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Some personal comments

This research program provided me with a unique opportunity to learn more about some of
the animals I feel passionate about. Working on these threatened frogs, I learned that it is
often difficult to reach conclusions due to low sample sizes. Nevertheless, it is my belief that
conservation efforts for any threatened species can only be maximised if they are based on

information of that particular species.

The threatened status of both frogs was more than once the catalyst for restrictions on
experimental procedures and sample sizes imposed by the Animal Care and Ethics
Committee. The numbers of animals encountered in the field were generally low because of
both species’ rarity, and the ongoing drought may also have interfered with sample sizes. I
am strongly convinced however, that the numbers of animals identified and measured for

this report are the highest ever recorded for both species.

Occasionally things do not work out the way they were planned. I had manufactured and
installed 192 buckets and fencing in three replicated sandstone areas in a layout that would
have allowed me to test for differences in abundance based on relative distance from a road,
relative distance from a water course, and vegetation structure. Over six months, 1824
bucket nights yielded 10 individual H. australiacus. Shortly after trapping had started, an
arson attack to a trapping site meant that 16 buckets had to be relocated to a new, unburnt
site. After six months, 75% of all traps had become inoperable as a result of four different

fires. Those fires spelt the end of that exercise.

It was not all doom and gloom. I acquired many new and useful skills and saw many
wonderful things during all those days and nights in the bush. I also got the opportunity to
learn the developmental stage at which H. australiacus tadpoles hatch from their eggs, a fact
previously unknown (Anstis, 2002). My work also led to the first record of a snake parasite
Sphaerocephalus rotundicapilatus in an amphibian (many thanks to Prof. Lesley Warner for

identifying the organism).

I hope the work I put into this program will eventually be used to benefit both the “lively
perky little frog” as well as the large one whose “rarity must apologise for its deformity” (a

statement I disagree with; see Chapter 1, Sections 4 and 5).
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ABSTRACT

Habitat requirements and habitat use for Pseudophryne australis and Heleioporus
australiacus were investigated to ad management of these threatened frogs around Sydney,
Australia. Much of the work focussed on roads, commonly encountered features in the
habitat of both species.

The habitat requirements based on locality records of both frogs in the Sydney Basin were
investigated at four spatial scales. Both species are habitat speciaists. They showed a strong
geological association with Hawkesbury Sandstone and occupy upper topographic areas
with ephemeral watercourses of gentle gradients. Both frogs occur predominantly in areas of
higher precipitation and milder temperature regimes compared to averages representative of
the- region. Leaf litter is an important feature of P. australis breeding sites, whereas H

australiacus generally associate with crayfish burrows. Both species are dependent on

natural vegetation with a complex structure.

H australiacus have arelatively long larva period (3 - 12 months) and breed in ephemeral
pools, exposing their tadpoles to the risk of dying due to early pond drying. In the
laboratory, tadpoles responded to decreasing water levels by shortening their larval periods
and metamorphosing earlier than siblings held at constant water level. Despite this plastic
response, a number of pools in the field failed to produce metamorphs due to early drying,
an observation aso made on P. australis. Regular monitoring of breeding sites revealed
increased reproductive success away from roads for both species probably because of

relatively longer hydroperiods.

Spatial distributions and associations with habitat features, and movement patterns of both
frogs were further investigated using mark-recapture methods. Both species showed strong
ste fidelity. P. australis formed small aggregations and predominantly selected |eaf litter
piles despite their relatively low availability. Leaf litter piles in creeks moved over time and
the animals moved with these piles. In contrast, H australiacus individuals formed no

aggregations and showed no preference for any available structural vegetation type.



Locations of individuals were independent of relative distances to creeks and artificia
drains, but males appeared to be more common near culverts. However, individuals were
randomly distributed in space and nearest-neighbour distances were high relative to
individual movement distances, suggesting minimal overlap between relatively large home

ranges.

Radio-telemetry demonstrated that some H audraliacus individuas burrow in the road
environment. There they would be at risk of being dug up and possibly injured during road

works.

The results are discussed in relation to the spatial requirements of both species and the
protection of utilised habitat features. Management options are suggested to mitigate the
impacts of road works. Differences in spatia dynamics of both frogs with overlapping

habitats highlighted in this study require species-specific management approaches.
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Chapter 1
GENERAL INTRODUCTION

The red-crowned toadlet Pseudophryne australis and the giant burrowing frog Heleioporus
australiacus are two threatened frogs that predominantly occur around Sydney, where
habitat loss through urbanisation potentially impacts negatively on their populations. The
research presented here focuses on habitat requirements and habitat use of both frogs to aid
in their management. This introductory Chapter puts into perspective amphibian declines
and the importance of the identification and preservation of habitat for the conservation of
species. Both frogs associate with roads through bushland, and for this reason, a section is
devoted to a literature review of the general impacts of roads on flora and fauna. This is
followed by the research questions and aims of this project. Literature reviews of both

species are presented before a brief preview of Chapters 2 - 6.

