Peninsula in Cental America have

lengthy breeding seasons and produce multiple clutches. Almost all the anole species in

tropical and subtropical regions produce multiple clutches (Fitch 1970, 1975). However,

these species only lay one egg per clutch (Fitch 1970), therefore making the energy

requirements of producing each clutch low and enabling the production of multiple clutches

in a season.

At high altitudes, activity periods and breeding seasons are shorter than those at low

elevations and the number of clutches produced per individual per season is reduced.

Ballinger (1979) and Grant & Dunham (1990) found that the active season of high altitude

populations of the lizards Sceleoporus jarrovi and S. merriami was shorter than that at low

elevations. Fitch (1985) found that the number of clutches produced per female Sceleoporus

occidentalis was reduced at high altitudes as a result of shorter breeding and growing

seasons. Female Podacris muralis lizards are reported to produce between one (northern and

montane populations) and three clutches (southern and lowland) per year (Van Damme et al.

1992).

2.3 Clutch size and egg size

The size of a clutch or litter is regarded as an attribute that populations have evolved

through time in adaptation to their general environment and their ecological niche within

that framework (Crump 1974, Fitch 1985). Within ectotherm populations, clutch size is

dependent on environmental changes and represents the potential number of offspring

(Crump 1974). Factors such as rainfall and temperature can directly affect the availability of

food, and may indirectly affect clutch size by reducing the fat stores that are necessary for

the development of a complete clutch (Heatwole & Taylor 1987). The length of the adult

activity period also indirectly influences clutch size as it is during this period that energy
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required for reproduction and producing clutches or litters is obtained and stored (Bull &

Shine 1979).

Egg size is affected by the amount of energy available for reproduction as well as external

factors including reproductive mode (Crump 1974) and habitat (Salthe & Duellman 1973).

Egg size affects the survival of offspring by influencing the size, shape, growth and

development rates during embryonic development (Kaplan & King 1997). Egg size also

determines the number of offspring a parent can produce (Kaplan 1980).

Clutch volume is the product of egg size and the number of eggs produced (Duellman 1992),

and relates mainly to the size of the female (i.e. larger females tend to have larger clutch

volumes: Salthe & Duellman 1973, Kuramoto 1978, Vitt & Congdon 1978, Flemming

1994), and the shape of the female ectotherm (Seigal & Fitch 1984). As clutch volume is the

product of egg size and clutch size, species producing large eggs will produce fewer to

compensate for the energy put into the large eggs (Pettus & Angleton 1967, Crump 1984).

Similarly, species with small eggs will produce greater numbers (Kuramoto 1975).

The tradeoff between egg size and clutch size for a given clutch volume influences the

fitness of both the female parent and the juvenile (Begon et al. 1990). Most studies have

concluded that larvae derived from large eggs should enjoy an increase in fitness either

because of greater initial size, faster growth rates, development rates or both (Crump 1984).

The advantage associated with producing smaller eggs is due to the corresponding increase

in fecundity (Crump 1984). However, the relative fitness of large and small eggs, and

consequently the best combination of egg size and egg number, will vary with

environmental conditions (Berven & Chadra 1988).

Reproductive mode influences egg size and the number of eggs produced by a female

(Crump 1974, Kuramoto 1975, Crump 1984, Seigal & Fitch 1984, Seigal et al. 1986).

Usually, species with generalised reproductive modes produce larger clutches than those

with specialized modes (Duellman & Trueb 1986). There is also a difference in clutch size

and egg or offspring size between oviparous and viviparous species (Seigal & Fitch 1984).

The frequency of reproduction also affects clutch size and egg size as species producing

multiple clutches tend to produce smaller clutches and eggs than those that produce single

clutches (Tinkle 1969, Mattison 1989).
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Amphibians

In anurans, clutch volume is primarily a result of female body size (Salthe & Duellman

1973, Kaplan & Salthe 1979) and in general, larger females have a larger clutch volume than

smaller individuals. Egg size and egg number within a given clutch volume vary depending

on the reproductive mode, frequency of reproduction and the environmental conditions

experienced by the individual (Kuramoto 1975, Crump 1984).

Variation in the fecundity of frogs is most closely related to reproductive mode and also

body size within a given reproductive mode (Salthe & Duellman 1973, Crump 1974,

Duellman & Trueb 1986). Crump (1974) found that the number of eggs produced by females

within different reproductive modes (1) eggs in water (2) eggs on vegetation above water

and (3) non-aquatic eggs with terrestrial development, increased as female body size

increased.

Species undergoing direct development generally have smaller clutch sizes and larger eggs

relative to body size than species with larval stages (Crump & Kaplan 1979). Terrestrial

eggs or directly developing eggs receive little or no nourishment from their surroundings

and therefore are usually provided with larger yolk reserves than aquatic eggs which results

in a larger egg size (Duellman & Trueb 1986). This trend is well-illustrated by comparisons

of ovum sizes in the sequential series of those that have aquatic eggs and larvae, terrestrial

eggs with aquatic larvae, and terrestrial eggs with direct development (Duellman & Trueb

1986). This pattern has been found in both Australian (Hero unpublished data) and South

American anurans (Salthe & Duellman 1973).

Anuran egg size decreases as reproductive habitat changes from lentic to lotic waterbodies

(Salthe & Duellman 1973, Crump & Kaplan 1979). When tadpoles hatch or are released into

fast flowing streams as opposed to ponds, they must be strong in order to survive in the

flowing water. One way to achieve this is to have larger tadpoles which in turn selects for

larger eggs (Duellman & Trueb 1986). This pattern has again been found in South American

amphibians (Salthe & Duellman 1973) and Australian anurans (Hero unpublished data).

Although reproductive mode and habitat have strong interspecific effects on clutch size and

egg size, their influence on intraspecific comparisons is limited.

Hence, interspecific comparisons between clutch size and egg size for a given clutch volume

or female body size must take into account any differences in reproductive mode. The rest of
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this section will examine either intraspecific comparisons or interspecific comparisons

within a given reproductive mode.

Altitude and latitude

Due to the effects of temperature on growth and development on sexual maturity (discussed

in section 2.5), female amphibians in colder parts of their range (high latitude and altitude)

are usually larger than their counterparts in warmer parts of the range (Pettus & Angleton

1967, Kozlowska 1971, Berven 1982a). As these individuals are larger, they are expected to

produce more eggs (Kuramoto 1978, Kaplan & King 1979, Cummins 1986, Ryser 1996),

larger eggs (Pettus & Angleton 1967, Licht 1975) or both (Pettus & Angleton 1967, Gibbons

& McCarthy 1986). Subsequently, differences in egg size and clutch size between high and

low latitude and elevation populations can be explained by differences in female body size.

Studies on the effects of altitude on clutch size in amphibians are often contradictory. A

summary of the studies and their results can be found in Table 2.1.

Larger clutches in high altitude populations have been reported in wood frogs, Rana

sylvatica (Berven 1982a), R. temporaria (Cummins 1986), montane chorus frogs Pseudacris

triseriata (Pettus & Angleton 1967), and dusky salamanders Desmognathus orchophaeus

(Tilley 1980). However, not all studies reach the same conclusions. Morrison & Hero (in

press) in their study of altitudinal variation in clutch size and egg size found no relationship

between altitude and clutch size in the five anuran species. Licht (1975) found that fecundity

was the same in high and low elevation populations of Rana pretiosa. Ryser (1996) reported

no difference in clutch size in populations of R. temporaria from different altitudes in

Switzerland. In all of these studies however, there was no difference in female body size

between high and low elevation populations. Other studies have reported larger clutch sizes

at low altitudes (Kozlowska 1971; Howard & Wallace 1985; Gollmann & Gollmann 1996).

The larger clutch sizes in low altitude Ambystoma macrodactylum (Howard & Wallace

1985) and Geocrinia victoriana (Gollmann & Gollmann 1996) were due to the larger body

size of females occurring at low altitudes. Kozlowska’s (1971) study appears to be an

exception to the trend that larger females produce larger clutches irrespective of altitude.
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Table 2.1. A summary of the results of studies carried out on the effects of altitude on amphibian

reproductive characteristics.  AR = Altitudinal Range, AM = Age at Maturity. Female body size,

clutch size and egg sizes are presented as ranges or means (± 1SD).

Species Latitude AR

(m)

Site

Alt.

ΕΕΕΕ Body

size (mm)

Clutch size Egg size

(mm)

AM Ref

Litoria chloris* sub-trop. 80-

600

Low

High

63.4± 8.83

64.1± 6.42

1787.8 ± 187.3

1810.6 ± 195.6

1.21 ± 0.1

1.23 ± 0.1

-

-

1

L. lesueuri* sub-trop. 20-

1000

Low

High

57.8 ± 3.58

58.5 ± 4.42

2433.8 ± 702.3

2507.8 ± 788.3

1.12 ± 0.20

1.25 ± 0.25

-

-

1

L. pearsoniana* sub-trop. 60-

1000

Low

High

32.1 ± 1.55

33.5 ± 2.76

489.3 ± 177.2

551.3 ± 139.2

1.15 ± 0.16

1.22 ± 0.03

-

-

1

Mixophyes

fasciolatus*

sub-trop. 100-

700

Low

High

74.9 ± 2.19

79.0 ± 2.34

976.8 ± 262.1

963.9 ± 252.2

1.15 ± 0.16

1.22 ± 0.03

-

-

1

M. iteratus* sub-trop. 40-

600

Low

High

94.5 ± 6.87

99.2 ± 6.29

1961.3 ± 682.1

2647.7 ± 641.3

1.74 ± 0.06

1.76 ± 0.02

-

-

1

Ambystoma

macrodactylum*a

Temperate 360-

2470

Low

Mid

High

69.9 ± 4.80

60.8 ± 4.07

66.0 ± 3.39

166.5 ± 59.7

105.3 ± 31.1

90.1 ± 48.8

2.15 ± 0.16

2.09 ± 0.11

2.65 ± 0.05

-

-

-

2

Geocrinia

victoriana*

Temperate 180-

1300

Low

Mid

High

-

-

-

< 196

< 218

47 - 69

1.9 ± 0.06

2.5 ± 0.05

-

-

-

-

3

Rana sylvaticab Temperate 43-

1100

Low

High

47.7 ± 3.7

64.4 ± 3.5

642 ± 200

920 ± 217

1.83 ± 0.29

2.28 ± 0.13

~ 2

~ 4

4

R. temporariaa Temperate 200-

1000

Low

Mid

High

80.5 ± 1.64

89.0 ± 2.01

87.4 ± 1.56

2522 ± 164

2340 ± 125

1880 ± 112

1.75 ± 0.02

1.95 ± 0.02

1.98 ± 0.03

-

-

-

5

R. temporariab Temperate 600-

1930

Low

High

81.6

80.6 ± 4.8

726 –1901

784 -1616

1.83 – 2.35

1.83 – 2.19

~ 3-4

~ 5-6

6

R. pretiosac Temperate 70-

2600

Low

High

62.0

65.0

643

539

-

-

2-3

6

7

Pseudacris

triseriataa

Temperate 590-

2818

Low

High

24.1 ± 0.66

31.4 ± 0.27

455.5 ± 46.6

443.9 ± 17.5

0.80 ± 0.01

1.15 ± 0.01

-

-

8

Desmognathus

orchrophaeusc

Temperate 1024-

1048

Low

High

30

35

9.25 ± 0.62

11.27 ± 1.4

-

-

3

4

9

* all measurements made in field, a dissection of dead specimens, b females oviposit in lab, c method not stated

1 = Morrison & Hero (in press), 2 = Howard & Wallace (1985), 3 = Gollmann & Gollmann (1996), 4 = Berven

(1982a), 5 = Kozlowska (1971), 6 = Ryser (1996), 7 = Licht (1975), 8 = Pettus & Angleton (1967),  9 = Tilley

(1980).
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As larger females produce larger clutches and females at high altitudes are usually larger, it

follows that high altitude females lay larger clutches (Tilley 1980). However, when the

effect of female body size is removed, high altitude females have been found to produce

smaller clutches and larger eggs than their lowland counterparts (Kozlowska 1971; Berven

1982a). As there is a tradeoff between clutch size and egg size for any given clutch volume

or female body size, it appears that high altitude females trade fecundity for higher survival

of individual offspring.

Larger ova have been reported in high altitude populations when compared to lowland

populations. Pettus and Angleton (1967), while comparing the reproductive biology of

montane and piedmont chorus frogs, Pseudacris triseriata, found that the montane frogs laid

significantly larger eggs than the lowland frogs. Similar results have been reported for a

number of other amphibians including, Rana temporaria (Kozlowska 1971; Beattie 1987),

R. sylvatica (Berven 1982a), Geocrinia victoriana (Gollmann & Gollmann 1996), and

Ambystoma macrodactylum (Howard & Wallace 1985).

Though the pattern of increasing egg size with altitude is documented for some species, a

number of studies have found no significant difference between egg sizes found in high and

low altitude populations. For example, Ryser (1996) found no significant difference in the

size of the eggs produced by high and low elevation populations of Rana temporaria.

Morrison & Hero (in press) examined altitudinal variation in clutch size and egg size in five

anuran species in mid-eastern Australia and found no relationship between altitude and egg

size in any of the species.

Very few studies have been carried out on the influence of latitude on clutch and egg size in

anurans. Gollmann & Gollmann (1996) reported an increase in egg size and decrease in

clutch size in Geocrinia victoriana with increasing latitude. Hero (unpublished data)

examined interspecific patterns in Australian anurans and discovered that moving from

tropical to sub-tropical to temperate regions resulted in an increase in average egg size.

In summary, females at high altitudes and latitudes are larger and therefore are able to

produce larger clutches and/or eggs. Most studies report that high altitude and latitude

females lay larger eggs than their lowland or more tropical counterparts. The pattern for

altitudinal variation in clutch size is not as clear with some studies reporting larger clutches,

some smaller clutches and some finding no difference in clutch size between females in
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populations from different altitudes. However, most of this variation in clutch size can be

attributed to variation in female body size.

Reptiles

In almost every squamate species that has been investigated some correlation has been found

between the size (and/ or age) of the individual female and the number of eggs in a clutch or

young in a litter (Fitch 1970, Frazer & Richardson 1986, Abell 1999, Johnston 1999).

Although these studies produce fairly striking results, in squamates female snout-vent-length

(SVL) cannot solely be used to predict relative clutch size. The shape of the female must

also be taken into account (Seigal & Fitch 1984). The reason for this is that reptiles come in

various shapes and a long, thin female will have a smaller clutch volume (/clutch mass) than

a stocky individual of the same length (Mattison 1989). This difference in clutch volume

corresponds with a difference in Relative Clutch Mass (RCM), which is the total offspring

mass/ female total mass (Seigal & Fitch 1984, Mattison 1989).

The shape of a reptile depends greatly on its foraging method and predator avoidance

behaviour (Seigal & Fitch 1984, Heatwole & Taylor 1987). Sit and wait predators that rely

on crypsis for predator avoidance tend to be stocky with short tails (Huey & Pianka 1981)

and have high RCMs (Heatwole & Taylor 1987). Widely foraging species, whether they be

cruisers or intensive foragers, that rely on speed and agility to escape predators are usually

streamlined (Huey & Pianka 1981) and have low RCMs (Heatwole & Taylor 1987). The

reason that species dependent on speed and agility to find food or escape predation have a

lower RCM than cryptic, sit and wait species is that they would be more hampered by the

heavy clutch and as a result, experience higher mortality rates (Vitt 1975).

This pattern however, is not found in all reptile groups. Different RCMs for species with

different escape behaviours and foraging mode is common in lizards (Vitt 1975, Vitt &

Congdon 1978), but is not found in snakes (Seigal & Fitch 1984, Seigal et al. 1986,).

In snakes, RCM appears to be dependent on reproductive mode, i.e. whether the species is

oviparous or viviparous (Seigal & Fitch 1984). Viviparous species have long reproductive

seasons and gestation periods when compared to oviparous species and as a result, they

experience higher costs associated with reproduction e.g. high mortality due to predation

and energetic costs (Seigal & Fitch 1984). In order to reduce these costs species can reduce
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the gestation period (ecological and physiological constraints associated with this option -

see Vitt & Congdon 1978) or decreasing RCM which decreases the burden and increases

escape speed (Seigal & Fitch 1984). As a result, viviparous snakes tend to have lower RCMs

than oviparous snakes (Seigal & Fitch 1984, Seigal et al. 1986).

In order to compensate for low RCMs, viviparous snakes can either decrease clutch size,

decrease offspring size or both. Preliminary studies have found that viviparous snakes tend

to increase clutch size at the expense of offspring size (Seigal & Fitch 1984) and generally

have larger clutches than similarly sized oviparous species (Heatwole & Taylor 1987).

While reproductive mode affects RCM in snakes, the RCM of lizards is not significantly

related to reproductive mode (Seigal & Fitch 1984). The lack of a significant difference

between the RCM of viviparous and oviparous lizards is puzzling, especially since the

pattern is so strong in snakes. However, Vitt (1975), has pointed out that most viviparous

lizards are sit and wait predators so the cost of a high RCM may be reduced in these species.

Altitude and latitude

Fitch (1985) summarised intraspecific changes in reptile clutch and litter size in response to

changes in latitude in wide-ranging species for which there were adequate records. Of the 47

cases (45 species) examined, 62% showed a northward increase in clutch size (Fitch 1985).

It was thought that increasing clutch size with latitude compensated for the short breeding

season and the restricted number of clutches that could be produced at high altitudes

(Heatwole & Taylor 1987).

The trends found by Fitch (1985) were notably different between turtles, lizards and snakes.

In turtles, 100% showed a northward increase in clutch size with an average increase of

75%. Sixty percent of snakes tested showed a northward increase with an average increase

of 13%. In lizards, 50% showed a northward increase with an average increase of 1% (Fitch

1985). Turtles show the greatest increase in clutch size however the majority of the species

examined were aquatic (Fitch 1985). Undoubtedly, their weightless state in water makes it

easier for them to increase their clutch size without overburdening the female. Also, snakes

lying sprawled on the ground have a less serious problem with gravity in carrying their eggs

than a quadrupedal or bipedal lizards (Fitch 1985).



Chapter 2 - Literature review

17

A decrease in clutch size or litter size from south to north occurred in 44% of the lizards,

36% of the snakes and none of the turtles examined by Fitch (1985). Examples of these

species include Uta stansburiana, Sceleoporus graciosus and Diadophis spp. (Fitch 1970).

The explanation for the departure of these species from the trend found in the majority

usually involves body size as in most instances the females in southern populations that

produce larger clutches are larger than their northern counterparts (Fitch 1985).

Fitch (1985) also identified a trend of increased brood size at high altitude that paralleled the

northward increase but appeared much stronger and consistent than the latitudinal increase.

Some increase in clutch size with altitude occurred in each of the 22 cases tested with an

average gain of 28% in clutch size. Taylor et al. (1992) found that high altitude populations

of Cnemidophorous tigris gracilis and C. t. sepentrionalis produced significantly larger

clutches than lowland populations. This increase in clutch size at high altitude is also

thought to compensate for the short breeding season and low number of clutches produced

in these areas.

Some species again exhibited a pattern the reverse of the general trend and showed an

increase in clutch size from high to low altitudes; e.g., the tropical African water snake,

Nastriciteres olivacea, has an average clutch size of 6.3 in lowland populations and only 3.2

in montane populations (Fitch 1970).

Increasing altitude may result in an increase in egg size that would result in a decrease in

clutch size due to the tradeoff between the two characters. One of the few examples of this

is seen in Lacerta vivipara where high altitude populations produced larger eggs and smaller

clutches than low altitude populations (Sorci et al. 1996).

Although Fitch (1985) identified a general trend of increasing clutch size with altitude and

latitude, there are numerous exceptions and the patterns observed might be better explained

by a combination of altitude and latitude and differences in body size, egg size, and other

ecological characteristics e.g. foraging behaviour and reproductive mode, rather than

geographical distribution alone.
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2.4 Development and growth (physiological constraints)

Rates of development and growth are critical in determining the timing of egg hatching

(Moore 1939), the size of hatchlings (Crump 1984, Heatwole & Taylor 1987), the length of

larval periods (Kaplan 1980), the timing and duration of metamorphosis (Smith-Gill &

Berven 1979), size of the metamorph (Berven et al. 1979), the length of time to sexual

maturity (Berven 1982a, Heatwole & Taylor 1987) and consequently, the general survival of

offspring (Duellman & Trueb 1986).

These growth and development rates are influenced by a number of intrinsic and extrinsic

factors (Duellman & Trueb 1986). The extrinsic factors include; temperature (Volpe 1957,

Berven et al. 1979, Kaplan 1980, Berven 1982b), density and competition (Licht 1975,

Kaplan 1980, Berven 1982b), food supply and quality (Berven 1982b, Berven & Chadra

1988), predation (Crump 1974), breeding habitat (Crump 1974, Kaplan 1980, Duellman &

Trueb 1986), and inhibitory compounds (Duellman & Trueb 1986, Berven & Chadra 1988).

Intrinsic factors include body size or egg size (McLaren & Cooley 1972, Kuramoto 1975,

Berven et al. 1979), and yolk reserves (Duellman & Trueb 1986).

Amphibians

Development pathway

Amphibian metamorphosis is a developmental process that consists of growth and

differentiation (Smith-Gill & Berven 1979). The timing of the metamorphic climax is

dependent primarily on differentiation rates while body size is a function of both growth and

differentiation rates of the premetamorphic larval stage (Smith-Gill & Berven, 1979).

Growth and development rates however are not only important in metamorphosis, they are

critical in the overall transformation of the individuals from the egg stage to sexual maturity.

A variety of factors act to increase or decrease the development and growth rates occurring

within and between each life stage in amphibians. In order to examine the influence of

altitude and latitude on growth and development rates, it is necessary to first examine

influential factors and demonstrate their effects on growth and development rates and

ultimately on the time taken to progress for each stage from eggs to sexually mature adults.
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Embryogenesis

Of the various environmental and internal factors influencing the intraspecific development

and growth of amphibian embryos, temperature has been found to be the major factor

influencing growth and development with rates increasing with temperature within the

thermal limits of the eggs (Moore 1939, Voss 1993). Increased development rates and

shorter time to hatching with increased temperature have been reported in a number of

amphibian species including Rana pipiens, R. sylvatica and R. palustris (Moore 1939),

Ambystoma maculatum (Voss 1993), Ambystoma opacum (Kaplan 1980), Scaphiopus

couchii and S. bombifrons (Justus et al. 1977).

Although temperature is a major influence on embryonic development and growth, it rarely

acts independently of the other extrinsic and intrinsic factors. Intraspecific (and

interspecific) embryonic development rate is also a function of egg size (McLaren & Cooley

1972, Kuramoto 1975). Within a reproductive mode, there appears to be some correlation

between ovum size and duration of development. For example, in anurans with terrestrial

eggs undergoing direct development, smaller eggs hatch far more rapidly than larger ones

(Duellman & Trueb 1986). Salthe & Duellman (1973) also concluded that there was a

negative correlation between ovum size and rate of development in frogs that laid their eggs

in water.

Feeding larvae to metamorph

In amphibians the interval from hatching to feeding involves the last portion of

embryogenesis where there is differentiation and not growth and the embryo is a closed

system (Smith-Gill & Berven 1979). During feeding to entry into metamorphosis, larvae are

primarily growing and undergoing maturation of already differentiated organs with little

new morphological and biochemical differentiation (Smith-Gill & Berven 1979). However,

during metamorphic development, physical controls change and both growth and

differentiation occur, sometimes very rapidly (Duellman & Trueb 1986). Each of the phases

- feeding larvae and metamorphosis respond differently to environmental variables.

Once eggs have hatched, larval growth and development are dependent primarily on food,

larval density and temperature (Duellman & Trueb 1986). Consequently, these factors

significantly influence the length of larval periods and size at metamorphosis (Berven &

Chadra 1988). Generally, at high larval density and low food levels, larvae grow more
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slowly, have longer larval periods, and are smaller at metamorphosis than those grown at

low density and high food levels (Smith-Gill & Berven 1979, Berven & Chadra 1988,

Tejedo & Reques 1992, Martinez et al. 1996). These competitive effects occur due to

exploitation for a limited resource (Reques & Tejedo 1995), because of the interference

from the production of growth inhibitors (Berven & Chadra 1988), or both (Duellman &

Trueb 1986).

Controlling for food availability and larval density, temperature appears to be the major

external factor controlling the duration of development and differentiation in amphibian

larvae (Duellman & Trueb 1986). As previously stated, amphibian metamorphosis is a

developmental process that consists of growth and differentiation (Smith-Gill & Berven

1979). As temperature has differential effects on growth and development rates,

differentiation will cease at low temperatures (as in winter) but growth will continue at an

absolute rate slower than during warmer, summer months until temperatures eventually

become too low and both cease (Smith-Gill & Berven 1979). Consequently, anurans and

urodeles grown at low temperatures tend to have prolonged larval periods and higher stage-

specific growth (therefore are larger at any given stage) than those growing in warmer

regions (Smith-Gill & Berven 1979). Voss (1993) reported longer larval periods and larger

individuals in Ambystoma maculatum at lower temperatures. Similar results were found in

Ambystoma maculatum, A. t. tigrinum and A. opacum (Kaplan 1980) and in Geocrinia

victoriana (Gollmann & Gollmann 1996).

The duration of larval development varies from about two weeks in some anurans to as long

as five years in some salamanders (Duellman & Trueb 1986). Larval habitat influences

development and growth with the most rapid development occurring in anuran larvae

developing in temperate ponds in arid environments. Ultimately, larval habitat will

determine amphibian larval development rates because short development times will be

selected for in temporary habitats regardless of other factors including temperature, food

level and larval density.

Growth and development to sexual maturity

Growth and development rates of metamorphs to sexual maturity are mainly influenced by

temperature (Berven 1982a), habitat (Duellman & Trueb 1986), length of growing season

(Hemelaar 1988), food supply (Berven & Chadra 1988) and initial body size (Ryser 1996).

Generally, in warmer regions with longer growing seasons and ample food supply, growth
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rates increase and the amount of time taken to reach sexual maturity is decreased. This will

be discussed in more detail in the next section - age at first reproduction.

Latitude and altitude

Amphibians at high latitudes and elevations experience lower environmental temperatures

than those found in tropical lowlands (Purves et al. 1992). As environmental temperatures

vary systematically with altitude, we would expect to find correlations of development

patterns with temperature between high and low elevation for either genetic or induced

reasons (Berven et al. 1979). In these colder areas, temperature appears to be the main

influence on development and growth rates, and individuals generally have longer larval

periods and are larger at metamorphic climax than those in warmer areas (Ruibal 1955,

Berven et al. 1979, Berven 1982b).

Tadpoles of the tailed frog Ascaphus truei, take between one and four years to

metamorphose with the longer larval periods occurring in high altitude populations (Bury &

Adams 1999). Howard and Wallace (1985) found that Ambystoma macrodactylum larvae at

high altitudes grew slower than lowland larvae and metamorphosed during either their third

or fourth summer while lowland larvae metamorphosed during their first summer. However,

larvae from high elevations were significantly larger at all stages of development including

metamorphic climax than lowland larvae. Overwintering is reportedly more prevalent in

montane populations of the salamanders Ambystoma gracile (Eagleson 1976) and A.

tigrinum (Bizer 1978).

Lowland tadpoles of green frog, Rana clamitans, in Virginia, North America were found to

overwinter no more than once while montane tadpoles had to overwinter at least once and

more often twice before being able to metamorphose (Berven et al. 1979). Throughout the

year, montane tadpoles were consistently larger at any given development stage than

lowland ones and larval size was inversely correlated with the average monthly temperature

of the water (Berven et al. 1979). Similar results were reported for temperate species Rana

pipiens (Ruibal 1955), Rana clamitans (Berven 1982b), Ascaphus truei (Noble & Putnam

1931), Heleophryne purcelli (Wager 1965), Plectohyla glandulosa (Duellman 1970), and

Rana septentrionalis (Leclair & Laurin 1996).

In contrast to the above, some species of amphibians develop faster at high altitudes and

latitudes than those in lowland regions. Licht (1975) found that Rana pretiosa tadpoles at
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low altitudes had longer larval periods and transformed at twice the body size of high

altitude species. As the lowland tadpoles were in habitats that were prone to desiccation, the

increase in larval body size was thought to lead to faster postmetamorphic growth and a

shorter time to reproductive maturity. However, this is the only exception as larvae living in

temporary habitats generally develop faster than those in more permanent ones (e.g. Crump

1974, Duellman & Trueb 1986).

Gollmann & Gollmann (1996) studied Geocrinia victoriana from autumn 1988 to autumn

1989 and found that only a few tadpoles from high altitude populations reached

metamorphic climax and no lowland tadpoles metamorphosed before the termination of their

study. These results were attributed to countergradient selection where the high altitude

tadpoles had faster growth and development rates than the lowland larvae to compensate for

the differences in environmental temperatures between the altitudes. Pettus & Angleton

(1967) also thought that the larger size of highland tadpoles (Pseudacris triseriata) in

Colorado, North America could potentially shorten the time to metamorphosis and the

metamorphic process itself.

Berven et al. (1979) found that individuals in mountain populations of Rana clamitans were

larger at all stages of development and the tadpoles took up to two years longer to complete

metamorphosis than the lowland individuals. Field and laboratory studies demonstrated that

clinal variation in morphology and development was primarily induced by the environment.

However, significant genetic differences in temperature optima and temperature sensitivity

of growth rates, stage-specific growth, and development rates were demonstrated. The

genetic differences were counter to the observed clinal variations, e.g. in cold temperature

experiments, montane tadpoles actually developed faster than and completed metamorphosis

earlier and at a smaller size than lowland tadpoles (Berven et al. 1979). Similar results were

reported by Berven (1982b) whilst studying montane and lowland populations of Rana

sylvatica.

In summary, the low environmental temperatures at high altitudes and latitudes tend to

decrease amphibian growth and development rates below that of low altitude individuals

resulting in longer larval periods and larger body sizes of individuals in these areas.

However, there are numerous exceptions leading us to conclude that differences in other

factors including body size, habitat permanency, food availability, and are also responsible

for observed differences in the rates of growth and development at high and low latitudes

and altitudes. Genetic contributions to larval development and growth can have a significant
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impact on rates of development and growth but tend to be masked by differences resulting

from variation in environmental conditions. Additionally, different species have different

responses to environmental factors.

Reptiles

Development pathway

Reptiles may produce either live young or lay eggs (Heatwole & Taylor 1987), the growth

rates of which are poorly known. However, they are thought to be strongly dependent on the

temperature and moisture regimes of the incubation environment (Packard et al. 1977).

The thermal conditions under which reptilian eggs are incubated affect many phenotypic

traits of hatchlings including body size and shape, sex, locomotory performance, growth,

thermal perferences and the ability to escape predation (Choo & Chou 1987, Burger 1991,

Elphick & Shine 1998, Rhen & Lang 1999, Andrews et al. 2000).

Reptilian eggs raised at higher temperatures hatch quicker than those raised at lower

temperatures (Van Damme et al. 1992, Andrews et al. 2000). Like amphibians, these early

hatchers are usually smaller than the late hatchers (Van Damme et al.1992). These earlier

hatchers subsequently have slower juvenile growth rates and slower sprint speeds than late

hatchers – traits that could result in lower survival rates (Elphick & Shine 1998, Rhen &

Lang 1999). For example, Van Damme et al. (1992) in a study of the effects of temperature

on the development and growth of the lizard Podacris muralis, found that eggs developing

at high temperatures hatched quicker than those at low temperatures did. However, the

hatchlings from these eggs were smaller, grew slower and had slower sprint speeds than

those that were incubated at lower temperatures.

Altitude and latitude

There are few studies on geographic variation in reptile growth and development. Those that

have been conducted suggest that in temperate reptiles, temperature is the most important

factor as the large drops in temperature that can occur over winter cause metabolic rates and

consequently, growth rates to decrease greatly (Heatwole & Taylor 1987).

Slower juvenile growth rates at high altitudes have been reported in a number of reptile

species including Sceleoporus jarrovi (Smith et al. 1994), S. merriami (Grant & Dunham
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1990), Lacerta vivipara (Sorci et al. 1996), and Eulamprys tympanum in Australia (Rohr

1997).

The effect of temperature on growth may not necessarily be a direct one as temperature may

also affect appetite, food abundance and vegetation structure (Andrews 1982). For example,

Crocodylus johnstoni has reduced growth rates in the dry season when there appears to be a

shortage of insects and small fish (Webb et al. 1983). Grant & Dunham (1990) studied three

populations of Sceleoporus merriami at different altitudes and found that the mid-altitude

population had the fastest growth rates despite being at colder temperatures than the low

altitude population. The faster growth rates in this population were attributed to the greater

resources available.

2.5 Body size

The influence of cold temperatures on amphibian larval and juvenile growth and

development rates has follow-on effects on the timing of maturity and subsequently, the size

of adults. As a result of these effects, high altitude amphibians and reptiles are generally

larger than low altitude individuals (Kozlowska 1971, Bizer 1978, Berven 1982a, Hemelaar

1988, Elmberg 1991, Ryser 1996, Miaud et al. 2000). There are exceptions to this trend with

low or mid altitude individuals being significantly larger than high altitude individuals in

some species (Howard & Wallace 1985) or no significant difference in body size being

detected in populations from different altitudes (Licht 1975; Ryser 1996; Morrison & Hero

in press). Reasons for these exceptions include the effects of habitat quality and predation

pressure on age at maturity (Licht 1975; Howard & Wallace 1985; Ryser 1996) and limited

altitudinal gradients (Morrison & Hero in press). The relationship between body size and

maturity will be covered in more detail in the next section.

2.6 Age at maturity

The length of time required from birth or hatching to sexual maturity is an important aspect

of each species' population dynamics. Age at first reproduction is usually determined by the

size at maturation and juvenile growth (Ryser 1996) both of which are influenced by factors

such as the length of the growing season and the level of metabolism (Fitch 1970). As

reproductive maturity is dependent on body size, species with faster growth rates will reach
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the minimum size required for reproduction sooner than those with slower growth rates and

thus will be able to begin breeding at a younger age.

Precocity or early reproduction has obvious benefits. Precocious individuals have a shorter

generation length than species that delay reproduction and their rate of population increase

is therefore greater (Begon et al. 1990). Precocity also tends to be favoured in species with

short adult life expectancies (Tinkle 1969). Alternately, the benefits of delayed reproduction

are less obvious and generally relate to advantages associated with larger body size. As

growth rates of ectotherms decrease greatly after the attainment of sexual maturity

(Hemelaar 1988), organisms that delay reproduction are able to achieve larger body sizes

than precocious individuals. This results not only in increased success at holding breeding

territories (Tinkle 1969), but also in greater survivorship of parents, and the production of

larger clutches (Gibbons & McCarthy 1986), or larger offspring which may have higher

survival rates than smaller offspring (Berven 1982a, Begon et al. 1990).

Species that mature later in life often live longer to make up for their delayed maturity

(Castanet & Baez 1991, Castanet 1994). Consequently, individuals that mature at an older

age tend to live longer than their precocious counterparts. These late maturing individuals

are also often larger due to the faster growth rates exhibited before the onset of maturity i.e.

growth rates decrease rapidly once maturity is reached due to energetic tradeoffs (energy

allocated to reproduction rather than growth). Individuals that mature early will experience

decreased growth rates earlier and therefore are smaller than individuals with delayed

maturity (Kozlowksa 1971, Berven 1982a, Hemelaar 1988, Halliday & Verrell 1988, Ryser

1996).

Amphibians

Geographic differences in post-metamorphic growth rates are influenced by differences in

the physical environment (Duellman & Trueb 1986). Temperatures are higher in tropical

areas and many tropical anurans apparently grow throughout the year and thus attain their

maximum sizes rapidly. Recently metamorphosed Bufo marinus in Hawaii 8 - 12 mm long

and reach lengths of 60 - 75 mm in three months and 90 - 120 mm at the age of six months

(Pemberton 1934). The large neotropical tree frog Hyla rosenbergi grow at a rate of 0.21

mm per day and reach adult size in less than a year (Kluge 1981) while the growth rates of
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the tropical anuran Rana erythraea in the Philippines greatly exceeds that of the temperate

populations (Brown & Alcaca 1970).

As species at higher latitude and altitude experience lower temperatures and shorter growing

seasons than those at lower latitudes and elevations, it takes longer to reach the minimum

size required for sexual maturity and the age at first reproduction is generally older (Berven

1982a, Hemelaar 1988, Ryser 1996). Among anurans the oldest ages of first reproduction

are generally found in species at high latitude and altitude whilst those in aseasonal, tropical

lowlands mature much earlier (Duellman & Trueb 1986). The age at first reproduction in 12

tropical species was found to be 6-15 months (mean = 10.79) in males and 8-15 months

(mean = 10.99) in females whereas in 25 mid-latitude species the values were 1-2.5 years

(mean =1.54) in males and 1-3 years (mean = 1.83) in females. By contrast, the ages of eight

species at high latitude and altitude in temperate regions were 2-4 years (mean = 3.44) in

males and 2.5-6 years (mean = 3.69) in females (Duellman & Trueb 1986).

Intraspecific comparisons have reported longer growth to maturation in high altitude

populations of a number of species including alpine Rana temporaria frogs versus lowland

individuals (Elmberg 1991, Ryser 1996) and in the salamander Desmognathus ochrophaeus

(Tilley 1980). Noticeable differences have been found in the life history patterns of lowland

versus highland populations of Rana petriosa where lowland females mature in 1-2 years

and reproduce annually whilst the high altitude females require 5-6 years to mature and

breed every 2-3 years (Licht, 1975). Likewise, a 2-4 year difference in age at first

reproduction occurs between lowland and highland populations of Rana sylvatica in

Maryland (Berven, 1981). Hemelaar (1988) found that the age of the youngest breeding

males and females varied from 2-3 years in a low elevation population to 6-8 years in a high

altitude population of Bufo bufo. Similarly, slower growth rates at high latitudes have been

reported to cause delays in maturation of up to two years in Bufo calamita from Switzerland

to Sweden and in Rana pipiens from southern to northern Michigan (Duellman & Trueb

1986). Delays of one year have been reported in mink frogs R. septentrionalis from southern

to northern Canada (Leclair & Laurin 1996) and the salamanders Triturus mamoratus

(Caetano & Castanet 1993) and T. boscai (Caetano & Leclair Jr. 1999) in Portugal.

Some of the species that require the longest time to mature have lengthy larval periods (see

section 2.4). The age at first reproduction in Rana catesbeiana depends on its larval period -

one or two overwinterings as the frogs usually reach sexual maturity one year after

metamorphosis (Duellman & Trueb 1986). Howard & Wallace (1985) found that long-toed
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salamanders, Ambystoma macrodactylum, at high elevations remained in ponds for an extra

summer despite reaching body sizes comparable to the sizes at metamorphosis observed at

lower elevation sites. They concluded that some advantage in increased survivorship was

likely to result from the additional year of larval life and the larger body size before

metamorphosis.

Berven (1982a) suggested that at high altitudes, natural selection for large egg sizes

indirectly selected for large body sizes and thus large size at first reproduction. In

accordance with this hypothesis, size at first reproduction and adult body sizes in anurans

have often been found to be greater at high than at low elevations (Licht 1975, Berven

1982a, Hemelaar 1988, Elmberg 1991). The larger sizes of the adults breeding for the first

time at high altitudes suggests that they were older than their lowland breeding counterparts

(Berven 1982a, Hemelaar 1988).

However, not all studies support this hypothesis. Ryser (1996) found that the size at first

reproduction was similar in both high and low elevation populations. Also, in amphibians,

size is not always an accurate indicator of an organism's age not only because of high

variance in first year growth rates in individuals but also because of slowed growth after

sexual maturity (Kellner & Green 1995). Age determination in Fowler’s toads, Bufo

woodhouseii fowleri, (Kellner & Green 1995) and Triturus vulgairs, Bufo bufo, B,

americanus  and  Rana cascadae (Halliday & Verrell 1988), have shown that the largest

males are not always the oldest. Individuals may vary in size regardless of age due to

environmental variation or genetics.

Berven (1982a) conducted reciprocal transplant experiments between juveniles of high

elevation and lowland origin to assess the environmental and genetic contributions to the

observed life-history traits in Rana sylvatica. The environmental contributions were

assessed by contrasting the responses of individuals that were derived from the same

population but grown to maturity in different environments. The genetic contributions were

assessed by comparing individuals from different populations that matured in the same

environment. The results of these experiments indicated that both factors made significant

contributions to the observed variation in male and female age and size at first reproduction

but that the contributions made by the genetic factors tended to be masked by the

environmental ones.
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In summary, amphibian species and individuals at high latitude and altitude grow slower and

consequently tend to be older when breeding for the first time compared to those species and

individuals found in tropical lowlands. These differences may be due to either

environmental or to a lesser extent, genetic factors.

Reptiles

From rapid development in the tropics where there is year-round activity, there is a

noticeable trend of delayed maturity in seasonal climates where the growing season may

occupy as little as one third of the annual cycle or even less (Fitch 1970, Heatwole & Taylor

1987). Small lizards in the warmer parts of the temperate zone and both lizards and snakes

in the tropics may attain sexual maturity in the first year of life (Fitch 1970), while many

kinds of reptiles including some tropical species do not attain sexual maturity until late in

the second year (Fitch 1970).

There have been few intraspecific studies on geographic variation in the age at maturity and

longevity in reptiles. Those that have been carried out report similar trends to those found in

amphibians where high altitude and latitude reptile populations mature at an older age than

those from more tropical, lowland populations (Heatwole & Taylor 1987). A study of

Sceleoporus jarrovi along an altitudinal gradient found that no high altitude females

matured in their first year although they reached sizes at which lowland females reproduced

(Ballinger 1979). Smith et al. (1994) reported similar findings for other high and low S.

jarrovi populations whilst age and size at maturity in Eulamprus tympanum was found to

increase with altitude (Rohr 1997). Sorci et al. (1996) also found slower growth to maturity

and larger body sizes in high altitude populations of Lacerta vivipara.

Though temperature and food availability (proximal sources) are responsible for growth

rates and therefore age at first reproduction in many species, other factors such as the use of

the energy for other life history characteristics may also affect growth rates and the

attainment of sexual maturity (Niewiarowski 1994). Tinkle and Ballinger (1972), suggested

that the growth rates and increased time to sexual maturity in Sceleoporus undulatus in

South Carolina (relative to Texas), were not directly limited by food availability or the

thermal environment. Instead, they hypothesised that the lizards in South Carolina allocated

energy to predator avoidance, at the expense of growth, and experienced higher adult

survivorship and greater lifetime reproductive success.
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2.7 Survival

The understanding of patterns of survival and reproduction remains one of the fundamental

challenges of ecology and is particularly important in population regulation as the stability

of populations greatly depends on the survival and longevity of adult animals (Jehle et al.

1995, Udevitz & Ballachey 1998). The probability of survival may vary with individual

characteristics such as age, sex, body size, genotype, and phenotype as well as biotic and

abiotic environmental factors (Lebreton et al. 1992). Intra- and interspecific competition and

predation will also affect the probability of survival.

To date there have been few studies on geographic variation in survival rates for amphibians

or reptiles. The majority of these studies report similar survival or higher survival rates in

high altitude populations when compared to low altitude populations (Tinkle & Ballinger

1972, Ballinger 1979, Berven 1982a, Hemelaar 1988, Smith et al. 1994, Ryser 1996, Rohr

1997). Their results were either attributed to differences in resources found at different

altitudes (Smith et al. 1994), differences in the number of predators (Ballinger 1979) or in

the majority of cases, decreased exposure to predators due to shorter activity seasons (Tinkle

& Ballinger 1972, Berven 1982a, Hemelaar 1988, Ryser 1996). Surprisingly the results of

these studies suggest that despite the harsher climate usually found at high altitudes, the

most important factor determining altitudinal variation in survival rates in amphibians and

reptiles is exposure to predators.