1 Amphibian population declines

The global declines of many amphibian populations are perhaps one of the most puzzling
and urgent environmental problems of the late 20" and early 21% centuries (Alford &
Richards, 1999; Barinaga, 1990; Blaustein & Wake, 1990; Daszak et al., 1999; Gubta, 1998;
Halliday, 1998; Lannoo, 2005; Stuart et al., 2004; see also http://www.globalamphibians.org
and http://'www.frogs.org). In 1989, scientists at the First World Congress of Herpetology
came to realise that amphibian population declines were widespread (Barinaga, 1990).
Fifteen years later, the International Union for Conservation of Nature and Natural
Resources (IUCN) Global Amphibian Assessment (GAA) published a study which found
that of the 5743 amphibian species surveyed worldwide, an alarming 43.2% were
experiencing some form of population decrease (Stuart et al., 2004). Globally 32.5% of
amphibians (1856 species) are listed as threatened, a larger percentage than birds (12%;
1211 species) and mammals (23%; 1130 spécies). The report also stated that the world’s

most rapidly declining amphibian species are those of Australia and New Zealand, and the
Neotropics (Stuart et al., 2004).
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Likely causes for the now well documented global declines in amphibians (Alford &
Richards, 1999; Blaustein et al., 1994a; Campbell, 1999; Drost & Fellers, 1996; Sarkar,
1996) include pathogenic fungi and viruses (Blaustein et /., 1994b; Daszak et al., 1999,
Speare, 2000), increased ultra-violet exposure (Blaustein et al.; 1997; Kiesecker et al., 2001)
and climate change (Kiesecker et al., 2001; Wake, 1991), all of which may affect frog
numbers on a global scale, whereas habitat destruction and disturbance, including pollution,
introduced predators and competitors, logging and acid rain (see also review in Alford &
Richards, 1999; Wake, 1991), are some of the factors listed to affect species at regional
scales. Habitat disturbance and destruction has been identified as a single causal factor in
significant amphibian population declines (Alford & Richards, 1999; Wilbur as quoted by
Barinaga, 1990; Delis et al, 1996; Ehmann & Cogger, 1985; Hayes & Jennings, 1986;
Hecnar & M'Closkey, 1996; Stuart et al., 2004; Tyler, 1997). Indeed, habitat destruction is
considered the principal cause of the decline in 42% of the 435 species listed by the [UCN
as “rapidly declining” (Stuart et al., 2004), and was identified as the major cause of

amphibian losses by Blaustein ef al. (1994b).

2 Habitat protection — an integral part of conservation biology

The threat of habitat destruction is not restricted to amphibians alone. Habitat destruction is
considered responsible for the decline of many of the now extinct and threatened plant and
animal species in Australia (Ehmann & Cogger, 1985; Leigh & Briggs, 1992; Possingham et
al., 1995; Recher & Lim, 1990; Schur, 1990; Sivertsen, 1994) and globally (Brooks et al.,
2002; Clark et al., 1990; Fahrig, 2001; IUCN, 2003; Janzen, 1986; May, 1990; Noss &
Cooperrider, 1994; Wilson, 1989). Elsewhere, habitat destruction is the greatest threat to
plants and animals (1880 species surveyed) (Wilcove et al., 1998).

Habitat destruction can be viewed as having two components: habitat loss and habitat
fragmentation. Habitat loss results from the total destruction or removal of habitat cover, or
any other modification or degradation of an' extent that renders the place unusable to its
inhabitant. Habitat fragmentation creates a greater number of smaller, isolated habitat
patches (Fahrig, 1997). In either form, habitat destruction has an obvious effect: the
disappearance of habitat from the landscape leads to the displacement, or even loss of

organisms which in turn produces the decline of a single or multiple populations (Bender,
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Contreras & Fahrig, 1998; Bolger et al., 1991; Fahrig & Merriam, 1985; Soulé et al., 1992;
Wiegand et al., 2005). It is not surprising then that biodiversity conservation efforts all over
the world are based on the protection of habitat, for both terrestrial and marine systems
(Hambler, 2004; Haskell, 2003; Noss & Cooperrider, 1994; Primack, 2002). For species
conservation based on habitat protection to be successful, sound knowledge of the

organism’s habitat requirements is essential (Aberg et al., 2000; Harding et al., 2001).