2.8 Summary

The expected effects of altitude on amphibian and reptilian life history characteristics (with

the exception of clutch size and egg size) are summarised in Fig. 2.1. Amphibian and reptile

populations at high latitudes and altitudes experience restricted activity and breeding

seasons when compared to those at lower latitudes and elevations, which results in less time

for the acquisition of resources for both growth and reproduction. Consequently, females in

these areas tend to be restricted in the number of clutches or broods they can produce per

season. The colder temperatures in these areas have different effects on growth and

development rates in amphibians usually resulting in longer larval periods and larger sizes

during and after metamorphosis in high elevation and latitude populations. High altitude

populations of reptiles also tend to experience slower growth rates and are larger than low

altitude individuals.
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(a)  (b)

(c) (d)

(e) (f)

Fig. 2.1. General relationship between altitude and (a) breeding season length; (b) number of clutches;

(c) growth and development rates; (d) body size; (e) age at maturity; and (f) survival in amphibians

and reptiles.

However, there are numerous exceptions suggesting other factors including competition,

food, habitat, and predation also play a role in determining development and growth rates.

Due to the slower development rates, high altitude and latitude amphibians and reptiles

usually mature at an older age and are larger than their lowland counterparts. They are able

to live longer as a result of their higher survival rates.
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As a result of their larger body sizes, high altitude amphibian females usually produce larger

eggs and/or larger clutches than their lowland counterparts. When the effect of female body

size is removed, high altitude females lay relatively fewer but larger eggs than females from

low altitudes (Fig. 2.2). The reverse is the general pattern observed in reptiles i.e. they

produce large clutches and smaller eggs/offspring. It appears that these two groups are

utilising different life-history tactics in order to maximise the number of young surviving

each reproductive bout at high altitudes.

(a) Amphibians (b) Reptiles

(c) Amphibians (d) Reptiles

Fig. 2.2. Relationship between altitude and residual clutch size in (a) amphibians and (b) reptiles and

between altitude and residual egg size in (c) amphibians and (d) reptiles.

Amphibians produce larger eggs, which is thought to maximise the survival of the individual

larvae in these harsher habitats. Larger eggs develop faster than smaller eggs resulting in

earlier hatching and faster growth and development rates (albeit still slower than low

altitude populations) to maturity. Reptiles on the other hand produce larger clutches in an

attempt to maximise the number of young surviving through higher fecundity. Survival rates
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may be lower for each individual than for larger offspring but the production of a larger

clutch offsets the higher mortality of individuals. The larger clutches at high altitudes and

latitudes may also compensate for the short breeding season and restricted number of

clutches that could be produced.

The shorter breeding seasons, slower growth and development rates, older age at maturity,

and fewer clutches seen in high altitude reptile and amphibian populations result in

increased generation time and lower fecundity in high altitude populations. In turn,

increased generation time and lower fecundity can result in a population being less resilient

(i.e. population takes longer to return to equilibrium after a disturbance away from

equilibrium) and subsequently potentially more prone to decline or extinction (Pimm et al.

1988, Pimm 1991).
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3 Study site location and species

3.1 Study area

All fieldwork for this study was carried out in 18 sites in the southeast Queensland

region, Australia. Fieldwork was carried out over three field seasons commencing in

October 1997 and continuing until March 2000. Location of the study area within

Australia and site locations within the study area are shown in Figure 3.1. Location

details and descriptions of each of the sites used in this study can be found in Appendix

A.

3.2 Study area climate

The southeast Queensland region is a sub-tropical area that is usually characterised by

distinct wet and dry seasons with most of the rains falling between November and May

(Fig. 3.2). The mean annual rainfall between 1961 and 1990 was 1200 mm (Australian

Bureau of Meteorology 2000).

The mean maximum monthly temperature for the region between 1961 and 1990 varied

from 28oC in January - February (wet season) to 18oC July - August (dry season). Mean

minimum monthly temperature between 1961 and 1990 ranged from 18oC in January –

February to 6oC in July- August (Fig. 3.3) (Australian Bureau of Meteorology 2000).

Summaries of the average monthly minimum and maximum temperatures and monthly

rainfall for the duration of the study period are displayed in Figure 3.4. Rainfall was

generally above average during all three seasons and minimum and maximum

temperatures above average during 1997-1998 and 1998-1999. Average monthly

minimum and maximum temperatures were below average for most of the 1999-2000

season (Australian Bureau of Meteorology 2000).
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Fig. 3.1 Location of study area within Australia (insert) and study sites within the region

(1-18). See Appendix A for site identification and details.
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Fig. 3.2 Mean monthly precipitation in the southeast Queensland region between 1961 and 1990.

(Australian Bureau of Meteorology 2000).

Fig. 3.3 Mean minimum (♦ ) and maximum (!) monthly temperatures in the southeast

Queensland region between 1961 and 1990 (Australian Bureau of Meteorology 2000).
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Fig. 3.4 Summary of A Average monthly maximum temperatures B Average monthly minimum

temperatures and C Total monthly rainfall in the south east Queensland region during the study

period.
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3.3 Study species

This thesis focuses on six amphibian species from two genera found in the southeast

Queensland region. They are all stream dwellers and either stream, stream-side ponds or

isolated pond breeders. Their conservation status within Queensland ranges from

common to endangered under the Nature Conservation (Wildlife) Regulation Act 1994.

Two of the species, Mixophyes fleayi and M. iteratus are listed as endangered under

current IUCN (2000) criteria.

3.3.1 Litoria chloris southern-orange-eyed tree frog (Plate 3.1a)

Litoria chloris (southern-orange-eyed tree frog) is a moderately large arboreal frog

(females 58-68 mm, males 54-62 mm), which is seen infrequently, usually in

association with heavy rain (Barker et al. 1995). It is associated with coastal rainforest

or wet sclerophyll forest and has a scattered distribution along the Queensland-New

South Wales coast between Proserpine and Sydney. Males usually call between October

and March, with peak activity occurring between November and February (Davies &

McDonald 1979). Calling, amplexus, and oviposition occur in flooded areas or shallow

temporary/ephemeral pools in or beside rainforest streams (Barker et al. 1995). It is

listed as common under current Queensland legislation.

3.3.2 Litoria lesueuri   stony creek frog (Plate 3.1b)

Litoria lesueuri is a moderately large terrestrial frog (females 55-63mm, males 37-

43mm) that is usually associated with rocky streams but has been found in a wide

variety of habitats (Barker et al.1995). It has a broad distribution along the eastern

Australian coast from Queensland down to Victoria. Males call from the ground or

from rocks near the water between August and May. Amplexus and oviposition occur in

the quiet reaches of the stream (Barker et al. 1995). It is listed as common under current

Queensland legislation.

3.3.3 Litoria pearsoniana  cascade tree frog (Plate 3.1c)

Litoria pearsoniana is a small arboreal frog (females 30-37mm, males 24-29mm) that is

usually found in association with fast-flowing rocky streams in shaded rainforest/wet

sclerophyll forest (Barker et al. 1995). Its distribution is restricted to southeast
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Queensland and northeast New South Wales with one isolated population at Kroombit

Tops. Males call from rocks or low vegetation near the stream between September and

March. Amplexus and oviposition occur in shallow water or pools adjacent to or

connected with the main stream.

Litoria pearsoniana experienced significant population declines in the 1970s and 1980s

with some populations disappearing completely (McDonald & Davies 1990, Czechura

1991, Ingram & McDonald 1993). Recent monitoring indicates that populations have

recovered at most of these sites (McGuigan et al. 1998, Hines et al. 1999). The causes

of these declines remain unknown and consequently L. pearsoniana is listed as

endangered under current Queensland legislation and vulnerable under IUCN criteria.

However, a revised listing of L. pearsoniana under the new IUCN criteria will see it

listed as a species of Least Concern (LC).

3.3.4 Mixophyes fasciolatus great barred frog (Plate 3.1d)

Mixophyes fasciolatus is a large terrestrial frog (females 72-101mm, males 60-65mm)

that tends to be found in mountain or coastal rainforest but has been found in a wide

variety of other habitats (Barker et al. 1995). It is widely distributed along the

Queensland – New South Wales coast from Eungella to Gosford. Males generally call

from under leaf litter between September and March. Amplexus and oviposition take

place out of water close to the edge of a watercourse into which the eggs are washed

after heavy rain (Barker et al. 1995). Although listed as common under current

Queensland legislation, it has been recommended for study given declines in closely

related species M. fleayi and M. iteratus (Hines et al. 1999).

3.3.5 Mixophyes fleayi  Fleay’s barred frog  (Plate 3.1e)

Mixophyes fleayi is a large terrestrial frog (females 79-89mm, males 63-70mm) that is

narrowly and disjunctly distributed within montane rainforest extending from the

Conondale Ranges in south east Queensland to the Richmond Ranges in north east New

South Wales (Hines et al. 1999). Little is known about the biology of this frog. It does

not inhabit ponds or ephemeral pools. Males call from among rocks, ground vegetation,

leaf litter or flood debris at or adjacent to watercourses (H. Hines, pers comm).

Breeding is recorded after rain from early spring to autumn along uncleared, permanent

watercourses. Amplexus and oviposition occur in the stream with the eggs being
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deposited in gravel depressions within riffle sections of the stream (H. Hines, pers

comm).

Populations of M. fleayi tend to be characterised by low density and are often isolated

from other populations (Goldingay et al. 1999, Hines et al. 1999). Some of these

isolated populations have disappeared since they were first observed (Hines et al.

1999). Whether populations have declined at other locations is difficult to assess due to

a lack of information on the abundance of the species at historical sites (Hines et al.

1999). The very low numbers of individuals recorded from well-surveyed sites suggests

that declines in abundance have occurred (Goldingay et al. 1999, Hines et al. 1999),

although, the causes of these declines are unknown. Due to the restricted geographic

range, low population density, isolated population distribution and occurrence of

population declines and disappearances, M. fleayi is listed as endangered under current

Queensland legislation and current IUCN (2000) criteria.

3.3.6 Mixophyes iteratus  giant barred frog (Plate 3.1f)

Mixophyes iteratus is a very large terrestrial frog (females 91-115mm, males 68-78mm)

found in coastal riverine rainforest and upland areas (Barker et al. 1995). It is

distributed along the coast and adjacent regions from the Blue Mountains in NSW to

the Conondale and Blackall Ranges in southeast Queensland (Hines et al. 1999). Males

call from crevices under rocks, banks, and tree roots between September and April.

Amplexus and oviposition are the same as that for M. fasciolatus (Barker et al. 1995).

Mixophyes iteratus has suffered major declines in the southern portion of its range

(Hines et al. 1999). There are no recent records from the Blue Mountains and other

southern sites (Mahony et al. 1997) while in northern NSW M. iteratus is only known

from three broad areas (Goldingay et al. 1999). In the northern portion of its range M.

iteratus is only known from scattered locations (Hines et al. 1999). During the 1980s M.

iteratus declined and disappeared from at least two streams in the Conondale Range

whilst populations on streams in the Bunya Mountains and at Cunningham’s Gap that

previously supported M. iteratus populations have not been found despite recent

intensive target surveys (Hines et al. 1999). The causes of these declines are unknown.

Due to these declines and the fragmented distribution of M. iteratus within its range, it

is listed as endangered under current Queensland legislation and current IUCN (2000)

criteria.
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(a) (b)

(c) (d)

(e) (f)

Plate 3.1 (a) Litoria chloris, (b) L. lesueuri, (c) L. pearsoniana, (d) Mixophyes fasciolatus, (e) M.

fleayi, and (f) M. iteratus
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4 Breeding Phenology

4.1 Introduction

In many amphibian species the length of the activity season, and subsequently the breeding

season, is due to climatic factors and the seasonal availability of suitable breeding sites

(Wells 1977). Being ectothermic, amphibian behaviour is strongly affected by ambient

temperature which usually results in restricted activity when temperatures are low (Salvador

& Carrascal 1990, Hodgkison & Hero 2001). Consequently, populations in areas with

seasonally lower environmental temperatures such as high altitude and latitude regions tend

to exhibit shorter activity and subsequently breeding seasons than those in more tropical,

lowland areas (Berven 1981, Howard & Wallace 1985, Elmberg 1991, Ryser 1996). These

observed decreases in activity and breeding season length are generally attributed to the

systematic decrease of temperature with altitude and latitude (Berven 1981, Ryser 1996).

However, the magnitude of the variation of temperature with altitude will also influence the

relationship between altitude and breeding season length; i.e., if temperature does not vary

strongly with altitude in an area, we would not expect breeding and activity season lengths

to vary strongly with altitude.

The number of nights individuals are active within a breeding season may potentially be as

ecologically important as the length of the breeding season itself. Populations with shorter

breeding seasons would be expected to be active for fewer nights during the year than those

with longer breeding seasons and therefore have less time to breed. However, populations

with shorter breeding seasons may not necessarily be disadvantaged when compared to

populations with longer breeding seasons if individuals within both populations are active

for approximately the same number of nights within the season.

Intersexual differences in the length of the breeding season have been reported in previous

amphibian studies (Beattie 1985, Duellman & Trueb 1986, Elmberg 1990) and are

especially obvious in prolonged breeders.  Males of these species tend to have longer

breeding seasons than females and are also often present on more nights throughout the

season. These intersexual differences are usually attributed to the greater amount of energy

invested by females in each reproductive episode (Duellman & Trueb 1986). As females use

more energy for breeding, they need to spend more time foraging than males and

consequently spend less time at the breeding site.
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Temperature, along with rainfall, is also often one of the primary factors influencing the

activity and reproductive behaviour of amphibians within breeding and activity seasons

(Jorgensen et al. 1986, Cree 1989, Ritke et al. 1992, Fukuyama & Kusano 1992, Donnelly &

Guyer 1994). However, it is unclear whether climate plays a direct or proximate role in

determining patterns of reproductive activity within breeding seasons especially in anuran

species with prolonged breeding seasons (Ritke et al. 1992). In order to understand more

fully the reproductive behaviour of anurans, it is necessary to clarify not only the

environmental factors that influence the length of the breeding season, but also those that

affect the activity of individuals within the breeding season (Fukuyama & Kusano 1992).

The aims of this chapter were to examine and provide quantitative data on (1) male and

female activity and breeding season length; (2) the influence of altitude on breeding and

activity season length; (3) the influence of altitude on the number of active nights; and (4)

the influence of specific weather variables on activity within seasons, where possible for

five wet forest species in southeast Queensland.

4.2 Methods

4.2.1 Field observations

Eight field sites were surveyed at 2-3 week intervals over three activity seasons (September

– April) starting in September 1997 and ending in April 2000.  Sites were surveyed

approximately the same number of times (10 - 14) within each year. Two sites, Purling

Brook Falls and Knoll National Park were only surveyed for two seasons starting in

September 1998. The snout-urostyle length (SUL) of every individual found was measured

to the nearest 0.1mm using vernier calipers and weight was measured to the nearest 0.1 or

0.5g using 10g and 100g Pesola spring balances respectively. The breeding status of all

adults found was determined with reproductive individuals being defined as either calling

males with coloured nuptial pads or gravid females. In the case of L. lesueuri where males

have calls that are often barely audible, the presence of strongly pigmented nuptial pads and

yellow body colour (as opposed to brown body colour in non-reproductive males) were used

to classify reproductive males.

4.2.2 Breeding and activity season length

The activity season was defined as the period of time during the year when any individuals

were found including juveniles and metamorphs. The breeding season was defined as the



 Chapter 4 - Breeding phenology

43

period within the activity season when reproductive individuals of each sex were found. The

breeding and activity seasons for each population were recorded for each survey year. The

length of the breeding and activity season of males and females at each site for each species

were compared using a paired t-test to determine if there was a difference in overall

breeding and/or activity season length between the sexes.

4.2.3 Influence of altitude on breeding and activity season length and the number of

nights active during the season

The influence of altitude on the breeding and activity season length for each species was

examined using simple linear regressions. This was done for both the average breeding and

activity season length over the three years and for each year separately.

As each site was surveyed approximately the same number of times each season I was able

to calculate the proportion of survey nights on which individuals of each species were

present (see Appendix B). I then multiplied the proportion of active nights by the breeding

season length (in days) to obtain an estimate of the total number of nights a population was

reproductively active. This was repeated for both the average of the three (or in some cases,

two) seasons and for each year separately. The number of active nights per season was

regressed against altitude to determine whether there was a relationship between the two

variables in each year or on average over the three years.

4.2.4 The influence of temperature on the relationship between altitude and BSL

As temperature is often the most important determinant of breeding and activity season

length in amphibians, the relationship between temperature on survey nights and altitude

was determined for each year. The relationship between breeding season length and altitude

in each year was compared to the altitude-temperature relationships (non-statistically) in an

attempt to explain the temporal variation in the relationship between altitude and breeding

season length in different years. This was done separately for males and females of each

species.

4.2.5 Influence of environmental variables on activity within seasons

The environmental variables measured on each survey night at each site were analysed using

Pearsons correlations to determine whether any of the variables were significantly correlated
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before using them in the multiple regressions. A summary of these correlations can be found

in Appendix C. In all sites there was a strong correlation between air and water temperature

on any given night. As air temperature was thought to be more biologically important than

water temperature in influencing activity patterns, water temperature was not included in

any of the multiple regression models.  Patterns (a) within sites and seasons and (b) all sites

and seasons combined were examined using multiple regression.

I used the number of frogs appearing on the transect as an index of activity. The number of

frogs active on a given survey night was compared to the environmental variables recorded

on that particular night to see if there was a relationship between the factors. This was done

for the total number of adults, total number of males and females separately (regardless of

breeding condition), and the total number of reproductive males and females for each

species.

The influence of the environmental variables on each survey night (used in the previous

analysis) on the presence/absence of each species was examined using logistic regressions.

This analysis was done to determine whether the influence of altitude on the number of

active nights was due to altitudinal variation in environmental variables.

4.3 Results

4.3.1 Summary of breeding phenology

The activity and breeding season duration as determined by field observations in each year

at each site (altitude) are displayed for L. chloris (Fig. 4.1), L. lesueuri (Fig. 4.2), L.

pearsoniana (Fig. 4.3) and M. fasciolatus (Fig. 4.4). Details of the breeding phenology of

each species can be found in Appendix D. In all species (with the exception of M.

fasciolatus) males were active (e.g. foraging) or involved in breeding activities for

significantly longer periods of time than females (Table 4.1). Males generally appeared at

the site earlier in the season than females and were often still present for several weeks after

the last female had been observed (Appendix D). Reproductive males were generally found

throughout the entire duration of the activity season. Most of the females observed during

the survey were gravid (with the exception of L. lesueuri and some M. fasciolatus

populations). Non-gravid females were usually found at either the very beginning or the end

of the breeding season.
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(a)

(b)

(c)

Fig. 4.1 Relationship between altitude and (a) male breeding and activity season length, (b) female

activity season length, and (c) female breeding season length within each year in L. chloris. N = 4

sites.
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(a) (b)

(c) (d)

Fig. 4.2 Relationship between altitude and (a) male activity season length, (b) female activity season

length, (c) male breeding season length, and (d) female breeding season length within each year in L.

lesueuri. Red markers = 1997-1998, green = 1998-1999, blue = 1999-2000. N = 5 or 6 sites

(depending on year).
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(a)  (b)

(c) (d)

Fig. 4.3 Relationship between altitude and (a) male activity season length, (b) female activity season

length, (c) male breeding season length, and (d) female breeding season length within each year in L.

pearsoniana. Red markers = 1997-1998, green = 1998-1999, blue = 1999-2000. N = 4 sites.
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(a)

(b)

 (c)

Fig. 4.4 Relationship between altitude and (a) male breeding and activity season length, (b) female

activity season length, and (c) female breeding season length in M. fasciolatus. N = 3 sites. Red

markers = 1997-1998, green = 1998-1999, blue = 1999-2000.
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4.3.2 Effects of altitude on ASL and BSL and number of active nights

There was a trend toward shorter average breeding and activity seasons in high altitude

populations for most species (Table 4.2). However, this relationship was only significant for

male and female activity season length in L. pearsoniana. With the exception of M.

fasciolatus, trends within years also appeared to demonstrate shorter breeding and activity

seasons in high altitude populations for most species (Fig. 4.1-4.4). Again despite the

obvious negative trend, the relationships were significant only for L. chloris male activity

and breeding season length in 1997-98, and L. pearsoniana female activity season length in

1998-99 and 1999-00 (Table 4.3-4.6).

The number of nights that populations were estimated to be active within a season did not

vary with altitude; i.e., individuals in low altitude populations with longer breeding seasons

were not active for significantly more nights than those in high altitude populations despite

the variation in breeding season length (Fig. 4.5). This suggests that despite a difference in

the number of months the breeding season covered, the actual number of nights individuals

spent active or breeding within the season did not vary significantly with altitude (Table

4.7). This pattern was observed for both the average number of nights over the three seasons

and within each individual year (Table 4.7).

4.3.3 Influence of temperature on the relationship between altitude and BSL

The lack of significance in the other comparisons may be partially due to the varying

influence of temperature in each year. In 1997-1998 and 1999-2000 the relationship between

temperature and altitude was weak (Fig. 4.6). Consequently, temperature would not be

expected to have a strong effect on breeding and activity season length in these years. In

1998-1999 however, there was a strong negative relationship between temperature and

altitude (Fig. 4.6) which I expected to decrease breeding and activity season length. The

absence of significant altitude/breeding season length relationships in the 1998-1999 survey

season may be due to the small sample size used.

The length of the breeding season appeared to vary more between years at low altitudes than

high altitudes. The nature of the relationship between male BSL and altitude for each of the

species examined varied between years. Low altitude populations generally had longer BSL

than high altitude populations with the exception of the last season 1999-2000. During this

season, the BSL of high altitude populations was either equal to or longer than populations
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Table 4.1 Summary of one-way paired t-test comparisons of breeding and activity season length in

males and females all years and sites combined.** p < 0.01.

Species Season df t-stat P (one-tailed)

L. chloris Activity 11 2.919 0.006**

Breeding 11 4.069 < 0.001**

L. lesueuri Activity 14 2.764 0.007**

Breeding 14 6.336 < 0.001**

L. pearsoniana Activity 11 3.458 0.003**

Breeding 11 3.633 0.002**

M. fasciolatus Activity 5 1.94 0.055

Breeding 5 3.953 0.005**

Table 4.2 Summary of linear regression results of the relationship between average breeding and

activity season length over the three breeding seasons and altitude in each species. * p < 0.05, ** p <

0.01.

Species Season r2 F df p

L. chloris Male activity 0.712 4.945 3 0.156

Male breeding 0.712 4.945 3 0.156

Female activity 0.606 3.072 3 0.222

Female breeding 0.025 0.051 3 0.842

L. lesueuri Male activity 0.650 7.421 5 0.053

Male breeding 0.314 1.834 5 0.247

Female activity 0.352 2.169 5 0.215

Female breeding 0.489 3.821 5 0.122

L. pearsoniana Male activity 0.942 20.833 3 0.045*

Male breeding 0.883 15.060 3 0.060

Female activity 0.982 108.054 3 0.009**

Female breeding 0.570 2.650 3 0.245

M. fasciolatus Male activity 0.145 0.170 2 0.751

Male breeding 0.145 0.170 2 0.751

Female activity 0.372 0.593 2 0.582

Female breeding 0.372 0.593 2 0.582
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Table 4.3 Summary of linear regression results of the relationship between breeding and activity

season length and altitude in L. chloris between 1997 and 1999.** p < 0.01.

Year Season r2 Slope ββββ df P

1997-98 Male activity 0.931 -0.036 6.985 3 0.008**

Female activity 0.556 -0.002 5.664 3 0.148

Male breeding 0.931 -0.036 6.985 3 0.008**

Female breeding 0.593 -0.001 5.233 3 0.128

1998-99 Male activity 0.793 -0.002 6.742 3 0.109

Female activity 0.194 -0.001 5.664 3 0.559

Male breeding 0.793 -0.002 6.742 3 0.109

Female breeding 0.121 -0.001 4.573 3 0.652

1999-00 Male activity 0.334 -0.002 6.314 3 0.422

Female activity 0.121 0.001 4.573 3 0.652

Male breeding 0.334 -0.002 6.314 3 0.422

Female breeding 0.505 0.001 4.082 3 0.289

Table 4.4 Summary of linear regression results of the relationship between breeding and activity

season length and altitude in L. lesueuri between 1997 and 1999.

Year Season r2 Slope ββββ df P

1997-98 Male activity 0.681 -0.014 8.546 4 0.085

Female activity 0.681 -0.014 8.546 4 0.085

Male breeding 0.467 -0.008 8.546 4 0.203

Female breeding 0.679 -0.011 7.940 4 0.086

1998-99 Male activity 0.512 -0.003 7.847 5 0.109

Female activity 0.419 -0.005 7.504 5 0.165

Male breeding 0.252 -0.003 7.487 5 0.310

Female breeding 0.292 -0.004 6.533 5 0.268

1999-00 Male activity 0.157 -0.002 7.037 4 0.508

Female activity 0.062 -0.002 6.303 4 0.686

Male breeding 0.010 -0.001 6.227 4 0.871

Female breeding 0.036 -0.001 5.148 4 0.759
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Table 4.5 Summary of linear regression results of the relationship between breeding and activity

season length and altitude in L. pearsoniana between 1997 and 1999. * p < 0.05.

Year Season r2 Slope ββββ df P

1997-98 Male activity 0.885 -0.003 8.169 3 0.059

Female activity 0.586 -0.003 7.233 3 0.235

Male breeding 0.885 -0.003 8.169 3 0.059

Female breeding 0.647 0.002 7.151 3 0.196

1998-99 Male activity 0.663 -0.002 6.678 3 0.186

Female activity 0.936 -0.004 7.992 3 0.032*

Male breeding 0.606 -0.002 7.010 3 0.222

Female breeding 0.505 0.001 5.919 3 0.289

1999-00 Male activity 0.654 -0.003 7.565 3 0.192

Female activity 0.963 -0.001 6.251 3 0.019*

Male breeding 0.489 0.001 6.583 3 0.301

Female breeding 0.223 0.001 5.491 3 0.528

Table 4.6 Summary of linear regression results of the relationship between breeding and activity

season length and altitude in M. fasciolatus between 1997 and 1999.

Year Season r2 Slope ββββ df P

1998-99 Male activity 0.049 0.003 5.306 2 0.859

Female activity 0.951 0.001 -2.993 2 0.142

Male breeding 0.049 0.003 5.306 2 0.858

Female breeding 0.951 0.008 1.004 2 0.142

1999-00 Male activity 0.088 0.003 7.651 2 0.808

Female activity 0.088 0.005 2.699 2 0.808

Male breeding 0.088 0.003 7.651 2 0.808

Female breeding 0.088 0.003 3.349 2 0.808
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Fig. 4.5 Relationship between BSL and altitude (LHS) and number of active nights and

altitude (RHS) in each of the three years in L. chloris (a,b), L. lesueuri (c,d), L. pearsoniana

(e,f) and M. fasciolatus (g,h). Red lines and markers represent males, black lines and markers

represent females. Lines represent trends only.
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Table 4.7 Relationship between estimated number of nights active and altitude for each season and the

average over three seasons for each species

Species
Year Sex r2 F df p

L. chloris 1997 Male 0.295 0.838 3 0.457

Female 0.140 0.326 3 0.626

1998 Male 0.040 0.083 3 0.801

Female 0.094 0.209 3 0.693

1999 Male 0.314 0.915 3 0.440

Female 0.165 0.395 3 0.594

Average Male 0.497 1.974 3 0.295

Female 0.086 0.188 3 0.707

L. lesueuri 1997 Male 0.513 3.157 4 0.174

Female 0.646 5.478 4 0.101

1998 Male 0.023 0.093 5 0.776

Female 0.057 0.242 5 0.648

1999 Male 0.151 0.713 5 0.446

Female 0.193 0.956 5 0.384

Average Male 0.009 0.036 5 0.859

Female 0.061 0.261 5 0.637

L. pearsoniana 1997 Male 0.102 0.228 3 0.680

Female 0.260 0.702 3 0.490

1998 Male 0.064 0.136 3 0.748

Female 0.040 0.009 3 0.933

1999 Male 0.054 0.113 3 0.769

Female 0.024 0.049 3 0.845

Average Male 0.099 0.220 3 0.685

Female 0.112 0.253 3 0.665

M. fasciolatus 1998 Male 0.914 10.621 2 0.190

Female 0.333 0.499 2 0.609

1999 Male 0.001 0.001 2 0.976

Female 0.004 0.004 2 0.961

Average Male 0.947 18.039 2 0.147

Female 0.150 0.176 2 0.747
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Fig. 4.6 Relationship between air temperature on survey nights and altitude for the three field seasons

Sep 1997-April 1998, Sep 1998-April 1999, Sep 1999-April 2000.

from low altitudes in L. chloris (Fig. 4.1a), L. lesueuri (Fig. 4.2c) and L. pearsoniana (Fig.

4.3c).

As females are present at the breeding site for less time each year than the males, they are

the “limiting” sex in each species. It was therefore expected that the relationship between

breeding season length and temperature for females would be more important for the

population than male breeding season length. Looking at the relationship between

temperature in each year and female breeding season length it appears that low altitude

populations are more affected in cold years than high altitude populations. Female breeding

season length in L. chloris (Fig. 4.1c) and L. pearsoniana (Fig. 4.3d) was longer at low

altitudes in the warm year (1997) but longer at high altitudes in the cold year (1999). Litoria

lesueuri female breeding season length in the warm year is longer at low altitudes (Fig.

4.2d), while at high altitudes there is no difference among the years.
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4.3.4 Influence of environmental variables on frog activity within seasons

Environmental variables did not appear to have a significant effect on frog activity in most

species and sites with the exception of L. chloris females at Austinville (related to rainfall in

the previous 24 hours; R2 = 0.451, F = 6.559, dftotal = 18, pmodel = 0.008, prainfall = 0.005), M.

fasciolatus males at Holt Park (related to both air temperature and rainfall in the previous 24

hours; R2 = 0.606, F= 5.382, dftotal = 14, pmodel = 0.038, pair  = 0.014, prainfall = 0.037) and L.

lesueuri females at Purling Brook II (related to air temperature; R2 = 0.349, F = 3.219, dftotal

= 14, pmodel = 0.076, pair = 0.031).

As data were collected at each site on nights that were ≥ two weeks apart in time, each

survey night was assumed to be an independent replicate; i.e., the weather and activity on

one night would not be related to that of the previous or the next survey. As such, data for

all sites and years for each species were combined and analysed using multiple regression

(after removing correlated independent variables, Appendix C) to look at broader scale

relationships between activity and weather variables in each of the species. The results of

the multiple regressions revealed that of the independent variables (air temperature, rainfall

in the previous 48 hours, percent cloud cover, number of calling males), in most species the

number of calling males explained a significant amount of variation in females, and

generally the number of females (substituting males for females as the dependent variable)

explained a significant amount of variation in males (Table 4.8-4.12).

Total adult activity in L. chloris increased with air temperature (Table 4.8, Fig. 4.7a). The

total number of males and the number of reproductive males also appeared to increase with

air temperature. The relationships however were not significant. Activity of all females and

reproductive females only increased with the number of calling males present (Fig. 4.7b-c).

No specific weather variables significantly affected the total adult and male activity in L.

lesueuri (Table 4.9). The activity of all females combined increased with air temperature

(Fig. 4.8a) whilst the number of reproductive females was related to both air temperature

and the number of reproductive males present (Fig. 4.8b-c).

Total adult activity in L. pearsoniana increased with both air temperature and the amount of

rainfall in the previous 48 hours (Table 4.10, Fig. 4.9a-b). The number of reproductive

males was significantly related to air temperature (Fig. 4.9c) whilst the total number of
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females and the number of reproductive females increased with the number of calling males

present (Fig. 4.9d-e).

Table 4.8 Summary of multiple regression between environmental variables and frog activity in L.

chloris. * p < 0.05, ** p < 0.01.

Dependent variable Independent

variable

t P (model) P

(variable)

R2 df

total

Total adult activity 0.024* 0.098 94

Air temp. 2.244 0.027*

Rainfall 48 hrs 1.660 0.100

Cloud cover 1.923 0.058

Total male activity < 0.0001** 0.403 94

Air temp. 1.749 0.084

Rainfall 48 hrs 0.596 0.552

Cloud cover 1.601 0.113

No. females 6.793 < 0.0001**

Reproductive male

activity

< 0.0001** 0.372 94

Air temp. 1.844 0.069

Rainfall 48 hrs 0.592 0.555

Cloud cover 1.674 0.098

No. females 6.236 < 0.0001**

Total female activity < 0.0001** 0.341 94

Air temp. 0.974 0.796

Rainfall 48 hrs 0.431 0.183

Cloud cover -0.589 0.999

No. calling

males

2.562 < 0.0001**

Reproductive female

activity

< 0.0001** 0.376 94

Air temp. 1.231 0.822

Rainfall 48 hrs 0.582 0.203

Cloud cover -0.386 0.971

No. calling

males

1.963 < 0.0001**
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Table 4.9 Summary of multiple regression between environmental variables and frog activity in L.

lesueuri. * p < 0.05, ** p < 0.01.

Dependent variable Independent

variable

t P (model) P

(variable)

R2 df

total

Total adult activity 0.159 0.047 110

Air temp. 1.241 0.217

Rainfall 48 hrs -1.736 0.085

Cloud cover -0.121 0.904

Total male activity 0.002** 0.146 110

Air temp. -0.343 0.732

Rainfall 48 hrs -1.864 0.065

Cloud cover -0.231 0.818

No. females 3.668 < 0.0001**

Reproductive male

activity

0.549 0.028 110

Air temp. -0.676 0.501

Rainfall 48 hrs -0.881 0.380

Cloud cover -0.406 0.686

No. females 1.476 0.143

Total female activity 0.035* 0.092 110

Air temp. 2.905 0.004**

Rainfall 48 hrs -0.059 0.953

Cloud cover 0.222 0.825

No. calling

males

1.476 0.143

Reproductive female

activity

0.016* 0.108 110

Air temp. 2.738 0.007**

Rainfall 48 hrs 0.130 0.897

Cloud cover -0.230 0.818

No. calling

males

2.301 0.023*
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Table 4.10 Summary of multiple regression between environmental variables and frog activity in L.

pearsoniana. * p < 0.05, ** p < 0.01.

Dependent variable Independent

variable

t P (model) P

(variable)

R2 df

total

Total adult activity 0.037* 0.091 91

Air temp. 2.307 0.045*

Rainfall 48 hrs -2.107 0.038*

Cloud cover 0.080 0.936

Total male activity < 0.0001** 0.305 91

Air temp. 2.078 0.041

Rainfall 48 hrs -1.265 0.209

Cloud cover 0.243 0.809

No. females 5.198 < 0.0001**

Reproductive male

activity

< 0.0001** 0.308 91

Air temp. 2.040 0.044*

Rainfall 48 hrs -1.268 0.208

Cloud cover 0.252 0.802

No. females 5.255 < 0.0001**

Total female activity < 0.0001** 0.268 91

Air temp. -0.447 0.656

Rainfall 48 hrs -0.810 0.420

Cloud cover -0.191 0.849

No. calling

males

5.255 < 0.0001**

Reproductive female

activity

< 0.0001** 0.224 91

Air temp. -0.884 0.379

Rainfall 48 hrs -0.849 0.398

Cloud cover -0.821 0.414

No. calling

males

4.643 < 0.0001**
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Table 4.11 Summary of multiple regression between environmental variables and frog activity in M.

fasciolatus. * p < 0.05.

Dependent variable Independent

variable

t P (model) P

(variable)

R2 df

total

Total adult activity 0.951 0.011 34

Air temp. 0.020 0.984

Rainfall 48 hrs -0.102 0.920

Cloud cover 0.585 0.563

Total male activity 0.175 0.185 34

Air temp. 0.974 0.338

Rainfall 48 hrs 0.431 0.669

Cloud cover -0.589 0.561

No. females 2.562 0.016*

Reproductive male

activity

0.343 0.135 34

Air temp. 1.231 0.228

Rainfall 48 hrs 0.582 0.565

Cloud cover -0.386 0.702

No. females 1.963 0.059

Total female activity 0.143 0.199 34

Air temp. -1.382 0.177

Rainfall 48 hrs -0.735 0.468

Cloud cover 1.450 0.157

No. calling

males

1.963 0.059

Reproductive female

activity

0.204 0.174 34

Air temp. -0.767 0.449

Rainfall 48 hrs -0.420 0.677

Cloud cover 0.859 0.397

No. calling

males

2.302 0.028*
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Table 4.12 Summary of multiple regression between environmental variables and frog activity  in M.

fleayi.  * p < 0.05, ** p < 0.01.

Dependent variable Independent

variable

t P (model) P

(variable)

R2 df

total

Total adult activity 0.151 0.132 40

Air temp. -0.516 0.609

Rainfall 48 hrs -1.045 0.303

Cloud cover 1.936 0.061

Total male activity 0.019* 0.272 40

Air temp. -0.946 0.351

Rainfall 48 hrs -1.234 0.225

Cloud cover 1.164 0.252

No. females 2.807 0.008**

Reproductive male

activity

0.068 0.210 40

Air temp. -1.679 0.102

Rainfall 48 hrs -0.526 0.602

Cloud cover 1.220 0.230

No. females 2.086 0.044*

Total female activity 0.168 0.160 40

Air temp. 1.097 0.280

Rainfall 48 hrs 0.297 0.768

Cloud cover 0.822 0.417

No. calling

males

2.086 0.044*

Reproductive female

activity

0.085 0.199 40

Air temp. 2.022 0.051

Rainfall 48 hrs -0.379 0.707

Cloud cover 0.370 0.713

No. calling

males

2.123 0.041*
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(a)

(b)

(c)

Fig. 4.7 Relationship between (a) total number of L. chloris adults and air temperature, (b) total

number of females and calling males, and (c) number of reproductive females and the number of

calling males.
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(a)

(b)

(c)

Fig. 4.8 Relationship between (a) total number of L. lesueuri females and air temperature, (b) number

of reproductive females and air temperature, and (c) number of reproductive females and the number

of calling males.
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(a) (b)

(c) (d)

(e)

Fig. 4.9 Relationship between (a) total number of L. pearsoniana adults and air temperature, (b) total

number of adults and rainfall in the previous 48 hours, (c) number of reproductive males and air

temperature, (d) total number of females and calling males, and (e) number of reproductive females

and calling males.
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The specific weather variables influencing adult activity in M. fasciolatus were not

identified by the analyses (Table 4.11). The number of reproductive females found,

however, was significantly related to the number of calling males (Fig. 4.10).

Fig. 4.10 Relationship between the number of reproductive females and calling males in M. fasciolatus

No weather variables were found to significantly influence adult activity in M. fleayi (Table

4.12). The number of reproductive females increased with the number of calling males (Fig.

4.11) and appeared to increase with air temperature. This relationship, however, was not

significant.

Fig. 4.11 Relationship between the number of reproductive females and calling males in M. fleayi.
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Table 4.13 Summary of the relationship between environmental variables and the number of active

nights per season in L. chloris, L. lesueuri, L. pearsoniana, M. fasciolatus and M. fleayi. I.V. =

Independent Variable

Species Sex I. V P (model) ββββ (variable) P (variable)

L. chloris Male 0.252

Air temp. 0.122 0.123

Rainfall 48 0.007 0.490

Cloud cover 0.006 0.189

Female 0.717

Air temp. 0.108 0.263

Rainfall 48 0.002 0.838

Cloud cover 0.002 0.775

L. lesueuri Male 0.052

Air temp. -0.026 0.063

Rainfall 48 -0.001 0.834

Cloud cover 0.120 0.139

Female 0.071

Air temp. -0.009 0.390

Rainfall 48 0.001 0.761

Cloud cover 0.227 0.051

L. pearsoniana Male 0.090

Air temp. -0.041 0.066

Rainfall 48 -0.002 0.636

Cloud cover 0.076 0.370

Female 0.073

Air temp. -0.082 0.085

Rainfall 48 -0.001 0.818

Cloud cover 0.039 0.657

M. fasciolatus Male 0.081

Air temp. -0.097 0.455

Rainfall 48 1.435 0.936

Cloud cover 0.534 0.235

Female 0.697

Air temp. 0.008 0.345

Rainfall 48 0.022 0.661

Cloud cover 0.063 0.567
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Table 4.13 continued

Species Sex I.V P (model) β (variable) P (variable)

M. fleayi Male 0.431

Air temp. 0.008 0.288

Rainfall 48 -0.012 0.361

Cloud cover -0.121 0.395

Female 0.565

Air temp. 0.012 0.174

Rainfall 48 0.005 0.709

Cloud cover 0.008 0.963

Environmental variables did not appear to have a significant influence on the number of

active nights for either sex in all of the species examined (Table 4.13). There was a trend

towards male L. lesueuri and L. pearsoniana active nights decreasing with rainfall and

female L. lesueuri active nights increasing with air temperature. These patterns, however,

were not significant.

4.4 Discussion

4.4.1 Breeding and activity season length

All species had long activity seasons (5-9 months) and relatively long breeding seasons (4-8

months). Males of all species arrived at the breeding site earlier in the season than females

and often were present for a few weeks after the last reproductive female was observed. This

difference in breeding season length was attributed to differences in reproductive effort

between the sexes. Females invest more energy in gametes than males and therefore need to

spend more time foraging to obtain the energy needed for reproduction than males

(Duellman & Trueb 1986). Females of these species generally only appeared at the breeding

site when they were ready to spawn hence the shortened breeding season. As males invest

less energy in each reproductive episode and therefore do not need to spend as much time

foraging, they were often present at the breeding site for most of the season (Duellman &

True 1986).

This difference in breeding season length between the sexes (1-2 months) along with low

return rates within seasons for females (usually 1-2 times per season compared to 1-11 times
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per season for males – see Chapter 9) results in females becoming the “limiting” sex.

Consequently, the influence of altitude or weather on female breeding season length was

thought to be more important than the relationship between male breeding season length and

altitude or weather. This will be discussed further in the next section 4.4.2.

4.4.2 Influence of altitude and weather on breeding and activity season length

Decreasing ambient temperatures associated with increasing altitude have been reported to

result in shorter activity and breeding season lengths in a number of amphibian species

(Berven 1981, Howard & Wallace 1985, Elmberg 1991, Ryser 1996). A non-significant

trend toward both shorter breeding and activity season lengths at high altitude was found in

all the study species. Although the trend was not significant, it suggests that high altitude

populations would experience restricted activity periods and hence have less time to

accumulate resources for breeding and growth as well as less time to actually breed.

The restricted resource accumulation due to the decreased activity period could result in

lower reproductive output (Bull & Shine 1979) whilst the restricted breeding period could

potentially result in spawning occurring in “less than ideal” circumstances in some instances

and therefore increased mortality of eggs and larvae.

The relationship between temperature and altitude will also influence breeding and activity

season length. If there is no strong relationship between temperature and altitude (due to

climate, altitudinal range etc.), we would not expect a strong relationship between altitude

and breeding season length. Additionally, overall colder temperatures at all altitudes in some

years may produce a different effect to overall warmer temperatures at all altitudes in other

years. There was an interaction between altitude and temperature in determining female

breeding season length in all the species. In warmer years, female breeding season length

was longer at low altitudes. In colder years high altitude females had longer breeding

seasons. This suggests that females living at high altitudes are adapted to colder

temperatures and therefore are not as affected by lower temperatures in some years as low

altitude females. Male breeding season length was affected to a lesser extent by altitude-

temperature relationships but tended to exhibit the same patterns as displayed by the

females. This pattern could potentially result in more constant breeding season lengths at

high altitudes and more fluctuating breeding season lengths at low altitudes. Consequently,

high altitude populations may exhibit more stability in breeding episodes than low altitude

populations.
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Although the length of the breeding season appeared to be shorter at high altitudes, the

number of active nights per season did not vary significantly with altitude. That is to say,

populations were active on the same number of nights throughout their breeding seasons

irrespective of their breeding season length. This may again suggest that high altitude

populations are sometimes spawning less frequently and in “less than ideal” circumstances.

Alternatively, it could mean that high altitude populations are not seriously disadvantaged

by having shorter breeding seasons as they are still active on relatively the same number of

nights as low altitude populations. In order to ascertain which of these alternatives is more

accurate, it is necessary to know whether the number of active nights a population exhibits

per season is related to environmental factors.

Environmental factors (especially air temperature) vary with altitude and are usually

favourable for less time throughout the year for ectotherms occurring at high altitudes. If

environmental variables do not have a significant effect on the number of active nights per

season, then it may well be that fewer of the nights that high altitude populations are active

on (compared to low altitude populations) will be suitable for breeding, potentially resulting

in higher mortality rates for eggs and tadpoles. On the other hand, if weather variables do

significantly affect the number of active nights it suggests that high altitude populations are

active on nights with favourable conditions and therefore are not disadvantaged by their

shorter breeding seasons.