Habitat (Latin: it dwells) is the place (Begon et al., 1996) or environment (Purves ef al,
1995) where an organism lives. Some definitions limit the word habitat to only include
natural (i.e. not made, caused by, or processed by humankind) homes or environments (e.g.
Pearsall, 2002). Here I use the word habitat in a more general sense to include man-made
structures and landscape features. The habitat is an organism’s most important asset and
should contain all the resources necessary for a population, or populations of organisms to
persist. The ideal habitat to maximise individual fitness and population persistence supplies
resources in sufficient quantities for growth and reproduction, including mates. It also has

few predators, except those that afflict competitors (Bazzaz, 1991).

Information on an organism’s habitat requirements is an integral component of conservation
biology. It is used to identify and rank sites where individuals are more likely to occur (e.g.,
Aebischer et al, 1993; Christie & Van Woudenberg, 1997; Ferrier et al., 2002).
Furthermore, habitat information is essential for the prediction or modelling of potential
species’ occurrence at places that have not been sampled, and helps in the assessment of
changes in habitat area resulting from disturbances (Burgman & Lindenmayer, 1998; Carroll
et al., 1999; Edwards et al., 1996; Ferrier, 1991; Guisan & Zimmermann, 2600; Neave &
Norton, 1991). Knowledge of a species’ habitat requirements has found application in
conservation area planning (Lehmkuhl, 1984; Remmert, 1982; Semlitsch & Bodie, 2003)
and habitat restoration efforts (e.g., Matthews & Pope, 1999). Information on the species —
environment relationship is also critical for impact assessment, the design of management
strategies, and the framing of conservation legislation (Burgman & Lindenmayer, 1998;
Noss & Murphy, 1995). In addition, habitat information facilitates metapopulation analysis
and the prediction of recolonisation patterns (Hanski & Gilpin, 1997).
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Habitat protection is usually achieved collectively for multiple species or communities
through reserve allocation (e.g., Kavanagh, 1991). However, because habitat requirements
and habitat use differ among invertebrates (e.g., Postle et af, 1991), birds (e.g., Recher,
1991), mammals (Catling, 1991; Dickman, 1991), reptiles and amphibians (e.g., Newell &
Goldingay, 2004), management decisions often need to be based on species-specific habitat

information (e.g., Newell & Goldingay, 2004).

2,1 Habitat requirements and habitat use

For convenience, species — environment relationships can be split into several components.
Here I deal with two fundamental components of this relationship, which I loosely refer to
as habitat requirements and habitat use. The distinction is largely a matter of scale. The
habitat requirements of a species are described by the set of values determined for
presumably biologically meaningful variables obtained for the range of sites where the
species is known to occur. Habitat use is related to the spatial requirements of individuals
and populations and takes into consideration the movement patterns of individuals and the
spatial arrangement of individuals within populations (White & Garrott, 1990). Information
on habitat requirements therefore allows the identification and modelling of potential habitat
(Hayward & McDonald, 1997; Lindenmayer et al., 1995; McIntyre & Lavorel, 1994; Neave
& Norton, 1991; Parris, 2002), whereas data on habitat use pertain to the spatial
requirements of individuals and populations (Goldingay & Kavanagh, 1991; Kearns, 1997;
Lehmkuhl, 1984; Matthews & Pope, 1999; Remmert, 1982; Spieler & Linsenmair, 1998;
Squires et al., 1993) and may include a temporal dimension where seasonal movements in a

heterogenous environment are involved (e.g., Spieler & Linsenmair, 1998).

Generally, the life history of frogs, including both P. australis and H. australiacus (but see
species profiles on differences in egg deposition sites), is made up of an aquatic tadpole
phase, followed by a terrestrial existence after metamorphosis (Duellman & Trueb, 1994).
These species therefore require two distinctly' different habitat types. The nature and quality
of the aquatic habitat can determine the duration of the tadpole stage and the timing of
metamorphosis. The tadpole stage may have a carry-over effect and influence fitness and
reproductive success of individuals in the terrestrial life stages (e.g., Werner 1986). The

quality of the terrestrial habitat is most likely to also have a direct influence on individual
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reproductive success. Most frogs therefore require access to both aquatic and terrestrial

habitats of suitable qualities. This subject is extensively reviewed in Chapter 3.