Environmental factors did not have a significant effect on the number of survey nights that

individuals were active in any of the species. Some trends were present; e.g., male L.

lesueuri and L. pearsoniana and rainfall in the previous 48 hours, and L. lesueuri females

and air temperature. As previously mentioned, however, they were not significant. This

suggests that despite high altitude populations being active for approximately the same

number of nights each season as the low altitude populations, some of these nights may be

less suitable for breeding potentially resulting in either less time spent breeding or increased

egg and tadpole mortality due to breeding in less favourable conditions.

4.4.3 Influence of environmental variables on levels of activity within seasons

The reproductive activity of anurans within breeding seasons is generally dependent upon

climatic factors such as air temperature and rainfall (Blankenhorn 1972, Collins & Wilbur

1979, Cree 1989, Fukuyama & Kusano 1992, Krupa 1994). Although environmental

variables did not affect the number of active nights per season, both air temperature, and to a
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slightly lesser extent, the amount of rainfall falling in the 48 hours prior to a survey had

some (albeit limited) effect on adult activity (number of individuals present) in the study

species. These environmental factors also appeared to have a stronger influence on adult

male activity than female activity. While many studies have found strong correlations

between activity levels of amphibians and climate variables (e.g. Heatwole 1962, Degani &

Warburg 1978, Donnelly & Guyer 1994, Palis 1998, Magnusson et al. 1999), some studies

have reported that the majority of variation in amphibian activity could not be explained by

environmental variables. For example, Salvador and Carrascal (1990) found that only

between 17-43% of variation in the activity of amphibians could be explained by air and

water temperature, relative humidity and the presence of rain in the previous 48 hours

depending on the species. Ovaska (1991) used a similar model while comparing the

percentage of Eleutherodactylus johnstonei caught of those known to be alive and found that

the environmental variables explained only 50% of the variation. Fukuyama and Kusano

(1992) found that the ability of environmental variables to explain the variation in number

of Burgeria burgeri males present on a night varied between years, explaining 50% in one

year and 84% the next. In contrast, only 24% of the variation in female density could be

attributed to changing environmental variables. Environmental variables were found to

explain only 50% of the variation in male density in Mixophyes iteratus, 37% in juveniles

and 18% of female variation (Koch 2000).

One explanation for these results is that put forward by Salvador and Carrascal (1990) who

found that the breeding season length of a species was inversely correlated with the variance

explained by meteorological variables. In other words, those species with prolonged

breeding seasons were less dependent on or less influenced by meteorological variables than

explosive breeders or those with shorter breeding seasons. The species involved in this study

have fairly long breeding seasons (ranging from 4-8 months) which may result in them being

less influenced by environmental variables than would be expected.

The primary factor influencing the activity of females and especially gravid females for all

the study species appeared to be the number of calling males present. This, along with the

limited explanatory power of the environmental variables, suggests that environmental

factors alone may not be directly responsible for temporal patterns of reproductive activity

in these species. One reason for the large deviation from the computed regression lines (and

hence poor predictive power of the environmental variables) is that not all important factors

could be integrated by the use of meteorological parameters alone (Blankenhorn 1972). The
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need for the introduction of parameters including social, circadian and seasonal effects is

evident however, this would complicate the evaluation by including qualitative material.

4.5 Chapter summary

Within a population, males were found at the breeding site for longer than females (up to 4

weeks longer in some cases) and tended to be present throughout the season whilst female

presence at the site was asynchronous.

Intraspecific comparisons revealed a general negative (but non-significant) trend between

altitude and activity and breeding season length with low altitude populations experiencing

longer seasons than their high altitude counterparts (up to 10 weeks in some comparisons).

As females are the limiting sex for these species, it was thought that relationships between

female breeding season length and altitude or temperature were more important than that of

males. However, the relationship between altitude and female breeding season length was

confounded by the relationship between temperature and altitude in each year. Females in

low altitude populations had longer breeding seasons in warm years while high altitude

females had longer breeding seasons in colder years suggesting that high altitude

populations are more adapted to changes in temperature (especially colder temperatures)

than populations from low altitudes.

Although breeding season length appeared to be shorter at high altitudes, there was no

difference in the number of nights individuals were active within the season. That is, low

altitude populations were not active for more nights despite longer breeding seasons. This

result was thought to be due to the lack of a significant relationship between the number of

active nights and environmental variables. So although environmental factors vary with

altitude, they were not found to influence the number of active nights hence the non-

significant relationship between altitude and active nights.

Not only did environmental variables not significantly influence the number of active nights

per season, they also did not appear to play a primary role in determining activity levels

(number of individuals present) in most of the species on active nights. In most cases, the

factor that appeared to have the most influence on the activity of individuals was the number

of individuals of the opposite gender that were present at the site. This suggests that factors

other than environmental variables, including social, circadian and seasonal effects, play an

important role in determining activity levels in these species.
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5 Reproductive ecology: clutch size and egg size

5.1 Introduction

The size of a clutch or litter is regarded as an attribute that populations have evolved

through time in adaptation to their general environment and their ecological niche within

that framework (Fitch 1985). A fundamental constraint on clutch size resides in mechanical

factors (Roff 1992) - females only have a certain amount of body space available in which to

store eggs (clutch volume). The clutch volume of a female is usually restricted by female

body size in that larger females tend to have larger clutch volumes (Salthe & Duellman

1973, Vitt & Congdon 1978, Kuramoto 1978, Flemming 1994).

Clutch volume is the product of clutch size and egg size, and individual females are able to

trade clutch size with egg size, that is, for a given clutch volume a female can produce fewer

but larger eggs or many smaller eggs (Duellman & Trueb 1986). This tradeoff between

clutch and egg size not only determines the number of offspring produced but also the

fitness of the offspring and the female parent (Begon et al. 1990). The advantage of a

smaller clutch and larger eggs is the increased survival of young due to the higher energy

investment per egg and the larger body size of the offspring (Crump 1984, Begon et al.

1990). The advantage of a larger clutch and smaller eggs is the corresponding increase in

fecundity (Crump 1984).

Reproductive mode influences egg size and the number of eggs produced by a female

(Crump 1974, Kuramoto 1975, Seigal & Fitch 1984, Crump 1984, Seigal et al. 1986).

Usually, species with generalised reproductive modes produce larger clutches than those

with specialised modes (Duellman & Trueb 1986). For example, species exhibiting parental

care tend to lay larger but fewer eggs than those without. Another trend that has been found

is the decrease in anuran egg sizes produced as reproductive habitat moves from lentic to

lotic waterbodies (Salthe & Duellman 1973, Crump & Kaplan 1979). When tadpoles hatch

or are released into fast flowing streams as opposed to ponds, they must be strong in order to

survive in the flowing water and one way to achieve this is to have larger tadpoles which in

turn selects for larger eggs (Duellman & Trueb 1986). This pattern has also been found in

South American amphibians (Salthe & Duellman 1973) and Australian anurans (Hero

unpublished).
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Previous intraspecific overseas studies have shown that females from high altitudes and high

latitudes tend to be larger than their lowland and low latitude counterparts (reasons for this

discussed in Chapter 7) and consequently have larger clutch volumes (Pettus & Angleton

1967, Kozlowska 1971, Berven 1982a). The larger clutch volumes enable these females to

produce both larger clutches and/ or larger eggs than smaller females (Pettus & Angleton

1967, Ryser 1996). Although the different reproductive strategies favoured by high and low

altitude and latitude amphibian populations have been well documented overseas, to date

few similar studies have been conducted in Australia (e.g. Gollmann & Gollmann 1996).

The number of clutches that a female can produce in one season is also an important

reproductive characteristic. The frequency of reproduction during a breeding season varies

between species and individuals and can significantly affect the fitness of both the female

and her offspring. A female that refrains from producing an additional clutch (or clutches)

may increase her fitness when compared to a female that does lay an additional clutch for

the following reasons: (1) an additional increment will be added to her survivorship

increasing the possibility she will live to reproduce again in a favourable season (2) she may

use the now longer non-reproductive season for growth (3) she may use the late reproductive

season to store fat (4) she may produce larger clutches (Tinkle 1969). Furthermore,

proximity of an approaching unfavourable season may not allow time for eggs to hatch or

young to reach a critical size or stage of development (Tinkle 1969). Consequently, the

probability of survival for offspring from late season reproductions reaching maturity is low.

Amphibian populations living at high altitudes and latitudes tend to have restricted breeding

seasons due to the colder temperatures and consequently have less time to forage and

prepare for breeding (see Chapter 4, Berven 1981, Elmberg 1991, Ryser 1996).

Consequently, the number of clutches that can be produced each year are usually restricted

(Bull & Shine 1979, Howard & Wallace 1985, Elmberg 1991).

The primary objective of this chapter is to provide information on reproductive

characteristics including female body size, clutch size, egg size and the number of total

clutches produced per season, for the six study species. The second objective is to determine

whether there is geographic variation in these characters. The ecological implications of

these results are then discussed.
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5.2 Methods

5.2.1 Study species

All six species were examined in the field (section 5.2.2) but M. fleayi was not included in

the museum section due to a lack of available specimens (section 5.2.3).

5.2.2 Field clutch counts and female body size

Opportunistic field clutch counts were done by either counting individual eggs (in cases of

small clutches) or estimating the number of eggs in the clutch (in cases of larger clutches).

The sizes of the larger clutches were estimated by counting the number of eggs across the

width, length and depth of a clump (or part of) and multiplying them together. These

estimations were carried out by at least two observers. If the estimates differed by more than

5% of the total, the size of the clutch was re-estimated by all observers. Otherwise, the

average of the estimates obtained was taken to be the size of that particular clutch.

As most of the clutches found were at different development stages no egg diameter

measurements were made in the field.

The snout urostyle length (SUL) for any female found in breeding condition in the field was

measured to the nearest 0.1mm using vernier calipers and the altitude of the site recorded.

5.2.3 Museum egg counts and measurements

Museum specimens were obtained from the Queensland Museum, Brisbane and the

Australian Museum, Sydney. Additional specimens of each species were collected from the

field throughout the study. Collection details of museum specimens (date of collection,

location etc.) were obtained for all individuals and are presented in Appendix E. Altitudes of

collection sites were determined using 1:50 000 and 1:100 000 topographical maps

(Automap Series).

Gravid specimens were dissected and entire gonads removed. Individual eggs in each gonad

were counted. The diameter of 10 eggs from each gonad were measured using vernier

calipers. The Snout-Urostyle Length (SUL) of each frog was recorded to the nearest 0.1mm

using vernier calipers.
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5.2.4 Statistical Analyses

Field count analyses

Linear regressions were used to examine the influence of altitude on female body size and

clutch size.

Museum count analyses

Egg volume was calculated using the formula for determining the volume of a sphere (Vs =

4/3 πr3). Clutch volume was calculated by multiplying the clutch size and egg volume for

each specimen.

ANCOVAs were used to compare clutch size, egg size and clutch volume among the five

species. Female body size was used as the covariate. Tukey’s Honestly Significant

Difference (post hoc) tests were performed to determine which species had significantly

different clutch sizes, egg sizes, and clutch volumes. Tukey’s HSD test was chosen to

preserve the experiment-wise error rate (Zar 1999).

Standardized egg sizes (egg size/body size) and clutch sizes (number of eggs/body size) for

each species were used to determine the influence of reproductive mode and habitat on

clutch and egg size. As there were no terrestrial ovipositors that had larvae develop only in

ponds or aquatic ovipositors that had larvae only in streams, these two data cells were

empty. This then prevented the use of a two-way ANOVA to determine interactions between

larval habitat and reproductive mode. Consequently, one-way ANOVAs were used to

separately analyse the effects of larval habitat and reproductive mode on standardized clutch

and egg sizes.

Separate linear regressions were used to determine the intraspecific relationships between

female body size and clutch size, egg size and clutch volume. In order to examine the

relationship between clutch size and egg size, egg size was regressed on clutch size for L.

chloris, L. pearsoniana, and M. fasciolatus. As clutch size was significantly associated with

female body size in L. lesueuri and M. iteratus, egg size was regressed on residual clutch

size for these two species.

Multiple regressions were used to examine the influence of altitude and latitude on female

body size, clutch size (L. chloris, L. pearsoniana, and M. fasciolatus), residual clutch size
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(L. lesueuri and M. iteratus), clutch volume (L. chloris, L. lesueuri, L. pearsoniana, and M.

fasciolatus), and residual clutch volume (M. iteratus).

5.3 Results

5.3.1 Field counts

Summary of field clutch counts

The mean values, standard error and ranges of female Snout-Urostyle-Length (SUL) for

each species are presented in Table 5.1. Clutch size data are also reported for three of the

species (the three Litoria species - see Appendix F for raw data). The difficult nature of

finding and determining the clutch size of the three Mixophyes species in the field precluded

field clutch size counts for these species. The altitude ranges over which the data were

collected are also included.

Table 5.1 Means, ranges and sample sizes for female Snout-Urostyle-Length (SUL) and clutch sizes

found in the field. Means are displayed ± 1 standard error. * no field clutch size data available.

Species Female SUL (mm) Clutch Size Altitude Range (m)

L. chloris 64.12 ± 0.72

55.1 – 71.6

(N = 34)

1134.11 ±  55.91

730 – 1956

(N = 27)

120 – 800

L. lesueuri 57.57 ± 0.39

39.4 – 67.0

(N = 149)

2131.57 ± 408.89

1020 – 3970

(N = 8)

120 – 600

L. pearsoniana 32.22 ± 0.48

23.3 – 39.0

(N = 52)

430.54 ± 21.59

270 – 673

(N = 24)

120 – 800

M. fasciolatus 73.98 ± 0.66

61.1 – 89.0

(N = 79)

* 160 – 600

M. fleayi 74.45 ± 1.04

64.0 – 85.7

(N = 31)

* 110 – 700

M. iteratus 99.86 ± 2.08

77.7 – 121.3

(N = 26)

* 110 – 380
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Relationships between body size, clutch size, egg size and clutch volume

As the identities of the females that laid each individual clutch were unknown, no

comparisons could be made between body size and clutch size. Egg size was not measured

in the field as clutches of eggs found were often at different stages of development making

comparisons between clutches invalid. Consequently no comparisons could be made

between body size, clutch size, egg size and clutch volume.

Relationship between body size and altitude

Female body size increased with altitude in L. chloris, L. pearsoniana and M. iteratus and

decreased with altitude in M. fasciolatus (Table 5.2). There was no significant relationship

between altitude and female body size in L. lesueuri and M. fleayi.

Table 5.2  Linear regression of the independent variable altitude (X) on female body size (Y) in L.

chloris, L. lesueuri, L. pearsoniana, M. fasciolatus, M. fleayi, and M. iteratus  field specimens. SUL =

Snout-Urostyle-Length. * p < 0.05.

Species r2 Slope Intercept p

L. chloris 0.160 0.0075 62.015 0.016*

L. lesueuri 0.001 0.0015 56.920 0.642

L. pearsoniana 0.097 0.0041 30.559 0.019*

M. fasciolatus 0.062 -0.0130 81.220 0.014*

M. fleayi 0.019 -0.0032 75.884 0.457

M. iteratus 0.550 0.0772 78.430 0.035*

Relationship between clutch size and altitude

Clutches were found in the field for only 3 of the 6 species - L. chloris, L. lesueuri and L.

pearsoniana. Clutch size in L. chloris decreased with altitude (Table 5.3, Fig. 5.1). There

was no significant relationship between clutch size and altitude in L. lesueuri and L.

pearsoniana (Table 5.3, Fig. 5.1).

Table 5.3 Linear regression of the independent variable altitude (X) on field clutch size (Y) in L.

chloris, L. lesueuri, and L. pearsoniana. CS = Clutch Size. * p < 0.05.

Species r2 Slope Intercept p

L. chloris 0.200 -0.4348 1308.7 0.019*

L. lesueuri 0.332 2.6889 1428.6 0.176

L. pearsoniana 0.001 0.0014 425.79 0.866
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(a)

(b)

(c)

Fig. 5.1 Relationship between field clutch size and altitude in (a) L. chloris (b) L. lesueuri and (c) L.

pearsoniana.

Altitude (m)

900800700600500400300200100

Cl
ut

ch
 S

ize

2000

1800

1600

1400

1200

1000

800

600

Altitude (m)

700600500400300200100

Cl
ut

ch
 S

ize

5000

4000

3000

2000

1000

0

Altitude (m)

900800700600500400300200100

Cl
ut

ch
 S

ize

700

600

500

400

300

200



Chapter 5 - Reproductive ecology

79

5.3.2 Museum counts

Summaries of egg count data

The mean values, standard error, and ranges of female SUL, clutch size, egg size, and clutch

volume for each species are summarized in Table 5.4. The altitude ranges from which the

specimens were collected are also included.

Table 5.4 Means, ranges and sample size for reproductive traits of the 5 species; Litoria chloris, L.

lesueuri, L. pearsoniana, Mixophyes fasciolatus, and M. iteratus determined using museum specimens

and specimens collected from the field. Means are displayed ± 1 standard error. * For three M. iteratus

museum specimens clutch size data were only available for one gonad. The ratio clutch size right:

clutch size left was calculated and the total clutch size for these three specimens extrapolated.

Species
Female SUL

(mm)

Clutch Size Egg Size

(mm)

Egg Volume

(mm3)

Clutch Volume

(mm3)

Altitude

Range

(m)

L. chloris 62.49 ± 2.06

(51.6-76.2)

(N = 12)

1607.1 ± 201.2

(272-2930)

(N = 9)

1.22 ± 0.03

 (1.1-1.4)

(N = 9)

0.96 ± 0.08

(0.61-1.35)

(N = 9)

1643.6 ± 386.9

(594.8 – 3647.3)

(N = 7)

80 - 800

L. lesueuri 57.66± 0.70

(47.7-67.1)

(N = 43)

2471.8 ± 261.9

(1237-4960)

(N = 42)

1.17 ± 0.05

(0.6-1.6)

(N = 30)

0.95 ± 0.08

(0.09-2.07)

(N = 30)

2311.3 ± 243.7

 (331.5-5771.8)

(N = 30)

20 - 1000

L. pearsoniana 32.22 ± 0.36

(27.3-35.6)

(N = 22)

502.7± 34.6

(186-871)

(N = 22)

1.16 ± 0.02

(0.6-1.3)

(N = 19)

0.86 ± 0.06

(0.14-1.14)

(N = 19)

423.9 ± 39.9

(77.1-695.5)

(N = 19)

60 - 1000

M. fasciolatus 76.54 ± 0.78

(69.7-82.8)

(N = 20)

949.4 ± 56.3

(621-1353)

(N = 20)

2.11 ± 0.06

(1.7-2.6)

(N = 16)

5.09 ± 0.46

(2.78-3.16)

(N = 16)

4845.1 ± 489.3

(2300.4-9780.5)

(N = 16)

100 - 700

M. fleayi 74.4 ± 3.11

(72.2-76.6)

(N = 2)

971.5 ± 450.43

(65301290)

(N = 2)

- - - 550-600

M. iteratus 95.93 ± 1.88

(84.9-105.7)

(N = 13)

2138.5 ± 226.7*

(1343-3471)

(N = 13)

1.75 ± 0.02

(1.7-1.8)

(N = 5)

2.81 ± 0.11

(2.57-3.16)

(N = 5)

7156.5 ± 996.3

(3973.3-9325.8)

(N = 5)

40 - 600
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Interspecific comparisons

Significant interspecific differences were found in clutch size (Table 5.5, 5.6, Fig. 5.2a), egg

size (Table 5.5, 5.6, Fig. 5.2b), and clutch volume (Table 5.5, 5.6, Fig. 5.2c).

Table 5.5 ANCOVA comparing clutch size, egg size and clutch volume in L. chloris, L. lesueuri, L.

pearsoniana, M. fasciolatus and M. iteratus with female body size as the covariate. ** p < 0.01.

Comparison Source df MS F p

Clutch Size Species 4 1.6 x 10-7 53.801 < 0.0001**

Body Size 1 6051699 20.583 < 0.0001**

Error 100 294021.1

Egg Size Species 4 1.466 0.027 0.871

Body Size 1 1.195 x 10-3 32.565 < 0.0001**

Error 73 4.502 x 10-2

Clutch Volume Species 4 6401643 3.724 0.006**

Body Size 1 1.4 x 10-7 7.997 0.008**

Error 71 1719025

Table 5.6 Summary of Tukey’s HSD comparisons of mean clutch size, egg size and clutch volume in

each species. Vertically aligned bars represent species with similar means.

Comparison Species Homogeneous groups

Clutch Size L. pearsoniana      |

M. fasciolatus      |

L. chloris           |

M. iteratus           |     |

L. lesueuri                 |

Egg Size L. pearsoniana      |

L. lesueuri      |

L. chloris      |

M. iteratus           |

M. fasciolatus                |

Clutch Volume L. pearsoniana      |

L. chloris      |     |

L. lesueuri            |

M. fasciolatus                |

M. iteratus                     |
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 (a)

(b)

(c)

Fig. 5.2 Interspecific comparisons of (a) clutch size (b) egg size, and (c) clutch volume for L.

pearsoniana (L. pear.), L. lesueuri (L. les.), L. chloris, M. fasciolatus (M. fasc.), and M. iteratus.

Species are arranged in order of ascending body size.
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The two largest species (M. iteratus and M. fasciolatus) have the largest clutch volumes

(Table 5.4, 5.6). As these species have the largest clutch volumes, they were expected to

have the largest clutch and egg sizes. This was the case for egg size but not for clutch size.

Litoria lesueuri and M. iteratus had significantly larger clutches than the other species

whilst M. fasciolatus had the second smallest clutch size (Fig. 5.2a). However, the average

egg volume of M. fasciolatus is approximately double that of M. iteratus (which had the

next largest egg size), which explains the relatively small clutch size found in M.

fasciolatus. Clutch size was not thought to be influenced by phylogenetic history as the two

species with the largest clutch sizes came from different genera i.e. L. lesueuri and M.

iteratus.

Influence of larval habitat and reproductive mode on clutch and egg size

Reproductive mode and larval habitat were found to significantly affect standardized clutch

size (Fig. 5.3, Table 5.7). Standardized egg size was influenced by larval habitat only (Fig.

5.4, Table 5.8). Aquatic ovipositors (Litoria spp.) had significantly larger clutch sizes than

the terrestrial ovipositors (Mixophyes spp.) while there was no significant difference in

standardized egg size between the two reproductive modes. Species whose larvae developed

in both pond and stream habitats (L. lesueuri and M. fasciolatus), had significantly larger

standardized clutch sizes than those whose larvae developed solely in ponds (L. chloris and

L. pearsoniana). Mixophyes iteratus, whose larvae develop only in streams, had a

standardized clutch size intermediate to the other species. Species with pond larval habitats

had significantly larger standardized egg sizes than species that were solely stream breeders

or had larvae in both pond and stream habitats.

Intraspecific relationships between female body size, clutch size, egg size, and clutch
volume

Female body size had a significant positive effect on clutch size in L. lesueuri (r2 = 0.304,

slope = 93.685, intercept = -2944.8, p < 0.0001) and M. iteratus (r2 = 0.346, slope = 62.59,

intercept = -3832.3, p = 0.035). The influence of female body size was removed (by using

residual clutch size) in further analyses involving the two species. Female body size did not

have a significant influence on clutch size in the remaining species, L. chloris, L.

pearsoniana, and M. fasciolatus.

Egg size was not significantly correlated with female body size in any of the five species

suggesting that it did not vary among individuals regardless of female body size. There was
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no relationship between clutch size (or residual clutch size) and egg size in any of the

species (Fig. 5.5). Consequently, egg size was not included in subsequent analyses.

Table 5.7 Summary of one-way ANOVA results of the relationship between reproductive mode, larval

habitat and standardized clutch size in L. chloris, L. lesueuri, L. pearsoniana, M. fasciolatus and M.

iteratus.

Independent

variable

Source df Mean Square F p

Larval habitat Between groups 2 1915.007 9.364 < 0.0001

Within groups 83 204.503

Total 85

Reproductive mode Between groups 1 3913.400 19.463 < 0.0001

Within groups 84 201.075

Total 85

Fig. 5.3 Relative clutch size in L. chloris, L. lesueuri, L. pearsoniana (L. pear.), M. fasciolatus (M.

fasc.), and M. iteratus.  o = aquatic oviposition, pond larval habitat, ∇  = aquatic oviposition, pond +

stream larval habitat, " = terrestrial oviposition, pond + stream larval habitat, ▼ = terrestrial

oviposition, stream larval habitat.
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Table 5.8 Summary of one-way ANOVA results of the relationship between reproductive mode, larval

habitat and standardized egg size in L. chloris, L. lesueuri, L. pearsoniana, M. fasciolatus and M.

iteratus.

Independent

variable

Source df Mean Square F p

Larval habitat Between groups 2 8.118 x10-4 18.965 < 0.0001

Within groups 74 4.342 x 10-5

Total 76

Reproductive mode Between groups 1 2.705 x 10-5 0.042 0.838

Within groups 84 6.445 x 10-5

Total 85

Fig. 5.4 Relative egg size in L. chloris, L. lesueuri, L. pearsoniana (L. pear.), M. fasciolatus (M.

fasc.), and M. iteratus. o = aquatic oviposition, pond larval habitat, ∇  = aquatic oviposition, pond +

stream larval habitat, " = terrestrial oviposition, pond + stream larval habitat, ▼ = terrestrial

oviposition, stream larval habitat.
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(a)   L. pearsoniana (b)   L. lesueuri

(c)   L. chloris (d)   M. fasciolatus

(e) M. iteratus

Fig. 5.5 Relationship between clutch size and egg size in (a) L. pearsoniana (b) L. lesueuri (c) L.

chloris (d) M. fasciolatus  and (e) M. iteratus museum specimens.
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Clutch volume was only significantly related to female body size in M. iteratus (r2 = 0.866,

slope = 314, intercept = -23571, p = 0.022) but this result may be due to the small sample

size (N = 5) for this species, increasing the likelihood of a Type II error.

Relationships between altitude, latitude, body size, clutch size and clutch volume

As the museum specimens were collected from over a wide latitudinal range, latitude was

included in the analyses. Female body size in M. iteratus and M. fasciolatus was

significantly affected by both altitude and latitude (Table 5.9). Female body size was

affected by latitude only in L. chloris and L. lesueuri whilst female body size in L.

pearsoniana was not affected by either altitude or latitude (Table 5.9).

Table 5.9 Multiple regressions of the two independent variables altitude and latitude (X) on female

body size (Y) in L. chloris, L. lesueuri, L. pearsoniana, M. fasciolatus, and M. iteratus museum

specimens. SUL = Snout Urostyle Length. * p < 0.05, ** p < 0.01.

Species Dependent

variable

Independent

variable

t P

(model)

P

(variable)

R2 df

total

L. chloris SUL 0.020* 0.581 11

Altitude 2.118 0.063

Latitude 3.454 0.007**

L. lesueuri SUL 0.024* 0.182 39

Altitude -2.95E-3 0.202

Latitude -0.369 0.007**

L. pearsoniana SUL 0.537 0.063 21

Altitude -0.047 0.963

Latitude -1.132 0.272

M. fasciolatus SUL 0.0001** 0.688 19

Altitude 2.240 0.039*

Latitude -4.232 0.001**

M. iteratus SUL 0.002** 0.720 12

Altitude -2.473 0.033*

Latitude -4.897 0.001**

Neither altitude nor latitude had a significant effect on clutch size or residual clutch size in

any of the five species. However, clutch volume in L. lesueuri decreased with increasing

altitude and latitude (R2 = 0.208, intercept = 5167.9, p = 0.043). No other significant

relationships between altitude, latitude and clutch volumes was found.
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5.3.3 Number of total clutches produced per season

Female amphibians may produce one or more ovarian clutch complements (total clutch) per

season which can be laid over one or more nights in the field (sub-clutches). The size and

frequency of production of these total clutches is more important than the size and

frequency of the sub-clutches as the total clutch best represents the total reproductive effort

made by the female.

Field clutch size counts of L. chloris, L. lesueuri, and L. pearsoniana fell within the range of

the total clutches determined from museum specimens or specimens collected from the field

(Fig. 5.6). The mean field clutch size did not differ significantly from the museum total

clutch size in L. lesueuri (t = 0.474, p = 0.638) and L. pearsoniana (t = 1.801, p = 0.079).

Field clutches in L. chloris were significantly smaller than museum total clutch sizes (t =

3.742, p = 0.001) however, most of the museum specimens came from relatively low altitude

sites whereas the field data was collected from a greater altitudinal range. Despite the L.

chloris results, these results suggest that females of these three species were laying all or

most of their total clutch on one night.

Fig. 5.6 Museum (") and field (∇  ) clutch sizes in L. chloris, L. lesueuri and L. pearsoniana
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No gravid female of any of the six species that were found early in the season and later

recaptured once or more often throughout the season was found to have a second total

clutch. This suggests that the females of these species are only producing one total clutch

per season regardless of the population they were found in.

5.4 Discussion

5.4.1 Reproductive mode and interspecific comparisons

Reproductive mode influences clutch and egg size produced by a female (Crump 1974,

Kuramoto 1975, Seigal & Fitch 1984, Crump 1984, Seigal et al, 1986) in that species with

generalised reproductive modes (i.e. eggs and larvae develop in water), produce many

smaller eggs than those with more specialised modes e.g. species with terrestrial larval

development (Duellman & Trueb 1986). Splitting the species into their two different

reproductive modes (the two Mixophyes are terrestrial ovipositors, whereas the three Litoria

species are aquatic ovipositors) we find that the aquatic ovipositors had significantly larger

clutch sizes than the terrestrial ovipositors. Despite the difference in clutch size between the

two modes there was no significant difference in egg size i.e. terrestrial ovipositors did not

lay larger eggs than aquatic ovipositors. One reason for this may be that the larvae of the

terrestrial ovipositors in this study develop in water and therefore do not need as much

energy (i.e. be as large) as species that are fully terrestrial.

Interspecific differences in clutch size are also associated with larval habitat (Crump &

Kaplan 1979). Previous studies have reported that egg size increases (and they infer that

clutch size decreases) in the shift from lentic (pond) to lotic (stream) habitats (Salthe &

Duellman 1973, Duellman & Trueb 1986).  The results of this study are not consistent with

previous studies in that pond breeders (L. chloris and L. pearsoniana) produced significantly

larger eggs than pond + stream breeders (L. lesueuri and M. fasciolatus) and stream only

breeders (M. iteratus). In the case of clutch size, the results demonstrated that standardized

clutch size in pond + stream breeders was significantly higher than pond breeders whilst

stream breeders were intermediate to the two. What appears to be happening is that the more

generalised species (pond + stream breeders) have larger clutch sizes and consequently

smaller egg sizes than the species that have larvae exclusively in either ponds or streams.
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5.4.2 Intraspecific comparisons: female body size, clutch size, egg size and altitude

Larger females have larger clutch volumes and generally report larger body sizes and

consequently larger clutch volumes in female amphibians living at high altitudes and

latitudes (Pettus & Angleton 1967, Kozlowska 1971, Berven 1982a). The results of this

study suggest that female body size is larger in high altitude and/or latitude populations in

some of the species (L. chloris, L. pearsoniana, and M. iteratus) while no geographic

variation in body size was found in M. fleayi. This lack of geographic variation in M. fleayi

body size may be due to populations involved being located over a very restricted latitudinal

and altitudinal range.

As high altitude and latitude females tend to be larger than low altitude and latitude females

they are thought to produce more eggs, larger eggs or both, than smaller females from low

altitudes and latitudes (Berven 1982a). Many studies have compared the relative clutch sizes

(removing the effects of body size) between populations of females found at different

altitudes. Several of these studies have found those females living at high altitudes and

latitudes tend to have smaller relative clutch sizes than those from low altitudes and latitudes

(Kozlowska 1971, Berven 1982a, Howard & Wallace 1985, Gollmann & Gollmann 1996).

In other words, for a given body size, high altitude and latitude females tend to lay smaller

clutches of larger eggs. In absolute terms however, clutch size tends to be larger at high

altitudes and latitudes (due to the larger female body size) (Berven 1982a).

Not all studies have reported geographical intraspecific differences in clutch size or egg

size. Studies by Ruibal (1955) and Licht (1975) found no difference in relative fecundity

between high and low altitude populations of anurans. The results of this study tend to agree

with these two studies in that there was a significant relationship between altitude and clutch

size in only one of the five species.

One reason for the lack of geographic variation in clutch size may be due to large variation

in egg size. Within a given clutch volume, females can tradeoff between clutch size and egg

size i.e. they can produce a small clutch of large eggs or many smaller eggs (Roff 1992).

This tradeoff between egg size and clutch size can be very important in determining the

clutch size of a female. As high altitude females are larger than low altitude females, they

may increase egg size instead of clutch size to make up for the increase in body size and

hence larger clutch volume. However, no significant variation in egg size with regards to

body size, clutch size or geographic variables was found in any of the species in this study.
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This suggests that egg size is fairly canalized in these species and that any increase in body

size or change in geographic location would be met with a corresponding change in clutch

size rather than egg size. However, no relationship between body size and clutch size was

found in any of the species and only one significant relationship between clutch size and

altitude was found. This suggests that the intrapopulational variation in clutch size may be

larger than the variation due to body size and geographical variation.

Alternative explanations for the difference in results between this study and previous studies

may be attributed to the differences between this study and previous ones. The majority of

earlier studies were carried out in Europe or the United States in temperate climates over

much greater altitudinal gradients. The smaller altitudinal gradient in this study may not

have been large enough to have an effect on clutch size, egg size and female body size. Life

history strategies employed by temperate species may differ markedly from tropical species,

making comparisons between the reproductive adaptations to geographical clines of the two

meaningless.

Alternatively, the absence of relationships between altitude and reproductive characters

(with the exception of L. lesueuri) may be due to countergradient selection. Countergradient

variation occurs when genetic influences on a trait oppose environmental influences, thereby

minimizing phenotypic change along a gradient (Conover & Schultz 1995). For example,

long winters may select for large body size (and rapid growth in favourable periods) at

higher altitudes, while other factors select for small body size at low altitudes, which result

in body size being approximately constant along the gradient. Further investigation is

required to assess this alternative explanation.

Other factors that could potentially affect results could be small sample sizes, the effects of

female age confounding that of female size (Begon & Parker 1986), or an ecological

response that may influence individual fitness in larger females.

The restricted activity period found in high altitude populations of amphibians usually

restricts the number of clutches produced in a season (Bull & Shine 1979). Consequently,

high altitude females tend to reproduce less often than their lowland counterparts though

this may not always be the case (Licht 1975, Eagleson 1976, Bull & Shine 1979). No

difference was found in this study between the number of clutches produced by females in

high and low altitude populations in any of the species. Females produced one clutch per

season regardless of population origin.
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5.5 Summary

In summary, significant interspecific and intraspecific variation exists in the reproductive

characteristics of sub-tropical frogs of mid-eastern Australia. Interspecific variation may

largely reflect differences in reproductive mode and larval habitat within the region

however, they do not always conform to the trends reported in previous studies. Patterns of

variation in clutch size within species also did not always reflect trends observed overseas as

geographic variation was less apparent. This may be due to low sample sizes and a restricted

geographical distribution (both altitudinal and latitudinal). Although further work is needed

to fully assess the influence of female body size, geographic variation and other

environmental variables that may influence reproductive characteristics in the species found

in this region, it is important to remember that this is only the first study of this nature to be

carried out on the species in this region and is therefore the first step toward understanding

geographic variation in reproductive characteristics in the amphibians of the southeast

Queensland region.
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6 Tadpole growth and development rates

6.1 Introduction

Intraspecific variation in life history characteristics among different populations is

common in species with broad geographical (altitudinal and latitudinal) ranges. This

variation is more pronounced in ectotherms due to the limiting effects that colder

temperatures and shorter growing seasons at high altitudes and temperate latitudes exert

on growth and development (Gollmann & Gollmann 1996). Amphibian studies have

shown that intraspecific differences between populations occurring at different altitudes

exist in embryonic development and growth rates (Ruibal 1955, Licht 1975, Berven

1982b, Gollmann & Gollmann 1996), size at metamorphosis (Pettus & Angleton 1967,

Berven et al. 1979, Berven 1982b, Howard & Wallace 1985), age and size at first

reproduction (Berven 1981, Berven 1982a, Hemelaar 1988, Elmberg 1991, Ryser 1996)

and longevity (Hemelaar 1988), - traits that directly affect fitness (Beachy 1995).

Studies on altitudinal variation in amphibian larval development rates suggest that at

high elevations, larval periods are usually prolonged, growth rates are slower and

metamorphosis normally occurs at a larger size (Ruibal 1955, Bizer 1978, Berven et al.

1979, Berven 1982b, Howard & Wallace 1985). This pattern has been attributed to the

systematic variation of temperature with altitude (Berven et al. 1979) as environmental

temperature is an important factor controlling developmental and physiological

processes in a number of ectotherm species including amphibians (Smith-Gill & Berven

1979, Gollmann & Gollmann 1996). Environmental variables influence life-history

patterns in montane and lowland populations directly. The length of the larval period

and the size at metamorphosis can be used as predictors of survival and reproductive

success (Smith-Gill & Berven 1979). Either early maturation, large body size or both

may have a significant selective advantage in certain environments (Pianka 1972).

Geographic changes in environmental conditions can act as a selective factor generating

genetic differences between populations (Berven et al. 1979). As phenotypic variation

in a character can result from either environmental modification during development or

genuine genetic adaptation to the local environment, studies on altitudinal variation in

larval development rates must examine the relative influence of these two factors i.e.

determine whether observed differences represent genetic adaptation to their local
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environments, environmentally induced phenotypic variation or both (Berven 1982b,

Sorci et al. 1996).

In Australia, amphibian declines have been primarily recorded at high altitudes in

tropical and sub-tropical areas (Richards et al. 1993, Hero 1996, Mahony 1996).

Although the trend for longer larval periods and larger body sizes at high elevations has

been documented in temperate amphibian species across great altitudinal ranges (Ruibal

1955, Bizer 1978, Berven et al. 1979, Berven 1982b, Howard & Wallace 1985), the

relationship between altitude and tropical and sub-tropical amphibian development has

not been investigated.

The aims of this chapter were to (1) observe whether altitudinal variation in tadpole

growth and development rates was occurring; (2) determine whether the variation was

caused by altitude (extrinsic factors), tadpole origin (intrinsic factors) or both using a

reciprocal transplant design; (3) determine whether maternity influenced growth and

development; (4) determine the influence of selected abiotic water characteristics on

growth and development rates; and (5) determine effects of altitude and tadpole origin

on tadpole survival in L. chloris and L. pearsoniana tadpoles.

6.2 Methods

6.2.1 Study species and tadpole collection

Litoria chloris and L. pearsoniana were chosen for this study for two main reasons.

Firstly, they have a relatively short larval period of approximately 3 – 4 months (Barker

et al. 1995, pers. obs.). As the areas in which the study was carried out often experience

floods, species with short larval periods were needed to minimise the duration of the

experiment and therefore exposure to flooding events. The three Mixophyes species

have tadpoles that overwinter which would result in much greater exposure to floods.

Second, after making field observations for two years I was able to accurately predict

locations and times when numerous clutches would be laid and therefore available

(unlike L. lesueuri).

Eggs were collected from the field (between Gosner stages 13-17) and maintained in the

laboratory for 4-5 days at 21oC until they had reached Gosner stage 21 (Gosner 1960).
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This ensured that all tadpoles were at the same development stage at the start of the

experiment and maximized survival rates at the initial transplant stage.

Fourteen clutches of L. chloris eggs (eight from low altitude sites, six from high altitude

sites) and 13 clutches of L. pearsoniana eggs (seven from low altitude sites, six from

high altitude sites) were used in this study to minimise phylogenetic pseudoreplication.

Individual tadpoles were randomly selected from different clutches (depending on the

treatment) and allocated to each site. To avoid potential effects of local adaptation no

tadpole was allocated to its natal stream.

6.2.2 Experimental design

Growth and development rates of tadpoles were compared at different altitudes. The

relative importance of environmental factors and genetic origin on variability in larval

growth and development rates were examined using a reciprocal transplant experiment.

Four high altitude and four low altitude sites in the southeast Queensland region were

selected for the experiment (see Appendix G). Each site had two treatments - tadpoles

collected from high altitudes (treatment A) and those collected from low altitudes

(treatment B) - for each species.

Field setup
White, plastic, UV-proof containers (43cm × 34cm ×16cm) were used to house the

tadpoles in the field. Holes were cut in the sides and the lid and the plastic replaced with

aluminium flymesh to facilitate water flow through the containers in the field. The

interiors of the containers were divided into four compartments with aluminium flymesh

so that four individual tadpoles could be raised within each container enabling

individual measurements. Four containers were placed at each site [two species × two

treatments (tadpole origin from high or low altitudes)] and each set of four containers

was placed in a wooden frame (Plate 6.1 & 6.2). The frames with floats were placed in

quiet, protected sections of stream.

Each site had a total of 16 tadpoles [2 species × 2 origins (high and low altitude) × 4

replicates/individuals] at the start of the experiment (see Fig.6.1 for schematic design).

Species were kept in separate containers and the two origin treatments mixed i.e. two

tadpoles originating from high altitudes and two originating from low altitudes were
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placed in each container to minimise container effects. As the tadpoles are detritivores,

30g  (wet weight) of leaves and other detritus from each site were added to each

compartment (after removal of predators) as food for the tadpoles. Detritus was

replaced as required i.e. tadpoles were fed ad libitum.

Abiotic water characteristics

During each weekly visit three water samples from each site were analysed using a TPS

Model FLMV Microprocessor Analyser to determine dissolved oxygen, pH and water

temperature.

Plate 6.1 Frame for tadpole containers with floats (empty milk containers) attached.

Plate 6.2 Experimental setup at Eejung Ck.
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Fig. 6.1 Schematic representation of experimental set up at each of the 8 study sites. Shaded

containers hold L. chloris tadpoles, clear containers hold L. pearsoniana tadpoles. Each “H” =

one tadpole collected from a high altitude site. Each “L” = one tadpole collected from a low

altitude site.

6.2.3 Growth and development rates

Once translocated to field sites, tadpole sizes and development stages were measured

weekly until the end of the experiment. The size of the tadpoles was measured by

volumetric displacement using a 10ml measuring cylinder. The Gosner development

stage of the tadpoles was observed using a field microscope. Tadpoles were left in the

field for a total of nine weeks after which time the experiment was terminated due to the

loss of several enclosures damaged by heavy floods.

Individual growth rates were calculated using the equation presented below:

GR = final body size (cm3) – initial body size (cm3)

number of days in field

Development rates in previous studies (e.g. Berven 1982b, Gollmann & Gollmann

1996) are usually calculated as the reciprocal of the length of the larval period 1/L (to

metamorphic climax). As this experiment was terminated before the tadpoles reached

metamorphosis, individual development rates were calculated using the equation below:

DR = final Gosner development stage (GDS) – initial GDS

        number of days in field
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6.2.4 Influence of altitude, tadpole origin and maternity on growth and

development rates

Multiple linear regression was used to examine the effects of altitude and tadpole origin

on tadpole growth and development rates for each species. As tadpoles used in this

study were selected from multiple clutches, the growth and development rates of

tadpoles from different clutches were compared to see if maternity influenced larval

development in this study (indirect test for phylogenetic pseudoreplication). This was

done using a One-way Analysis of Variance to compare the mean growth and

development rates of tadpoles from each clutch. T-tests were used to compare body size

at each Gosner Development Stage between tadpoles raised at high and low altitudes

and also between tadpoles originating from high and low altitudes.

6.2.5 Influence of abiotic water characteristics on growth and development rates

Most previous studies have shown that altitudinal variation in tadpole growth and

development rates is due to differences in water temperature at different altitudes. A

simple linear regression was used to test for a relationship between altitude and water

temperature in this study. A significant relationship was found (r2 = 0.875, slope = -

0.0032, intercept = 18.187, p < 0.0001) and subsequently, simple linear regressions

between water temperature and growth or development rates were performed. The

residuals of these linear regressions provided growth and development rates minus the

effects of water temperature (i.e. residual growth and development rates). These

residuals were used as the dependent variable in multiple regression models to re-

examine the effects of altitude and tadpole origin on larval growth and development

without the confounding effect of water temperature as shown below.