2.2 Roads as habitat components and their effects on flora and fauna

Roads are permanent landscape features in terrestrial habitats and are ever increasing in
number. The construction of roads inevitably changes habitats and leads to a whole array of
negative effects on a variety of ecosystem attributes. Emerging evidence suggests that road
construction can result in significant decreases in biodiversity at both the local and regional
scale (Findlay & Bourdages, 2000) due to a combination of increased extinction rates and
decreased recolonisation rates (Findlay & Houlahan, 1997). There are several mechanisms
associated with roads that act negatively on biodiversity. These were reviewed by Andrews
(1990), Bennett (1991) and Trombulak & Frissell (see also Goosem, 2004; 2000). A number

of these mechanisms are briefly mentioned below.

Road construction can destroy habitat (Carr & Fahrig, 2001). This is also documented for
Pseudophryne australis and Heleioporus australiacus in Chapter 5. Roads can act as
barriers by restricting the movement of species between populations (Findlay & Bourdages,
2000; Merriam ef al., 1989; Vos & Chardon, 1998), negatively impacting gene flow among
populations (Gibbs, 2001; Trombulak & Frissell, 2000). Roads also impose edge effects on
adjacent habitat (Andrews, 1990; Bennett, 1991) and often fragment the landscape. Habitat
fragmentation by roads has been shown to have negative effects on flora and fauna,
including amphibians (Andrews, 1990; Bennett, 1991; Carr & Fahrig, 2001; Soulé ef ai.,
1992). Roads may facilitate the invasion of exotic species including competitors and
predators (Cowie & Warner, 1993; Lonsdale & Lane, 1994) and allow increased human

.

access (Young, 1994).

Roads also bring with them structural changes to the environment. Abiotic effects of road
construction are changes to the hydrology of the local environment within and beyond the
boundary of the road reserve. Such changes include impeded or increased supply to
wetlands, wetland creation or drainage (Bennett, 1991; Carr & Fahrig, 2001; Trombulak &

Frissell, 2000). Roads also increase erosion and sedimentation in waterways, sometimes
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impacting streams considerable distances from roads (Bennett, 1991; Carr & Fahrig, 2001;
Harr & Nichols, 1993; Krause et al., 2003; Trombulak & Frissell, 2000).

Traffic is a major cause of mortality in mammals (e.g., Groot & Hazebroek, 1996), birds
(e.g., Dhindsa et al., 1988), amphibians (Carr & Fahrig, 2001; Ehmann & Cogger, 1985;
Fahrig ef al., 1995; Trombulak & Frissell, 2000) and reptiles (e.g. Enmann & Cogger, 1985;
Fowle, 1996). H. australiacus populations are known to be negatively affected by- traffic
(Mahony, 1994). Mortality increases with traffic volume (Fahrig ef al., 1995), and road
density may be correlated with a decrease in biodiversity (Findlay & Houlahan, 1997).
Findlay & Bourdages (1997) demonstrated that it may take decades after the construction of
a road to detect the full extent of the effect on wetland biodiversity (see also Carr & Fahrig,
2001; Findlay & Bourdages, 2000). Roads also have the potential to alter animal behaviour
and negatively affect reproductive success in birds (Trombulak & Frissell, 2000) and
amphibians (Chapter 5).

While roads generally have a negative impact on flora and fauna, they may also provide
resources to some flora and fauna, including basking sites for reptiles, breeding sites for
amphibians (including P. aqustralis and H. australiacus) and foraging opportunities for a
range of vertebrates and invertebrates (Andrews, 1990; Bennett, 1991). Beneficiaries are

weeds and feral animals, but also fauna from other habitats (Goosem, 2004).

3 Research questions and aims

Australia’s alarming record of frog declines, (JUCN, 1996; Stuart et al., 2004; Wake, 1991)
prompted the establishment of the National Threatened Frogs Working Group (Campbell,
1999), and provided the impetus for Environment Australia to publish the Action Plan for
Australian frogs (Tyler, 1997). The plan identified 27 Australian frogs at threat and a further
14 species that may be of concern but which were poorly understood. Two species of the
latter group are the red-crowned toadlet Pseudophryne australis and the giant burrowing
frog Heleioporus australiacus. Both species predominantly occur around Sydney, one of
Australia’s most densely populated regions (Australian Bureau of Statistics, 2002; State of
the Environment Advisory Council, 1996). Sydney and its surrounds have been described as

"among the most extensively and irrevocably altered landscapes in Australia" with around
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94% of native vegetation cleared (Sivertsen, 1995). Both frogs have had declines reported in
some populations (Gillespie & Hines, 1999; Mahony, 1996).

Urban expansion continues to encroach on the habitat of both frogs. Nevertheless, only
limited information is available on the habitat requirements and habitat use of both species
(details are given under the section Species profiles below). This situation presents

difficulties to managers charged with the conservation of these species.