Residual growth/development rate = altitude + origin + constant

(minus effects of water temperature)

6.2.6 Factors influencing tadpole survival

Several tadpoles died during the course of the study before the floods and subsequently,

a multiple logistic regression (used because dependent variable was binomial - survived

or died) was carried out to determine whether altitude, tadpole origin or the interaction

between the two factors had an effect on tadpole survival.
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6.3 Results

6.3.1 Summary of final body size and GDS of tadpoles

The mean, range and sample sizes of body size and Gosner development stages reached

by the surviving tadpoles in each site at the termination of the experiment are presented

in Table 6.1. Litoria chloris tadpoles raised at lower altitudes were larger and more

developed at the termination of the experiment than those raised at higher altitudes.

Litoria pearsoniana tadpoles raised at lower altitudes were more developed than those

raised at higher altitudes however, there was no significant difference in body size.

Table 6.1 Mean, range and sample sizes for final body size and Gosner development stage in L.

chloris and L. pearsoniana tadpoles. The altitude of each site is also included. Means are

presented ± 1 SE. BS = Body Size, GDS = Gosner Development Stage.

Site Altitude Species N BS GDS

(m) Mean Range Mean Range

Tallebudgera 100 L. chloris 5 0.19 ± 0.01 0.15 - 0.2 29.80 ± 0.20 30 - 31

Austinville 120 L. chloris 4 0.19 ± 0.01 0.15 - 0.2 30.25 ± 0.25 30 - 31

Currumbin 160 L. chloris 7 0.20 ± 0.00 - 30.57 ± 0.20 30 - 31

NB 250 L. chloris 7 0.19 ± 0.01 0.15 - 0.2 29.71 ±  0.29 29 - 31

PB 600 L. chloris 7 0.18 ± 0.01 0.15 - 0.2 27.57 ± 0.20 27 - 28

Rush 650 L. chloris 6 0.15 ± 0.00 - 27.83 ± 0.17 27 - 28

Eejung 780 L. chloris 5 0.15 ± 0.00 - 27.60 ± 0.24 27 - 28

Mundora 800
L. chloris

8 0.15 ± 0.00 - 27.25 ± 0.25 26 - 28

Tallebudgera 100 L. pearsoniana. 6 0.15 ± 0.00 - 32.00 ± 0.26 31 - 33

Austinville 120 L. pearsoniana. 4 0.15 ± 0.00 - 32.50 ± 0.29 32 - 33

Currumbin 160 L. pearsoniana. 6 0.15 ± 0.00 - 32.67 ± 0.21 32 - 33

NB 250 L. pearsoniana. 6 0.16 ± 0.01 0.15 - 0.2 30.83 ± 0.17 30 - 31

PB 600 L. pearsoniana. 6 0.14 ± 0.01 0.1 - 0.15 29.17 ± 0.17 29 - 30

Rush 650 L. pearsoniana. 5 0.14 ± 0.01 0.1 - 0.15 29.80 ± 0.20 29 - 30

Eejung 780 L. pearsoniana. 4 0.15 ± 0.00 - 29.00 ± 0.00 -

Mundora 800 L. pearsoniana. 7 0.14 ± 0.01 0.1 - 0.15 28.86 ± 0.26 28 - 30



Chapter 6 - Tadpole growth and development

  99

6.3.2 Influence of altitude, tadpole origin and maternity on growth and

development rates

Tadpoles raised at higher altitudes developed significantly slower than those raised at

lower altitudes in both L. chloris (Table 6.2, Fig. 6.2a) and L. pearsoniana (Table 6.2,

Fig. 6.2b). Litoria chloris tadpoles raised at higher altitudes also grew slower than those

raised at lower altitudes (Table 6.2, Fig. 2c). Altitude did not appear to have an effect

on the growth rate of L. pearsoniana tadpoles (Table 6.2, Fig. 2d). Tadpole origin had

no effect on development or growth rates in either of the species (Table 6.2).

Table 6.2 Multiple linear regressions of the two independent variables altitude and tadpole origin

on tadpole development (DR) and growth rates (GR) in L. chloris and L. pearsoniana.

Species Dependent

variable

Independent

variable

t P

(model)

P

(variable)

R2 df

total

L. chloris DR < 0.001 0.764 48

Altitude -12.160 < 0.001

Tadpole origin 0.751 0.457

GR < 0.001 0.632 48

Altitude -8.856 < 0.001

Tadpole origin 0.625 0.535

L. pearsoniana DR < 0.001 0.800 44

Altitude -12.835 < 0.001

Tadpole origin -1.127 0.266

GR 0.122 0.095 44

Altitude -1.939 0.059

Tadpole origin -0.705 0.485

Maternity had no effect on development rates (L. chloris one-way ANOVA: dfmodel = 13,

dferror = 35, F = 0.458, p = 0.934; L. pearsoniana: dfmodel = 12, dferror = 32, F = 0.443, p =

0.933) or growth rates (L. chloris: dfmodel = 13, dferror = 48, F = 0.711, p = 0.740; L.

pearsoniana: dfmodel = 12, dferror = 44, F = 0.936, p = 0.525). Tadpoles from one clutch

did not grow or develop faster or slower than those from any other clutch in either of

the species.
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(a) L. chloris (b) L. pearsoniana

(c)  L. chloris (d) L. pearsoniana

Fig. 6.2 Partial plots of mean (± 1SE) tadpole development rate (minus effects of tadpole origin)

versus altitude in (a) L. chloris and (b) L. pearsoniana and partial plots of mean (± 1SE) tadpole

growth rate (minus effects of tadpole origin) versus altitude in (c) L. chloris and (d) L.

pearsoniana
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6.3.3 Influence of altitude and origin on stage-specific body size

While tadpoles raised at low altitudes had a higher growth rate than those raised at high

altitudes, at each Gosner development stage there was a trend toward larger body sizes

in tadpoles raised at high altitudes (Table 6.3, Fig. 6.3), i.e. there was higher stage

specific growth in tadpoles raised at high altitudes. Tadpole origin did not have a

significant effect on within-stage growth as there was no difference in the body size at

each Gosner stage in tadpoles collected from high and low altitudes (Table 6.3, Fig.

6.4).

6.3.4 Influence of abiotic water characteristics on growth and development rates

There was no significant intersite or temporal difference in pH or dissolved oxygen

levels (see Appendix H), therefore their influence on growth and development rates was

not examined further.

Removing the effect of water temperature on development rates by using residual

development rates of L. pearsoniana tadpoles resulted in a decrease in the explanatory

power of the multiple regression model (R2 = 0.145 versus R2 = 0.800) and the overall

significance (p = 0.037 versus p < 0.0001). Using the residual development and growth

rates of L. chloris tadpoles resulted in large decreases in the explanatory power of both

models and a shift from significance to non-significance (R2 = 0.764, p < 0.0001 versus

R2 = 0.052, p = 0.292; and R2 = 0.654, p < 0.0001 versus R2 = 0.048, p = 0.320 for

development and growth rates respectively). These results suggest that most of the

altitudinal variation in growth and development rates may be explained by differences

in water temperature.

6.3.5 Factors influencing tadpole survival

No relationship was found between tadpole survival and either altitude or origin in

either Litoria chloris (n = 65, p = 0.711) nor L. pearsoniana (n = 64, p = 0.581). There

was also no significant interaction between altitude and tadpole origin in determining

survival in either of the species.
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Table 6.3 Mean (+/- 1 SD) body size (BS) at each Gosner Stage (GS) for tadpoles raised at and

collected from high and low altitudes.  A.R. = Altitude raised, T.O. = Tadpole origin, p = result of

t-test. L. pear. = L. pearsoniana, ** p < 0.01.

Species GS A. R. Mean BS p T. O. Mean BS p
L. chloris 21 High 0.05 ± 0.00 NS High 0.05 ± 0.00 NS

Low 0.05 ± 0.00 Low 0.05 ± 0.00
25 High 0.08 ± 0.00 NS High 0.08 ± 0.02 NS

Low 0.08 ± 0.02 Low 0.08 ± 0.02
26 High 0.11 ± 0.00 NS High 0.11 ± 0.02 NS

Low 0.10 ± 0.00 Low 0.10 ± 0.01
27 High 0.14 ± 0.02 NS High 0.15 ± 0.02 NS

Low 0.14 ± 0.01 Low 0.14 ± 0.02
28 High 0.16 ± 0.02 0.005** High 0.15 ± 0.02 NS

Low 0.14 ± 0.00 Low 0.14 ± 0.02
29 High - High 0.16 ± 0.02 NS

Low 0.16 ± 0.00 Low 0.15 ± 0.02
30 High - High 0.18 ± 0.03 NS

Low 0.18 ± 0.00 Low 0.18 ± 0..02
31 High - High 0.19 ± 0.02 NS

Low 0.18 ± 0..01 Low 0.18 ± 0.04
L. pear. 21 High 0.05 ± 0.00 NS High 0.05 ± 0.00 NS

Low 0.05 ± 0.00 Low 0.05 ± 0.00
25 High 0.08 ± 0.02 NS High 0.08 ± 0.02 NS

Low 0.08 ± 0.03 Low 0.08 ± 0.02
26 High 0.10 ± 0.00 NS High 0.10 ± 0.00 NS

Low 0.10 ± 0.00 Low 0.10 ± 0.00
27 High 0.10 ± 0.00 < 0.001** High 0.10 ± 0.01 NS

Low 0.13 ± 0.04 Low 0.10 ± 0.00
28 High 0.11 ± 0.02 NS High 0.11 ± 0.02 NS

Low 0.10 ± 0.01 Low 0.11 ± 0.02
29 High 0.13 ± 0.03 NS High 0.12 ± 0.03 NS

Low 0.12 ± 0.02 Low 0.12 ± 0.03
30 High 0.15 ± 0.00 NS High 0.15 ± 0.00 NS

Low 0.14 ± 0.02 Low 0.14 ± 0.02
31 High - - High 0.15 ± 0.01 NS

Low 0.15 ± 0.02 Low 0.14 ± 0.02
32 High - - High 0.15 ± 0.00 NS

Low 0.15 ± 0.00 Low 0.15 ± 0.00
33 High - - High 0.15 ± 0.00 NS

Low 0.15 ± 0.00 Low 0.15 ± 0.00
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(a)  L. chloris (b) L. pearsoniana

Fig. 6.3 Comparison of the relationship between mean body size and Gosner Development Stage

for tadpoles raised at high (open squares) and low (closed triangles) altitudes in (a) L. chloris and

(b) L. pearsoniana. Error bars represent one standard error.

(a) L. chloris (b) L. pearsoniana

Fig. 6.4 Comparison of the relationship between mean body size and Gosner Development Stage

for tadpoles collected (tadpole origin) from high (open squares) and low (closed triangles)

altitudes in (a) L. chloris and (b) L. pearsoniana. Error bars represent one standard error.
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6.4 Discussion

6.4.1 Influence of altitude, tadpole origin and maternity on growth and

development rates

Altitude had a strong negative effect on the development rates of both species and the

growth rates of L. chloris in that the tadpoles of both species were less developed at

high altitudes and smaller in L. chloris. These results are similar to most previous

studies on temperate species which report slower larval development rates at high

altitudes (Berven et al. 1979, Berven 1982b, Howard & Wallace 1985). Previous studies

usually report larger body sizes at each development stage in high altitude larvae due to

greater stage-specific growth (Bizer 1978, Berven et al. 1979, Smith-Gill & Berven

1979). That is, despite growth rates being slower at high altitudes, individuals spend

more time growing at each development stage (due to slower development rates) and

also continue to grow when temperatures become too low for development (due to

differential effects of temperature on growth and development – Smith-Gill & Berven

1979). This results in larger body sizes at each development stage including

metamorphic climax. Although not significant, the same pattern appeared for both

species in this study with tadpoles raised at high altitudes being generally larger at each

development stage.

Tadpole origin and maternity did not appear to have a significant effect on growth and

development rates or body size at each development stage in either of the species. It is

unlikely however that these factors do not play some role in determining growth and

development rates (Berven 1982b) as previous studies have shown that genetic factors

are often important in determining larval development characteristics (Berven 1982b,

Gollmann & Gollmann 1996). High altitude tadpoles have been shown to have higher

intrinsic growth rates and development rates than low altitude tadpoles when raised

under laboratory conditions (Berven et al. 1979, Berven 1982b, Gollmann & Gollmann

1996). That is, the growth and development rates of tadpoles from high altitudes are

faster than that of low altitude tadpoles when raised under identical conditions

(temperature, food etc.). This suggests that natural selection has acted to produce faster

intrinsic growth and development rates in these tadpoles to compensate for the colder

temperatures at high altitudes (Berven et al 1979, Berven 1982b). These higher intrinsic

rates are usually not reflected in the field as the effects of environmental variables

(especially temperature) on larval development characteristics are usually stronger
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(Berven et al. 1979, Gollmann & Gollmann 1996). The effect of genetic factors (tadpole

origin and maternity) on larval growth and development in this study may have been

masked by the effects of the environmental factors involved.

6.4.2 Influence of abiotic water characteristics on growth and development

Altitudinal variation in growth and development rates in this study could be explained

by differences in water temperature at different altitudes i.e. water temperature was the

primary environmental factor influencing larval development in these two species. The

colder temperatures found at high altitudes restricted development rates in both species

and growth rates in L. chloris. Water temperature has been shown to affect the larval

development of other amphibian species with low temperatures reducing growth and

development rates and in some cases, inhibiting metamorphosis altogether (Moore

1939, Calef 1973, Berven et al. 1979, Smith-Gill & Berven 1979, Berven 1982b,

Howard & Wallace 1985).

Despite pH and DO influencing larval development characteristics in previous studies

(Nie et al. 1999), they were not considered in this study as they did not vary

significantly between the sites. Other environmental factors such as density (Berven &

Chadra 1988, Reques & Tejedo 1995, Tejedo & Reques 1992, Martinez et al. 1996),

interspecific competition (Berven & Chadra 1988, Murray 1990, Tejedo & Reques

1992) and food levels (Berven & Chadra 1988) can also affect larval developmental

patterns. Larvae at high densities grow slower, have longer larval periods and are

smaller at metamorphosis than those raised under less dense conditions (Berven &

Chadra 1988, Goater 1994, Martinez et al. 1996). As the two species were kept in

separate containers and individual tadpoles were housed in separate compartments

within a container, the influence of density and interspecific competition as extrinsic

determinants of larval growth and development rates were not examined in this study.

The effects of food levels were also not examined as equal amounts of food detritus

were added to each container.

6.4.3 Factors influencing tadpole survival

Delayed metamorphosis results in a larger body size which in turn, can result in

increased survival (Wilbur 1980). However, despite larger body sizes at low altitudes
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for L. chloris and no difference in body size in L. pearsoniana, there was no difference

in the survival rates of the tadpoles of either species raised at different altitudes.

Similarly, tadpole origin did not influence survival and there was no interaction

between altitude and tadpole origin. For example, tadpoles collected from high altitudes

and raised at low altitudes did not experience higher mortality rates than tadpoles

collected from low altitudes and raised at low altitudes. While these results may also be

an artifact of the shortened duration of the experiment, they provide an initial insight

into the role of altitude on growth and development, and survival in an important life

history stage of these species.

6.4.5 Implications for individual and population success

Variation in metamorphic timing and size in amphibians can result in variation in age

and size at maturity (Smith 1987). Delayed metamorphosis can result in overwintering

by larvae, which can add a minimum of one year to the attainment of sexual maturity

(Berven 1982b, Howard & Wallace 1985). Although L. chloris and L. pearsoniana

tadpoles do not overwinter, delayed maturity was evident at high altitude sites. Delayed

metamorphosis can result in metamorphs emerging from the water toward the end of the

activity season resulting in a shortened period to feed and prepare for colder seasons

(Berven 1982b). This, in conjunction with slower post-metamorphic growth and

development rates, can in turn result in limited growth after emergence and

consequently a delay in reaching the minimum size needed to reach maturity (Hemelaar

1988, Goater 1994). For example, a metamorph emerging around the middle of the

activity period would have more time to feed and prepare for the coming winter than a

later emerging individual (Berven 1982b). The following year, the precocious

individual would theoretically be in better condition and, if an early maturing species,

may be able to achieve the minimum size needed for maturity the year after it emerges

(Wilbur 1980, Howard & Wallace 1985). The year after the late-metamorphosing

individual leaves the water, growth and development are behind and it may not be able

to reach the minimum size needed to mature before the end of activity period and would

have to delay maturity till the following year (two years after emergence).

The environmentally prolonged larval periods and shorter growing seasons available for

juvenile growth and development prior to overwintering or hibernating at high altitudes

in southeast Queensland may therefore result in slower juvenile growth and
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development to sexual maturity, longer generation times and larger body sizes - factors

that ultimately influence survival and reproductive success of individuals and

populations (Wilbur & Collins 1973, Berven et al. 1979, Pough & Kamel 1984).

6.5 Summary

The larvae of both species raised at high altitudes (regardless of tadpole origin) had

slower development rates than larvae raised at low altitudes. Slower growth rates were

found in larvae from high altitudes in L. chloris while a similar (but not significant)

trend was recorded in L. pearsoniana. Despite slower growth rates overall, there was a

trend toward tadpoles raised at high altitudes being generally larger at each Gosner

Development Stage than those raised at low altitudes independent of tadpole origin.

These results suggest that most of the variation in growth and development rates in the

two species was due to environmental factors rather than genetic or maternal factors and

it is suggested that water temperature is the primary determinant of that effect. Tadpole

survival in either species did not appear to be significantly affected by environmental or

genetic factors in this study. These results also demonstrate that tadpoles occurring at

high altitudes take longer to reach metamorphosis and metamorphose at a larger size

than their lowland counterparts - factors that ultimately influence survival and

reproductive success of individuals and populations.
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7 Age at maturity, longevity and reproductive life-span

7.1 Introduction

The length of time required from birth or hatching to sexual maturity is an important aspect

of any species' population dynamics. The age of maturity is pivotal as fitness is often more

sensitive to changes in this trait than to changes in any others (Stearns 1992). Age at first

reproduction is linked with such factors as length of growing season, level of metabolism

and difference in size between adults and juveniles (Fitch 1970), and is usually determined

by the size at maturation and juvenile growth (Ryser 1996). As reproductive maturity is

dependent on body size, species or individuals with faster growth rates will reach the

minimum size required for reproduction sooner than those with slower growth rates and thus

will be able to begin breeding at a younger age.

Age of maturity is a compromise among many selective-pressure variables with the goal of

maximising an individual's contribution to the next generation. Maturing and reproducing

earlier is one method of achieving this goal however, small body size reduces the number

and/ or size of offspring and smaller adults tend to experience higher levels of predation

(Zug 1993). The benefits of delayed reproduction are less obvious and generally relate to

advantages associated with larger body size. As growth rates of ectotherms decrease greatly

after the attainment of sexual maturity (Hemelaar 1988), organisms that delay reproduction

are able to achieve larger body sizes than precocious individuals. This results not only in

increased success at holding breeding territories (Tinkle 1969), but also in greater

survivorship of parents, and the production of larger clutches (Gibbons & McCarthy 1986),

and/or larger offspring which may have higher survival rates than smaller offspring (Begon

et al. 1990, Berven 1982a, Stearns 1992).

The age at maturity is proportional to longevity (Tilley 1980, Houck 1982, Miaud et al.

2000). Animals with shorter lifespans start reproducing at a younger age to compensate for

their short breeding lives whilst those with longer lifespans are older when breeding for the

first time (Caetano & Castanet 1993, Zug 1993). Longevity or length of life is not as

essential in its own right as it is in determining the reproductive lifespan of an individual

(Begon et al. 1990). How long an individual lives is not as important to a population's

demography and survival as the number of years it reproduces (and hence the number of
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offspring it can produce in its lifetime).

Due to their slower growth and development rates through metamorphosis, slower juvenile

growth and restricted growing seasons, high altitude temperate amphibians tend to live

longer and mature at an older age than their lowland counterparts (Smirina & Rocek 1976,

Schabetsberger & Goldschmid 1994, Joly & Grolet 1996, Ryser 1996, Miaud et al. 1999,

Miaud et al. 2000). This delay in maturation results in larger body sizes, greater fecundity

and higher offspring survival in high altitude populations (Joly & Grolet 1996, Ryser 1996,

Sagor et al. 1998, Miaud et al. 2000). Although trends appear strong in temperate species, to

date few studies have examined altitudinal variation in longevity and age at maturity in

tropical or subtropical amphibian species.

In the past, mark and recapture studies have been used to determine longevity and

population age structures. These studies, however, often require many years of effort to

collect data. Similar data can be acquired more rapidly using skeletochronology to estimate

individual ages (Castanet & Smirina 1990). With skeletochronology, age is estimated by

counting lines of arrested growth (LAG) in thin cross-sections of elongate bones. Applied to

phalanges, it is a powerful tool for assessing growth, age of sexual maturity, longevity and

periodic or aperiodic annual activity (Castanet et al. 1992). Because toe bones provide

sufficient skeletochronological material for many species, non-destructive aging is often

possible, and toe clippings produced as a by-product of marking can be used (Trenham et al.

2000). This is important in conservation biology, especially with small populations, because

it avoids having to kill individuals (Eggert & Guyétant 1999). Validation of

skeletochronology using individuals of known age and/or mark and recapture studies allows

for much more reliable estimates of age.

Although skeletochronology has been widely used to date, there have been very few

skeletochronological studies carried out on amphibians from tropical or sub-tropical regions

(Halliday & Verrell 1988, Khonsue et al. 2000). Most previous studies have been carried out

on temperate species e.g. Bufo bufo (Hemelaar 1985, 1988), B. calamita (Denton & Beebee

1993), Rana sylvatica (Bastien & Leclair Jr. 1992, Sagor et al. 1998), R. temporaria (Ryser

1996), and R. sakuraii (Kusano et al. 1995). Fewer studies have been carried out on desert

species such as B. pentoni (Barbault et al. 1979), Scaphiopus couchii (Tinsley & Tocque

1995), and B. raddei (Kuzmin & Ischenko 1997). To date, only two studies have been

carried out on tropical species, Mantidactylus microtympanun in Madagascar (Guarino et al.

1998) and Rana nigrovittata in Thailand (Khonsue et al. 2000). Consequently, the first aim



 Chapter 7 - Age at maturity, longevity and reproductive life-span

110

of this study was to examine the applicability of the skeletochronological method for

amphibians from sub-tropical Australia.

If skeletochronology were found to be applicable, the specific aims of this chapter were to

(1) determine the average longevity, age at maturity, the potential reproductive lifespan for

individuals of each study species; (2) compare the average longevity, age at maturity and

reproductive lifespan between males and females of each species; (3) determine population

age structures for each population; (4) determine whether altitude has an effect on average

longevity, age at maturity and reproductive lifespan in each species; (5) estimate average

lifetime fecundity (ALF) for each population; (6) examine the relationship between body

size and age for each of the species; and (7) determine population growth curves for each

species.

7.2 Methods

7.2.1 Field methods

Field survey details are described in Chapter 4 (section 4.2.1). All individuals were toe-

clipped and the clipped toes were stored in either FAACC (Formaldehyde Acetic Acid

Calcium Chloride) or 70% alcohol until they were ready for processing.

7.2.2 Laboratory methods: skeletochronology

The toes were rinsed in tap water and then decalcified in 10% nitric acid for approximately

24 - 48 hours. Decalcification time was determined using the method reported by Clayden

(1952) which is a modified version of Arnim’s (1935) method. Once decalcification was

complete, the toes were rinsed three times in distilled water and left overnight in distilled

water and then embedded in wax.

Toes were processed for paraffin wax embedding on a Tissue Tek VIP Processor. Details of

the tissue and embedding processes are presented in Appendix I. During the embedding it

was essential that each toe was made to stand exactly vertical within its wax block. This

ensured that all sections were not cut on an oblique angle. Prior to sectioning, excess wax

was trimmed from each block. Each block was placed on an ice bed for approximately 30

minutes in order to ease the production of smooth sections and then sectioned at 10µm using

a AO-820 Spencer microtome.
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Sections were floated on a 45oC waterbath and then mounted on glass slides using gelatin as

a section adhesive. Slides were dried overnight at 60oC. Sections were then decerated (de-

waxed) in xylene, and hydrated by a descending ethanol series (Appendix J). Sections were

stained for 40 minutes with Ehrlich’s haematoxylin, then rinsed twice in tap water. Stained

sections were coverslipped and sealed with Depex mountant. Care was taken to ensure that

sections never dried out during the staining process. All sections were then dried again at

60oC overnight before growth rings were assessed. Sections were examined under a Nikon

SE light microscope at 100x magnification. The haematoxylin stained the growth rings pink

to light purple and the resting lines (LAGs) dark purple.

Good sections for each individual were photographed using a Spot Camera (Diagnostics

Instruments Inc., Model No. 1.4.0) and viewed using the computer package Image Pro Plus.

7.2.3 Applicability of skeletochronology to study species

Validation

In order to ensure that LAGs were produced annually and therefore represented the actual

age of the individual, the number of LAGs in toes collected from the same individual in

subsequent years were compared in all species with the exception of L. pearsoniana (no

individuals recaptured in subsequent years). This was done for eight L. chloris, four L.

lesueuri, 11 M. fasciolatus and 13 M. fleayi. In some cases, toes were collected from

individuals after a period of two years (two L. chloris, three M. fasciolatus, and two M.

fleayi).

7.2.4 Age determination

Counting LAGs

LAGs were counted in sections taken from the central regions of the diaphysis. These

sections were chosen as they are more likely to contain all or most of the LAGs than those

sections taken from the epiphyses of the bone where endosteal remodelling is more likely to

occur and cause errors in age estimation (Castanet & Smirina 1990). LAGs were counted

under a light microscope at 100× magnification. Counts of LAGs were made on two

separate occasions, always blind to sample identity (see Trenham et al. 2000). Samples for

which counts differed on the two occasions were reinspected and if differences were not

resolved, the sample was not included in analyses.
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Identification and correction of endosteal remodelling

The diameters of the Resorption Line (RL – the outer extent of endosteal resorption

delineated by the boundary between endosteal and periosteal bone) as well as all visible

LAGs including the outer edge of the bone section, were digitized and measured using

Image Pro Plus.

The longest and shortest perpendicular axes of each of three diaphyseal sections per

phalange were measured. Axis measurements were multiplied together and the square root

of the product calculated. This value, the average diameter of the line being measured, was

averaged across the three sections measured per phalange. This was done for the RL and

each LAG in each of the three diaphyseal sections. To identify cases of LAG resorption, the

diameters of the innermost and second visible LAGs were plotted on a frequency

distribution (Fig. 7.1). Diameters for the innermost visible LAG which were > 2 SD greater

than the group mean were interpreted as cases of LAG1 resorption, where the innermost

LAG was actually LAG2 not LAG1 (Sagor et al. 1998).

7.2.5 Average longevity, age at maturity, potential reproductive life-span and

population age structures

The average population longevity was calculated as being the average age of all the

individuals captured in the population. The age at maturity was the youngest age of all

reproductive individuals captured for the population/species. The potential reproductive

lifespan (PRLS) was calculated for each population by subtracting the age at maturity from

the age of the oldest individual found. This provides an estimate of the number of years that

each individual is capable of breeding for. The number of individuals in each age-class

within a population were plotted to produce population age structures. This was done for

each population of each species with data from all years combined as the age structure of

each population did not differ significantly between years (Appendix K)

7.2.6 Effects of altitude on average longevity, age at maturity and PRLS

Simple linear regressions were used to determine the influence of altitude on average

longevity, age at maturity and potential reproductive lifespan for each sex/species. In the

cases of individuals being recaptured in more than one year, the oldest recorded age was

used in analyses.
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7.2.6 Average lifetime fecundity (ALF)

The average lifetime fecundity of females in each population (data permitting) was

estimated using the potential reproductive lifespan (greatest longevity - age at maturity) and

the average fecundity of the population as determined from field counts and dissections of

females collected from the field. The influence of altitude on lifetime fecundity was

determined using simple linear regressions for L. chloris and L. pearsoniana.

7.2.8 Relationship between age and body size
The relationship between body size and age for each sex/species was examined using

Pearson’s correlations. In the case of individuals being recaptured more than once, data from

the last capture were used to avoid pseudoreplication.

7.2.9 Population growth
Like most ectotherms, amphibians typically show an S-shaped growth curve (Begon et al.

1990) exhibiting early rapid growth approaching an asymptote. The levelling off of the

curve results from allocation of energy from growth to reproduction. Curves are well

described by von Bertalanffy’s (1938) equation –

Lt = Lo – (Lo – Lm) e-k(t-to)

Where Lt = average body size at age t, Lo = asymptotic body size, Lm = body size at

metamorphosis (to), t = time since metamorphosis, k = growth coefficient (describes the rate

at which body size approaches asymptotic size rather than growth rate). The von Bertalanffy

growth equation was fitted to age and size data for populations with adequate data using

least squares procedure with SPSS. The fitted values for k and Lo were compared among

sexes and populations (altitudes) using multiple regression where possible.

7.3 Results

7.3.1 Applicability of skeletochronology and validation
LAG diameters for all species increased with the age at which they were deposited (Table

7.1). Diameter values for the first (innermost) and second LAGs exhibited approximately

normal distributions for most of the species (Fig. 7.1). No instances of resorption were

identified as there were no sections in which the innermost visible LAG had a diameter
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Table 7.1 LAG diameter values for breeding adults of L. chloris, L. lesueuri, L. pearsoniana, M.

fasciolatus and M. fleayi.

LAG Diameter (µµµµm)

Species LAG # N (mean ±±±± SD) Min Max

L. chloris 1 179 386 ± 49 311 510

2 179 504 ± 35 406 584

3 177 560 ± 41 462 612

4 62 571 ± 40 530 598

5 7 582 ± 35 543 611

6 1 590 - -

L. lesueuri 1 42 345 ± 44 270 434

2 42 450 ± 32 411 499

3 40 486 ± 26 452 513

4 16 501 ± 15 476 521

5 1 511 - -

L. pearsoniana 1 174 174 ± 32 151 221

2 3 207 ± 36 178 249

M. fasciolatus 1 181 496 ± 43 421 620

2 181 618 ± 61 520 719

3 180 720 ± 45 622 786

4 113 746 ± 41 691 793

5 11 771 ± 36 702 813

6 1 798 - -

M. fleayi 1 149 378 ± 48 303 502

2 149 497 ± 35 399 577

3 132 648 ± 47 550 733

4 58 720 ±  51 679 777

5 9 734 ± 32 693 791

6 1 747 ± 29 701 802

7 1 766 - -
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Fig. 7.1. The distribution of diameters of the first (innermost, red) and the second (black) visible

LAGs in phalangeal sections of (a) L. chloris, (b) L. lesueuri, (c) L. pearsoniana, (d) M. fasciolatus

and (e) M. fleayi.
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greater than two SD above the mean value for the group. As the diameter of the innermost

LAG was never more than two SD above the LAG2 mean, it was concluded that complete

resorption of both LAG1 and LAG2 did not occur either (Fig. 7.1).

In all individuals recaptured in one or more subsequent years (with the exception of L.

lesueuri), the number of extra LAGs corresponded directly to the number of years between

recaptures i.e. if recaptured one year apart, there was one extra LAG, if recaptured two years

apart there were two extra LAGs (see Plate 7.1). This result supports the hypothesis that

LAGs are laid down on an annual basis and can be used to reliably age individuals of these

species. In the case of L. lesueuri, LAGs were only present in individuals from the highest

altitude and were absent in low altitude individuals known to be at least 2-3 years of age

(based on mark and recapture results). Consequently, skeletochronology was not thought to

be applicable for L. lesueuri. Possible reasons for these results are presented in the

discussion (section 7.4.1). In the case of L. pearsoniana, no individuals was recaptured in

subsequent years so LAG deposition was unvalidated.

7.3.2 Summaries of average longevity, age at maturity and reproductive life-span

I was able to reliably estimate the age of 74% (179 of 241) L. chloris, 10% (42 of 421) L.

lesueuri, 93% (174 of 187) L. pearsoniana, 77% (181 of 242) M. fasciolatus and 81% (149

of 184) of M. fleayi using skeletochronology. The remaining individuals could not be

reliably aged due to indistinct resting lines.

L. chloris

The mean longevity, age at maturity and potential reproductive lifespan of L. chloris at each

site are summarized in Table 7.2. Males in general ranged between 2-5 years and females 3-

6 years of age.  Most males and females were between 3-4 years of age in all populations

and appeared to be three years of age when breeding for the first time. Three males were two

years old when found at a chorus at Austinville and although they were calling they had

unpigmented nuptial pads and therefore may have been immature males. Despite being

uncertainty as to their reproductive status, they have been included in all analyses (did not

significantly alter results when omitted).
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(a) (b)

(c) (d)

(e) (f)

Plate 7.1. Skeletochronology cross sections of (a) a 2 year old L. pearsoniana male; (b) a 3 year old L.

chloris male; (c) a 4 year old M. fasciolatus female; (d) a L. lesueuri female known to be at least 3

years old but displaying no LAGs; (e) a 5 year old M. fleayi female; (f) the same M. fleayi female one

year later displaying 5 LAGs (= 6 years old). Arrows indicate LAGs and rl denotes the resting line. In

all specimens there is evidence of partial endosteal remodelling on the inner side of the resting line.

rl rl

rl

rl

rl

rl
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Table 7.2 Summary of mean longevity (± 1SE), age at maturity and reproductive lifespan in L. chloris

at each site all years combined. Ranges and sample size (N) are also displayed. ML = Mean Longevity,

AM = Average Maturity, PRLS = Potential Reproductive Life Span.

Site (Altitude) Sex ML Mode AM PRLS

Austinville (110m) Male 3.11 ± 0.07

2-4

(38)

3.00 2.00 2.00

Female 3.50 ± 0.29

3-4

(4)

3.00 3.00 1.00

Currumbin (160m) Male 3.22 ± 0.09

3-4

(41)

3.00 3.00 1.00

Female 3.56 ± 0.24

3-5

(9)

3.00 3.00 2.00

N. Bridge (250m) Male 3.29 ± 0.08

3-5

(41)

3.00 3.00 2.00

Female 3.60 ± 0.22

3-5

(10)

3.00 3.00 2.00

P. Brook (600m) Male 3.89 ± 0.20

3-5

(9)

3.00 3.00 2.00

Female 4.00 ± 0.00

4

(1)

4.00 3.00 -

Mundora (800m) Male 3.73 ± 0.13

3-5

(22)

4.00 3.00 2.00

Female 4.25 ± 0.63

3-6

(4)

4.00 4.00 2.00
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L. lesueuri

Skeletochronology was largely unsuccessful in L. lesueuri (only 10% aged successfully).

The ages of these individuals are summarized in Table 7.3. Males ranged from 2-4 years of

age and females 3-5 years. The majority of males were three years old and females four

years old, however the age at maturity appeared to be one year less for each i.e. two years

for males and three years for females.

Table 7.3 Summary of mean longevity (± 1SE), age at maturity and reproductive lifespan in L.

lesueuri at Purling Brook all years combined. Ranges and sample size (N) are also displayed. ML =

Mean Longevity, AM = Average Maturity, PRLS = Potential Reproductive Life Span.

Sex ML Mode AM MRLS

Male 3.25 ± 0.09

2-4

(32)

3.00 2.00 2.00

Female 3.89 ± 0.20

3-5

(9)

4.00 3.00 2.00

L. pearsoniana

The mean longevity, age at maturity and potential reproductive lifespan of L. pearsoniana at

each site are summarized in Table 7.4. The vast majority of individuals of both sexes were

two years of age, however there were a small number of one year old males (four in total)

and three year old females (three in total). The average age at maturity as well as the average

longevity for most populations was two years of age for both males and females. The one-

year-old males were only found at the very end of the breeding season (at low altitudes only)

and did not have pigmented nuptial pads, consequently they are most likely to have been

juvenile males that were not actually reproductively active that season. The three-year-old

females found at Mundora Ck may have been females that started breeding at two years of

age and survived to breed a second year or alternatively they may have delayed reproduction

until they were three years of age (due to growth and development constraints caused by

high altitude). Which of these alternatives is correct is unknown however, as no L.

pearsoniana individual at any sites was found in subsequent years (suggesting that all

individuals breed for one year only). The latter alternative seems the more plausible

explanation at this time.
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Table 7.4 Summary of mean longevity (± 1SE), age at maturity and reproductive lifespan in L.

pearsoniana at each site all years combined. Ranges and sample size (N) are also displayed. ML =

Mean Longevity, AM = Average Maturity, PRLS = Potential Reproductive Life Span.

Site (Altitude) Sex ML Mode AM PRLS

Austinville (110m) Male 1.92 ± 0.05

1-2

(36)

2.00 2.00 1.00

Female 2.00 ± 0.00

2

(15)

2.00 2.00 1.00

Currumbin (160m) Male 2.00 ± 0.00

2

(23)

2.00 2.00 1.00

Female 2.00 ± 0.00

2

(10)

2.00 2.00 1.00

N. Bridge (250m) Male 2.00 ± 0.00

2

(31)

2.00 2.00 1.00

Female 2.00 ± 0.00

2

(8)

2.00 2.00 1.00

Mundora (800m) Male 2.00 ± 0.00

2

(39)

2.00 2.00 1.00

Female 2.27 ± 0.14

2-3

(11)

2.00 2.00 1.00

M. fasciolatus

The mean longevity, age at maturity and potential reproductive lifespan of M. fasciolatus at

each site are summarized in Table 7.5. Males ranged between 2-5 years and females 3-6

years of age with the majority of males and females being between 3-4 years of age. Males

and females usually matured at three years of age however, there were some populations

where females matured at four years of age (higher altitude sites) and males at two years of

age (one low altitude site).
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Table 7.5 Summary of mean longevity (± 1SE), age at maturity and reproductive lifespan in M.

fasciolatus at each site all years combined. Ranges and sample size (N) are also displayed. ML =

Mean Longevity, AM = Average Maturity, PRLS = Potential Reproductive Life Span.

Site (Altitude) Sex ML Mode AM PRLS

Coomera (250m) Male 3.00 ± 0.32

2-4

(5)

3.00 2.00 2.00

Female 3.67 ± 0.21

3-4

(6)

4.00 3.00 1.00

KNP (470m) Male 3.53 ± 0.09

3-4

(30)

4.00 3.00 1.00

Female 3.83 ± 0.14

3-5

(24)

4.00 3.00 2.00

6 Mile Ck (500m) Male 3.21 ± 0.11

3-4

(14)

3.00 3.00 1.00

Female 4.00 ± 0.00

4

(4)

4.00 4.00 -

Holt Park (520m) Male 3.47 ± 0.12

3-4

(17)

3.00 3.00 1.00

Female 4.25 ± 0.25

4-5

(4)

4.00 4.00 1.00

P. Brook  (600m) Male 3.73 ± 0.07

3-5

(51)

4.00 3.00 2.00

Female 4.04 ± 0.13

3-6

(26)

4.00 3.00 3.00
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M. fleayi

The mean longevity, age at maturity and potential reproductive lifespan of M. fleayi at each

site are summarized in Table 7.6. Males ranged between 2-6 years and females 3-8 years of

age. With the exception of Bundoomba, most males and females were four years of age and

tended to mature between 3-4 years of age depending on the site and gender. The majority of

males and females at Bundoomba were five years old and this is also the site where the

oldest individual was found - an eight-year-old female. Two calling males at Currumbin

were found to be two years of age however, despite calling they did not have strongly

pigmented nuptial pads and were small in size compared to the other males and

consequently were thought to be immature males. As their inclusion in the data sets did not

alter the results of initial analyses, they were left in for all analyses.

7.3.3 Effect of gender on longevity, age at maturity, potential reproductive lifespan

and population age structure

L. chloris

Overall (all years and sites combined), females were significantly older than males (Table

7.7). However, within sites there was no significant difference in the ages of males and

females (Table 7.7, Fig. 7.2). This result may be due to the small number of females in

within-site comparisons. Males on average did not mature significantly earlier than females

(Table 7.7) nor was there a significant difference in the potential reproductive life span of

males and females (Table 7.7).

L. lesueuri

Females were significantly older than males at Purling Brook (t = -3.025, df = 39, p = 0.003,

Fig. 7.3) for all years combined. As ages were only obtained from one population, I could

not statistically examine differences in age at maturity however, it appears that males mature

one year earlier than females at this site.

L. pearsoniana

As almost all individuals were two years of age, overall (all years and sites combined) and

within site comparisons did not reveal significant differences in the average age and the age

at maturity between males and females (Table 7.8, Fig. 7.4). There was also no difference in

the potential reproductive life span between males and females (Table 7.8).
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Table 7.6 Summary of mean longevity (± 1SE), age at maturity and reproductive lifespan in M. fleayi

at each site all years combined. Ranges and sample size (N) are also displayed. ML = Mean Longevity,

AM = Average Maturity, PRLS = Potential Reproductive Life Span.

Site (Altitude) Sex ML Mode AM PRLS

Currumbin (160m) Male 3.95 ± 0.13

2-6

(40)

4.00 2.00 4.00

Female 4.33 ± 0.29

3-6

(9)

4.00 3.00 3.00

N. Bridge (250m) Male 3.6 ± 0.24

3-4

(5)

4.00 3.00 1.00

Canungra (500m) Male 4.28 ± 0.14

3-5

(18)

4.00 3.00 2.00

Female 4.00 - - -

Bundoomba (520m) Male 4.42 ± 0.12

3-6

(38)

4.00 3.00 3.00

Female 4.75 ± 0.48

4-6

(4)

4.00 4.00 2.00

Pyramid (650m) Male 4.53 ± 0.17

4-6

(15)

4.00 4.00 2.00

Bouloomba (700m) Male 4.57 ± 0.20

4-5

(7)

5.00 4.00 1.00

Female 5.30 ± 0.37

4-8

(10)

5.00 4.00 4.00

Stockyard (700m) Male 4.20 ± 0.49

3-6

(9)

4.00 3.00 3.00

Female 5.00 - - -
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Table 7.7 Summary of t-test comparisons of mean longevity and age at maturity between male and

female L. chloris. ML =  Mean Longevity, AM = Age at Maturity, PRLS = Potential Reproductive

Life Span. ** p < 0.01.

Characteristic Site (alt.) t df p

ML Austinville (110m) -1.622 40 0.113

Currumbin (160m) -1.886 48 0.065

N. Bridge (250m) -1.581 49 0.120

P. Brook (600m) -1.301 8 0.865

Mundora (800m) -0.175 24 0.206

All sites combined -2.926 177 0.004**

AM All sites combined -1.414 8 0.195

PRLS All sites combined 0.158 7 0.879

Table 7.8 Summary of t-test comparisons of mean longevity and age at maturity between male and

female L. pearsoniana  at Austinville, Currumbin and Mundora. Natural Bridge was not analysed as

all individuals were 2 years old regardless of gender. ML =  Mean Longevity.

Characteristic Site (alt.) t df p

ML Austinville (110m) 1.145 49 0.258

Currumbin (160m) 0.653 31 0.518

Mundora (800m) 1.437 42 0.081
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(a) (b)

(c) (d)

Fig. 7.2 Population age structures of reproductive L. chloris at (a) Austinville (110m); (b) Currumbin

(160m); (c) Natural Bridge (250m); and (d) Mundora (800m). Closed bars represent males, open bars

represent females.
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Fig. 7.3 Population age structure for reproductive L. lesueuri at Purling Brook (600m). Closed bars

represent males and open bars represent females.

(a) (b)

(c) (d)

Fig. 7.4 Population age structures of reproductive L. pearsoniana at (a) Austinville (110m); (b)

Currumbin (160m); (c) Natural Bridge (250m); and (d) Mundora (800m). Closed bars represent

males and open bars represent females.
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M. fasciolatus

Overall (all years and sites combined), females were significantly older than males (Table

7.9). Within sites, females were older than males in three sites, Six-Mile Ck, Holt Park and

Purling Brook. Males on average did not mature significantly earlier than females (Table

7.9, Fig. 7.5) nor was there a significant difference in the potential reproductive life span of

males and females (Table 7.9).

M. fleayi

Overall (all years and sites combined), females were significantly older than males (Table

7.10). Within sites, there was no significant difference between the average age of males and

females (Table 7.10, Fig. 7.6). This may be due to the small number of females in within-

site comparisons. Males on average did not mature significantly earlier than females (Table

7.10) nor was there a significant difference in the potential reproductive life span of males

and females (Table 7.10).

7.3.4 Effects of altitude on average longevity, age at maturity, and potential

reproductive life-span

L. chloris

Males on average were significantly older at high altitudes in L. chloris (R2 = 0.174, F =

31.390, df = 150, p < 0.0001, Fig. 7.7). The average longevity of females was not

significantly associated with altitude (R2 = 0.107, F = 3.103, df = 27, p = 0.090). Altitude

was not significantly associated with the average age at maturity for males or females

(Males; R2 = 0.239, F = 1.046, df = 4, p = 0.382; Females; R2 = 0.596, F = 4.427, df = 4, p =

0.126) nor was it associated with the potential reproductive lifespan of either sex (Males; R2

= 0.173, F = 0.627, df = 4, p = 0.486; Females; R2 = 0.212, F = 0.538, df = 3, p = 0.540).

That is, individuals at high altitudes did not start breeding at a significantly older age nor did

they potentially breed for more years than lowland individuals.

L. lesueuri

As ages were only obtained for individuals from Purling Brook, I could not determine the

influence of altitude on longevity, age at maturity and potential reproductive lifespan.

L. pearsoniana

Almost all individuals were two years of age regardless of gender or site, suggesting that

altitude had no influence on the average longevity, age at maturity or potential reproductive

lifespan in either sex.
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Table 7.9 Summary of t-test comparisons of mean longevity and age at maturity between male and

female M. fasciolatus. ML =  Mean Longevity, AM = Age at Maturity, PRLS = Potential

Reproductive Life Span. * p < 0.05, ** p < 0.01.

Characteristic Site t df p

ML Coomera (250m) 1.809 9 0.104

KNP (470m) 1.822 52 0.074

6 Mile (500m) 3.611 16 0.002**

Holt Park (520m) 2.738 19 0.013*

P. Brook (600m) 2.244 75 0.028*

All sites combined 4.312 179 < 0.001**

AM All sites combined -1.897 8 0.094

PRLS All sites combined -0.695 7 0.510

Table 7.10 Summary of t-test comparisons of mean longevity and age at maturity between male and

female M. fleayi. ML =  Mean Longevity, AM = Age at Maturity, PRLS = Potential Reproductive Life

Span. ** p < 0.01.

Characteristic Site (alt.) t df p

ML Currumbin (160m) -1.261 47 0.213

Bundoomba (500m) -0.844 40 0.144

Canungra (550m) 0.471 17 0.644

Bouloomba (800m) -1.541 15 0.144

All sites combined -3.209 154 0.002**

AM All sites combined -1.633 8 0.141

PRLS All sites combined -0.953 8 0.368
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(a)  (b)

(c) (d)

Fig. 7.5 Population age structures of adult M. fasciolatus at (a) Six-Mile Ck (500m); (b) KNP (470m);

(c) Holt Park (520m); and (d) Purling Brook (600m). Closed bars represent males and open bars

represent females.
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(a) (b)

(c) (d)

Fig. 7.6 Population age structures for reproductive M. fleayi at (a) Bouloomba (800m); (b)

Bundoomba (520m); (c) Canungra (550m); and (d) Currumbin (160m). Closed bars represent males

and open bars represent females.
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M. fasciolatus

Male M. fasciolatus were significantly older at high altitudes (R2 = 0.093, F = 11.854, df =

116, p = 0.001, Fig. 7.8). Altitude was not significantly associated with the average age of

females (R2 = 0.035, F = 2.252, df = 63, p = 0.139) nor was it associated with the age at

maturity in either of the sexes (Males; R2 = 0.365, F = 4.215, df = 4, p = 0.110; Females; R2

= 0.086, F = 0.281, df = 4, p = 0.633). High altitude individuals did not potentially breed for

longer than low altitude individuals in either sex (Males; R2 = 0.076, F = 0.240, df = 4, p =

0.654; Females; R2 = 0.454, F = 1.661, df = 3, p = 0.326).

M. fleayi

There was a trend toward older males and females at higher altitudes however, these trends

were not significant (Males; R2 = 0.009, F = 1.142, df = 130, p = 0.287; Females; R2 =

0.088, F = 2.215, df = 24, p = 0.150). Altitude was not significantly associated with the age

at maturity in either of the sexes (Males; R2 = 0.112, F = 0.994, df = 6, p = 0.367; Females;

R2 = 0.031, F = 0.889, df = 2, p = 0.558) nor was it associated with the potential

reproductive lifespan of individuals in either sex (Males; R2 = 0.148, F = 0.872, df = 6, p =

0.393; Females; R2 = 0.107, F = 0.120, df = 2, p = 0.788). That is, individuals at high

altitudes did not start breeding at a significantly older age nor did they potentially breed for

more years than lowland individuals.

7.3.5 Average Lifetime Fecundity
As females of each of these species only produced one clutch per season (see Chapter 5),

ALF was estimated as:

ALF = Potential reproductive lifespan × average clutch size

The average clutch size was calculated using data from Chapter 5. The average lifetime

fecundity estimated for each population is summarised in Table 7.11. Female L.

pearsoniana were only found to breed for one season/year, consequently the ALF for each

of these populations was equal to the average clutch size of the population. On average, L.

pearsoniana had the smallest ALF of all the species followed by L. chloris, M. fleayi, M.

fasciolatus and L. lesueuri.

Altitude did not have a significant effect on the ALF of either L. chloris (R2 = 0.476, df =3,

F = 1.815, p = 0.310) or L. pearsoniana (R2 = 0.596, df =3, F = 2.949, p = 0.116). As I did
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Fig. 7.7 Relationship between age and altitude in male L.chloris. Each sunflower head and petal

represents two males.

Fig. 7.8 Relationship between age and altitude in M. fasciolatus males. Each sunflower head and petal

represents two males.
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not have data on the clutch size of M. fleayi and M. fasciolatus from most populations or

data on the reproductive lifespan of most L. lesueuri populations, I was unable to reliably

estimate the influence of altitude on the ALF of these species.

7.3.6 Relationship between body size and age of reproductive adults
L. chloris

Body size was significantly correlated with age in both males (Table 7.12, Fig. 7.9a) and

females (Table 7.12, Fig. 7.9b) when all sites were combined. Despite significant

correlations between body size and age, the regression coefficients were small and variation

in body size at comparable ages was large. Consequently, it would not be possible to

estimate ages of breeding adults based on body size. Within sites body size was only

significantly correlated with age in males at Austinville and Mundora (Table 7.12, Fig.

7.10).

L. lesueuri

Due to the large overlap of body sizes of individuals from different age classes, body size

was not significantly correlated with age in male (R = -0.040, N = 32, p = 0.826) or female

(R = 0.593, N = 9, p = 0.092) individuals at Purling Brook. Consequently, it would not be

possible to estimate ages of breeding adults based on body size.

L. pearsoniana

Overall there was a significant positive correlation between body size and age in both males

and females (Table 7.13, Fig. 7.11). Within sites, there was a significant correlation between

body size and age in males at Austinville and Currumbin and females at Mundora (Table

7.13). However, these were the only populations where all individuals were not two years of

age. There were three 1-year old males at Austinville and these males were the smallest

three found. The single 1-year old male found at Currumbin was also the smallest male.

These four males, although all present at choruses, all had unpigmented nuptial pads and

may not have been fully mature. The three 3-year old females at Mundora were the largest

females found. As there was so little age variation in the age of reproductive L. pearsoniana,

these few individuals of a different age would be sufficient to produce a significant

correlation between body size and age.
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M. fasciolatus

Body size was significantly correlated with age in both males (Table 7.14, Fig. 7.12a) and

females (Table 7.14, Fig. 7.12b) when all sites were combined. The size ranges of different

age classes overlapped extensively making age estimation from size data alone impossible.

Within sites body size was only correlated with age in females at KNP and Purling Brook.

Table 7.11 Estimated Average Lifetime Fecundity (ALF) for each population where data is available

and for each species overall. The range of ALF values for each population is based on range of clutch

sizes. Multiple sites for L. chloris and L. pearsoniana are listed in order of ascending altitude.

Species Site ALF Range

L. chloris Austinville 2454 1940-3200

Currumbin 2292 1860-2800

N. Bridge 2692 1800-3912

Mundora 2910 2100-4350

All sites combined 2587 1925-3566

L. pearsoniana Austinville 447 300-550

Currumbin 380 290-430

N. Bridge 441 290-510

Mundora 498 270-693

All sites combined 442 288-546

L. lesueuri P. Brook 5962 3984-7942

M. fasciolatus P. Brook 2847 2101-3593

M. fleayi Currumbin 2913 1959-3870

Table 7.12 Pearson's correlations between body size and age in L. chloris. ** p < 0.01.

Site Sex R N p

Austinville Male 0.448 38 0.005**

(110m) Female 0.443 4 0.557

Currumbin Male 0.033 41 0.839

(160m) Female 0.343 9 0.366

N. Bridge Male 0.228 41 0.151

(250m) Female 0.612 10 0.060

Mundora Male 0.703 22 < 0.001**

(800m) Female 0.487 4 0.513

P. Brook

(600m)

Male 0.290 9 0.449

All sites Male 0.415 151 < 0.001**

combined Female 0.497 28 0.007**
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(a)

(b)

Fig. 7.9 Relationship between body size (SUL) and age in L. chloris (a) males and (b) females all

years and sites combined. Each sunflower head and petal represents one individual.
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(a)

(b)

Fig. 7.10 Relationship between body size and age in male L. chloris at (a) Austinville and (b)

Mundora. Each sunflower head and petal represents one male.

Age (Years)

6.05.04.03.02.01.00.0

SU
L 

(m
m

)

64

62

60

58

56

54

52

50

Age (Years)

5.04.03.02.01.00.0

SU
L 

(m
m

)

60

58

56

54

52

50

48

46



 Chapter 7 - Age at maturity, longevity and reproductive life-span

137

Table 7.13 Pearson's correlations between body size and age in L. pearsoniana. The remaining

sex/site comparisons could not be made as all individuals were the same age i.e. two years of age.

* p < 0.0.5, ** p < 0.01.

Site Sex R N p

Austinville (110m) Male 0.450 36 0.060

Currumbin (160m) Male 0.480 24 0.021*

Mundora (800m) Female 0.735 11 0.010*

All sites Male 0.276 118 0.002**

combined Female 0.374 43 0.013*

(a)

(b)

Fig. 7.11 Relationship between body size and age in L. pearsoniana (a) males and (b) females all

years and sites combined. Each sunflower head and petal represents one individual.
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Table 7.14 Pearson's correlations between body size and age in M. fasciolatus. * p < 0.05, ** p <

0.01.

Site Sex R N p

KNP (470m) Male 0.190 30 0.316

Female 0.461 24 0.024*

6 Mile Ck (500m) Male 0.064 14 0.824

Holt Park (520m) Male 0.418 17 0.095

Female 0.129 4 0.871

P. Brook (600m) Male 0.011 51 0.937

Female 0.541 26 0.004**

All sites combined Male 0.184 117 0.047*

Female 0.290 64 0.020*

(a)

 (b)

Fig. 7.12 Relationship between body size (SUL) and age in M. fasciolatus (a) males and (b) females

all years and sites combined. Each sunflower head and petal represents one individual.
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M. fleayi

Body size was significantly correlated with age in males (Table 7.15, Fig. 7.14), but not

females (Table 7.15) when all sites were combined. The regression coefficient associated

with the relationship between male body size and age was low due to large variation in body

sizes within each age category. As a result, it would not be possible to reliably estimate the

age of breeding males based on their size. Within sites body size was only correlated with

age in males at Currumbin and Stockyard Ck (Table 7.15, Fig. 7.15).

7.3.7 Population growth curves

L. chloris

Derived values for growth constants (k) and asymptotes (Lo) of fitted growth curves are

presented in Table 7.16. Growth curves had similar shapes for males in all sites and between

males and females in Currumbin, which was the only site where I was able to generate the

growth curve for females as well as males  (Fig. 7.16). The asymptote for females in this site

was larger than that for males but the comparison could not be tested statistically. Altitude

did not significantly influence asymptote size in males (R2 = 0.311, df = 122, p = 0.114)

suggesting that males at high altitudes did not grow to a larger maximum size than males at

low altitudes. There was no significant difference in the growth constants of males at

different altitudes (R2 = 0.124, df = 122, p = 0.256) suggesting that males from different

populations did not approach their asymptotic size at different rates.

L. pearsoniana

Almost all individuals captured (with the exception of three females and four males out of

174 captures), were two years of age. Consequently, I was not able to calculate growth

constants and asymptotes for L. pearsoniana in any of the sites.

M. fasciolatus

Derived values for growth constants (k) and asymptotes (Lo) of fitted growth curves are

presented in Table 7.17. Growth curves had similar shapes for males and females in Purling

Brook and KNP (Fig. 7.17). Asymptotes for females were significantly larger than for males

in these populations however, altitude did not significantly influence asymptote size in

males or females between sites (R2 = 0.871, F = 10.09, dftotal = 150, pmodel = 0.047, paltitude =

0.906, psex = 0.021).
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(a)

(b)

Fig. 7.13 Relationship between body size and age in female M. fasciolatus at (a) KNP and (b) Purling

Brook. Each sunflower head and petal represents one female.
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Table 7.15 Pearson's correlations between body size and age in M. fleayi. * p < 0. 05, ** p < 0.01.

Site Sex R N p

Currumbin (160m) Male 0.318 40 0.045*

Female 0.457 9 0.216

N. Bridge (250m) Male 0.794 5 0.109

Canungra (550m) Male 0.157 18 0.535

Bundoomba (520m) Male 0.225 38 0.174

Female 0.521 4 0.479

Pyramid (600m) Male 0.313 15 0.256

Bouloomba (800m) Male 0.254 7 0.583

Female 0.079 10 0.829

Stockyard (750m) Male 0.889 5 0.044*

All sites combined Male 0.317 131 < 0.001**

Female 0.026 25 0.902

Fig. 7.14 Relationship between body size (SUL) and age in M. fleayi all sites and years combined.

Each sunflower head and petal represents one male.
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(a)

(b)

Fig. 7.15 Relationship between body size and age in M. fleayi males at (a) Currumbin and (b)

Stockyard. Each sunflower head and petal represents one male.
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Table 7.16 Growth constants (k) and asymptotes (Lo) of derived von Bertalanffy growth curves for

male and female L. chloris.

Population (altitude) Sex k Lo

Austinville (110m) Male 0.945 59.1

Currumbin (160m) Male 0.572 63.1

Female 0.526 71.0

NB (250m) Male 0.752 64.7

Mundora (800m) Male 0.631 62.8

Table 7.17 Growth constants (k) and asymptotes (Lo) of derived von Bertalanffy growth curves for

male and female M. fasciolatus.

Population (altitude) Sex k Lo

KNP (470m) Male 0.620 72.8

Female 0.490 80.7

Holt Park (520m) Male 0.770 66.9

PB (600m) Male 0.555 69.1

Female 0.522 82.5

Table 7.18 Growth constants (k) and asymptotes (Lo) of derived von Bertalanffy growth curves for

male and female M. fleayi at Currumbin Ck.

Population (altitude) Sex k Lo

Currumbin (160m) Male 0.55 70.6

Female 0.63 77.1
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(a) (b)

(c) (d)

Fig. 7.16 Population growth curves for L. chloris at (a) Austinville; (b) Currumbin; (c) N. Bridge; and

(d) Mundora. Closed markers and solid lines represent males, open markers and dashed lines

(Currumbin only) represent females.

0

10

20

30

40

50

60

70

80

0 1 2 3 4 5 6

SU
L

(m
m

)

Age (Years)

0

10

20

30

40

50

60

70

0 1 2 3 4 5

SU
L

(m
m

)

Age (Years)

0

10

20

30

40

50

60

70

0 1 2 3 4 5 6

SU
L

(m
m

)

Age (Years)

0

10

20

30

40

50

60

70

0 1 2 3 4 5 6

SU
L

(m
m

)

Age (Years)



 Chapter 7 - Age at maturity, longevity and reproductive life-span

145

(a)

(b)

(c)

Fig. 7.17 Population growth curves for M. fasciolatus at (a) KNP; (b) Holt Park; and (c) P. Brook.

Closed markers and solid lines represent males and open markers and dashed lines represent females.
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This was most likely due to the low power involved (n = 3). There was a trend toward

smaller growth constants in females when compared to males but this pattern was not

significant. There was no significant difference in the growth constants of males and

females at different sites/altitudes (R2 = 0.439, F = 1.176, dftotal = 150, pmodel = 0.420, paltitude

= 0.731, psex = 0.234) suggesting that they did not differ in their growth to asymptotic body

size.

M. fleayi

Derived values for growth constants (k) and asymptotes (Lo) of fitted growth curves for the

Currumbin population are presented in Table 7.18. Growth curves had similar shapes for

males and females (Fig. 7.18) with asymptotes for females being larger than for males.

There was a trend toward larger growth constants in females when compared to males but

this pattern was not significant.

Fig. 7.18 Population growth curve for M. fleayi at Currumbin. Closed markers and solid lines

represent males and open markers and dashed lines represent females.

7.4 Discussion

7.4.1 Applicability of skeletochronology
The results demonstrate that skeletochronology was largely applicable for age determination

in most of the species with the exception of L. lesueuri. Most of the L. lesueuri specimens

(90%) did not have LAGs present in cross sections. There are three possible explanations

for these results; (i) there was a problem with the skeletochronological technique;
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(ii) individuals are young hence no LAGs have been formed; and (iii) frogs are active

throughout most of the year and LAGs cannot form.

Previous studies have reported an absence of LAGs due to a number of processing problems

or problems with specimens e.g. resting lines insufficiently distinct due to poor affinity of

resting lines to haematoxylin (Hemelaar 1985, Castanet et al. 1996, Esteban et al. 1996)

and/or endosteal resorption (Acker et al. 1986, Kuzmin & Ischenko 1997). This is unlikely

to have occurred in this study as specimens of all species were processed the same way and

LAGs were found in all the other species and in some L. lesueuri specimens. Additionally,

any endosteal resorption was identified and corrected for (section 7.3.1). The second

hypothesis may be correct as some specimens that were known to be at least two years old

(based on recaptures in subsequent years) displayed LAGs (high altitude populations).

However, other specimens that were at least two years old did not display LAGs (low

altitude sites). The third explanation is also possible to some extent. Low altitude

populations of L. lesueuri are active for at least eight months of the year (Chapter 4)

potentially leaving insufficient time for LAGs to form. Alternatively, high altitude

populations are active for less of the year and therefore inactive for a long enough period of

time to allow LAG formation. The observed results for L. lesueuri appear to suggest that due

to the longer activity period at low altitudes, LAGs tend to only form in high altitude

populations.

For the remaining species, skeletochronology appears to be an appropriate method for

rapidly aging individuals (unlike mark and recapture techniques). It also has the advantage

that it is non-destructive which can have important implications when conserving small

populations as individuals do not need to be killed.

7.4.2 Average longevity, age at maturity, potential reproductive lifespan and

population age structure

Overall, females matured at an older age and were older on average than males in most of

the species. Similar results have been reported in many other amphibian species including

Triturus alpestris (Schabetsberger & Goldschmid 1994, Joly & Grolet 1996, Miaud et al.

2000), T. marmoratus (Caetano & Castanet 1993), T. boscai (Caetano & LeClair Jr 1999),

Bufo bufo (Gittins et al. 1982, Hemelaar 1985, 1988), Rana sylvatica (Sagor et al. 1998), R.

temporaria (Ryser 1996), R. perezi (Paton et al. 1991), R. subaquavocalis (Platz et al. 1997)

and Pelobates fuscus (Eggert & Guyetant 1999).
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The difference in age at maturity in this study may be attributed to differences in the

minimum size at maturity between males and females and differences in the growth

coefficient (k). As females are usually larger at maturity and have lower growth coefficients

(discussed in more detail later) than males, they take longer to reach the minimum size

needed to mature and hence are older when breeding for the first time. As the age at

maturity is proportional to longevity, females that are older than males when breeding for

the first time also tend to live longer than males (Tilley 1980, Miaud et al. 2000). However,

on average, despite maturing at different ages (or showing trends towards doing so) and

being older, females did not have potentially longer reproductive lifespans than males i.e.

regardless of when they started breeding, males and females breed for approximately the

same number of years.

7.4.3 Influence of altitude on average longevity, age at maturity, reproductive

lifespan and population age structure

Altitude did not influence the age at maturity in most of the species but on average produced

a trend towards older individuals in high altitude populations. The small sample size

associated with some of these populations may have influenced results as it was the larger

samples that produced significant relationships. Alternatively, the small altitudinal gradient

involved in this study (compared to previous studies) along with less extreme climatic

differences associated with sub-tropical regions may not influence post-metamorphic growth

and development enough to produce significant differences in the time taken to reach

maturity and subsequently longevity.

The trends produced in this study follow those reported in many previous studies whereby

the cold temperatures at high altitude delay both growth and development producing cohorts

that are larger and/or older upon attainment of normal development stages than conspecifics

under milder conditions (Sagor et al. 1998). Older ages at maturity and greater longevity

(due to delayed maturity) in high altitude populations have been observed in Triturus

alpestris (Schabetsberger & Goldschmid 1994, Joly & Grolet 1996, Miaud et al. 2000),

Rana temporaria (Elmberg 1991, Ryser 1996), R. pretiosa (Licht 1975), R. sylvatica

(Berven 1981), Bufo bufo (Hemelaar 1988), Desmognathus ochrophaeus (Tilley 1980).

As previously mentioned in the introduction, age of maturity is a compromise among many

selective pressures with the goal of maximising an individuals contribution to the next

generation. Low altitude individuals tend to mature and reproduce earlier as a way to

achieve this goal whilst high altitude individuals delay maturity and generally enjoy the
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benefits associated with larger body size (e.g. increased fecundity, higher offspring

survival). In both cases there are disadvantages associated with the timing of maturity.

Precocious indivduals are smaller, produce fewer and smaller offspring and adults tend to

experience higher levels of predation (energy allocated to reproduction rather than growth or

survival) whilst individuals that delay maturity risk the increased chance that they will not

survive to reproduce. The tradeoffs made ultimately depend on selection pressures.

7.4.4 Average lifetime fecundity
There have been studies calculating the average lifetime fecundity for a species or

population however, most of these studies have been of bird and insect species (Leather

1988, Bennett & Owens 1997, Preziosi & Fairburn 1997). To date no study has calculated or

estimated average lifetime fecundity for more than one population of an amphibian species

let alone multiple populations of multiple species. The results of this study suggest that the

average lifetime fecundity within a species does not vary significantly between populations.

Populations with smaller clutch sizes had longer reproductive life spans and vice versa

suggesting that tradeoffs are made between current reproduction and survival (Stearns 1989,

1992).

High altitude populations exhibited slightly longer reproductive lifespans and slightly

smaller clutches (and larger offspring) than low altitude populations (Chapter 5). This

suggests that high altitude females sacrifice current reproduction in order to increase their

chances of surviving to reproduce again (due to lower levels of predation associated with

less foraging and shorter activity season - see Chapter 4) and increase the chances of

individual offspring survival. Low altitude females, however, appear to favour increasing

current reproduction by reproducing early and having larger clutches and consequently

decreasing their chances of surviving to reproduce again. These tradeoffs result in

populations exhibiting average lifetime fecundities that are not significantly different from

other populations.

7.4.5 Relationship between body size and age
Despite significant relationships between body size and age in some of the species, the

regression coefficients were very small and variation in body size at comparable ages was

very large i.e. the size ranges of different age classes overlapped extensively. For example, a

male L. chloris at Austinville with SUL of 49.6mm could be anywhere from 2-4 years of

age. These results suggest that other factors such as growth rate prior to maturation are a
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much more significant source of variation in body size than age (Halliday & Verrell 1988,

Kusano et al. 1995).

There is considerable variance in the body size of individuals reaching maturity and the

subsequent slow post-maturity growth rate will tend to maintain the variance in later age

classes i.e. individuals that are "small for their age" when they first breed will be so

throughout their lives (Halliday & Verrell 1988). Consequently, it would not be justified to

use body size as an accurate and reliable indicator of the age of reproductive individuals in

these species. Similar results have been reported in Rana sylvatica (Sagor et al. 1998), R.

subaquavocalis (Platz et al. 1997), R. sakuraii (Kusano et al. 1995), Bufo bufo (Gittins et al.

1982), Triturus vulgaris and other species in the review by Halliday & Verrell (1988).

As body size and fecundity are often strongly correlated in amphibians, it is important to

know whether body size (displaying a large variation) is primarily a function of age or

growth early in life since each of these factors will affect lifetime reproductive success in

very different ways. If individual body size (relative to the rest of the individuals in the age

group) is fixed at time of first breeding and we assume similar annual survival rates, smaller

individuals will have a markedly lower average lifetime fecundity than larger individuals

(Halliday & Verrell 1988). In this case, natural selection will tend to act primarily on growth

rates early in life. Alternatively, if body size is primarily a function of age, reproductive

success with increase markedly with age and selection will act primarily on adult survival

(Halliday & Verrell 1988). In this study it appears that body size is not primarily a function

of age and that juvenile growth is a more important factor.

In these species techniques other than correlations between body size and age e.g.

skeletochronology and mark and recapture studies will be required to accurately estimate the

ages of individuals.

7.4.6 Population growth curves
Age specific growth declines continuously with age in amphibians giving an asymptotic or

Bertalanffy growth curve (Halliday & Verrell 1988). The von Bertalanffy growth curve is

often inappropriate for organisms restricted to seasonal growth (Cloem & Nichols 1978,

Hemelaar 1988) as it results in incorrect descriptions of intraseasonal growth but correct

interseasonal estimates. However, although this implies that values are not accurate,
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inaccuracies will not be so large that they can invalidate conclusions about intersex and

interpopulational differences.

In all the study species and populations where analysis was possible, males had larger

growth coefficients (k- not to be confused with growth rate) than females. This is an

indication that the growth rate of males slows soon after maturation whereas females

continue to grow for a longer time i.e. males mature at a size closer to Lo than females.

Consequently, adult females were larger than adult males in each age class and had a larger

asymptotic body size (Lo). Similar patterns have been observed in other amphibian species

including Triturus marmoratus (Caetano & Castanet 1993), T. boscai (Caetano & LeClair Jr

1996), Rana catesbeiana (Bruneau & Magnin 1980), R. temporaria (Ryser 1988), and R.

septentrionalis (Leclair & Laurin 1996). This result is an interesting physiological problem

because of the conflict between continued growth and the large investment in energy that

egg production requires compared to the marginal energetic cost of spermatogenesis

(Jorgensen 1992, Caetano & LeClair Jr 1996). However, as fecundity is strongly correlated

with body size (Salthe & Duellman 1973, Vitt & Congdon 1978, Flemming 1994, Ryser

1996), the continued growth of females after maturity leading to increases in fecundity and

subsequently fitness may outweigh these costs.

It is commonly known that during hibernation/estivation all processes of life are retarded,

for example, respiration is lower, heart beat is lowered, metabolism is reduced to a minimum

and growth ceases (Hemelaar 1988). As a result, growth differs among populations with

different activity or growing season lengths. High altitude populations experience restricted

activity seasons and usually have lower k values indicating that individuals take longer to

reach asymptotic (or maximum) size than lower altitude populations with higher k values

(Hemelaar 1988, Caetano & LeClair 1996). The results of this study did not support

previous findings in that altitude did not have a significant effect on growth coefficients in

male L. chloris and M. fasciolatus. This result may be an artifact of the smaller altitudinal

gradient and/or the small sample sizes involved in the study.

7.5 Summary

Skeletochronology was largely applicable for age determination of the species involved in

this study with the exception of L. lesueuri. This methodology allowed the estimation of age

for most individuals and subsequently age at maturity, average longevity and the potential

reproductive lifespan for each population. In many of the populations/species, females were
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on average older than males and in the case of the longer lived species (Mixophyes spp.),

tended to be older when breeding for the first time. However, despite intergender differences

in longevity and age at maturity, males and females appeared to breed for the same number

of years. The differences in age at maturity and longevity between males and females can be

attributed to differences in growth coefficients and asymptotic body sizes between the sexes.

The results also support previous studies suggesting that body size is a poor indicator of age

due to highly variable body sizes within each age class.

Altitude was significantly associated with age at maturity or longevity in L. chloris and M.

fasciolatus and combined with the non-significant trends observed in the other species

suggests that high altitude individuals were older on average (with the exception of L.

pearsoniana) and were older when breeding for the first time. There was also no significant

altitudinal variation in growth coefficients or asymptotic body size in any of the species.

These results may be an artifact of small sample sizes or the limited altitudinal gradient

when compared to previous studies.

This is the first study to determine average lifetime fecundity for more than one amphibian

population and species. My results suggest that there is little difference in the average

lifetime fecundity among different populations of the species studied due to tradeoffs made

by females (current reproduction vs. survival).
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8 Mark-recapture estimates of survival and recapture

rates

8.1 Introduction

There is both theoretical and empirical evidence to suggest that the probability of survival is

a major determinant of life history evolution (Reznick et al. 1990, Forsman 1993). The

understanding of patterns of survival and reproduction remains one of the fundamental

challenges of ecology and is particularly important in population regulation (Crawley &

May 1987, Udevitz & Ballachey 1998) as the stability of breeding populations greatly

depends on the survival and longevity of adult animals (Jehle et al. 1995). Capture-recapture

surveys have been used as a general sampling and analysis method to assess population

survival, status and trends in many biological populations (Burnham et al. 1995).

Consequently, mark-recapture studies can be used to predict survival rates of populations

and therefore provide indirect measures of their stability and vulnerability (Udevitz &

Ballachey 1998).

Populations do not have fixed survivorship patterns. Annual patterns will be most similar in

those populations with a nearly constant age structure, but the pattern in even these

populations can shift as a result of climatic factors (e.g. harsher winters, drier summers) or

an exceptional year of light or heavy predation (Zug 1993). Within years (between months)

survival and recapture estimates can also vary according to activity levels. Consequently,

studies of survival need to cover more than one year or season in order to provide a

relatively reliable estimate of survival for a population.

Gender often plays an important role in determining survival estimates within a population.

Males and females in the same cohort may experience different levels of survival due to

demographic factors (e.g. reproductive costs etc.) or predation (e.g. calling male anurans

may be more conspicuous to predators, gravid females may be more vulnerable due to

reduced escape speed etc.). Males and females may also make different trade-offs between

survival and other life history characteristics e.g. amphibian males starting breeding at an

earlier age than females may have lower survival rates due to increased predation, reduced

time spent foraging, less maintenance and repair etc.

Gender can also influence capture and recapture rates (Cezilly et al. 1996). Male anurans are
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usually more conspicuous than females due to (i) vocalizations associated with mate

attraction (Littlejohn 1960) and (ii) increased chorus tenure as they generally spend more

time at the chorus whilst females are usually only present at chorus when ready to breed

(Dyson et al. 1998). These increased capture/recapture rates subsequently result in higher

survival estimates for males than females as individuals that are not resighted are often

assumed to be dead (Forsman 1993). These survival estimates are therefore potentially

biased as the capture rates may simply be reflecting differences in the probability or

frequency of breeding for individuals rather than survival rates (Clobert 1995, Kendall &

Nichols 1995).

Size-specificity of survival probabilities of postmetamorphic anurans is relevant to

understanding anuran population dynamics (Wood et al. 1998). By growing larger, females

may enjoy an increased fecundity and males an increase in mating success thus, there should

be advantages to growing to a larger size. Larger body size may increase survival due to

reduced predation (in the case of gape-restricted predators) or by producing a smaller

surface area: volume ratio, which can make the individual less vulnerable to extreme

climatic fluctuations (Withers 1992). However, growth may increase mortality because (i)

there are risks associated with increased foraging for energy, (ii) the risk of developmental

errors may increase with increased growth or development rates, and (iii) increased growth

implies that less energy will be available for maintenance and repair (energy trade-offs)

(Forsman 1993). Most studies assume equal capture probabilities for different size classes

however, larger body sizes may result in higher capture and recapture rates subsequently

resulting in higher survival estimates (Shirose & Brooks 1997). Consequently, mark and

recapture studies on survival need to determine the influence of body size on capture and

recapture probabilities before estimating survival.

Because high altitude populations are usually older than their lowland counterparts

(Kozlowska 1971, Hemelaar 1988, Ryser 1996), it would logically follow that they would

have survival rates at least equal to if not higher than lowland populations. Previous studies

on amphibian and reptilian survival rates have found that survival in high altitude

populations is generally the same or higher than low altitude populations (Tinkle &

Ballinger 1972, Licht 1975, Berven 1982a, Hemelaar 1988, Ryser 1996). This pattern is

attributed to the shorter activity period of high altitude populations and their subsequent

shorter periods of exposure to predators (Ballinger 1979, Ryser 1996).

The probability of survival may vary with individual characteristics such as age, sex, body
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size, genotype, phenotype as well as biotic and abiotic environmental factors (Lebreton et al.

1992). Intra- and interspecific competition and predation can also affect the probability of

survival. Testing hypotheses concerning the survival process and estimating survival rates

are therefore critical to understanding animal population dynamics (Lebreton et al. 1992).

Recently developed methods of analysis now allow a separate estimation of survival and

capture probabilities (Lebreton et al. 1992).

Program MARK provides survival estimates from marked animals when they are recaptured

at a later time. Recaptures can be from dead recoveries (i.e. when the animal is harvested),

live recaptures or from radio tracking. More than one attribute group of animals can be

modeled e.g. males and females, treatment and control animals, and covariates specific to

the group or individual animal can be used (Burnham & White 1995).

The aims of this chapter are to (a) determine annual survival and recapture rates for a

number of populations of each species; (b) determine monthly survival and recapture rates

for each population; (c) examine the influence of altitude on annual and monthly survival

and recapture rates; and (d) investigate the influence of body size on annual survival and

recapture rates.

8.2 Methods

8.2.1 Field methods
Seven study sites were surveyed over three activity seasons (September – April) starting in

1997. Two sites, Purling Brook Falls and Knoll National Park were only surveyed for two

years starting in 1998. Mark and recapture surveys were carried out at least once a month

during the activity seasons. If sites were surveyed more than once during the month the data

were combined. All individuals encountered that were of reproductive age were individually

marked by toe-clipping which facilitated identification of individuals in subsequent surveys.

8.2.2 Mark and recapture analyses of survival and recapture rates
Before data can be modeled and different models compared, it is necessary to confirm that

the “starting model” (generally most parameterized model) adequately fits the data. To do

this, a goodness-of-fit (GOF) test must be conducted on the starting model. Data used to

determine population survival and recapture rates were tested for significant deviations from

the Cormack-Jolly-Seber (CJS) model using the program RELEASE (specifically done for

the computation of Tests 2 and 3, Burnham et al. 1987). Test 2 tests the Ho that survival and
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recapture probabilities for a group of animals are specific to the sampling occasion and

sampling site. Behavioural differences between marked and unmarked animals would lead to

the rejection of this hypothesis (Bronikowski & Arnold 1999). Test 3 tests the Ho that

survival and recapture probabilities for a group of animals are independent of their capture

histories (Burnham et al. 1987). Any data (populations and/ or species) that significantly

deviated from the model were not analysed further.

Survival and recapture rates from the CJS model were estimated using maximum-likelihood

methods implemented in program MARK (G. C. White, Colorado State University, Fort

Collins, unpublished program, available at http://www.cnr.colostate.edu/~gwhite/software).

Within sites, tests were carried out to specifically look for differences in survival and / or

recapture rates between males and females and among years. Within year (monthly)

variation in survival and recapture rates between males and females and among months was

also modeled to help determine breeding phenologies for each population.

The minimum adequate model (best model) was chosen on the basis of minimizing Akaike’s

information criteria (AIC) which is the deviance of the model plus two times the number of

parameters in the model (Akaike 1973). This allows the selection of the model that explains

the most variance whilst using the fewest number of parameters (Wood et al. 1998). This

criterion often performs better than decisions based on statistical significance alone

(Burnham et al. 1995).

The statistical significance of individual variables in explaining the survival and recapture of

individuals was tested using likelihood ratios. In other words, the likelihood ratio tests were

used to test the Ho of no temporal or gender variation in survival versus the alternate

hypothesis that such variation was present. For these tests I used the AIC selected model

(model with lowest AIC) as one hypothesis and selected the appropriate contrasting

hypothesis. For example, if the AIC model included no temporal or gender specificity of

survival, then this would be treated as the Ho against the alternative of survival probability

varying among years or between sexes. This was done by comparing the deviance (2 × log-

likelihood) of models that included a variable to models without the variable (nested model).

Differences in deviance are asymptotically χ2 distributed with degrees of freedom equal to

the difference in the number of parameters in the models being compared (Flatt et al. 1997).

A significant χ2  value indicated that the variable had a significant effect on survival in that

population. Ninety five per cent confidence intervals based on profile likelihoods were also

determined.
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8.2.3 Effects of altitude on survival and recapture rates

The effects of altitude on survival and recapture rates were examined using simple linear

regressions. The survival or recapture rate for each population of a species was regressed

against the altitude of the population. As annual variance in survival and recapture rates are

not independent (due to sampling covariances among years) and the general weather pattern

varied between years, the effect of altitude on survival and recapture rates was examined on

a year by year basis.

8.2.4 Effects of body size on annual survival and recapture rates

Logistic regression analysis was used to test for a linear relationship between snout-

urostyle-length (SUL) and survival (after Forsman 1993). Frogs captured were classified as

survivors or non-survivors depending on whether they were recaptured in one or more

subsequent years. Individuals not recaptured were assumed to be dead. Although some

individuals may have survived and remained in the area without being recaptured, this

would only bias the results if large and small frogs were not equally likely to be caught. As

the difference in body size between recaptured and non-recaptured individuals appeared to

shift between years (Appendix L), it was assumed that there were no size dependent

differences in catchability.

The starting model for analyses included SUL, sex and the interaction between the two as

independent variables. Sex was included to adjust for the size differences between male and

female frogs (Forsman 1993). The interaction between sex and SUL was included to

determine whether the relationship between SUL and probability of survival was different in

males and females. If the interaction was not significant, a simpler model without the

interaction was fitted to the data.

8.3 Results

8.3.1 Annual variation in survival and recapture rates

Fit of the data to the CJS model

Program RELEASE GOF test (Test 2 + Test 3) results for each of the data sets in this

section are summarized in Appendix M. With the exception of L. pearsoniana no significant

deviations from the CJS model were found. However, the data sets are relatively small so

the power to detect deviations is low. As no L. pearsoniana individuals were recaptured in
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subsequent years the data did not fit the CJS model. Consequently, annual variation in

survival and recapture probabilities could not be determined for this species.

Individual populations

Summaries of the minimum adequate model and significant parameters affecting survival

(φ) and recapture (P) probabilities for each population are displayed in Table 8.1. Maximum

likelihood estimates of the deviance of models incorporating parameters for survival and

recapture probabilities as a function of gender (g) and time (t) for each population can be

found in Appendix N. The results of the likelihood tests on the effects of gender and time on

survival and recapture probabilities are also presented in Appendix N. Maximum likelihood

estimates and profile likelihood 95% confidence limits of parameters for the minimum

adequate model for each population are presented in Tables 8.2 – 8.5.

Table 8.1 Summary of the minimum adequate model based on Akaike’s Information Criteria (AIC)

and significant parameters affecting survival (φ) and recapture (P) probabilities for each population

among years. g = gender, t = time.

Species Site Minimum Adequate

Model

Significant Parameters

L. chloris Austinville φ, P (t) φ (t), P (t)

Currumbin φ, P (t) φ (t), P (t)

N. Bridge φ (g*t), P

Mundora φ, P

L. lesueuri Austinville φ, P

Tallebudgera φ, P

Currumbin φ, P (g)

Cedar Ck φ, P

N. Bridge φ (t), P φ (t)

P. Brook φ, P

M. fasciolatus KNP φ (g), P (g) φ (g), P (g)

Holt Park φ (g), P

P. Brook φ, P

M. fleayi Currumbin φ, P
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Table 8.2 Maximum likelihood estimates and profile likelihood 95% confidence limits of parameters

for the minimum adequate model for L. chloris populations between years. (m) = males, (f) = females.

g = gender, t = time.

Site Model Parameter Estimate Lower 95% CL Upper 95% CL

Austinville φ, P (t) Survival 0.5000 0.2729 0.7271

Recapture 97-98 0.1060 0.0398 0.1723

Recapture 98-99 0.0976 0.0215 0.3419

Currumbin φ, P (t) Survival 0.3021 0.1133 0.4909

Recapture 97-98 0.4705 0.2253 0.6973

Recapture 98-99 0.0678 0.0257 0.1671

N. Bridge φ (g*t), P Survival (m) 97-98 0.2667 0.1038 0.5331

Survival (f) 97-98 0.1429 0.0468 0.3614

Survival (m) 98-99 0.3131 0.1174 0.5088

Survival (f) 98-99 0.1656x10-8 -0.3567x10-4 0.3567x10-4

Recapture 0.3202 0.1067 0.5337

Mundora φ,P Survival 0.0882 0.0287 0.2404

Recapture 0.0211 0.0049 0.0373

Table 8.3 Maximum likelihood estimates and profile likelihood 95% confidence limits of parameters

for the minimum adequate model for L. lesueuri populations between years. (m) = males, (f) =

females. g = gender, t = time.

Site Model Parameter Estimate Lower 95% CL Upper 95% CL

Austinville φ, P Survival 0.4057 0.1287 0.7593

Recapture 0.3480 0.0835 0.7577

Talle. φ, P Survival 0.1628 0.0796 0.3041

Recapture 0.078 0.0292 0.1268

Currumbin φ, P (g) Survival 0.5542 0.1898 0.8684

Recapture (m) 0.5592 0.1249 0.9185

Recapture (f) 0.1314 0.0274 0.4485

Cedar Ck φ, P Survival 0.1111 0.0508 0.2261

Recapture 0.1333 0.0381 0.2285

N. Bridge φ (t), P Survival 97-98 0.7500 0.2378 0.9665

Survival 98-99 0.1111 0.0154 0.4999

Recapture 0.3333 0.1481 0.5185

P. Brook* φ, P Survival 0.3835 0.1438 0.6232

Recapture 0.3845 0.1442 0.6248

* site only surveyed for 2 years therefore cannot be an effect of time on survival and recapture rates
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Table 8.4 Maximum likelihood estimates and profile likelihood 95% confidence limits of parameters

for the minimum adequate model for M. fasciolatus populations between years. (m) = males, (f) =

females. g = gender, t = time.

Site Model Parameter Estimate Lower 95% CL Upper 95% CL

KNP* φ (g), P (g) Survival (m) 0.6667 0.3158 1.0000

Survival (f) 0.2425 0.0909 0.3941

Recapture (m) 0.6624 0.3312 0.9936

Recapture (f) 0.2401 0.0800 0.4001

Holt Park φ (g), P Survival (m) 0.5081 0.2475 0.7644

Survival (f) 0.8355x10-8 -0.4759x10-4 0.4759x10-4

Recapture 0.7085 0.1950 0.9606

P. Brook* φ, P Survival 0.3757 0.8359x10-3 1.0000

Recapture 0.3897 0.7611x10-3 1.0000

* site was only surveyed for 2 years therefore cannot be an effect of time on survival and recapture

rates

Table 8.5 Maximum likelihood estimates and profile likelihood 95% confidence limits of parameters

for the minimum adequate model for the M. fleayi population between years.

Site Model Parameter Estimate Lower 95% CL Upper 95% CL

Currumbin φ, P Survival 0.8512 0.1770 0.9935

Recapture 0.4406 0.1905 0.7249

There were no detectable differences in the survival rates or probability of recapture

between males and females in most of the populations (10/14) with the exception of L.

chloris at Natural Bridge, L. lesueuri at Currumbin and M. fasciolatus at Knoll National

Park and Holt Park (see Table 8.1). Although survival and recapture rates did not differ

significantly between the sexes for all species combined (Survival: t = 2.132, df = 15, p =

0.1714; Recapture: t = 2.132, df = 15, p = 0.1639), the weighted mean over the study period

tended to be biased towards males.