Furthermore, ecologists are interested in knowing how these frogs, and their habitat, are
affected by encroaching urbanisation. Many ecological studies ignore the fact that
anthropogenic factors or influences are present in the habitat of just about every species on
Earth. This study does not. And even in the absence of urbanisation, wildlife biologists are
keen to learn more on organisms and their interactions with others and their environment.
As will be shown later, there are large gaps in our knowledge of these two truly remarkable
frogs. Ecological research on species such as these not only serves us to better understand

the organisms, but also to teach us what sets them apart from others.

The work presented here addresses the gaps in the knowledge of habitat related issues of
both P. australis and H. australiacus in the Sydney Basin Bioregion (NSW National Parks
and Wildlife Service, 2003). T asked the following three main questions for P. australis and

H. australiacus separately:
1. How are the habitats of P. australis and H. australiacus best described?
2. How do P. qustralis and H. australiacus use their habitats?
3. Is track-side habitat beneficial to P. australis and H. qustraliacus?

The first question clearly relates to the frog"s habitat requirements. The aim is to provide
wildlife managers and ecologists with the information required to accurately model the
distribution of both frogs. This will allow the identification of potential habitat where the
species have not (yet) been observed, and will facilitate assessment of the overall impact of
disturbances and habitat destruction on the species. The information can also be used in

reserve design and habitat ranking. Furthermore, information gained on the habitat
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Chapter 1 ~ General introduction

requirements of these species allows comparisons with those of other species, whether
sympatric or allopatric, and is essential in understanding the complex nature of the spatial
distribution of both related and unrelated organisms and their links to specific environments.
A thorough understanding of a species’ habitat requirements can also provide answers to
other biological questions that may relate to wide-ranging topics including behaviour,

morphology or breeding biology of the organism studied.

The second question addresses habitat use. It also investigates associations with a set of
habitat features. The aim is to provide wildlife managers and ecologists with information
they need to decide on the spatial requirements of populations, and to provide additional
information that helps with the identification of likely sites of animal presence in the field.
This information also pertains to habitat connectivity and potential migration paths. Wildlife
biologists and population ecologists also will find the results of great interest. Links to
habitat attributes as well as the spatial arrangement at the intra-specific level are identified.
Such information provides interesting insights into interactions among individuals as well as

links of individuals and populations to certain habitat features.

The third question relates to both species’ associations with roads (details are given under
the section Species profiles below). The aim is to determine the value of artificial road
drainage structures including table drains and mitre drains to recruitment, and to evaluate
potential impacts of road maintenance works. This aspect of the study focuses on the
interface where frog habitat and human infrastructure, as well as ongoing human activity,
meet. Frog presence on road sites obviously pose management problems, particularly those
associated with the maintenance of these roads, but also the potential of traffic induced
mortality. Ecologists also find interest in studying organisms that incorporate artificial
habitat features into their natural habitat. Such studies allow assessment of the potential
value of novel habitat features, their relative importance to the organism in question, and
may contribute to a better understanding of the distributional limits imposed on this

organism.

A table drain is the side drain of a track running adjacent to and parallel with the shoulders

and forming part of the track formation. A mitre drain is a drain to conduct runoff from the
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Chapter 1 - General introduction

shoulders of a track to a disposal area away from the road alignment. Culverts are pipes or
similar structures used to direct water under the track (Department of Conservation and
Land Management, 1994). From this point forward, roads are defined as roadways with a
sealed surface, whereas roadways with an unsealed surface, such as dirt tracks, bush tracks

or fire trails are termed tracks.

The research questions and their specific aims are further elaborated in Section 6 A4 brief

preview of the main chapters below.

4  Pseudophryne australis species profile

4.1 Species description

Pseudophryne australis, the red-crowned toadlet, was the second myobatrachid frog to be
described (Littlejohn et al., 1993). Gray (1836) exhibited a specimen of what he called
Bombinator australis at a meeting in London. The type locality was given as Swan River,
Australia. Parker (1940) proposed the type locality as erroneous, a suggestion that has since
been accepted (Cogger et al, 1983; Moore, 1961). The species was described at least
another three times and eventually placed in the genus Pseudophryne Fitzinger, 1843
(Cogger et al.,, 1983).

P. australis has been described historically as a “lively perky little frog” (Fletcher, 1889)
with an “amusing turtle-like waddle” and that they “use a swimming bath much as a man
might” (Ross, 1908). “In all their movements these funny little toads are most quaint and

frequently most human “(Ross, 1908).