Annual variation in survival and recapture rates was found in four of the eleven populations

(L. chloris  at  Austinville, Currumbin, and Natural Bridge, L. lesueuri at Natural Bridge)

where time was a significant variable. Despite the survival or recapture rates between the

second and third seasons (1998 – 1999) being lower than those between the first and second
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seasons (1997 – 1998) in all four of these populations, this trend was not significant (Table

8.6).

Table 8.6 Paired t-test results of comparisons between survival and recapture rates of males and

females in 1997-1998 and 1998-1999, all species combined.

Comparison t df P

Male survival 0.567 10 0.583

Female survival 1.221 10 0.250

Male recaptures 1.024 10 0.330

Female recaptures 1.024 10 0.330

8.3.2 Monthly variation in survival and recapture rates

Fit of data to CJS model

Program RELEASE GOF test (Test 2 + Test 3) results for each of the data sets in this

section are summarized in Appendix O. There was generally no significant deviation from

the CJS model in the first two years for each population. Again, the data sets are relatively

small so the power to detect deviations is low. Almost all population data from the 1999-

2000 season were inadequate due to insufficient recaptures and could not be analysed.

Individual populations

Summaries of the minimum adequate model and significant parameters affecting survival

(φ) and recapture (P) probabilities for each population during each year are displayed in

Table 8.7. Maximum likelihood estimates of the deviance of models incorporating

parameters for monthly survival and recapture probabilities as a function of gender (g) and

time (t) for each population can be found in Appendix P. The results of the likelihood tests

on the effects of gender and time on survival and recapture probabilities are also presented

in Appendix P. Maximum likelihood estimates and profile likelihood 95% confidence limits

of parameters for the minimum adequate model for each population are presented in Tables

8.8 – 8.12.

Litoria chloris tended to be found throughout the active season with males being recaptured

more often than females (Table 8.8). Monthly survival rates were similar between the sexes

with the exception of Currumbin in 1998 and Natural Bridge in 1998 where male survival

rates were higher than female survival rates. Survival and recapture rates were more variable
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Table 8.7 Summary of the minimum adequate model based on Akaike’s Information Criteria (AIC)

and significant parameters affecting survival (φ) and recapture (P) probabilities for each population

within years. g = gender, t = time.

Species Site Year Minimum

Adequate Model

Significant

Parameters

L. chloris Austinville 1997 φ, P (t) P (t)

1998 φ, P (t) φ (t), P (t)

Currumbin 1997 φ, P

1998  φ (g), P (t)  φ (g), φ (t), P (t)

N. Bridge  1997 φ, P

1998 φ (g), P  φ (g), φ (t), P (g), P (t)

Mundora 1997 φ, P

1998 φ, P

L. lesueuri Austinville 1997 φ, P (t) P (t)

1998 φ, P

Tallebudgera 1997 φ (g), P

Currumbin 1997 φ, P

1998 φ, P

Cedar Ck 1997 φ (t), P φ (t), P (t)

1998 φ (g), P (g) φ (g), P (g)

1999  φ (t), P (t)  φ (t), P (t)

N. Bridge 1997 φ, P

P. Brook 1998 φ, P P (t)

1999 φ, P

L. pearsoniana Austinville 1997 φ, P (t)

Currumbin 1998 φ, P

N. Bridge 1997 φ (g), P (g)

Mundora 1997 φ, P

1998 φ, P

M. fasciolatus KNP 1998  φ (g), P (t)  φ (g), P (g), P (t)

1999  φ (g*t), P (g*t) φ (g), P (g)

Holt Park 1997  φ (g), P (t) φ (t), P (t)

1998 φ, P P (t)

P. Brook 1998 φ (t), P

1999 φ, P (g) P (g)

M. fleayi Currumbin 1997 φ, P

1998 φ, P (t) φ (t), P (t)
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Table 8.8 Maximum likelihood estimates and profile likelihood 95% confidence limits of parameters

for the minimum adequate model for L. chloris populations within years. (m) = males, (f) = females. g

= gender, t = time.

Site Year Model Parameter Estimate Lower 95% CL Upper 95% CL

Austinville 1997 φ, P (t) Survival 0.6552 0.4368 0.8736

Recapture 1 0.1174 0.0440 0.1908

Recapture 2 0.0107 0.0016 0.0194

Recapture 3 0.6782 0.4844 0.8719

1998 φ, P (t) Survival 0.7849 0.5554 0.9142

Recapture 1 0.1027 0.0385 0.1669

Recapture 2 0.1052 0.0948 0.1606

Recapture 3 0.2651 0.0528 0.7002

Recapture 4 0.7526 0.1372 0.9831

Recapture 5 0.1053 0.0171 0.1935

Recapture 6 0.0902 0.0319 0.1521

Currumbin 1997 φ, P Survival 0.8010 0.2149 0.9834

Recapture 0.0749 0.0124 0.3435

1998 φ (g), P (t) Survival (m) 0.7583 0.5922 0.8715

Survival (f) 0.2472 0.0299 0.7774

Recapture 1 0.0109 0.0022 0.0545

Recapture 2 0.6801 0.2391 0.9350

Recapture 3 0.1266 0.0172 0.5453

Recapture 4 0.7776 0.6221 0.9331

Recapture 5 0.5592 0.2425 0.8340

Recapture 6 0.0471 0.0063 0.2483

Recapture 7 0.1740 0.0653 0.2828

N. Bridge 1997 φ, P Survival 0.0450 0.0169 0.0732

Recapture 0.1500 0.0689 0.2959

1998 φ (g), P Survival (m) 0.4486 0.2161 0.7060

Survival (f) 0.0142 0.0053 0.0231

Recapture 0.4837 0.1387 0.8449

Mundora 1997 φ, P Survival 0.0511 0.0191 0.0829

Recapture 0.2069 0.0960 0.3905

1998 φ, P Survival 0.9002 0.0654 0.9991

Recapture 0.0714 0.0161 0.2659
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Table 8.9 Maximum likelihood estimates and profile likelihood 95% confidence limits of parameters

for the minimum adequate model for L. lesueuri populations within years. (m) = males, (f) = females.

g = gender, t = time.

Site Year Model Parameter Estimate Lower 95% CL Upper 95% CL

Austinville 1997 φ, P (t) Survival 0.5226 0.3563 0.6841

Recapture 1 0.0021 0.0009 0.0107

Recapture 2 0.6693 0.4462 0.8924

Recapture 3 0.1664 0.0374 0.5061

1998 φ, P Survival 0.9902 0.8991 0.9998

Recapture 0.0404 0.0062 0.2255

Talle. 1997 φ (g), P Survival (m) 0.5589 0.2096 0.9082

Survival (f) 0.0891 0.0099 0.1165

Recapture 0.0505 0.01356 0.1920

Currumbin 1997 φ, P Survival 0.7327 0.4178 0.9128

Recapture 0.1469 0.0522 0.3501

1998 φ, P Survival 0.8212 0.4760 0.9587

Recapture 0.1515 0.0512 0.3711

Cedar Ck 1997 φ (t), P Survival 1 0.5472 0.1880 0.8632

Survival 2 0.1049 0.0138 0.4956

Survival 3 0.4587 0.1720 0.7454

Survival 4 0.0095 0.0048 0.0190

Survival 5 0.2932 0.0195 0.7822

Recapture 0.6347 0.1139 0.9512

1998 φ (g), P (g) Survival (m) 0.6417 0.1684 0.9406

Survival (f) 0.2157 0.1079 0.3236

Recapture (m) 0.4055 0.0426 0.9127

Recapture (f) 0.0002 0.4011x10-5 0.0061

1999 φ (t), P (t) Survival 1 0.5523 0.2455 0.8591

Survival 2 0.0019 0.0007 0.0031

Recapture 1 0.6667 0.1535 0.9566

Recapture 2 0.3714 0.2475 0.4952

N. Bridge 1997 φ, P Survival 0.4420 0.1642 0.7616

Recapture 0.5127 0.0858 0.9218

P. Brook 1998 φ, P Survival 0.6628 0.3943 0.8558

Recapture 0.1934 0.0716 0.4269

1999 φ, P Survival 0.2296 0.0470 0.6429

Recapture 0.7711 0.6609 0.8813
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Table 8.10 Maximum likelihood estimates and profile likelihood 95% confidence limits of parameters

for the minimum adequate model for L. pearsoniana populations within years. (m) = males, (f) =

females, (g) = gender.

Site Year Model Parameter Estimate Lower 95% CL Upper 95% CL

Austinville 1997 φ, P Survival 0.5344 0.2904 0.7630

Recapture 0.4300 0.1433 0.7729

Currumbin 1998 φ, P Survival 0.4683 0.2593 0.6891

Recapture 0.7583 0.2646 0.9648

N. Bridge 1997 φ (g) P (g) Survival (m) 0.9509 0.0112 0.9999

Survival (f) 0.0038 0.0014 0.0062

Recapture (m) 0.1946 0.0511 0.5205

Recapture (f) 0.0450 0.0011 0.1013

Mundora 1997 φ, P Survival 0.1433 0.0537 0.2328

Recapture 0.2500 0.1800 0.4784

1998 φ, P Survival 0.2884 0.0807 0.6519

Recapture 0.3672 0.5047 0.8637

between months and/or between sexes in low altitude sites within both the 1997 and 1998

seasons.

Male and female L. lesueuri had similar survival and recapture rates between months at

most of the sites (Table 8.9). Temporal variation in survival and recapture rates was higher

at low altitudes than high altitudes within both the 1997 and 1998 seasons.

No temporal variation in monthly survival and recapture rates was found at any site for L.

pearsoniana (Table 8.10). Sexual variation in monthly survival and recapture rates occurred

at Natural Bridge where males were recaptured more often and had higher survival rates

than females.

Male M. fasciolatus had higher monthly survival and recapture rates than females at all sites

(Table 8.11). Temporal variation in survival and recapture rates also occurred at each site

and was more common at lower altitudes in all three seasons.

There was no sexual variation in monthly survival and recapture rates in M. fleayi at

Currumbin (Table 8.12). Temporal variation in monthly recapture but not survival rates was

found in 1998.
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Table 8.11 Maximum likelihood estimates and profile likelihood 95% confidence limits of parameters

for the minimum adequate model for M. fasciolatus populations within years. (m) = males, (f) =

females, (g) = gender, (t) = time.

Site Year Model Parameter Estimate Lower 95% CL Upper 95% CL

Holt Park 1997 φ (g), P (t) Survival (m) 0.8976 0.0839 0.9988

Survival (f) 0.0451 0.0091 0.2133

Recapture 1 0.5518 0.2207 0.8426

Recapture 2 0.0036 0.0006 0.0661

Recapture 3 0.7157 0.0259 0.9958

Recapture 4 0.0005 0.2111x10-5 0.0091

1998 φ, P Survival 0.3558 0.1334 0.5782

Recapture 0.2105 0.0813 0.4455

KNP 1998 φ (g), P (t) Survival (m) 0.9984 0.7798 0.9999

Survival (f) 0.0805 0.0109 0.4109

Recapture 1 0.5000 0.1235 0.8765

Recapture 2 0.7809 0.4451 0.9406

Recapture 3 0.1478 0.0528 0.3504

Recapture 4 0.5006 0.2189 0.7818

1999 φ (g*t) P

(g*t)

Survival 1 (m) 0.5821 0.2587 0.9055

Survival 1 (f) 0.0007 0.6553x10-6 0.0441

Survival 2 (m) 0.4501 0.1688 0.7314

Survival 2 (f) 0.3321 x10-5 0.6689x10-7 0.0007

Recapture 1 (m) 0.1502 0.0101 0.4005

Recapture 1 (f) 0.5534 0.1277 0.9791

Recapture 2 (m) 0.4501 0.0116 1.0000

Recapture 2 (f) 0.7234 0.4823 0.9645

P. Brook 1998 φ, P (g) Survival 0.9764 0.0017 0.9999

Recapture (m) 0.0891 0.0361 0.2035

Recapture (f) 0.0129 0.0016 0.0955

1999 φ (t), P Survival 0.0049 0.0009 0.0151

Recapture 1 0.8209 0.6267 0.9851

Recapture 2 0.7035x10-6 0.3334x10-8 0.0001

Recapture 3 0.1015 0.0481 0.1549
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Table 8.12 Maximum likelihood estimates and profile likelihood 95% confidence limits of parameters

for the minimum adequate model for the M. fleayi population within years. (t) = time.

Site Year Model Parameter Estimate Lower 95% CL Upper 95% CL

Currumbin 1998 φ, P Survival 0.2000 0.0272 0.6911

Recapture 0.0435 0.0189 0.1579

1998 φ, P (t) Survival 0.5000 0.0589 0.9411

Recapture 1 0.0005 0.4461x10-5 0.0009

Recapture 2 0.7109x10-6 0.3327x10-8 0.1211x10-4

Recapture 3 0.4000 0.1002 0.7996

Recapture 4 0.2000 0.0272 0.6905

Recapture 5 0.1429 0.0197 0.5806

Recapture 6 0.4000 0.2142 0.6199

Recapture 7 0.0006 0.5521x10-5 0.0087

8.3.3 Effects of altitude on annual and monthly survival and recapture rates

Altitude did not appear to have a significant effect on survival and recapture rates in any of

the species (Fig. 8.1-8.5, Table 8.13 & 8.14). This may be partially due to the small number

of sites used in the analyses (increase Type II error) and the wide 95% confidence limits

associated with each estimate.

Although not examined statistically, monthly survival and recapture rates appeared to be

more variable at low altitude sites in most of the seasons and species (Table 8.8-8.12).

8.3.4 Influence of body size on annual survival rates

As the interaction between SUL and sex was far from significant in all original analyses (p >

0.25), the simple logistic regression model (SUL + sex) was used for all subsequent

analyses. The mean snout-urostyle length of surviving and non-surviving individuals of each

species are given for each year, site and sex in Fig. 8.6-8.9 and Appendix L. Body size was

related to survival in only two cases. Body size had a negative effect on survival in L.

chloris at Natural Bridge (Wald = 5.457, p = 0.019) and a positive effect on survival in M.

fasciolatus at Knoll National Park (Wald = 5.667, p = 0.017). Gender was found to

influence survival in M. fasciolatus at Knoll National Park (Wald = 11.038, p < 0.001) with

males being more successful than females (similar results to MARK analysis). No other
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(a)

(b)

Fig. 8.1 Altitudinal variation in annual (a) survival and (b) recapture rates between 1997 and 1998 in

male (red) and female (black) L. chloris.
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(a)

(b)

Fig. 8.2 Altitudinal variation in annual (a) survival and (b) recapture rates between 1998 and 1999 in

male (red) and female (black) L. chloris.
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(a)

(b)

Fig. 8.3 Altitudinal variation in  annual (a) survival and (b) recapture rates between 1997 and 1998 in

male (red) and female (black) L. lesueuri.
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(a)

(b)

Fig 8.4 Altitudinal variation in annual (a) survival and (b) recapture rates between 1998 and 1999 in

male (red) and female (black) L. lesueuri.

Altitude (m)

65055045035025015050

Su
rv

iv
al

 ra
te

.6

.5

.4

.3

.2

.1

Altitude (m)

65055045035025015050

R
ec

ap
tu

re
 ra

te

.6

.5

.4

.3

.2

.1

0.0



 Chapter 7 - Age at maturity, longevity and reproductive life-span

172

(a)

(b)

Fig. 8.5 Altitudinal variation in annual (a) survival and (b) recapture rates between 1998 and 1999 in

male (red) and female (black) M. fasciolatus.
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Table 8.13 Linear regression results of the effects of altitude on survival rates within years.

Species Year Sex R2 ββββ Slope df P

L. chloris 1997-1998 Male 0.777 -4.65x10-4 0.442 3 0.119

Female 0.564 -4.34x10-4 0.401 3 0.249

1998-1999 Male 0.820 -4.76x10-4 0.457 3 0.094

Female 0.323 -3.98x10-4 0.353 3 0.432

L. lesueuri 1997-1998 Male 0.006 2.89x10-4 0.364 4 0.902

Female 0.006 2.89x10-4 0.364 4 0.902

1998-1999 Male 0.001 -4.14x10-4 0.314 5 0.943

Female 0.001 -4.14x10-4 0.314 5 0.943

M. fasciolatus 1998-1999 Male 0.966 -2.18x10-3 1.674 2 0.118

Female 0.223 1.37x10-3 -0.521 2 0.687

Table 8.14 Linear regression results of the effects of altitude on recapture rates within years.

Species Year Sex R2 ββββ Slope df P

L. chloris 1997-1998 Male 0.361 -3.83x10-4 0.355 3 0.399

Female 0.361 -3.83x10-4 0.355 3 0.399

1998-1999 Male 0.145 -1.58x10-4 0.178 3 0.619

Female 0.145 -1.58x10-4 0.178 3 0.619

L. lesueuri 1997-1998 Male 0.012 -2.90x10-4 0.342 4 0.861

Female 0.001 5.81x10-5 0.194 4 0.958

1998-1999 Male 0.027 1.59x10-4 0.267 5 0.755

Female 0.268 3.77x10-4 0.141 5 0.293

M. fasciolatus 1998-1999 Male 0.766 -2.42x10-3 1.864 2 0.321

Female 0.023 5.49x10-4 0.151 2 0.904
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(a) (b)

(c) (d)

Fig. 8.6 Snout-urostyle length (SUL) of recaptured females (red) and males (blue) and non-recaptured

females (green) and males (pink) at (a) Austinville, (b) Currumbin, (c) Natural Bridge and (d)

Mundora for L. chloris in different years.
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(a) (b)

(c) (d)

Fig. 8.7 Snout-urostyle length (SUL) of recaptured females (red) and males (blue) and non-recaptured

females (green) and males (pink) at (a) Austinville, (b) Cedar, (c) Currumbin and (d) Tallebudgera for

L. lesueuri in different years.
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(a) (b)

(c)

Fig. 8.8 Snout-urostyle length (SUL) of recaptured females (red) and males (blue) and non-recaptured

females (green) and males (pink) at (a) Holt Park (b) Knoll National Park and (c) Purling Brook for M.

fasciolatus in different years.
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Fig. 8.9 Snout-urostyle length (SUL) of recaptured females (red) and males (blue) and non-recaptured

females (green) and males (pink) at Currumbin for M. fleayi in different years.

significant relationships between body size, gender and survival were found. This suggests

that factors other than body size and sex are responsible for survival (i.e. environmental/

predation etc.)

8.4 Discussion

8.4.1 Annual survival  and recapture rates

Many of the populations studied did not exhibit annual variation in survival and recapture

rates. However, it seems unlikely that no such effect exists, as these populations do not

exhibit constant age structures (Chapter 8, Zug 1993). Variation in weather variables, e.g.

1999-2000 season was much colder than the previous two seasons (see Chapter 4), should

result in differences in recapture rates and survival between different seasons. A longer data

set coupled with modeling of specific environmental variables may reveal some of these

effects (Forsman 1993, Lebreton et al. 1992).

The four populations that did exhibit annual variation in survival and/or recapture rates

(three L. chloris and one L. lesueuri) were all low altitude sites. The significance of this will

be discussed in section 8.4.3.
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Although gender often plays an important role in estimates of recapture and survival, only

four populations exhibited significant gender variation in annual survival and recapture

rates. In all these populations males had both higher survival and recapture rates. However,

these estimates were likely biased by the greater conspicuousness of the males of these

species (L. chloris and M. fasciolatus) and subsequent higher recapture rates (Cezilly et al.

1996). As the females of these species usually only appear once or twice at the breeding site

during a season, they can easily be missed if they appear on a night when the transect was

not surveyed. As populations were surveyed at 2-3 week intervals, this is a likely possibility.

As individuals not resighted are often assumed to be dead, this will result in the higher

survival and recapture estimates for males in these populations.

8.4.2 Monthly survival and recapture rates

Monthly survival and recapture estimates vary according to activity levels (Wood et al.

1998). Males of all species in the majority of populations were recaptured more often than

females within a season. This is again related to the frequency of breeding for the

individuals of each gender with individual males being present on the transect on more

nights than individual females. Despite higher recapture rates for most males, there was little

difference in the monthly survival rates between males and females in all populations with

the exception of M. fasciolatus where males exhibited higher survival rates than females.

Temporal (between month) variation in survival and recapture rates was present in a number

of populations. This was expected, as activity levels within breeding seasons will vary either

in response to environmental conditions, timing of breeding or both thereby influencing

recapture and survival estimates. For example, L. chloris tends to breed during or after rain.

Therefore, activity levels will be higher in wetter months resulting in higher recapture rates

and survival estimates. The breeding season of Mixophyes fleayi occurs from September to

April but breeding tends to peak in the colder parts of the season (September-October and

February – April). This results in higher recapture rates and survival estimates for these

months.

Temporal variation in monthly survival and recapture rates was also more common in low

altitude populations than high altitude sites for all species. The significance of this will be

discussed in the next section (8.4.3).
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8.4.3 Influence of altitude on survival and recapture rates

Altitude did not have a significant effect on annual survival and recapture rates in any of the

species. Previous studies on altitudinal variation in amphibian and reptilian survival rates

report similar results or higher survival rates at high altitudes (Tinkle & Ballinger 1972,

Ballinger 1979, Berven 1982a, Hemelaar 1988, Smith et al. 1994, Ryser 1996). These

authors attributed their results in some cases to differences in resources found at different

sites (Smith et al. 1990) and differences in the number of predators (Ballinger 1979).

However, the authors of the majority of these studies attributed their results to the shorter

activity periods experienced by high altitude populations and therefore their decreased

exposure to predators. Surprisingly this suggests that despite the harsher climate usually

found at high altitudes, the most important factor determining altitudinal variation in

survival rates in amphibians and reptiles is exposure to predators. The results of this study

may be best explained by this hypothesis. As the high altitude populations in this study all

experience shorter breeding seasons than their lowland counterparts (see Chapter 4) they

would be less exposed to predators subsequently resulting in survival rates that were similar

to low altitude populations.

The more variable monthly survival and recapture rates in the low altitude populations of

this study may also be due to breeding season length. Females, and to a lesser extent males,

are unable to remain reproductively active at the breeding site for long periods of time due

to energetic constraints and tradeoffs (Dyson et al. 1998). Environmental conditions may

also be unfavourable during certain times of the breeding season for breeding and general

activity in amphibians e.g. too cold, dry, hot. As the breeding season is longer at low

altitudes, individuals can afford to wait longer for more ‘ideal’ conditions for breeding.

Consequently, amphibian populations with long breeding seasons will exhibit varying levels

of activity throughout the season. This would subsequently result in variable recapture and

survival estimates throughout the season.

The less variable monthly recapture and survival rates found in high altitude populations

may be due to several factors. First, as breeding seasons are shorter at high altitudes,

individuals may be able to spend relatively more time (less time or equal time absolutely) at

the breeding site than the lowland individuals. Second, as breeding seasons are shorter, high

altitude individuals may not be able to afford to wait as long for ‘ideal’ environmental

conditions resulting in more constant activity levels than those of low altitude populations.

Alternatively, high altitude individuals may not be as affected by variations in weather
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conditions as those from low altitudes. As population activity in these species was not

significantly influenced by environmental variables and the breeding season length of the

high altitude populations of this study was longer than or equal to that of low altitude

populations in colder years (Chapter 4), high altitude populations may not be as influenced

by changing (colder) temperatures than the low altitude populations. As they are less

affected by environmental conditions, their activity levels remain fairly constant and

therefore monthly recapture and survival rates do not vary. Also, despite shorter breeding

season lengths at high altitude, there was no differences in the number of nights individuals

were active at high and low altitudes. Therefore, active nights are more spread out at low

altitudes resulting in fluctuating survival and recapture rates.

8.4.4 Influence of body size on survival rates

Body size generally had no effect on survival or recapture rates of individuals either

between or within years. This suggests that larger individuals did not experience high

survival due to reduced predation or decreased vulnerability to climatic fluctuations nor did

they seem to experience higher mortality due to increased foraging or energy tradeoffs that

minimize energy for maintenance and repair. These results indicate that factors other than

body size (e.g. predation level, food levels etc.) are more important in determining survival

and recapture rates in these individuals than body size.

8.5 Summary

There was no significant temporal or inter-gender differences in annual survival and

recapture rates for most of the populations examined (7/11) suggesting that males and

females do not differ in their survival rates in these populations nor do survival rates vary

significantly between years. There was also no significant altitudinal variation in survival

and recapture rates between any of the species. This may be due to the small number of

populations used in the analyses or alternatively, there may be no significant differences in

survival between these populations as sometimes reported in other similar studies.

Temporal variation in within-year survival was present in all populations for all species

suggesting that survival and recapture rates vary significantly between months within a year.

Monthly survival rates were found to be more variable at low altitudes than high altitudes

and was thought to be a result of the longer breeding season found at low altitudes. No
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differences in monthly survival rates were observed between males and females in any of

the populations.

Body size was only found to influence annual survival rates in two cases - larger M.

fasciolatus at KNP exhibited higher survival rates than smaller individuals whilst smaller L.

chloris at Natural Bridge had higher survival rates than larger individuals. These results

generally do not support previous studies suggesting a size bias in survival and recapture

rates.
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9 Influence of altitude on population resilience

9.1 Introduction

A major problem in population biology is to understand what determines the expected

lifetime (or alternatively, the risk of extinction) of a population (Pimm et al. 1988).

Understanding this risk is not only a central practical issue for conservation biologists

and wildlife managers, but is also of theoretical interest to population biologists.

Stable populations are often said to be at equilibrium where birth rates and death rates

are equal (Begon et al. 1990). Population density will fluctuate around this stable

equilibrium as a result of changes in the relationship between birth and death rates.

Hence, it is natural for the density of stable populations to fluctuate within limits (Fig.

9.1).

Fig. 9.1 Fluctuating equilibrium density of a model population.

Ecological systems are subject to continual perturbation that can remove populations

from their fluctuating equilibrium (Neubert & Caswell 1997). Responses to perturbation

are characterised qualitatively by stability (does the population return to its original

state after perturbation) and quantitatively by resilience, or its reciprocal return time,

which measures how rapidly a stable system returns to its original state after a

disturbance (Neubert & Caswell 1997).
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Population resilience has several similar ecological definitions (Holling 1973, Pimm

1991, Neubert & Caswell 1997). The definition used herein is from Pimm (1991) where

“population resilience is the rate at which population density returns to equilibrium after

a disturbance away from equilibrium.” In other words, after equal amounts of

disturbance the density of a more resilient population will return to normal much faster

than that of a less resilient population as seen in Fig. 9.2 below.

Fig. 9.2 Two model populations returning to equilibrium density (set at a reference level of zero)

from the same initial displacement at + 1.0. One population (open triangles) is much less resilient

than the other (closed triangles). Taken from Pimm (1991).

Population resilience depends on a number of factors each important on different

temporal and spatial scales. These factors can be divided up into 3 different categories

of ecological organization: population factors (e.g. fecundity), community factors (e.g.

competition / predation), and ecosystem factors (e.g. resource levels). At the population

level, species with high fecundity or high reproductive rates are likely to have highly

resilient populations despite other factors affecting resilience (Pimm 1991, Ruggiero et

al. 1994, Bennett & Owens 1997). Resilience also depends on interactions between

species within the community. Species or populations experiencing high predation

pressure or competition will be less able to return to equilibrium densities after a

disturbance than will those that are less competitive or preyed upon. Finally, resilience
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depends on how quickly the nutrients for a species’ growth become available which in

turn is dependent partially on food web structure and on abiotic processes. It is difficult

to determine which of these three categories is the most important as they are all inter-

related and occur at different spatial and temporal scales. Therefore, we need to

recognize that many factors operate, and the factors that predominate will depend on the

spatial and temporal scale we are considering.

In this study the focus on resilience is at the population level. How fast a population can

grow when it is below equilibrium depends on how fecund the species or population is

and its generation time; how fast it declines when it is above equilibrium will depend on

how quickly the individuals die (Pimm 1991). Species or populations that are highly

fecund and/or have shorter generation times (i.e. from offspring to offspring) will have

greater rates of population increase than those species or populations that are less

fecund and/or have longer generation times. Subsequently, if a disturbance occurs the

species or populations with shorter generation times and larger clutches will return to

pre-disturbance levels sooner than will those with longer generation times and smaller

clutches. Consequently, species or populations with longer generation times and/or

smaller clutches are less resilient and suffer higher extinction rates (Fowler &

McMahon 1982).  These less resilient populations suffer higher risks of extinction

because they recover more slowly from severe disturbances or perturbations and

therefore remain longer at risk of extinction from stochastic effects whether they are

environmental, demographic, catastrophic or genetic (Pimm et al. 1988, Mahony et al.

1999).

The aim of this chapter is to examine the influence of altitude on the life history

characteristics of the study populations and subsequently determine whether the high

altitude populations involved in this study are less resilient than their lowland

counterparts due to the influence of altitude on fecundity and generation time.

9.2 Methods

The influence of altitude on various life history characteristics of the six species from

southeast Queensland involved in this study were determined using a combination of

field studies and lab based techniques. Characters examined included the length of the

activity and breeding season (Chapter 4), fecundity and egg size (Chapter 5), tadpole

growth and development rates (Chapter 6), longevity, age at maturity and reproductive
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life span (Chapter 7), average lifetime fecundity (Chapter 7), and survival rates (Chapter

8).

As resilience is governed primarily by fecundity and generation time (MacArthur &

Wilson 1967, Fowler & McMahon 1982, Pimm 1991, McKinney 1997, Simberloff

1998, Purvis et al. 2000), the influence of altitude on population resilience depends on

the effects of altitude on the life history characteristics determining fecundity and

generation time. Generally, shorter breeding and activity seasons and slower growth and

development rates lead to longer times to maturity and greater longevity which

subsequently result in longer generation times (Fowler & McMahon 1982, Pimm 1991).

Smaller clutches and / or larger eggs will lead to a decrease in fecundity which, in

conjunction with the longer generation times, ultimately results in lower population

resilience.

9.3 Results

The influence of altitude on each of the life history characteristics (where available) for

each species from this study is summarised in Table 9.1.

L. chloris

Litoria chloris had significantly shorter breeding and activity seasons, lower fecundity,

slower tadpole growth and development rates, larger body sizes and higher longevity at

high altitudes. There were also non-significant trends toward older ages at maturity and

greater survival at high altitudes. These altitudinal variations in the basic life history

characteristics of L. chloris will result in lower fecundity and longer generation times in

high altitude populations and will ultimately lead to lower resilience in these

populations.

L. lesueuri

Breeding and activity season length decreased significantly with altitude in L. lesueuri.

There were no other altitudinal variation trends found. As I was unable to age most

individuals and hence could not determine longevity, age at maturity, reproductive life

span and average lifetime fecundity for most of the populations it is uncertain whether

altitude affects population resilience in this species.
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L. pearsoniana

Litoria pearsoniana had significantly shorter breeding and activity seasons, slower

tadpole development rates, and larger body sizes in high altitude populations. There was

also a trend towards greater survival at high altitudes. However, as most individuals

captured were two years of age, there were no altitudinal trends in longevity, age at

maturity or reproductive lifespan in this species. The relationship between altitude and

breeding season length and development rates may influence population generation time

and potentially result in lower population resilience in high altitude populations of this

species.

M. fasciolatus

High altitude populations of M. fasciolatus exhibited significantly shorter activity and

breeding seasons, larger body sizes and greater longevity than lower altitude

populations. There was also a trend towards older ages at maturity in the high altitude

populations. Based on the results in hand, high altitude populations would experience

longer generation times and subsequently lower population resilience than lower

altitude populations.

M. fleayi

Many of the life history characteristics examined were not significantly influenced by

altitude, however, in some cases this may be due to limited sampling in the majority of

the populations (due to restrictions involved with working on endangered species). High

altitude populations were significantly older than low altitude populations and there was

also a trend towards older ages at maturity in these populations. These results suggest

that high altitude populations are less resilient than low altitude populations and

therefore more vulnerable.

M. iteratus

Mixophyes iteratus was examined in a very limited capacity in this study (used more for

comparisons with M. fasciolatus and M. fleayi). Apart from significantly larger body

sizes in high altitude populations, there were no other relationships between altitude and

any life history characteristics examined.
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Table 9.1 Relationship between altitude and life history characteristics for each species where

applicable. ↑  = significant positive influence (p < 0.05), ↓  = significant negative influence (p <

0.05), ! = positive trend (p < 0.1), * = no significant influence or trends detected,  - = not

examined.

Direction of altitudinal influence

Characteristic L. chloris L. lesueuri L. pearsoniana M. fasciolatus M. fleayi M. iteratus

Activity season

length

↓ ↓ ↓ ↓ - -

Breeding

season length

↓ ↓ ↓ ↓ - -

Proportion of

active nights

* * * * - -

Body Size ↑ * ↑ ↑ * ↑

Fecundity ↓ ! ! * * *

Egg size * * * * * *

Tadpole growth

rates

↓ - * - - -

Tadpole

development

↓ - ↓ - - -

Average

longevity

↑ - * ↑ ↑ -

Average age at

maturity

! - * ! * -

Average

Reproductive

Lifespan

* - * * * -

Adult survival ! * * ! - -

Av.  Lifetime

Fecundity

* - * - - -
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9.4 Discussion

Three general hypotheses are proposed to explain the declines and disappearances of

frogs from relatively pristine (i.e. no direct human interference), high altitude locations.

The first is that high altitude populations are less resilient than their lowland

counterparts due to altitudinal variation in life history characteristics and therefore are

more vulnerable to disturbance processes occurring at all altitudes. The second is that

there is no difference in resilience between high and low altitude populations but the

magnitude of the disturbance (the nature of which is still unknown) is greater at high

altitudes and hence high altitude populations are more likely to decline. The third

hypothesis is a combination of the first two i.e. high altitude populations are less

resilient and the magnitude of the causal factor is greater at these sites, a so called

"double whammy."

If high altitude populations are found to be less resilient than low altitude populations,

we would tend to favour the first and/or third hypotheses. If there is no difference in

resilience along the altitudinal gradient we would tend to favour the second hypotheses.

The results of this study suggest that high altitude populations of the study species have

longer generation times and lower fecundities (for L. chloris) and therefore are less

resilient than low altitude populations.

As high altitude populations are less resilient, we would expect species whose

geographic range partially or totally encompasses high altitudes to be more vulnerable

to extinction processes. Within eastern Australia, 31 of the 37 frog species listed as

vulnerable, endangered or extinct under current IUCN criteria (IUCN 2000) have

geographic ranges that include altitudes > 400m (Appendix Q). Forty one percent of all

frog species in eastern Australia with ranges including altitudes > 400m have

populations that have declined or disappeared compared to 9% of lowland species

(Table 9.2). The causal factors responsible for the declines of many populations of these

species remain unknown. The remaining six species are lowland species threatened by

anthropogenic factors e.g. habitat destruction.
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Table 9.2 Proportion of high altitude (geographic range includes altitudes > 400m) and low

altitude amphibian species that have declined or disappeared from eastern Australia (Queensland,

New South Wales, Victoria and Tasmania).

High altitude Low altitude

Total number of species 75 68

Number of declining species 31 6

% declining species 41.3 % 8.8 %

The majority of global amphibian declines, including those in eastern Australia, have

occurred in tropical and sub-tropical regions (Heyer et al. 1988, Weygoldt 1989,

Blaustein & Wake 1990, La Marca & Reinthaler 1991, Crump et al. 1992, Richards et

al. 1993, Blaustein et al. 1994, Lips 1998, Houlahan et al. 2001, Hero & Shoo in press).

These latitudinal patterns in amphibian declines may be explained by the narrower

range of environmental tolerances exhibited by tropical organisms caused by the more

restricted range of temperature and rainfall levels experienced at different altitudes in

tropical regions (Pianka 1966, Janzen 1967, Huey 1978, Owen 1989, Stevens 1989). In

other words, as climatic variability at a given site is lower in the tropics than in

temperate zones, tropical animals may be adapted to relatively narrower ranges of

environmental temperatures and rainfall levels i.e. they are more environmentally

sensitive. This will result in mountains being effectively 'higher' in the tropics because

an animal moving up or down a tropical mountain will more likely encounter a climatic

regime to which it is neither acclimated nor evolutionarily adapted (Janzen 1967, Huey

1978, Owen 1989).

If tropical mountains are effectively "higher" and tropical organisms more

environmentally sensitive, a climatic or environmental change that is minor to an

organism from a high latitude is a major (possibly life-threatening) change to an

organism from a lower latitude, even though the magnitude of the change is the same

(Owens 1989, Stevens 1989). As populations at high altitudes generally exhibit life

history characteristics that render them less resilient than their lowland counterparts, I

predicted that high altitude species or populations occurring in tropical regions are

likely to be even more vulnerable to disturbance (e.g. climate change) than temperate

species or populations occurring at similar altitudes. As a result, they are more likely to



 Chapter 9 - Altitude and population resilience

191

decline or disappear even if the magnitude of the disturbance in the two areas is the

same.

To test my prediction that the effects of the more pronounced changes in temperature

along altitudinal gradients at lower latitudes would be exacerbated and declines would

be more frequent in tropical regions, I compared the proportion of amphibian species

declining in tropical and temperate eastern Australia. There was no difference in the

overall relative number of declines in the two regions  (24% and 21% in the tropics and

temperate regions respectively, Table 9.3) however, when comparing the relative

number of declining species whose geographic range totally or partially encompassed

altitudes > 400m I found that a greater proportion had declined in tropical areas (42.5%

compared to 32.5%, Table 9.3). This suggests that the declines occurring in tropical

areas are genuine patterns that are associated with or confounded by altitude and are not

simply an artifact of species richness.

Further work on the effects of geographic variation, especially interactions between

altitude and latitude, on amphibian life-history characteristics is needed to enhance our

current limited knowledge of geographic life-history patterns and allow us to better

evaluate the hypotheses for the causes of these amphibian disappearances and declines.

Recent studies have linked amphibian declines with changing weather patterns

associated with global warming and altitude (Kiesecker et al. 2001, Pounds 2001)

however, until the exact nature of the cause of the declines is elucidated, we will not be

able to accept or discard the third hypothesis (high altitude populations are less resilient

and the magnitude of disturbance is greater at high altitudes). The hypothesis I propose

lends support to an explanatory theory that all frogs are potentially affected by a global

cause, however the impacts are only manifested in populations and/or species that are

ecologically susceptible (i.e. high altitude and low latitude populations).  A concerted

effort is needed to determine the cause of amphibian declines. In the meantime,

management and conservation agencies should focus on monitoring and protecting the

potentially more vulnerable high altitude amphibian populations (especially those in

tropical areas) and their habitat from known processes of extinction.
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Table 9.3 Number of amphibian species and number of declining amphibian species in

Queensland (tropical) versus New South Wales, Victoria and Tasmania (temperate) on the east

coast of Australia. * not exclusively tropical or temperate species (some species found in both

areas).

Tropics Temperate

Total number of species* 116 94

Total number species declining* 28 20

Percentage declining 24.1 % 21.2 %

Number of species with range encompassing altitudes > 400m 45 40

Number of species declining

> 400m

19 13

Percentage declining 42.2 % 32.5 %

9.5 Summary

The shorter breeding seasons, slower growth and development rates, older age at

maturity, and greater longevity seen in the high altitude study populations will result in

increased generation time in these populations. In turn, increased generation time and

lower fecundity can result in a population being less resilient (i.e. population takes

longer to return to equilibrium after a disturbance away from equilibrium) (Pimm et al.

1988, Pimm 1991). I hypothesize that the influences of altitude on the reproductive

ecology of amphibian populations at high altitudes could make them more vulnerable to

processes of extinction, thereby increasing the likelihood of population decline or

extinction. Current theory on latitudinal gradients also suggest these effects will be

exacerbated in tropical regions.
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Appendix A Study site locations and brief descriptions

Fig. 3.1

Key #

Site Lat/Long Altitude

(m)

Transect

length (m)

Habitat Type

1 Six Mile Creek 26 o41’38” S/152 o28’30” E 500 500 Wet sclerophyll

2 Peachester 26 o51’28” S/152 o 49’51”E 130 400 Rainforest

3 Bouloomba Creek 26 o42’57” S/152 o34’40” E 700 1000 Rainforest

4 Coomera River 28 o09’34” S/152 o10’10” E 250 900 Rainforest

5 Knoll National

Park*

27 o54’57” S/153 o10’27” E 470 200 Rainforest/wet

sclerophyll

6 Holt Park* 27 o56’24” S/153 o11’12” E 520 70 Wet sclerophyll

7 Cedar Creek* 27 o53’40” S/153 o11’16” E 250 200 Wet sclerophyll

8 Pyramid Ck 28 o10’50” S/153 o09’20” E 640 300 Rainforest

9 Stockyard Creek 28 o12’56” S/153 o06’58” E 550 314 Rainforest

10 Bundoomba

Creek

28 o13’08” S/153 o08’21” E 520 300 Rainforest

11 Canungra Creek 28 o12’40” S/153 o09’50” E 500 1000 Rainforest

12 Mundora* 28 o13’28” S/153 o17’02” E 800 200 Rainforest

13 Purling Brook* 28 o11’30” S/153 o16’12” E 600 200 Rainforest

14 Currumbin* 28 o14’36” S/153 o21’06” E 160 260 Rainforest

15 Tallebudgera* 28 o13’05” S/153 o19’05” E 120 300 Wet sclerophyll

16 Austinville* 28o10’46” S/153 o18’16” E 120 800 Wet sclerophyll

17 Natural Bridge* 28 o13’58” S/153 o14’36” E 250 200 Rainforest

18 Waterfall Creek 28 o09’02” S/153 o14’43” E 110 200 Wet sclerophyll

* denotes sites where mark and recapture studies were carried out
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Appendix B Estimated number of active nights for each population

The table below displays the estimated number of active nights within the breeding season calculated for
each species in each year and for the average of the three seasons. PAN = proportion active nights, BSL =
breeding season length

Species Site Year Sex PAN BSL (days) Active days

L. chloris Austinville 1997 M 0.17 210 35.70

F 0.17 150 25.50

1998 M 0.75 210 157.50

F 0.75 150 112.50

1999 M 0.50 210 105.00

F 0.50 120 70.50

Average M 0.47 210 98.70

F 0.47 141 66.30

Currumbin 1997 M 0.42 180 75.60

F 0.42 150 63.00

1998 M 0.43 180 77.40

F 0.43 120 51.60

1999 M 0.33 150 49.50

F 0.33 120 39.60

Average M 0.39 159 65.50

F 0.39 129 50.30

N. Bridge 1997 M 0.40 180 72.00

F 0.40 150 60.00

1998 M 0.45 180 81.00

F 0.45 150 67.50

1999 M 0.75 180 135.00

F 0.75 150 112.50

Average M 0.53 180 95.40

F 0.53 150 79.50

Mundora 1997 M 0.25 120 30.00

F 0.25 120 30.00

1998 M 0.67 150 100.50

F 0.67 150 100.50

1999 M 0.25 150 37.50

F 0.25 150 37.50

Average M 0.39 141 55.00

F 0.39 141 55.00
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Species Site Year Sex PAN BSL (days) Active days

L. lesueuri Austinville 1997 M 0.90 240 216.00

F 0.90 210 189.00

1998 M 0.89 240 213.60

F 0.89 210 186.90

1999 M 0.50 240 120.00

F 0.50 210 105.00

Average M 0.89 240 192.00

F 0.89 210 186.90

Tallebudgera 1997 M 0.90 210 189.00

F 0.90 180 162.00

1998 M 0.90 180 162.00

F 0.90 180 154.00

1999 M 0.67 180 120.60

F 0.67 180 100.50

Average M 0.80 195 156.00

F 0.80 180 144.00

Currumbin 1997 M 0.90 240 228.00

F 0.90 210 199.50

1998 M 0.79 240 189.60

F 0.79 210 165.90

1999 M 0.44 120 52.80

F 0.44 120 52.80

Average M 0.74 201 148.70

F 0.74 180 133.20

Cedar Ck 1997 M 0.80 210 168.00

F 0.80 150 120.00

1998 M 0.86 210 180.60

F 0.86 150 129.00

1999 M 0.90 210 199.50

F 0.90 120 114.00

Average M 0.89 210 186.90

F 0.89 141 125.50

N. Bridge 1997 M 0.60 180 108.00

F 0.60 150 90.00

1998 M 0.45 180 81.00

F 0.45 120 54.00
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Species Site Year Sex PAN BSL (days) Active days

L. lesueuri N. Bridge 1999 M 0.17 150 25.50

F 0.17 120 20.40

Average M 0.41 171 70.10

F 0.41 141 57.80

P. Brook 1998 M 0.90 180 171.00

F 0.90 150 142.50

1999 M 0.90 180 171.00

F 0.90 150 142.50

Average M 0.90 180 171.00

F 0.90 150 142.50

L. pearsoniana Austinville 1997 M 0.90 240 216.00

F 0.90 240 216.00

1998 M 0.89 180 160.20

F 0.89 180 160.20

1999 M 0.75 180 135.00

F 0.75 180 135.00

Average M 0.88 201 176.90

F 0.88 201 176.90

Currumbin 1997 M 0.58 240 139.20

F 0.58 180 104.40

1998 M 0.43 210 90.30

F 0.43 180 77.40

1999 M 0.44 180 79.20

F 0.44 150 66.00

Average M 0.48 210 100.80

F 0.48 171 82.10

N. Bridge 1997 M 0.90 210 189.00

F 0.90 150 135.00

1998 M 0.73 210 153.30

F 0.73 150 109.50

1999 M 0.12 210 25.20

F 0.12 150 18.00

Average M 0.62 210 122.50

F 0.62 150 87.50

Mundora 1997 M 0.90 180 162.00

F 0.90 120 108.00
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Species Site Year Sex PAN BSL (days) Active days

L. pearsoniana Mundora 1998 M 0.78 150 117.00

F 0.78 150 117.00

1999 M 0.50 150 75.00

F 0.50 150 75.00

Average M 0.76 159 120.80

F 0.76 141 107.20

M. fasciolatus KNP 1998 M 0.95 180 171.00

F 0.95 150 142.50

1999 M 0.95 180 171.00

F 0.95 150 142.50

Average M 0.95 180 171.00

F 0.95 150 142.50

Holt Park 1997 M 0.90 240 182.60

F 0.45 240 120.00

1998 M 0.80 240 182.60

F 0.50 150 120.00

1999 M 0.40 210 84.00

F 0.20 120 48.00

Average M 0.70 225 149.70

F 0.38 165 91.60

P. Brook 1998 M 0.90 210 189.00

F 0.90 210 162.00

1999 M 0.90 180 162.00

F 0.90 180 135.00

Average M 0.90 195 175.50

F 0.90 195 148.50
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Appendix C Summary of Pearson correlations for climate variables

The table below summarises Pearson's correlation's between climatic factors at each site for all
years combined and for each species all sites and years combined. * indicate significant
correlations.