P. australis is a small and stocky frog with males and females measuring 18 — 28 mm and
25 — 30 mm respectively (snout — urostyle lengths), with larger specimens occurring at
higher altitudes (Stauber, 1999). The back is dark and may be covered in red, orange or
yellowish spots or patches. There is a prominent yellow, orange or red patch covering
various amounts of the top of the head betweén eyelids and nares (nostrils). A stripe of the
same colour usually covers the lower vertebral region. The dorsal skin may be smooth or
covered in numerous warts. The legs are dark with white areas. The ventral side is black
with bold white or peach coloured blotches (Cogger, 1994; Keferstein, 1868; Mdore, 1961;
Stauber, 1999).

11
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4.2 Distribution

P. australis is only found within a radius of about 120 km around Sydney, NSW, and ranges
from Pokolbin and Morisset (near Newcastle) in the north, to Mount Victoria in the west,
and to Barren Grounds (near Nowra) in the south, but is excluded from the Cumberland

Plains in western Sydney (Thumm & Mahony, 1996).

4.3 Habits

These frogs are nearly always underground, beneath vegetation, in leaf litter, in rock
crevices, or under large stones and logs (Jacobson, 1963a; Moore, 1961; Ross, 1908). They
were said to be gregarious (Jacobson, 1963a) and socially inclined (Harrison, 1922). The
call of P. australis has been described as a harsh grating “creek” (Harrison, 1922), a nasal
“ank — ank” or “ank” or a short metallic “erk” (Moore, 1961). See Thumm (2004) for call

analyses.

The species typically breeds in ephemeral situations (Mahony, 1994; Thumm & Mahony,
1999) in shallow pools in low order streams and drains (Jacobson, 1963a; 1963b; Thumm &
Mahony, 1999; Woodruff, 1978). Terrestrial nest sites (Jacobson, 1963a; Woodruff, 1978)
are established in leaf litter piles and among vegetation in soaks (Harrison, 1922; Woodruff,
1978) or under stones (Fletcher, 1889).

Eggs are laid during or after rain (Harrison, 1922; Jacobson, 1963a). P. australis lay about
20, but up to 51 relatively large eggs (ovum diameter: 1.6 — 2.8 mm) (Harrison, 1922;
Jacobson, 1963b; Thumm, 2004; Thumm & Mahony, 2005). Larvae remain in the eggs for a
relatively long time (up to 119 days (Thumm & Mahony, 2002a)) and can suspend
development, apparently indefinitely at immediate pre-hatching stage until the eggs are
flooded (Jacobson, 1963b). This was described by Jacobson (1963b) as an unusual
specialisation to the ephemeral nature of their breeding habitat. However, Thumm &
Mahony (2002b) emphasized that desiccation of egg masses prior to hatching is a main

cause of mortality in P. aqustralis because essential follow-up rain frequently materializes

too late.

Eggs have been found in any month of the year after rain (Harrison, 1922; Jacobsbn, 1963a).

As eggs can remain in nests for prolonged periods confirmation was needed to establish
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whether P. australis indeed breeds throughout the year. Thumm (unpubl. data) confirmed
that egg laying took place in every month by staging (ageing) the embryos in individual
clutches found in the field. All year round breeding sets P. australis apart from all other
Pseudophryne (Pengilley, 1973). Females are continuously iteroparous breeders and may
produce egg clutches every 15 to 192 days (Thumm, 2004). This is thought to be a life
history strategy in response to unpredictable rainfall and the limited availability of suitable
nest sites (Thumm, 2004),

Four weeks after laying, P. australis hatched from flooded eggs (Jacobson, 1963a).
However, detailed field and laboratory studies revealed that hatching times can vary greatly
within and between clutches (15 to 119 days) (Thumm & Mahony, 2002a). The authors
interpreted the variability as yet another bet-hedging strategy driven by unpredictable

rainfall.

Flood waters that pass through the nest sites release the embryos from the egg capsules and
sweep them into small ponds below (Barker et al., 1995; Parker, 1940). Embryonic periods
are highly variable (17-69 days; Thumm & Mahony, 2002a). The tadpoles hatch in a well
developed state and are free feeding and free swimming (Jacobson, 1963a). They are bottom
dwellers and appear to feed on sediment and algae (Anstis, 2002). The larval duration from
hatching to metamorphosis is at least 39 days (Thumm & Mahony, 2006). Laboratory
experiment showed that a higher proportion of tadpoles metamorphosed in response to pond
drying compared to the treatment where water levels remained constant (Thumm &
Mahony, 2006).

During the egg and tadpole stages, P. australis are adapted to a narrow range of
environmental conditions, with a danger of desiccation (Jacobson, 1963b). During the
terrestrial life stages, P. australis feed on cockroaches, ants (Rose, 1974), mites,

pseudoscorpions, collembolans and termites up to 5 mm long (Webb, 1983).

P. aqustralis are a long-lived species. Captive males and females reached more than nine
years in age (Thumm & Mahony, 2002a). A female stilled layed eggs at age 13 years and 4

months (Thumm, pers. comm.).
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No published information is available on potential predators. The striking colouration may
afford some protection because it acts to disrupt the frog’s outline and possibly is a Batesian
mimicry system (Woodruff, 1978). The ventral patterns may also serve to startle potential
predators (Tyler, 1976).

The skin secretions contain at least two classes of alkaloids, pumiliotoxin-B and
pseudophrynamine (Daly ef al., 1990). The first is sequestered, the other biosynthesized
(Smith et al., 2002). The secretions produce behavioural stimulation in rat brains (Bagetta ef
al., 1992) and muscle tissues of birds and mammals (Erspamer et al., 1986), frogs
(Erspamer & Severini, 1987) and leeches (Erspamer & Farrugia, 1986). These substances
have a pre-synaptic neurogenic point of attack (Erspamer et al., 1985) and induce heart
rhythm disorders affecting systemic blood pressure (Erspamer et al., 1989; Severini et al.,
1992). These studies were all of a physiological nature and the ecological role of the
substances and their toxicity remain to be investigated. However, it is assumed that these

secretions serve against predators.

4.4 Status and threats

In the 1960s Jacobson (1963a) revisited Harrison’s (1922) bushland sites where the latter
used to study P. australis and found that many had been cleared and settled over the
previous 40 years. Many of the pools had been destroyed (Jacobson, 1963a). Elsewhere,
Jacobson (1963a) also found that P. australis were absent from gutters that were concrete
lined. In the mid-1990s Thumm & Mahony (1996) estimated that 20% of the former
distribution area was no longer suitable for the species. Urban development was the major
cause of habitat loss. A recent view expresses that pressure from human induced changes
and interference are likely to increase and become more widespread, regardless of the

conservation status of the frog’s habitat (Lemckert et al., 2001a).

Threats to the species include housing development and secondary effects associated with
urbanisation (hydrological changes, pollution, etc.), bush rock removal, high frequency
hazard reduction burning, the use of blue metal and spray bitumen to stabilise tracks and
turbo-mowing (Thumm & Mahony, 1996; 1999). Upgrading works of tracks and roads have
led to the destruction of sites (Thumm & Mahony, 1996).
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The species is listed as vulnerable in NSW ( Threatened Species Conservation Act 1995)
and also by the International Union for Conservation of Nature and Natural Resources

(ITUCN) (Lemckert et al., 2001a).

4.5 Habitat information

The species was reported from Hawkesbury Sandstone (Fletcher, 1889; Harrison, 1922;
Krefft, 1863). After Moore’s (1961) suggestion, Woodruff (1978) recognised that no
specimens had been collected in areas where shales of the Liverpool subgroup lie at the
surface, nor in areas covered by Tertiary or Quaternary deposits. Information on broad
habitat associations was collated and later expanded on by Thumm & Mahony (1996; 1999).
They confirmed that P. australis occurs mostly on Hawkesbury Sandstone. A summary of
published habitat statements (all about geology, the nature of water courses and shelters)
and altitudinal range, landforms, soil and geology of 47 sites was included, with some
information on vegetation (Thumm & Mahony, 1996). On sandstone, the species occurs
within 100 m from ridge tops in temporary feeder creeks primarily below the first cliff line
on the talus slope in open forest, woodland or heath (Thumm & Mahony, 1999). Ponds were
five to 25 cm deep (Thumm & Mahony, 1999). This information is very useful for the broad
delineation of potential habitat within the species’ geographic range. It is expected that more

detailed habitat information will increase the accuracy of habitat models.

4.6 Summary of additional published studies

Woodruff (1978) investigated possible hybridisation between P. australis and P. bibronii in
a very narrow zone of sympatry. Phylogenetic relationships within Pseudophryne were
investigated by Roberts & Maxson (1989). Stauber (1999) found significant intra-specific
variation in both external morphology and allozyme frequencies. The subject of territoriality

in the species was studied by Thumm (2004).

5 Heleioporus australiacus species profile

5.1 Species description

The genus Heleioporus is endemic to Australia and contains six species. H. albopunctatus,
H. barycragus, H. eyrie, H. inornatus and H. psammophilus all occur in the south-west of

Western Australia. H. australiacus, the giant burrowing frog, is the only Heleioporus that
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occurs in south-eastern Australia (Cogger, 1994). Lee (1967) investigated the taxonomy,

ecology and evolution of this disjunctly distributed genus.