Site (N) Correlates Air

Temp.

Cloud

cover

Moon

phase

Rainfall

previous

24 hours

Rainfall

previous

48 hours

Water

Temp.

Austinville (19) Air temp. 1.000

Cloud cover -0.465* 1.000

Moon phase -0.184 -0.012 1.000

Rainfall 24 -0.002 -0.194 -0.257 1.000

Rainfall 48 0.088 -0.162 -0.270 0.984* 1.000

Water temp. 0.703* -0.255 -0.291 -0.171 -0.103 1.000

Cedar Ck (14) Air temp. 1.000

Cloud cover 0.309 1.000

Moon phase 0.370 0.141 1.000

Rainfall 24 -0.485 -0.302 -0.075 1.000

Rainfall 48 -0.334 -0.436 -0.303 0.755* 1.000

Water temp. 0.612* 0.152 -0.139 -0.548* -0.226 1.000

Currumbin (35) Air temp. 1.000

Cloud cover 0.095 1.000

Moon phase 0.129 0.050 1.000

Rainfall 24 -0.158 -0.196 0.142 1.000

Rainfall 48 -0.042 -0.086 0.129 0.839* 1.000

Water temp. 0.710* 0.045 0.099 0.118 0.150 1.000

Holt Park (11) Air temp. 1.000

Cloud cover 0.349 1.000

Moon phase 0.361 -0.222 1.000

Rainfall 24 -0.827* -0.373 0.021 1.000

Rainfall 48 -0.664* -0.153 -0.303 0.650* 1.000

Water temp. 0.793* 0.393 0.224 -0.602 -0.599 1.000
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Site (N) Correlates Air

Temp.

Cloud

cover

Moon

phase

Rainfall

previous

24 hours

Rainfall

previous

48 hours

Water

Temp.

KNP (11) Air temp. 1.000

Cloud cover -0.334 1.000

Moon phase 0.640* -0.556 1.000

Rainfall 24 0.101 0.264 -0.243 1.000

Rainfall 48 0.154 0.537 -0.437 0.658* 1.000

Water temp. 0.470 0.062 -0.078 0.365 0.386 1.000

N. Bridge (22) Air temp. 1.000

Cloud cover 0.052 1.000

Moon phase -0.102 0.249 1.000

Rainfall 24 -0.301 -0.406 -0.203 1.000

Rainfall 48 -0.264 -0.486* -0.134 0.982* 1.000

Water temp. 0.741* 0.161 0.148 -0.272 -0.236 1.000

Mundora (17) Air temp. 1.000

Cloud cover -0.155 1.000

Moon phase -0.229 -0.081 1.000

Rainfall 24 -0.134 0.325 -0.223 1.000

Rainfall 48 0.155 0.447 -0.217 0.998* 1.000

Water temp. 0.170 0.007 -0.205 0.288 0.036

P. Brook (15) Air temp. 1.000

Cloud cover -0.398 1.000

Moon phase -0.124 0.143 1.000

Rainfall 24 -0.268 0.276 -0.260 1.000

Rainfall 48 -0.108 0.233 -0.250 0.887* 1.000

Water temp. 0.334 -0.061 -0.485 -0.395 -0.232 1.000

Tallebudgera Air temp. 1.000

(11) Cloud cover 0.435 1.000

Moon phase 0.000 0.000 1.000

Rainfall 24 0.047 -0.582 -0.058 1.000

Rainfall 48 -0.926* -0.582 -0.058 0.025 1.000

Water temp. 0.935* 0.362 -0.155 0.312 -0.789* 1.000
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Appendix C continued

Species (N) Correlates Air

Temp.

Cloud

cover

Moon

phase

Rainfall

previous

24 hours

Rainfall

previous

48 hours

Water

Temp.

L. chloris (95) Air temp. 1.000

Cloud cover -0.074 1.000

Moon phase -0.077 0.068 1.000

Rainfall 24 -0.099 -0.210* -0.089 1.000

Rainfall 48 -0.006 -0.167 -0.057 0.913* 1.000

Water temp. 0.717* -0.059 -0.028 -0.038 0.024 1.000

L. lesueuri Air temp. 1.000

(112) Cloud cover -0.062 1.000

Moon phase -0.007 0.098 1.000

Rainfall 24 -0.164 -0.213* -0.050 1.000

Rainfall 48 -0.125 -0.193* -0.027 0.888* 1.000

Water temp. -0.063 -0.103 -0.089 -0.031 -0.042 1.000

L. pearsoniana Air temp. 1.000

(92) Cloud cover -0.071 1.000

Moon phase -0.074 0.038 1.000

Rainfall 24 -0.098 -0.227* -0.076 1.000

Rainfall 48 -0.004 -0.187 -0.050 0.907* 1.000

Water temp. -0.051 -0.110 -0.098 -0.034 -0.044 1.000

M. fasciolatus Air temp. 1.000

(35) Cloud cover -0.081 1.000

Moon phase 0.187 -0.089 1.000

Rainfall 24 -0.434* -0.026 -0.121 1.000

Rainfall 48 -0.207 0.166 -0.305 0.710* 1.000

Water temp. 0.543* 0.116 -0.098 -0.359* -0.228 1.000

M. fleayi (41) Air temp. 1.000

Cloud cover 0.059 1.000

Moon phase 0.163 0.007 1.000

Rainfall 24 -0.258 -0.255 0.038 1.000

Rainfall 48 -0.150 -0.156 0.070 0.845* 1.000

Water temp. -0.112 -0.147 -0.144 -0.062 -0.090 1.000



Appendix D Length of activity season for each species at each site. (-) represents classes that were not observed.

Species Site Year Males Females Calling males Gravid females Clutches Juveniles

L. chloris Austinville 1997-1998 Sept. - March Oct. - Feb. Sept. - March Oct. - Feb. Oct. - Feb. Feb - March

1998-1999 Sept. - March Oct. - Feb. Sept. - March Oct. - Feb. Oct. - Feb. Feb - March

1999-2000 Sept. - March Oct. - Feb. Sept. - March Oct. - Jan Oct. - Feb. -

Currumbin 1997-1998 Oct. - March Oct. - March Oct. - March Oct. - Feb. Oct. - Feb. Feb. - March

1998-1999 Oct. - March Oct. - March Oct. - March Nov. - Feb. Oct. - Feb. Feb. - March

1999-2000 Nov. - March Nov. - Feb. Nov. - March Nov. - Feb. Oct. - Feb. -

Natural Bridge 1997-1998 Oct. - March Oct. - Feb. Oct. - March Oct. - Feb. Oct. - Feb. -

1998-1999 Sep. - Feb. Sep. - Feb. Sep. - Feb. Sep. - Jan. Oct. - Feb. January

1999-2000 Oct. - March Oct. - Feb. Oct. - March Oct. - Feb. Oct. - Feb. January

Purling Brook 1997-1998 Oct. - Feb. Oct. - Feb. Oct. - Feb. Oct. - Feb. Oct. - Feb. January

Mundora 1997-1998 Nov. - Feb. Nov. - Feb. Nov. - Feb. Nov. - Feb. Nov. - Feb. Feb - March

1998-1999 Oct. - Feb. Oct. - Feb. Oct. - Feb. Oct. - Feb. Oct. - Feb. Feb - March

1999-2000 Oct. - Feb. Oct. - Feb. Oct. - Feb. Oct. - Feb. Oct. - Feb. -

L. lesueuri Austinville 1997-1998 Sep. - April Sep. - April Sep. - April Sept. - March Oct. - March Dec. -April

1998-1999 Sep. - April Sep. - April Sep. - April Sept. - March Oct. - March Dec. -April

1999-2000 Sep. - April Sep. - April Sep. - April Sept. - March Oct. - March -

Tallebudgera 1997-1998 Sept. - March Sept. - March Sept. - March Oct. - March Oct. - Feb. Nov. - Dec.

1998-1999 Sept. - March Oct. - March Oct. - March Oct. - March Oct. - Feb. Nov. - March

Currumbin 1997-1998 Sep. - April Sep. - April Sep. - April Sept. - March Oct. - March Nov. - April

1998-1999 Sep. - April Sep. - April Sep. - April Sept. - March Oct. - March Nov. - April

1999-2000 Oct. - March Oct. - March Nov. - Feb. Nov. - Feb. - -



Appendix D continued

Species Site Year Males Females Calling males Gravid females Clutches Juveniles

L. lesueuri Cedar Ck 1997-1998 Sept. - March Oct. - Feb. Sept. - March Oct. - Feb. Oct. - Feb. Nov – March

1998-1999 Sept. - March Oct. - Feb. Sept. - March Oct. - Feb. Oct. - Feb. Nov - March

1999-2000 Sept. - March Oct. - Feb. Sept. - March Oct. - Jan Oct. - Feb. -

Natural Bridge 1997-1998 Oct. - March Oct. - March Oct. - March Oct. - Feb. Oct. - Feb. Feb. - March

1998-1999 Oct. - March Oct. - March Oct. - March Nov. - Feb. Nov. - Feb. Feb. - March

1999-2000 Nov. - March Nov. - Feb. Nov. - March Nov. - Feb. Nov. - Feb. -

Purling Brook 1998-1999 Oct. - March Oct. - Feb. Oct. - March Oct. - Feb. Oct. - Feb. -

1999-2000 Sep. - Feb. Sep. - Feb. Sep. - Feb. Sep. - Jan. Oct. - Feb. January

L. pearsoniana Austinville 1997-1998 Sep. - April Sep. - April Sep. - April Sep. - April Sep. - March March - April

1998-1999 Sep. - April Oct. - March Oct. - March Oct. - March Oct. - March March

1999-2000 Sep. - April Oct. - March Oct. - March Oct. - March Oct. - March March

Currumbin 1997-1998 Sep. - April Oct. - March Sep. - April Oct. - March Oct. - March March - April

1998-1999 Sep. - March Sep. - March Sep. - March Oct. - March Oct. - March March

1999-2000 Oct. - March Oct. - March Oct. - March Oct. - Feb. Oct. - Feb. March

Natural Bridge 1997-1998 Sep. - March Oct. - March Sep. - March Oct. - Feb. Oct. - Feb. March

1998-1999 Sep. - March Oct. - March Sep. - March Oct. - Feb. Oct. - Feb. March - April

1999-2000 Sep. - March Oct. - March Sep. - March Oct. - Feb. Oct. - Feb. -

Mundora 1997-1998 Oct. - March Oct. - Feb. Oct. - March Nov. - Feb. Nov. - Feb. March

1998-1999 Oct. - Feb. Oct. - Feb. Oct. - Feb. Oct. - Feb. Oct. - Feb. -

1999-2000 Oct. - Feb. Oct. - Feb. Oct. - Feb. Oct. - Feb. Oct. - Feb. -



Appendix D continued

Species Site Year Males Females Calling males Gravid females Clutches Juveniles

M. fasciolatus Knoll NP 1998-1999 Oct. - March Nov. - March Oct. - March Nov. - March - Dec. - March

1999-2000 Oct. - March Oct. - March Oct. - March Oct. - Feb. - Oct. - March

Holt 1997-1998 Oct. - April Dec. - March Oct. – April Dec. - March - Sep. - April

1998-1999 Sep. - April Nov. - March Sep. - April Nov. - March - Sep. - April

1999-2000 Oct. - April Dec. - March Oct. – April Dec. - March - Sep. - April

Purling Brook 1998-1999 Sept. - March Sept. - March Sept. - March Sep. - Feb. - Sept. - March

1999-2000 Oct. - March Oct. - March Oct. - March Nov. - March - Nov. - March

M. fleayi Currumbin 1997-1998 Oct. - April Oct. - April Oct. - April Oct. - April - Oct. - March

1998-1999 Sep. - April Oct. - April Sep. - April Oct. - March - Sep. - April

1999-2000 Sep. - March Oct. - March Sep. - March Oct. - March - Sep. - March

Natural Bridge 1998-1999 Feb. - April - Feb. - April - - -

1999-2000 - - - - - -

Bundoomba 1997-1998 Sep. - April Oct. - March Sep. - April Nov. - March - Sep. - April

1998-1999 Sep. - April Oct. - March Sep. - April Nov. - March - Sep. - April
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Appendix E Field clutch size counts

Fresh clutch = clutch laid that night, older clutch = clutch laid in past couple of days, dissect =

female taken back to lab, dissected and eggs counted.

Species Site Altitude (m) Date Clutch size Notes

L. chloris Austinville 120 1997 1390 Older clutch

L. chloris Austinville 120 5/10/98 1600 Fresh clutch

L. chloris Austinville 120 5/10/98 1160 Older clutch

L. chloris Austinville 120 5/10/98 1340 Fresh clutch

L. chloris Austinville 120 9/12/98 970 Fresh clutch

L. chloris Austinville 120 7/11/99 970 Fresh clutch

L. chloris Austinville 120 7/11/99 1510 Fresh clutch

L. chloris Currumbin 160 6/10/99 1010 Fresh clutch

L. chloris Currumbin 160 6/10/99 1100 Fresh clutch

L. chloris Currumbin 160 7/11/99 1400 Fresh clutch

L. chloris Currumbin 160 7/11/99 1290 Fresh clutch

L. chloris Currumbin 160 7/11/99 930 Fresh clutch

L. chloris Mundora 800 1/10/98 700 Fresh clutch

L. chloris Mundora 800 1/10/98 1090 Older clutch

L. chloris Mundora 800 1/10/98 1005 Older clutch

L. chloris Mundora 800 1/10/98 920 Fresh clutch

L. chloris Mundora 800 1/10/98 750 Older clutch

L. chloris Mundora 800 15/2/99 1450 Dissect

L. chloris Mundora 800 7/11/99 900 Fresh clutch

L. chloris Mundora 800 7/11/99 1090 Fresh clutch

L. chloris Mundora 800 7/11/99 830 Fresh clutch

L. chloris Natural Bridge 250 14/1/99 1956 Dissect

L. chloris Natural Bridge 250 8/11/99 900 Fresh clutch

L. chloris Natural Bridge 250 8/11/99 1160 Fresh clutch

L. chloris Natural Bridge 250 8/11/99 1370 Fresh clutch

L. chloris Purling Brook 600 7/11/99 890 Fresh clutch

L. chloris Purling Brook 600 7/11/99 730 Fresh clutch

L. chloris Purling Brook 600 7/11/99 710 Fresh clutch

L. lesueuri Austinville 120 1997 1100 Older clutch

L. lesueuri Austinville 120 1997 1650 Fresh clutch

L. lesueuri Austinville 120 4/3/99 2021 Dissect

L. lesueuri Currumbin 160 5/4/99 3173 Dissect

L. lesueuri Purling Brook 2 600 14/12/98 3971 Dissect
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Species Site Altitude (m) Date Clutch Size Notes

L. lesueuri Purling Brook 2 600 8/3/99 1992 Dissect

L. lesueuri Tallebudgera Ck 110 1997 920 Older clutch

L. pearsoniana Austinville 120 1997 510 Older clutch

L. pearsoniana Austinville 120 5/10/98 310 Older clutch

L. pearsoniana Austinville 120 5/10/98 300 Fresh clutch

L. pearsoniana Austinville 120 5/10/98 540 Older clutch

L. pearsoniana Austinville 120 9/12/98 460 Dissect

 L. pearsoniana Austinville 120 9/12/98 430 Older clutch

L. pearsoniana Austinville 120 9/12/98 550 Older clutch

L. pearsoniana Austinville 120 7/11/99 540 Fresh clutch

L. pearsoniana Austinville 120 7/11/99 390 Fresh clutch

L. pearsoniana Currumbin 160 7/11/99 290 Fresh clutch

L. pearsoniana Currumbin 160 7/11/99 420 Fresh clutch

L. pearsoniana Currumbin 160 7/11/99 430 Fresh clutch

L. pearsoniana Mundora 800 15/2/99 673 Dissect

L. pearsoniana Mundora 800 7/11/99 396 Fresh clutch

L. pearsoniana Mundora 800 7/11/99 270 Fresh clutch

L. pearsoniana Mundora 800 1997 440 Fresh clutch

L. pearsoniana Mundora 800 19/10/98 710 Fresh clutch

L. pearsoniana Natural Bridge 250 24/2/99 444 Dissect

L. pearsoniana Natural Bridge 250 8/11/99 440 Fresh clutch

L. pearsoniana Natural Bridge 250 8/11/99 510 Fresh clutch

L. pearsoniana Natural Bridge 250 8/11/99 370 Fresh clutch

L. pearsoniana Purling Brook 600 7/11/99 290 Fresh clutch

L. pearsoniana Purling Brook 600 7/11/99 343 Fresh clutch

L. pearsoniana Purling Brook 600 7/11/99 376 Fresh clutch

M. fasciolatus Purling Brook 2 600 8/3/99 2669 Dissect

M. fleayi Bouloomba Ck 700 22/5/01 653 Dissect

M. fleayi Cunningham’s

Gap

500 21/9/99 1290 Dissect



 Appendix F

Appendix F(a) Specimen numbers and collection details of dissected museum

specimens from the Australian Museum (CM# = toe clip number,

AM# = specimen number).

CM# Species AM# Lat/Long Altitude (m) Date collected

766 L. chloris R37423 33 o 20'S/151 o 19'E 100 29-10-72

771 L. chloris R41364 30 o 28'S/152 o 32'E 180 01-01-74

747 L. chloris R103073 13 o 13'S/152 o 29'E 13-10-81

750 L. lesueuri R85290 29 o 51'S/152 o 39'E 300 27-12-67

789 L. lesueuri R85291 29 o 51'S/152 o 39'E 300 27-12-67

741 L. lesueuri R85366 28 o 27'S/152 o 32'E 460 08-01-48

744 L. lesueuri R85373 28 o 27'S/152 o 32'E 460 08-01-48

758 L. lesueuri R85399 28 o 27'S/152 o 32'E 460 08-01-48

806 L. lesueuri R85370 28 o 27'S/152 o 32'E 460 08-01-48

819 L. lesueuri R85371 28 o 27'S/152 o 32'E 460 08-01-48

820 L. lesueuri R85374 28 o 27'S/152 o 32'E 460 08-01-48

790 L. lesueuri R85312 17 o 47'S/145 o 34'E 760 12-02-67

769 M. fasciolatus R78773 33 o 20'S/151 o 19'E 100 17-02-73

807 M. fasciolatus R78772 33 o 20'S/151 o 19'E 100 17-02-73

773 M. fasciolatus R139040 28 o 24'S/153 o 01'E 200 30-03-92

805 M. fasciolatus R71403 31 o 42'S/152 o 40'E 220 22-02-78

804 M. fasciolatus R130939 28 o 28'S/152 o 40'E 480 Feb-88

810 M. fasciolatus R128276 30 o 13'S/152 o 54'E 520

816 M. fasciolatus R139300 30 o 09'S/152 o 43'E 600 03-03-93

768 M. fasciolatus R47880 21 o 10'S/148 o 24'E 800

796 M. fasciolatus R47879 21 o 10'S/148 o 24'E 800

814 M. fasciolatus R139502 29 o 10'S/152 o 26'E 800 27-03-92

788 M. iteratus R37388 33 o 22'S/151 o 22'E 40 17-10-72

797 M. iteratus R37389 33 o 22'S/151 o 22'E 40 17-10-72

817 M. iteratus R37390 33 o 22'S/151 o 22'E 40 17-10-72

778 M. iteratus R106751 30 o 28'S/152 o 32'E 180 Feb-83

800 M. iteratus R51033 30 o 28'S/152 o 32'E 180 04-02-74

815 M. iteratus R38334 30 o 28'S/152 o 32'E 180 13-04-73

813 M. iteratus R99379 33 o 43'S/150 o 36'E 220 Dec-68

794 M. iteratus R19039 28 o 28'S/152 o 40'E 480 07-12-62
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Appendix F(b) Specimen numbers and collection details of dissected museum

specimens from the Queensland Museum (CM# = toe clip number,

QM# = specimen number).

CM# Species QM# Lat/Long Altitude

(m)

Date

collected

688 L. chloris J17105 27.24/152.47 80 16-01-63

710 L. chloris J31381 27.2/152.46 100 05-01-74

707 L. chloris J35947 26.53/151.37 380 25-01-74

685 L. chloris J35925 28.12/153.11 450 09-11-76

694 L. chloris J43399 26.4/152.28 500 12-12-78

708 L. chloris J43410 26.4/152.28 500 12-12-78

682 L. chloris J35905 26.42/152.32 600 28-10-76

684 L. chloris J35932 26.42/152.32 600 28-10-76

704 L. chloris J35955 28.14/153.16 600 29-11-71

674 L. lesueuri J3946 16.56/145.42 20 31-12-87

675 L. lesueuri J3954 18.07/145.55 20 27-12-87

681 L. lesueuri J18549 28.21/153.21 20 13-10-62

672 L. lesueuri J3932 18.57/146.17 40 03-01-88

702 L. lesueuri J18557 28.17/153.15 40 17-11-61

671 L. lesueuri J18568 28.23/153.2 40 02-11-61

703 L. lesueuri J18556 28.17/153.17 60 17-11-61

706 L. lesueuri J18558 28.17/153.17 60 17-11-61

665 L. lesueuri J9315 17.53/146.06 80

670 L. lesueuri J3955 18.09/145.49 100 27-12-87

689 L. lesueuri J18555 27.2/152.46 100 04-12-64

701 L. lesueuri J18572 25.36/151.54 140 21-01-63

696 L. lesueuri J18569 27.32/152.58 200 18-09-61

691 L. lesueuri JI8581 28.26/152.47 200 31-03-62

667 L. lesueuri J9328 16.05/145.28 280 30-12-87

686 L. lesueuri J27540 26.53/151.37 380 28-02-79

676 L. lesueuri J3956 24.22/151.01 400

683 L. lesueuri J18546 17.16/145.29 540 10-02-63

690 L. lesueuri J27156 15.48/145.16 600 20-11-75

666 L. lesueuri J3967 21.11/148.33 600
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Appendix F(b)       continued

CM# Species QM# Lat/Long Altitude

(m)

Date

collected

611 L. lesueuri J9337 27.17/152.03 600

680 L. lesueuri J19023 16.41/145.2 800

695 L. lesueuri J25113 16.41/145.2 800

700 L. lesueuri J9363 17.31/145.37 800

677 L. lesueuri J9364 17.31/145.37 800

678 L. lesueuri J3953 18.07/145.55 800 27-12-87

698 L. lesueuri J9376 17.1/145.33 900 04-07-81

664 L. lesueuri J9341 17.28/145.4 1000

687 L. lesueuri J18594 28.36/153.05 1000 31-03-62

705 L. pearsoniana J10391 27.43/152.5 60

717 L. pearsoniana J40162 24.22/151.01 400 26-02-82

697 L. pearsoniana J57267 28.12/153.11 480 24-05-93

725 L. pearsoniana J52000 26.42/152.54 500 26-08-74

718 L. pearsoniana J26460 29.31/152.25 500 12-02-74

714 L. pearsoniana J26464 29.31/152.25 500 12-02-74

724 L. pearsoniana J34236 32.16/151.35 500 02-01-79

712 L. pearsoniana J30885 28.39/152.1 600 Mar-75

726 L. pearsoniana J52243 26.52/152.35 640 07-07-76

692 L. pearsoniana J52236 26.52/152.35 640 07-07-76

693 L. pearsoniana J52222 26.52/152.35 640 07-07-76

699 L. pearsoniana J52228 26.52/152.35 640 07-07-76

709 L. pearsoniana J52248 26.52/152.35 640 07-07-76

715 L. pearsoniana J52256 26.52/152.35 640 07-07-76

727 L. pearsoniana J52232 26.52/152.35 640 15-11-78

730 L. pearsoniana J31500 28.03/152.24 700 22-11-73

729 L. pearsoniana J31477 28.01/152.21 800 26-06-73

720 L. pearsoniana J26535 28.16/152.37 1000 1975

716 L. pearsoniana J26538 28.16/152.37 1000 1975

721 L. pearsoniana J26539 28.16/152.37 1000 1975

722 L. pearsoniana J35540 28.18/152.32 1000 15-09-74

713 M. fasciolatus J62247 25 o 22'/152 o 51' 20 28-12-76

737 M. fasciolatus J10658 27.2/152.46 60

723 M. fasciolatus J18848 27.2/152.46 60 15-02-70
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Appendix F(b)   continued

CM# Species QM# Lat/Long Altitude

(m)

Date

collected

731 M. fasciolatus J12260 27.2/152.46 60 13-02-64

733 M. fasciolatus J18849 27.2/154.46 60 15-02-70

728 M. fasciolatus J12311 27.24/152.47 120 19-02-64

732 M. fasciolatus J62263 27o53'30"/152 o

35'30"

150 26-11-75

734 M. fasciolatus J62243 27 o 21'30"/152 o

10'30"

600 12-03-74

735 M. fasciolatus J13270 28.21/152.42 650 01-03-65

719 M. fasciolatus J62246 21 o 10'30"/148 o

30'30"

700 12-01-76

736 M. iteratus J24523 28.08/153.14 150 17-07-74

739 M. iteratus J25996 28.08/153.14 150 17-07-74

740 M. iteratus J22951 26.39/152.39 500 14-01-73

738 M. iteratus J30703 28.39/152.1 600 Mar-75



 Appendix G

Appendix G Tadpole experiment site locations and descriptions

Site Lat/Long Altitude (m) Basic Stream Description*

Austinville 28o10’46” S/153 o18’16” E 100 Slow flowing, wide with deep

pools

Currumbin 28 o14’36” S/153 o21’06” E 160 Fairly fast flowing, narrow with

deep pools

Mundora 28 o13’28” S/153 o17’02” E 800 Fairly fast flowing, narrow with

deep pools

Natural Bridge 28 o13’58” S/153 o14’36” E 250 Fairly fast flowing, wide with deep

pools

Purling Brook 28 o11’30” S/153 o16’12” E 600 Fairly fast flowing, wide with deep

pools

Tallebudgera 28 o13’05” S/153 o19’05” E 110 Fairly fast flowing, narrow with

deep pools

Eejung Ck 28o13’40”S/153o16’50”E 780 Fairly fast flowing, narrow with

deep pools

Rush Ck 28o13’30”S/153o16’00”E 650 Fairly fast flowing, narrow with

deep pools

* during heavy rains and floods, all streams become extremely fast flowing



 Appendix H

Appendix H pH and dissolved oxygen (DO) levels within and between sites

Two-factor ANOVA of pH levels within and between sites in tadpole study

Source SS df MS F Sig

Corrected model 1.141 71 0.0161 1.293 0.098

Intercept 10249.27 1 10249.27 824862.64 0.000

Site 0.146 7 0.0209 1.678 0.119

Week 0.199 8 0.0249 2.011 0.081

Site*Week 0.796 56 0.0142 0.041 0.312

Error 1.789 144 0.0124

Total 10252.19 216

Two-factor ANOVA of DO levels within and between sites in tadpole study

Source SS df MS F Sig

Corrected model 28.395 71 0.400 1.190 0.191

Intercept 25968.55 1 25968.55 77243.26 0.000

Site 1.925 7 0.275 0.818 0.574

Week 2.803 8 0.350 1.042 0.407

Site*Week 23.666 56 0.423 1.257 0.142

Error 48.412 144 0.336

Total 26045.36 216
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Appendix I  Paraffin processing methods – Tissue Tek VIP Processor

Station Solution Time Temperature

1 10% formal saline 1 hr 37oC

2 70% ethanol 40 mins 37oC

3 95% ethanol 40 mins 37oC

4 100% ethanol 40 mins 37oC

5 100% ethanol 55 mins 37oC

6 100% ethanol 55 mins 37oC

7 100% ethanol 55 mins 37oC

8 Xylene 55 mins 37oC

9 Xylene 25 mins 37oC

10 Xylene 25 mins 37oC

11 Wax 1 hr 60oC

12 Wax 1 hr 60oC

13 Wax 1 hr 60oC

14 Wax 1 hr 60oC

The total process time is 11 hours and 30 minutes.
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Appendix J Staining protocol for skeletochronology specimens

Step Solution Time

1 Xylene 2 mins

2 100% ethanol 2 mins

3 100% ethanol 2 mins

4 90% ethanol 2 mins

5 70% ethanol 2 mins

6 Running water 2 mins

7 Erlich’s haematoxylin 40 mins

8 Tap water 2 mins

9 Aquamount mountant -
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Appendix K  Comparisons of population age structures between years

Kruskal-Wallis comparisons of age structures of each population/species from different years. *KNP

and P.Brook populations of M. fasciolatus were only surveyed in 2 years, therefore were analysed using

Mann-Whitney test instead of Kruskal-Wallis. ** = Mann-Whitney U statistic.

Males Females

Species Site χχχχ2 df p χχχχ2 df p

L. chloris Austinville 0.525 2 0.769 4.109 2 0.130

Currumbin 0.211 2 0.890 5.811 2 0.060

N. Bridge 2.812 2 0.201 1.386 2 0.501

Mundora 1.203 2 0.608 0.786 2 0.633

L. pearsoniana Austinville 2.773 2 0.250 2.011 2 0.410

Currumbin 1.861 2 0.363 0.575 2 0.750

N. Bridge 0.201 2 0.870 0.209 2 0.902

Mundora 1.399 2 0.510 2.868 2 0.199

M. fleayi Curumbin 0.408 2 0.861 4.591 2 0.101

M. fasciolatus Holt Park 0.591 2 0.704 5.112 2 0.080

KNP* 5.00** 1 0.260 3.00** 1 0.411

P. Brook* 4.00** 1 0.313 5.00** 1 0.260
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Appendix L SUL of recaptured and non-recaptured individuals of all species

SUL (in mm, mean ± 1 S.D) of recaptured (SUL recap) and non-recaptured (SUL non) individuals of

all species at all sites in all years. Nr = number of individuals recaptured at least once in the following

years. Nt = number of individuals captured that year. D = SUL of recaptured minus non-recaptured

individuals.

Species Site Year Sex Nr/Nt SUL all SUL recap SUL non D

L. chloris Austinville 1997-98 M 10/16 52.1±2.8 51.8±2.7 52.7±3.9 -0.9

F 1/3 65.4±2.6 66.4 64.9±2.2 1.5

1998-99 M 9/34 52.7±2.5 53.2±2.8 52.5±2.3 0.7

F 0/2 61.4±0.9 61.4±0.9 -

Currumbin 1997-98 M 8/18 57.9±2.5 57.5±2.6 58.5±2.5 -1.0

F 1/4 64.8±3.3 63.9 65.0±2.6 -1.1

1998-99 M 15/33 55.4±2.9 56.3±3.9 54.7±2.2 1.6

F 1/6 63.9±2.9 63.0 64.8±2.9 -1.8

N. Bridge 1997-98 M 1/15 58.7±3.4 60.8±2.3 58.2±3.4 2.6

F 0/3 63.4±2.9 - 63.4±2.9 -

1998-99 M 10/22 53.9±2.8 54.1±3.2 53.8±2.4 0.3

F 2/10 64.1±2.8 63.7±2.2 65.2±2.3 -1.5

Mundora 1997-98 M 2/8 58.1±3.2 57.9±1.1 58.2±3.8 -0.3

F 1/2 69.0±1.4 67.9 69.9 2.0

1998-99 M 8/22 57.4±3.1 58.7±2.8 56.5±3.0 2.2

F 0/2 69.2±2.1 - 69.2±2.1 -

L. lesueuri Austinville 1997-98 M 4/23 38.3±2.5 37.4±1.9 38.5±2.4 -0.9

F 9/34 57.2±3.9 56.5±3.1 57.5±4.2 -1.0

1998-99 M 5/12 39.9±1.8 39.1±1.9 40.5±2.1 -1.4

F 3/14 58.8±3.1 60.5±1.9 58.3±3.3 2.2

Cedar 1997-98 M 3/21 37.3±2.8 41.3±2.2 36.6±2.9 4.7

F 1/7 56.2±2.7 57.2 55.9±3.1 1.3

1998-99 M 5/13 37.9±2.1 37.5±2.0 39.7±1.9 -2.2

F 1/8 55.7±4.1 53.4 56.0±3.8 -2.6
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Species Site Year Sex Nr/Nt SUL all SUL recap SUL non D

L. lesueuri Tallebudgera 1997-98 M 3/19 38.7±2.1 35.6±1.9 39.3±1.9 -3.7

F 1/8 60.3±2.8 60.8 60.2±2.7 0.6

1998-99 M 2/11 37.6±3.2 40.5±1.6 36.9±2.8 3.6

F 0/4 61.2±0.5 - 61.2±0.5 -

Currumbin 1997-98 M 9/16 41.8±1.8 42.2±1.8 41.4±0.9 0.8

F 3/25 58.2±5.9 60.9±2.1 57.8±4.7 3.1

1998-99 M 5/10 40.3±1.9 40.1±1.9 40.5±1.9 -0.4

F 1/7 58.3±4.5 52.0 59.4±2.1 -7.4

P. Brook 1998-99 M 11/26 39.2±3.1 40.1±3.9 38.6±3.9 1.5

F 1/10 59.9±3.4 57.2 60.1±3.7 -2.9

M. fasc. Holt Park 1997-98 M 12/17 63.2±1.8 63.1±1.8 63.5±2.0 -0.4

F 0/1 78.1 - 78.1 -

1998-99 M 10/14 65.5±3.3 68.5±1.5 63.3±2.3 5.2

F 1/4 77.4±5.0 79.1 76.8±5.1 2.3

KNP 1998-99 M 25/34 67.3±2.2 67.5±1.7 66.8±3.4 0.7

F 3/18 72.5±5.4 75.7±5.7 71.8±5.4 3.9

P. Brook 1998-99 M 14/56 64.3±3.7 63.5±3.3 64.4±4.0 -0.9

F 4/30 74.9±6.2 72.1±5.7 77.0±6.3 -4.9

M. fleayi Currumbin 1997-98 M 15/24 62.6±4.7 62.0±5.1 63.9±3.6 -1.9

F 1/3 69.7±4.6 71.6 68.8±6.0 2.8

1998-99 M 10/18 60.9±8.6 64.8±3.9 56.1±10.6 8.7

F 1/6 74.5±1.2 74.3 74.5±1.3 -0.2
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Appendix M Summary of program RELEASE goodness-of-fit tests for

annual survival and recapture rates for each population

studied

Species Site χχχχ2 Df P

L. chloris Austinville 0.1075 1 0.7426

Currumbin 0.2389 1 0.6250

N. Bridge 1.5816 1 0.2085

Mundora 0.1984 1 0.6560

L. lesueuri Austinville 3.0432 1 0.0811

Tallebudgera 0.0940 1 0.7592

Currumbin 0.3593 1 0.5849

Cedar Ck 0.9000 1 0.3428

N. Bridge 0.5986 1 0.4391

P. Brook*

L. pearsoniana Austinville† 0.0000 0 1.0000

Currumbin† 0.0000 0 1.0000

N. Bridge† 0.0000 0 1.0000

Mundora† 0.0000 0 1.0000

M. fasciolatus KNP*

Holt Park 0.9000 1 0.3428

P. Brook*

M. fleayi Currumbin 0.0089 1 0.9250

* These populations could not be tested as they were only surveyed for 2 years hence did not fit

the CJS
†  Insufficient data due to absence of recaptures between years
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Appendix N MARK Analysis of deviance of annual mark-recapture data

For each population the following data will be provided. A Maximum likelihood

estimates of the deviance of models incorporating parameters for survival (φ) and

recapture (P) probabilities as a function of sex (g) and time (t). The minimum adequate

model is chosen by minimizing Aikake’s Information Criteria (AIC) and is marked in

boldface. B Likelihood ratio tests of the effects of sex and time on survival and recapture

probabilities.

L. chloris at Austinville

A

Model AICc AICc weight np Deviance

(1) φφφφ, P (t) 44.616 0.37743 3 2.572

(2) φ (g), P (t) 45.274 0.27161 4 0.914

(3) φ (g*t), P 47.681 0.08152 5 0.914

(4) φ, P (g*t) 47.681 0.08152 5 0.914

(5) φ (g), P (g*t) 47.681 0.08152 5 0.914

(6) φ (g*t), P (g*t) 50.185 0.02331 6 0.914

(7) φ,  P 57.164 0.00071 2 17.351

(8) φ, P (g) 58.203 0.00042 3 16.159

(9) φ (g), P (g) 58.203 0.00042 3 16.159

B

Effect Comparison df χχχχ2 P-value

φ (t) 5 v 6 1 1.658 0.1979

φ (g) 1 v 2 1 1.658 0.1979

P (t) 1 v 7 1 14.779 0.0001

4 v 8 2 15.245 < 0.0001

P (g) 1 v 4 2 1.658 0.4365

7 v 8 1 1.192 0.2749
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L. chloris at Currumbin
A

Model AICc AICc weight np Deviance
(1) φφφφ, P (t) 59.142 0.36909 3 1..440
(2) φ (g*t), P (g*t) 61.299 0.12553 4 1.334
(3) φ (g*t), P 61.299 0.12553 4 1.334
(4) φ (g*t), P (g) 61.299 0.12553 4 1.334
(5) φ, P (g*t) 61.299 0.12553 4 1.334
(6) φ (g), P (g*t) 61.299 0.12553 4 1.334
(7) φ, P 70.302 0.00139 2 14.794
(8) φ, P (g) 71.915 0.00062 3 14.213
(9) φ (g), P (g) 71.915 0.00062 3 14.213
(10) φ (g), P 71.915 0.00062 3 14.213

B

Effect Comparison df χχχχ2 P-value
φ (t) 3 v 10 1 12.879 0.0003

4 v 9 1 12.879 0.0003
φ (g) 7 v 10 1 0.581 0.4459
P (t) 1 v 7 1 13.354 0.0003

6 v 9 1 12.879 0.0003
5 v 8 1 12.879 0.0003

P (g) 1 v 5 1 0.106 0.7447
 7 v 8 1 0.581 0.4459

L. chloris at Natural Bridge
A

Model AICc AICc weight np Deviance
(1) φφφφ (g*t), P 46.086 0.17144 5 1.381
(2) φ (t), P 46.145 0.16645 3 6.345
(3) φ, P 47.158 0.10030 2 9.644
(4) φ, P (g*t) 48.399 0.05393 5 3.694
(5) φ (g), P (t) 48.532 0.05046 4 6.339
(6) φ (t), P (g) 48.532 0.05046 4 6.339
(7) φ (g), P (g*t) 48.722 0.04589 6 1.381
(8) φ (g), P 48.728 0.04575 3 8.928
(9) φ,  P (g) 48.728 0.04575 3 8.928
(10) φ (g*t), P (g*t) 51.494 0.01148 7 1.381

B

Effect Comparison df χχχχ2 P-value
φ (t) 2 v 3 1 3.299 0.0693

1 v 8 2 7.547 0.0230
6 v 9 1 2.589 0.1076

φ (g) 1 v 2 2 4.964 0.0836
4 v 7 1 2.313 0.1283

P (t) 4 v 9 2 5.234 0.0730
5 v 8 1 2.589 0.1076

P (g) 3 v 9 1 0.716 0.3975
5 v 7 1 4.958 0.0838
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L. chloris at Mundora
A

Model AICc AICc weight np Deviance
(1) φφφφ, P 24.681 0.35321 2 2.924
(2) φ (g), P 26.305 0.15681 3 2.135
(3) φ, P (g) 26.305 0.15681 3 2.135
(4) φ (g*t), P 26.955 0.11330 4 0.205
(5) φ, P (g*t) 26.955 0.11330 4 0.205
(6) φ (g), P (g) 28.884 0.04319 4 2.135
(7) φ (g*t), P (g) 29.718 0.02846 5 0.205
(8) φ (g), P (g*t) 29.718 0.02846 5 0.205
(9) φ (g*t), P (g*t) 32.686 0.00645 6 0.205

B

Effect Comparison df χχχχ2 P-value
φ (t) 2 v 4 1 1.930 0.1648
φ (g) 1 v 2 1 0.789 0.3744
P (t) 3 v 5 1 1.930 0.1648
P (g) 1 v 3 1 0.789 0.3744

L. lesueuri at Austinville
A

Model AICc AICc weight np Deviance
(1) φφφφ, P 89.806 0.39901 2 7.779
(2) φ, P (g) 91.704 0.15447 3 7.526
(3) φ (g*t), P 92.062 0.12915 5 3.422
(4) φ, P (g*t) 92.461 0.10579 5 3.821
(5) φ (g*t), P (g*t) 93.828 0.05341 6 2.870
(6) φ (g*t), P (g) 93.828 0.05341 6 2.870
(7) φ (g), P (g*t) 93.828 0.05341 6 2.870
(8) φ (g), P (g) 93.907 0.05134 4 7.526

B

Effect Comparison df χχχχ2 P-value
φ (t) 6 v 8 2 4.656 0.0975
φ (g) 4 v 7 1 0.951 0.3295
P (t) 2 v 4 2 3.705 0.1568

7 v 8 2 4.656 0.0975
P (g) 1 v 2 1 0.253 0.6150

3 v 6 1 0.552 0.4575
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L. lesueuri at Tallebudgera
A

Model AICc AICc weight np Deviance
(1) φφφφ, P 42.507 0.37235 2 1.765
(2) φ (t), P 44.443 0.14143 3 1.386
(3) φ, P (t) 44.443 0.14143 3 1.386
(4) φ (g), P 44.821 0.11708 3 1.763
(5) φ, P (g) 44.822 0.11702 3 1.765
(6) φ (g) , P (t) 46.880 0.04182 4 1.386
(7) φ (g), P (g) 47.285 0.03462 4 1.763
(8) φ, P (g*t) 49.358 0.01211 5 1.294
(9) φ (g*t), P (g*t) 52.010 0.00322 6 1.235

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 2 1 0.379 0.5381
φ (g) 1 v 4 1 0.002 0.9643

5 v 7 1 0.002 0.9643
P (t) 1 v 3 1 0.379 0.5381
P (g) 3 v 8 2 0.092 0.9550

4 v 6 1 0.377 0.5392

L. lesueuri at Currumbin
A

Model AICc AICc weight np Deviance
(1) φφφφ, P (g) 71.677 0.53146 3 1.868
(2) φ (g), P (g) 73.903 0.17462 4 1.790
(3) φ, P (g*t) 75.174 0.09249 5 0.670
(4) φ, P 75.806 0.06743 2 8.219
(5) φ (g*t), P 76.445 0.04899 5 1.941
(6) φ (g*t), P (*tg) 77.537 0.02838 6 0.549
(7) φ (g), P (g*t) 77.537 0.02838 6 0.549
(8) φ (g*t), P (g) 77.546 0.02825 6 0.558

B

Effect Comparison df χχχχ2 P-value
φ (t) 2 v 8 2 1.232 0.5401
φ (g) 1 v 2 1 0.078 0.7800

3 v 7 1 0.121 0.7280
P (t) 1 v 3 2 1.198 0.5494

2 v 7 2 1.241 0.5377
P (g) 1 v 4 1 6.351 0.0117

5 v 8 1 1.383 0.2396
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L. lesueuri at Cedar Ck
A

Model AICc AICc weight np Deviance
(1) φφφφ, P 41.909 0.37881 2 3.640
(2) φ (g), P 43.393 0.18037 3 2.879
(3) φ, P (g) 43.468 0.17374 3 2.954
(4) φ (g), P (g) 45.729 0.05609 4 2.879
(5) φ (g*t), P 45.988 0.04928 5 0.703
(6) φ (g*t), P (g) 45.988 0.04928 5 0.703
(7) φ, P (g*t) 45.988 0.04928 5 0.703
(8) φ (g), P (g*t) 45.988 0.04928 5 0.703
(9) φ (g*t), P (g*t) 48.525 0.01386 6 0.703

B

Effect Comparison df χχχχ2 P-value
φ (t) 4 v 6 1 2.176 0.1402
φ (g) 1 v 2 1 0.761 0.3830

3 v 4 1 0.075 0.7842
P (t) 4 v 8 1 2.176 0.1402
P (g) 1 v 3 1 0.686 0.4075

L. lesueuri at Natural Bridge
A

Model AICc AICc weight np Deviance
(1) φφφφ (t), P 19.444 0.54603 3 3.139
(2) φ, P 21.248 0.22155 2 8.410
(3) φ (g), P 24.256 0.04924 3 7.951
(4) φ, P (g) 24.256 0.04924 3 7.951
(5) φ (g), P (g) 24.256 0.04924 3 7.951
(6) φ (g*t), P 27.395 0.01025 5 1.185
(7) φ, P (g*t) 27.797 0.00838 5 1.588
(8) φ (g*t), P (g) 34.823 0.00025 6 1.185
(9) φ (g), P (g*t) 34.823 0.00025 6 1.185
(10) φ (g*t), P (g*t) 45.223 0.00000 7 1.185

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 2 1 5.271 0.0217
φ (g) 2 v 4 1 0.459 0.4981

8 v 10 1 0.403 0.5258
P (t) 5 v 8 1 6.363 0.0415
P (g) 2 v 5 1 0.459 0.4981
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M. fasciolatus at Holt Park
A

Model AICc AICc weight np Deviance
(1) φφφφ (g), P 46.515 0.17415 3 1.525
(2) φ, P (g) 46.515 0.17415 3 1.525
(3) φ, P 47.733 0.09472 2 5.241
(4) φ (t), P (g) 48.238 0.07358 4 0.541
(5) φ (g*t), P (g) 48.238 0.07358 4 0.541
(6) φ (g), P (t) 48.344 0.06979 4 0.646
(7) φ (g), P (g*t) 48.344 0.06979 4 0.646
(8) φ (g*t), P (g*t) 51.180 0.01690 5 0.541
(9) φ (g*t), P 51.180 0.01690 5 0.541
(10) φ, P (g*t) 51.286 0.01603 5 0.646

B

Effect Comparison df χχχχ2 P-value
φ (t) 2 v 4 1 0.984 0.3212
φ (g) 1 v 3 1 3.716 0.0539
P (t) 1 v 6 1 0.879 0.3485
P (g) 2 v 3 1 3.716 0.0539

M. fleayi at Currumbin
A

Model AICc AICc weight np Deviance
(1) φφφφ, P 95.073 0.54880 2 3.334
(2) φ, P (g) 96.854 0.22526 3 2.879
(3) φ (g), P (g) 98.998 0.07711 4 2.701
(4) φ, P (g*t) 99.592 0.05730 5 0.880
(5) φ (g*t), P 100.192 0.04245 5 1.479
(6) φ (g*t), P (g*t) 102.087 0.01646 6 0.860
(7) φ (g), P (g*t) 102.087 0.01646 6 0.860
(8) φ (g*t), P (g) 102.122 0.01617 6 0.895

B

Effect Comparison df χχχχ2 P-value
φ (t) 3 v 8 2 1.806 0.4004
φ (g) 2 v 3 1 0.178 0.6731

4 v 7 1 0.020 0.8875
P (t) 2 v 4 2 1.999 0.3681

3 v 7 2 1.841 0.3983
P (g) 1 v 2 1 0.455 0.5000

5 v 8 1 0.584 0.4484
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Appendix O Summary of program RELEASE goodness-of-fit tests for

monthly survival and recapture rates for each population

studied

Species Site Year χχχχ2 Df P

L. chloris Austinville 1997 0.1524 1 0.6963

1998 0.8333 1 0.3613

1999* 0 0 1

Currumbin 1997 0.7500 1 0.3685

1998 1.3822 1 0.7097

1999* 0 0 1

N. Bridge 1997 1.6873 1 0.1951

1998 2.250 1 0.1336

1999* 0 0 1

Mundora 1997 0.9717 1 0.8081

1998 0.4667 1 0.4945

1999* 0 0 1

L. lesueuri Austinville 1997 0.4612 1 0.4971

1998 0.9362 1 0.3333

1999* 0 0 1

Tallebudgera 1997 0.3390 1 0.5604

1998* 0 0 1

1999* 0 0 1

Currumbin 1997 1.6443 1 0.8008

1998 1.3333 1 0.2482

1999* 0 0 1

Cedar Ck 1997 0.1235 1 0.7253

1998 0.1633 1 0.6862

1999 2.3751 1 0.0980

N. Bridge 1997 0.4444 1 0.5050

1998* 0 0 1

1999* 0 0 1

1999 0.8333 1 0.3613

P. Brook 1998 1.5831 1 0.8118

1999 0.8333 1 0.3613
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Species Site Year χχχχ2 Df P

L. pearsoniana Austinville 1997 0.1633 1 0.6862

1998 0 0 1

1999* 0 0 1

Currumbin 1997* 0 0 1

1998 0.0309 1 0.8605

1999* 0 0 1

N. Bridge 1997 3.733 1 0.0533

1998* 0 0 1

1999* 0 0 1

Mundora 1997 1.2000 1 0.2733

1998 0.1406 1 0.7077

1999* 0 0 1

M. fasciolatus KNP 1998 0.9333 1 0.3340

1999 1.4671 1 0.2258

Holt Park 1997 3.0000 1 0.0833

1998 0.1633 1 0.6862

1999* 0 0 1

P. Brook 1998 1.1146 3 0.7736

1999 0.9362 1 0.3333

M. fleayi Currumbin 1997 2.0000 1 0.1573

1998 0.4444 1 0.5050

1999* 0 0 1

* indicates data sets where there are insufficient data to analyse
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Appendix P MARK Analysis of deviance of within year mark-

recapture data

For each population the following data will be provided. A Maximum likelihood

estimates of the deviance of models incorporating parameters for survival (φ) and

recapture (P) probabilities as a function of sex (g) and time (t). The minimum adequate

model is chosen by minimizing Aikake’s Information Criteria (AIC) and is marked in

boldface. B Likelihood ratio tests of the effects of sex and time on survival and recapture

probabilities.

L. chloris at Austinville 1997

A

Model AICc AICc weight np Deviance
(1) φφφφ, P (t) 20.057 0.49282 3 0.276
(2) φ, P 21.551 0.23349 2 4.847
(3) φ (g*t), P (g*t) 23.417 0.09185 4 0.000
(4) φ (g), P 24.364 0.05720 3 4.584
(5) φ, P (g) 24.364 0.05720 3 4.584
(6) φ (g) , P (g) 24.364 0.05720 3 4.584
(7) φ (t), P 28.264 0.00814 4 4.847
(8) φ (g*t), P 32.364 0.00105 5 4.584
(9) φ (g*t), P (g) 32.364 0.00105 5 4.584

B

Effect Comparison df χχχχ2 P-value
φ (t) 7 v 8 1 0.263 0.6081
φ (g) 2 v 4 1 0.263 0.6081
P (t) 1 v 2 1 4.571 0.0325
P (g) 2 v 5 1 0.263 0.6081
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L. chloris at Austinville 1998
A

Model AICc AICc weight np Deviance
(1) φφφφ, P (t) 56.844 0.55523 7 3.922
(2) φ (t), P (t) 58.644 0.22574 8 2.898
(3) φ (g), P (g*t) 59.668 0.13528 8 3.922
(4) φ (g*t), P (g*t) 61.606 0.05134 9 2.898
(5) φ, P (g*t) 62.630 0.03076 9 3.922
(6) φ (t) , P 69.332 0.00108 6 19.105
(7) φ (g*t), P 72.028 0.00028 7 19.105
(8) φ, P 79.086 0.00001 2 38.517
(9) φ (g), P 80.763 0.00000 3 37.935
(10) φ, P (g) 80.763 0.00000 3 37.935

B
Effect Comparison df χχχχ2 P-value
φ (t) 6 v 9 4 19.412 0.0007
φ (g) 9 v 10 1 0.582 0.4455
P (t) 1 v 9 5 34.595 < 0.0001
P (g) 8 v 10 1 0.582 0.4455

L. chloris at Currumbin 1997

A

Model AICc AICc weight np Deviance
(1) φφφφ, P (t) 37.916 0.46297 2 7.004
(2) φ (g), P 39.837 0.17718 3 6.262
(3) φ, P (g) 39.837 0.17718 3 6.262
(4) φ (g), P (t) 48.486 0.00235 7 0.707
(5) φ, P (t) 48.729 0.00208 7 0.950
(6) φ (t) , P 51.500 0.00052 7 3.721
(7) φ (g*t), P (g*t) 53.305 0.00021 8 0.707
(8) φ (g*t), P 56.076 0.00005 8 3.478
(9) φ (t), P (t) 59.108 0.00001 9 0.950
(10) φ, P (g*t) 73.019 0.00000 11 0.707

B

Effect Comparison df χχχχ2 P-value
φ (t) 2 v 8 5 2.784 0.7332
φ (g) 1 v 2 1 0.742 0.3890
P (t) 6 v 9 2 2.771 0.2502
P (g) 1 v 3 1 0.742 0.3890



 Appendix P

L. chloris at Currumbin 1998

A

Model AICc AICc weight np Deviance
(1) φφφφ (g), P (t) 95.811 0.61591 9 24.073
(2) φ, P (t) 96.780 0.39740 8 27.682
(3) φ (t), P (t) 106.081 0.00363 13 22.843
(4) φ, P (g*t) 109.579 0.00063 14 23.205
(5) φ (g*t), P (g*t) 112.830 0.00012 16 19.828
(6) φ (t), P 113.598 0.00008 8 44.500
(7) φ (t), P (g) 114.050 0.00007 9 42.313
(8) φ (g), P 122.714 0.00000 3 65.613
(9) φ, P (g) 123.713 0.00000 3 66.612
(10) φ, P 124.510 0.00000 2 69.594

B

Effect Comparison df χχχχ2 P-value
φ (t) 2 v 3 5 4.839 0.4358

7 v 9 6 24.299 0.0005
φ (g) 1 v 2 1 3.609 0.0575

9 v 10 1 3.981 0.0460
P (t) 1 v 8 6 41.540 < 0.0001

3 v 6 5 21.657 0.0006
P (g) 6 v 7 1 2.187 0.1392

9 v 10 1 2.982 0.0842

L. chloris at Natural Bridge 1997

A

Model AICc AICc weight np Deviance
(1) φφφφ, P 38.523 0.41249 2 3.260
(2) φ (g), P 40.300 0.16965 3 2.243
(3) φ, P (g) 40.300 0.16965 3 2.243
(4) φ, P (t) 44.309 0.02286 4 3.086
(5) φ (t), P 44.483 0.02095 4 3.260
(6) φ (g), P (t) 46.820 0.00651 5 1.977
(7) φ (g*t), P 47.085 0.00570 5 2.243
(8) φ (t), P (g) 47.085 0.00570 5 2.243
(9) φ, P (g*t) 50.995 0.00081 6 1.977
(10) φ (g*t), P (g*t) 55.867 0.00007 7 1.977

B

Effect Comparison df χχχχ2 P-value
φ (t)
φ (g) 1 v 2 1 1.017 0.3132

4 v 6 1 1.109 0.2923
P (t) 1 v 4 2 0.174 0.9167
P (g) 1 v 3 1 1.017 0.3132

5 v 8 1 1.017 0.3132
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L. chloris at Natural Bridge 1998

A

Model AICc AICc weight np Deviance
(1) φφφφ (g), P 50.538 0.13439 3 26.850
(2) φ, P (g) 50.540 0.13450 3 26.861
(3) φ (g), P (t) 50.744 0.12124 8 12.941
(4) φ (g), P (g*t) 50.744 0.12124 8 12.941
(5) φ (t), P (g) 51.206 0.09623 7 16.591
(6) φ (g*t), P (g) 51.206 0.09623 7 16.591
(7) φ, P 53.668 0.02810 2 32.332
(8) φ (t), P 54.472 0.01880 6 22.845
(9) φ, P (t) 54.621 0.01745 7 20.005
(10) φ (g*t), P (g*t) 58.532 0.00247 11 9.751

B

Effect Comparison df χχχχ2 P-value
φ (t) 2 v 5 4 10.259 0.0363

7 v 8 4 9.487 0.0500
φ (g) 1 v 7 1 5.482 0.0192
P (t) 1 v 3 5 13.909 0.0162

7 v 9 5 12.327 0.0306
P (g) 2 v 7 1 5.482 0.0192

L. chloris at Mundora 1997

A

Model AICc AICc weight np Deviance
(1) φφφφ, P 34.769 0.33203 2 5.663
(2) φ (g), P 35.659 0.21277 3 3.085
(3) φ, P (g) 35.659 0.21277 3 3.085
(4) φ, P (t) 41.504 0.01145 4 4.598
(5) φ (t), P 42.569 0.00672 4 5.663
(6) φ (g), P (t) 44.182 0.00300 5 1.704
(7) φ (g*t), P 45.564 0.00150 5 3.085
(8) φ (t), P (g) 45.564 0.00150 5 3.085
(9) φ (g*t), P (g*t) 51.436 0.00008 6 1.530
(10) φ, P (g*t) 62.011 0.00000 7 1.704

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 5 2 1.381 0.5013
φ (g) 1 v 2 1 2.578 0.1084

4 v 6 1 2.894 0.0889
P (t) 1 v 4 2 1.065 0.5871

2 v 6 2 1.381 0.5013
P (g) 1 v 3 1 2.578 0.1084

5 v 8 1 2.578 0.1084
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L. chloris at Mundora 1998

A

Model AICc AICc weight np Deviance
(1) φφφφ, P 50.886 0.30141 2 19.453
(2) φ (g), P 51.549 0.21636 3 17.703
(3) φ, P (g) 51.549 0.21636 3 17.703
(4) φ, P (t) 55.717 0.02692 7 10.363
(5) φ (g), P (t) 57.560 0.01071 8 8.754
(6) φ (g), P (g*t) 57.560 0.01071 8 8.754
(7) φ (t), P 63.139 0.00066 7 17.785
(8) φ (t), P (g) 65.377 0.00022 8 16.570
(9) φ (g*t),  P (g) 65.377 0.00022 8 16.570
(10) φ (g*t), P (g*t) 82.896 0.00000 14 5.744

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 7 5 1.668 0.8929

3 v 8 5 1.133 0.9511
φ (g) 1 v 2 1 1.750 0.1859

4 v 5 1 1.609 0.2046
P (t) 1 v 4 5 9.090 0.1055

2 v 5 5 8.949 0.1111
P (g) 1 v 3 1 1.750 0.1859

7 v 8 1 1.215 0.2703

L. lesueuri at Austinville 1997
A

Model AICc AICc weight np Deviance
(1) φφφφ, P (t) 44.299 0.69131 4 3.704
(2) φ, P 47.792 0.12055 2 11.877
(3) φ, P (g) 49.247 0.05824 3 11.046
(4) φ (g), P 49.882 0.04240 3 11.681
(5) φ (t), P 50.345 0.03364 4 9.750
(6) φ, P (g*t) 50.945 0.02492 7 2.430
(7) φ (g), P (g*t) 53.221 0.00799 8 1.789
(8) φ (g*t), P 56.591 0.00148 7 8.077
(9) φ (g*t),  P (g) 57.717 0.00084 8 6.285
(10) φ (g*t), P (g*t) 59.192 0.00040 10 1.438

B

Effect Comparison df χχχχ2 P-value
φ (t) 2 v 5 2 2.127 0.3432

4 v 9 4 3.604 0.4622
φ (g) 2 v 4 1 0.196 0.6580

6 v 7 1 0.641 0.4234
P (t) 1 v 2 2 8.173 0.0168

3 v 6 4 8.616 0.0714
P (g) 2 v 3 1 0.831 0.3620

8 v 9 1 1.792 0.1807
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L. lesueuri at Austinville 1998
A

Model AICc AICc weight np Deviance
(1) φφφφ, P 38.210 0.37650 2 19.886
(2) φ (g), P 38.590 0.31135 3 17.767
(3) φ, P (g) 39.992 0.15446 3 19.169
(4) φ (g), P (g) 40.114 0.14532 4 16.585
(5) φ, P (t) 45.167 0.01162 7 11.970
(6) φ (t), P 50.592 0.00077 7 17.395
(7) φ (g*t), P 65.030 0.00000 11 13.637
(8) φ, P (g*t) 71.589 0.00000 13 7.459
(9) φ (g*t), P (g*t) 87.002 0.00000 15 6.216

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 6 5 2.491 0.7779

2 v 7 8 4.130 0.8492
φ (g) 1 v 2 1 2.119 0.1455

3 v 4 1 2.584 0.1080
P (t) 1 v 5 5 7.916 0.1609

3 v 8 10 11.710 0.3049
P (g) 1 v 3 1 0.717 0.3971

2 v 4 1 1.182 0.2770

L. lesueuri at Tallebudgera 1997
A

Model AICc AICc weight np Deviance
(1) φφφφ (g), P 20.161 0.44812 2 2.780
(2) φ, P 21.632 0.21477 2 4.252
(3) φ, P (g) 22.824 0.11834 3 2.780
(4) φ, P (t) 25.965 0.02461 4 2.962
(5) φ (t), P 27.254 0.01292 4 4.252
(6) φ (g), P (t) 27.713 0.01027 5 1.403
(7) φ (g*t), P 29.090 0.00516 5 2.780
(8) φ (t), P (g) 29.090 0.00516 5 2.780
(9) φ (g*t),  P (g*t) 35.650 0.00019 7 1.403
(10) φ, P (g*t) 35.650 0.00019 7 1.403

B

Effect Comparison df χχχχ2 P-value
φ (t) 2 v 5 2 1.290 0.5247
φ (g) 4 v 6 1 1.559 0.2118

5 v 7 1 1.472 0.2250
P (t) 1 v 6 2 1.377 0.7109

2 v 4 1 1.290 0.5247
P (g) 2 v 3 1 1.472 0.2250

5 v 8 1 1.472 0.2250
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L. lesueuri at Currumbin 1997
A

Model AICc AICc weight np Deviance
(1) φφφφ, P 75.624 0.45405 2 44.813
(2) φ, P (g) 76.967 0.23199 3 43.856
(3) φ (g), P 77.719 0.15929 3 44.608
(4) φ (g), P (g) 79.189 0.07638 4 43.664
(5) φ (t), P 80.294 0.04396 7 36.741
(6) φ, P (t) 85.030 0.00412 7 41.478
(7) φ (t), P (t) 86.378 0.00210 10 33.382
(8) φ, P (g*t) 95.710 0.00002 13 31.443
(9) φ (g*t),  P 97.440 0.00001 13 33.173
(10) φ (g*t), P (g*t) 122.256 0.00000 20 20.731

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 5 5 8.072 0.1523

6 v 7 3 8.096 0.0441
φ (g) 1 v 3 1 0.205 0.6507

2 v 4 1 0.192 0.6613
P (t) 1 v 6 5 3.335 0.6485

5 v 7 3 3.359 0.3395
P (g) 1 v 2 1 0.957 0.3279

3 v 4 1 0.944 0.3313

L. lesueuri at Currumbin 1998

A

Model AICc AICc weight np Deviance
(1) φφφφ, P 58.736 0.47862 2 32.355
(2) φ (g), P 59.973 0.25786 3 30.994
(3) φ, P (g) 60.936 0.15932 3 31.957
(4) φ (g), P (g) 61.845 0.10113 4 30.009
(5) φ, P (t) 69.508 0.00219 8 22.672
(6) φ (g), P (t) 72.026 0.00062 9 20.190
(7) φ (t), P 73.927 0.00024 8 27.091
(8) φ (t), P (g) 78.388 0.00003 9 26.552
(9) φ,  P (g*t) 124.019 0.00000 15 18.850
(10) φ (g*t), P (g*t) 157.488 0.00000 17 14.224

B
Effect Comparison df χχχχ2 P-value
φ (t) 1 v 7 6 5.264 0.5104

3 v 8 6 5.405 0.4930
φ (g) 1 v 2 1 1.361 0.2434

3 v 4 1 1.948 0.1628
P (t) 1 v 5 6 9.683 0.1387

2 v 6 6 10.804 0.0946
P (g) 1 v 3 1 0.398 0.5281

2 v 4 1 0.985 0.3210
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L. lesueuri at Cedar Ck 1997
A

Model AICc AICc weight np Deviance
(1) φφφφ (t), P 32.412 0.47414 5 8.499
(2) φ, P (t) 33.850 0.23102 6 6.969
(3) φ (t), P (t) 34.817 0.14245 7 4.740
(4) φ, P 35.864 0.08440 2 19.707
(5) φ (g), P 38.066 0.02806 3 19.496
(6) φ, P (g) 38.277 0.02525 3 19.707
(7) φ (g), P (g) 39.669 0.01259 4 18.520
(8) φ (g*t), P 44.558 0.00109 9 7.288
(9) φ (g*t),  P (g*t) 44.842 0.00095 10 3.506
(10) φ, P (g*t) 51.493 0.00003 11 5.723

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 4 3 11.208 0.0107

2 v 3 1 0.1354 2.229
φ (g) 1 v 9 5 0.4993 0.4167

4 v 5 1 0.2110 0.6460
P (t) 1 v 3 2 3.759 0.1527

2 v 4 4 12.738 0.0126
P (g) 2 v 10 5 1.246 0.9404

L. lesueuri at Cedar Ck 1998

A

Model AICc AICc weight np Deviance
(1) φφφφ (g*t), P (g*t) 1.559 1.00000 14 0.000
(2) φ (g), P 18.771 0.00000 3 10.371
(3) φ, P (g) 18.771 0.00000 3 10.371
(4) φ (g), P (g) 18.771 0.00000 3 10.371
(5) φ, P 19.968 0.00000 2 14.877
(6) φ (t), P (t) 42.227 0.00000 7 9.561
(7) φ, P (t) 43.856 0.00000 7 11.189
(8) φ (t), P 44.282 0.00000 7 11.616
(9) φ (g*t),  P 157.819 0.00000 11 3.819
(10) φ, P (g*t) 158.702 0.00000 11 4.702

B

Effect Comparison df χχχχ2 P-value
φ (t) 5 v 8 5 3.261 0.6598
φ (g) 2 v 5 1 4.506 0.0338
P (t) 5 v 7 5 3.261 0.6598
P (g) 3 v 5 1 4.506 0.0338
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L. lesueuri at Cedar Ck 1999
A

Model AICc AICc weight np Deviance
(1) φφφφ (t), P (t) 55.787 0.19921 3 6.447
(2) φ (t), P 56.786 0.16398 3 6.329
(3) φ, P (t) 56.786 0.16398 3 6.329
(4) φ (g*t), P (g*t) 57.517 0.11378 4 4.762
(5) φ (g*t), P 57.517 0.11378 4 4.762
(6) φ, P (g*t) 57.517 0.11378 4 4.762
(7) φ, P 58.639 0.06493 2 10.401
(8) φ, P (g) 59.598 0.04019 3 9.142
(9) φ (g),  P (g) 59.598 0.04019 3 9.142
(10) φ (g), P 60.857 0.02142 3 10.401

B

Effect Comparison df χχχχ2 P-value
φ (t) 3 v 7 1 4.072 0.0436
φ (g) 3 v 5 1 1.567 0.2106
P (t) 2 v 7 1 4.072 0.0436
P (g) 7 v 8 1 1.259 0.2618

L. lesueuri at Natural Bridge 1997

A

Model AICc AICc weight np Deviance
(1) φφφφ, P 26.766 1.00000 2 13.357
(2) φ, P (g) 28.191 0.00000 3 11.473
(3) φ (g), P 30.071 0.00000 3 13.353
(4) φ (g), P (g) 30.953 0.00000 4 10.190
(5) φ (t), P 45.988 0.00000 7 5.004
(6) φ (t), P (g) 45.988 0.00000 7 5.004
(7) φ, P (t) 59.102 0.00000 8 5.984
(8) φ (g), P (t), 74.902 0.00000 9 3.584
(9) φ (g*t),  P (g) 165.090 0.00000 11 2.773
(10) φ (g*t), P (g*t) 344.318 0.00000 12 0.000

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 5 5 8.353 0.1378
φ (g) 1 v 3 1 0.004 0.9496

2 v 4 1 1.283 0.2573
P (t) 1 v 7 6 7.373 0.2877

3 v 8 6 9.769 0.1347
P (g) 1 v 2 1 1.884 0.1699

3 v 4 1 3.163 0.0753
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L. lesueuri at Purling Brook 1998
A

Model AICc AICc weight np Deviance
(1) φφφφ, P 79.718 0.30513 2 31.940
(2) φ (g), P 80.065 0.25653 3 29.979
(3) φ, P (g) 81.064 0.15567 3 30.979
(4) φ (g), P (g) 81.866 0.10424 4 29.355
(5) φ, P (t) 81.923 0.10131 7 21.326
(6) φ (t), P (t) 89.283 0.00256 10 19.131
(7) φ (t), P 89.798 0.00198 7 29.201
(8) φ (g*t), P (g*t) 97.610 0.00004 14 11.642
(9) φ (g*t),  P 97.695 0.00004 11 23.959
(10) φ (g), P (g*t) 100.033 0.00001 14 14.065

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 7 5 2.739 0.7401

5 v 6 3 2.195 0.5329
φ (g) 1 v 2 1 1.961 0.1614

3 v 4 1 1.624 0.2025
P (t) 1 v 5 5 10.614 0.0596

6 v 7 3 10.070 0.0180
P (g) 1 v 3 1 0.961 0.3269

2 v 4 1 0.624 0.4296

L. lesueuri at Purling Brook 1999
A

Model AICc AICc weight np Deviance
(1) φφφφ, P 9.345 0.38134 2 4.254
(2) φ, P (g) 12.085 0.09690 3 3.685
(3) φ (g), P 12.085 0.09690 3 3.685
(4) φ (t), P 12.444 0.08098 4 0.000
(5) φ (t), P (g) 12.444 0.08098 4 0.000
(6) φ, P (t) 14.842 0.02441 4 2.398
(7) φ (g), P (t) 14.842 0.02441 4 2.398
(8) φ (g), P (g), 16.129 0.01283 4 3.685
(9) φ (g*t), P (g*t) 17.500 0.00646 5 0.000
(10) φ, P (g*t) 19.898 0.00195 5 2.398

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 4 2 4.254 0.1192
φ (g) 1 v 2 1 0.569 0.4507
P (t) 1 v 6 2 1.856 0.3953
P (g) 1 v 3 1 0.569 0.4507
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L. pearsoniana at Austinville 1997
A

Model AICc AICc weight np Deviance
(1) φφφφ, P 48.302 0.58722 2 16.571
(2) φ (g), P 50.554 0.19045 3 16.226
(3) φ, P (g) 50.899 0.16028 3 16.571
(4) φ (g), P (g) 52.865 0.05997 4 15.681
(5) φ, P (t) 60.564 0.00128 7 12.791
(6) φ (t), P 62.154 0.00058 7 14.381
(7) φ (g), P (t) 64.638 0.00017 8 12.453
(8) φ (t), P (g), 66.566 0.00006 8 14.381
(9) φ (g*t),  P (g) 75.142 0.00000 10 12.243
(10) φ (g*t), P (g*t) 106.411 0.00000 14 9.226

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 6 5 2.190 8.223

3 v 8 5 2.190 8.223
φ (g) 1 v 2 1 0.345 0.5570

3 v 4 1 0.890 0.3455
P (t) 1 v 5 5 3.780 0.5815

2 v 7 5 3.773 0.5825
9 v 10 4 3.017 0.5550

P (g) 2 v 4 1 0.545 0.4604

L. pearsoniana at Currumbin 1998
A

Model AICc AICc weight np Deviance
(1) φφφφ, P 37.886 0.60075 2 17.224
(2) φ (g), P 40.079 0.20067 3 16.623
(3) φ, P (g) 40.612 0.15373 3 17.156
(4) φ (t), P 53.422 0.00025 7 14.133
(5) φ, P (t) 54.529 0.00015 7 15.240
(6) φ (t), P (g) 58.919 0.00002 8 13.872
(7) φ (g), P (t), 59.704 0.00001 8 14.657
(8) φ (g*t),  P 64.615 0.00000 9 12.659
(9) φ (g*t), P (g*t) 94.938 0.00000 12 10.411
(10) φ, P (g*t) 116.009 0.00000 13 13.386

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 4 5 3.091 0.6860

2 v 8 6 3.964 0.6815
φ (g) 1 v 2 1 0.601 0.4382

5 v 7 1 0.583 0.4451
P (t) 1 v 5 5 1.984 0.8514

3 v 10 10 3.770 0.9571
P (g) 1 v 3 1 0.068 0.7943

4 v 6 1 0.261 0.6094
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L. pearsoniana at Natural Bridge 1997
A

Model AICc AICc weight np Deviance
(1) φφφφ (g), P (g) 49.555 0.23381 3 4.524
(2) φ, P 49.747 0.21241 2 7.285
(3) φ, P (t) 55.011 0.01528 4 7.166
(4) φ (t), P 55.066 0.01487 4 7.221
(5) φ (g), P (t) 55.405 0.01255 5 4.465
(6) φ (g), P (g*t) 55.405 0.01255 5 4.465
(7) φ (t), P (g) 55.435 0.01236 5 4.495
(8) φ (g*t), P (g), 55.435 0.01236 5 4.495
(9) φ (g*t),  P 58.856 0.00223 6 4.495
(10) φ (g*t), P (g*t) 62.625 0.00034 7 4.463

B

Effect Comparison df χχχχ2 P-value
φ (t) 2 v 4 2 0.064 0.9685

6 v 10 2 0.002 0.9990
φ (g) 3 v 5 1 2.701 0.1003
P (t) 2 v 3 2 0.119 0.9422

8 v 10 2 0.032 0.9841
P (g) 4 v 7 1 2.726 0.0987

L. pearsoniana at Mundora 1997
A

Model AICc AICc weight np Deviance
(1) φφφφ, P 27.693 0.41052 2 7.584
(2) φ, P (g) 29.264 0.18715 3 5.688
(3) φ (g), P 29.264 0.18715 3 5.688
(4) φ (g), P (g) 34.948 0.01091 4 7.038
(5) φ (t), P 35.117 0.01003 4 7.207
(6) φ (t), P (g) 38.765 0.00162 5 5.284
(7) φ, P (t) 38.852 0.00155 5 5.371
(8) φ (g), P (t), 38.852 0.00155 5 5.371
(9) φ (g*t),  P (g) 46.193 0.00004 6 5.284
(10) φ (g*t), P (g*t) 75.052 0.00000 8 5.142

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 4 2 0.546 0.7611

2 v 9 3 0.404 0.9394
φ (g) 1 v 2 1 1.896 0.1685

5 v 7 1 1.836 0.1754
P (t) 1 v 5 2 0.377 0.8282

2 v 7 2 0.317 0.8534
P (g) 1 v 3 1 1.896 0.1685

4 v 6 1 1.754 0.1854
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L. pearsoniana at Mundora 1998
A

Model AICc AICc weight np Deviance
(1) φφφφ, P 39.516 0.34904 2 18.695
(2) φ (t), P (g) 40.562 0.20689 7 6.462
(3) φ (g), P 41.575 0.12467 3 18.402
(4) φ, P (g) 41.585 0.12405 3 18.412
(5) φ (g), P (g) 41.715 0.11624 4 16.051
(6) φ (t), P 42.871 0.06521 6 11.758
(7) φ, P (t) 48.057 0.00488 7 13.957
(8) φ (g), P (t), 50.751 0.00127 8 13.464
(9) φ (g*t), P (g*t) 53.177 0.00038 12 0.689
(10) φ (g), P (g*t) 65.626 0.00000 14 3.639

B

Effect Comparison df χχχχ2 P-value
φ (t) 2 v 4 4 11.950 0.0177

1 v 6 4 6.937 0.1393
φ (g) 1 v 3 1 0.293 0.5883

4 v 5 1 2.361 0.1244
P (t) 1 v 7 5 4.738 0.4487

3 v 10 5 4.938 0.4235
P (g) 1 v 4 1 0.283 0.5947

3 v 5 1 2.351 0.1252

M. fasciolatus at Knoll National Park 1998
A

Model AICc AICc weight np Deviance
(1) φφφφ (g), P (t) 106.959 0.84662 6 28.222
(2) φ (g*t), P (g*t) 119.874 0.00133 11 27.672
(3) φ (g), P 119.918 0.00130 3 48.218
(4) φ, P (g) 121.713 0.00053 3 50.013
(5) φ (g), P (g) 122.070 0.00044 4 48.101
(6) φ (t), P (g) 123.825 0.00018 6 45.088
(7) φ (g*t), P (g) 126.988 0.00004 8 43.149
(8) φ, P (t), 139.076 0.00000 5 62.763
(9) φ,  P 147.965 0.00000 2 78.462
(10) φ (g*t), P (g*t) 148.828 0.00000 5 72.515

B

Effect Comparison df χχχχ2 P-value
φ (t) 4 v 6 3 4.925 0.1174

9 v 10 3 5.947 0.1142
φ (g) 1 v 8 1 30.244 < 0.0001

3 v 9 1 1.912 0.1667
4 v 5 1 34.541 < 0.0001

P (t) 1 v 3 3 19.996 0.0002
8 v 9 3 15.699 0.0013

P (g) 3 v 5 1 0.117 0.7323
4 v 9 1 28.449 < 0.0001

6 v 10 1 27.427 < 0.0001
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M. fasciolatus at Knoll National Park 1999
A

Model AICc AICc weight np Deviance
(1) φφφφ (g*t), P (g*t) 22.270 0.13919 3 0.000
(2) φ (t), P (g) 22.270 0.13919 3 0.000
(3) φ (g), P 23.044 0.09452 3 0.774
(4) φ, P (g) 23.044 0.09452 3 0.774
(5) φ (g), P (g) 23.044 0.09452 3 0.774
(6) φ (t), P 24.312 0.05014 2 4.470
(7) φ, P 24.693 0.04144 2 4.851
(8) φ (g), P (t), 25.036 0.03491 4 0.165
(9) φ (g),  P (g*t) 25.036 0.03491 4 0.165
(10) φ, P (t) 26.798 0.01447 3 4.527

B

Effect Comparison df χχχχ2 P-value
φ (t) 5 v 8 1 0.774 0.3790
φ (g) 9 v 10 1 4.362 0.0368
P (t) 3 v 9 1 0.609 0.4352

 7 v 10 1 0.324 0.5692
P (g) 2 v 6 1 4.470 0.0345

M. fasciolatus at Holt Park 1997
A

Model AICc AICc weight np Deviance
(1) φφφφ (g), P (t) 52.270 0.96261 6 1.115
(2) φ, P (g*t) 58.919 0.03464 8 1.115
(3) φ (g*t), P (g*t) 65.609 0.00122 10 0.000
(4) φ (g*t),  P (g) 67.208 0.00055 6 16.053
(5) φ (t), P (g) 67.208 0.00055 6 16.053
(6) φ (g*t),  P 70.405 0.00011 7 16.053
(7) φ (g), P 70.848 0.00009 3 28.004
(8) φ,  P (g) 70.848 0.00009 3 28.004
(9) φ (g),  P (g) 70.848 0.00009 3 28.004
(10) φ, P 72.077 0.00005 2 31.646

B

Effect Comparison df χχχχ2 P-value
φ (t) 5 v 8 3 11.951 0.0076
φ (g) 7 v 10 1 3.642 0.0563
P (t) 1 v 7 3 26.889 < 0.0001
P (g) 8 v 10 1 3.642 0.0563
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M. fasciolatus at Holt Park 1998
A

Model AICc AICc weight np Deviance
(1) φφφφ, P 24.890 0.46224 2 12.965
(2) φ (g), P (g*t) 27.438 0.12929 5 0.847
(3) φ (g), P 27.550 0.12225 3 11.959
(4) φ,  P (g) 27.550 0.12225 3 11.959
(5) φ (g), P (g) 27.550 0.12225 3 11.959
(6) φ,  P (t) 30.411 0.02924 5 3.819
(7) φ (g*t), P (g) 32.985 0.00807 5 6.393
(8) φ (t),  P 34.248 0.00429 5 7.656
(9) φ (g*t), P 41.785 0.00010 6 6.393
(10) φ (g*t), P (g*t) 70.592 0.00000 8 0.000

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 8 3 5.309 0.1505

5 v 7 2 5.566 0.0619
φ (g) 1 v 3 1 1.006 0.3159

8 v 9 1 1.263 0.2611
P (t) 2 v 5 2 11.112 0.0039
P (g) 1 v 4 1 1.006 0.3159

M. fasciolatus at Purling Brook 1998
A

Model AICc AICc weight np Deviance
(1) φφφφ,  P (g) 113.666 0.51740 3 36.388
(2) φ (g), P (g) 115.577 0.19900 4 36.073
(3) φ, P (t) 117.468 0.07731 7 30.896
(4) φ (g),  P 117.774 0.06634 3 40.497
(5) φ, P 117.824 0.06470 2 42.713
(6) φ (g),  P (t) 117.843 0.06409 8 28.777
(7) φ (t), P (g) 122.244 0.00710 8 31.177
(8) φ (t),  P (t) 124.109 0.00279 10 29.827
(9) φ (t),  P 125.700 0.00126 7 39.128
(10) φ (g*t),  P (g*t) 150.247 0.00000 21 20.498

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 7 5 3.211 0.6675

5 v 9 5 3.585 0.6106
φ (g) 1 v 2 1 0.315 0.5746

4 v 5 1 2.216 0.1366
P (t) 3 v 5 5 11.817 0.0374

4 v 6 5 11.720 0.0388
P (g) 1 v 5 1 6.325 0.0119

2 v 4 1 4.424 0.0354
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M. fasciolatus at Purling Brook 1999
A

Model AICc AICc weight np Deviance
(1) φφφφ (t), P 11.634 0.26588 2 0.382
(2) φ, P 12.474 0.17470 2 1.223
(3) φ (g*t), P 14.102 0.07741 3 0.000
(4) φ (t),  P (g) 14.102 0.07741 3 0.000
(5) φ (g*t), P (g) 14.102 0.07741 3 0.000
(6) φ (g),  P (g*t) 14.102 0.07741 3 0.000
(7) φ (g),  P 15.081 0.04744 3 0.980
(8) φ,  P (g) 15.081 0.04744 3 0.980
(9) φ (g*t),  P (g*t) 17.359 0.01519 4 0.000
(10) φ,  P (t) 17.741 0.01255 4 0.383

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 2 2 0.840 0.6570
φ (g) 1 v 3 1 0.382 0.5365

2 v 7 1 0.243 0.6220
P (t) 2 v 10 2 0.840 0.6570
P (g) 1 v 4 1 0.382 0.5365

M. fleayi at Currumbin 1997
A

Model AICc AICc weight np Deviance
(1) φφφφ, P 21.085 0.42587 2 12.635
(2) φ (g), P 22.782 0.18230 3 11.629
(3) φ,  P (g) 22.782 0.18230 3 11.629
(4) φ (g), P (t) 27.257 0.01946 7 1.438
(5) φ, P (t) 29.638 0.00592 7 3.819
(6) φ (t),  P 36.102 0.00023 7 10.283
(7) φ (t), P (g) 39.584 0.00004 8 8.688
(8) φ (g*t),  P 52.507 0.00000 10 8.688
(9) φ, P (g*t) 63.924 0.00000 12 1.438
(10) φ (g*t), P (g*t) 91.819 0.00000 14 0.000

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 6 5 2.352 0.7986

3 v 7 5 2.941 0.7091
φ (g) 1 v 2 1 1.006 0.3159
P (t) 1 v 5 5 8.816 0.1166

2 v 4 4 10.191 0.0373
P (g) 1 v 3 1 1.006 0.3159

6 v 7 1 1.595 0.2066
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M. fleayi at Currumbin 1998
A

Model AICc AICc weight np Deviance
(1) φφφφ, P (t) 65.041 0.48177 8 23.693
(2) φ (g), P (t) 66.912 0.18904 9 22.209
(3) φ, P 68.465 0.08696 2 43.437
(4) φ (t),  P 68.720 0.07655 8 27.371
(5) φ, P (g) 69.198 0.06028 3 41.828
(6) φ (t),  P (g) 69.602 0.04925 9 24.899
(7) φ (g), P 70.087 0.03865 3 42.717
(8) φ (g),  P (g) 71.674 0.01748 4 41.828
(9) φ (t),  P (t) 87.033 0.00001 14 21.529
(10) φ (g*t), P (g*t) 128.362 0.00000 21 14.326

B

Effect Comparison df χχχχ2 P-value
φ (t) 1 v 9 6 16.066 0.0134

3 v 4 6 16.929 0.0095
5 v 6 6 2.164 0.9040

φ (g) 1 v 2 1 1.484 0.2232
3 v 7 1 0.720 0.3961

P (t) 1 v 3 6 19.744 0.0031
2 v 7 6 20.508 0.0022
4 v 9 6 5.842 0.4411

P (g) 3 v 5 1 1.609 0.2046
7 v 8 1 0.889 0.3458
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Appendix Q Vulnerable (VU), Critically Endangered (CR), Endangered (EN) and

Extinct (EX) anuran species from eastern Australia based on IUCN

2000 criteria.

H = species with geographic ranges totally/partially including altitudes > 400m, L = lowland species

Family Species IUCN Classification Altitude (High/Low)

Myobatrachidae Rheobatrachus silus EX H

Rheobatrachus vitellinus EX H

Taudactylus diurnus EX H

Hylidae Litoria booroolongensis CR H

Litoria lorica CR H

Litoria nyakalensis CR H

Litoria spenceri CR H

Litoria castanea CR H

Litoria piperata CR H

Litoria verreauxii alpina CR H

Myobatrachidae Philoria frosti CR H

Pseudophryne corroboree CR H

Taudactylus rheophilus CR H

Taudactylus acutirostris CR H

Taudactylus pleione CR H

Pseudophryne pengilleyi CR H

Hylidae Litoria brevipalmata EN L

Litoria nannotis EN H

Litoria raniformis EN H

Litoria rheocola EN H

Nyctimystes dayi EN H

Myobatrachidae Mixophyes fleayi EN H

Mixophyes iteratus EN H

Taudactylus eungellensis EN H

Hylidae Litoria andiirrmalin VU L

Litoria aurea VU H

Litoria freycineti VU L

Litoria olongburensis VU L

Crinia tinnula VU L

Heleioporus australiacus VU H

Kyarranus sp. (Mahony &

Knowles sp. 3)

VU H
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Family Species IUCN Classification Altitude (High/Low)

Myobatrachidae Mixophyes balbus  VU H

Pseudophryne australis VU L

Pseudophryne covacevichae VU H

Cophixalus mcdonaldi VU H

Cophixalus neglectus VU H

Cophixalus saxatilis VU H
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