Shaw & Nodder (1795) originally described H. australiacus as Rana australiaca and added

the following note:

This animal certainly cannot be numbered amongst the most beautiful of its genus: it is a species, however,
which has never before been described, and is more peculiarly interesting from the circumstance of its being a
native of the distant region of New Holland, which has added so many zoological treasures to the cabinets of

natural history, Its rarity must therefore apologize for its deformity.

This made the giant burrowing frog the first myobatrachid to be described (Littlejohn ez al.,
1993). Some taxonomic confusion followed and after several name changes and parallel
discoveries, the species was merged with Heleioporus Gray, 1841 and became known as
Heleioporus australiacus (Moore, 1961). A more thorough species account describes the
animal as large sized (see Table 1), with a toad-like body form. The pupil is vertical and
tympanum distinct. The back colour is a deep chocolate brown or greyish brown, the sides
lighter, and the venter and lower sides of arms and legs are bluish-white. Some individuals
occasionally have pale yellow spots on their sides, around the cloaca and on the upper side
of limbs. The back and sides are covered with numerous warts, each tipped with a tiny black
spine (Lee, 1967; Moore, 1961).

The species is sexually dimorphic, with males attaining a larger body size and greater
weight than females (Table 1) (A. Stauber, unpubl. data). In males only, the circumference
of the forelimbs is greater than that of the hind legs (Lee, 1967). Males also have prominent

cone-shaped nuptial spines on their fingers (Moore, 1961).

Table 1 Snout-urostyle lengths (SUL) and weights of live male and female H. australiacus measured
in the field (mostly members of three populations) during the course of this study (refer to Chapter 4 for
methods). Males are larger (ANOVA Fy, 155 = 5.55; P = 0.019) and heavier (ANOVA F, ;53 = 11.4; P
<0.001) than females. * two males did not have their weights recorded.

Males (n =77%) Females (n=89)
Mean SUL * SD (mm) 82.4+£99 79.3+ 6.8
Min. SUL — max. SUL (mm) 49.1 -101.2 58.9-95.3
Mean weight + SD (g) 68.9+21.6 594+ 14.1
Min. weight — max. weight (g) 15.0—- 1244 28.0-92.4
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5.2 Distribution

The distribution of the giant burrowing frog Heleioporus australiacus is confined to the
eastern slopes of the Great Dividing Range and coastal regions in eastern Australia and
extends from Olney State Forest in the Watagan Mountains near Morisset, NSW, to
Walhalla in the Central Highlands, VIC (Littlejohn & Martin, 1967).

5.3 Habits
H. australiacus is an efficient burrower and seeks refuge in burrows where it may aestivate

for prolonged periods (Bentley et al., 1958). The species appears to spend most of its life
below the surface (Moore, 1957).

This cryptic species (Harrison, 1922) is not frequently observed above ground and the
number of calling males at a single location rarely exceeds five (Daly, 1996a; Moore, 1961,
Recsei, 1996). Males usually call from underground (Gillespie, 1990; Moore, 1961). Work
on Western Australian Heleioporus demonstrated that burrow morphology can enhance the
principal frequency component of a call and thus compensate for the lack of a vocal sac
(Bailey & Roberts, 1981). The call is a soft owl-like “ou — ou — ou” (Moore, 1961)(my
observations suggest that each call is made up of four distinct “ou” calls in very quick

succession). Calls were described by Littlejohn & Martin (1967).

The species calls throughout the year but call activity peaks in late summer and autumn
(Gillespie, 1990, Littlejohn & Martin, 1967; Moore, 1961; Recsei, 1996)(A. Stauber,
unpubl. data). H australiacus are considered autumn breeders (Fletcher, 1889; Harrison,
1922) but may also spawn in spring (A. Stauber, unpubl. data) and late summer (Daly,
1996a). They call predominantly during warm nights after periods of intense rain (Daly,
1996a). Breeding takes place in semi-permaneflt and permanent shallow creeks and
occasionally dams (Gillespie, 1990; Littlejohn & Martin, 1967; Recsei, 1996)(A. Stauber,
unpubl. data). The species may also breed in man-made gutters or drains (Daly, 1996a)(A.
Stauber, unpubl. data).

Egg capsules measure 2.5 — 2.6 mm in diameter (Moore, 1961; Watson & Martin, 1973) and
have been described as “huge” (Moore, 1961). Spawn, a foam raft with 698 — 1239 eggs, is

deposited in concealed positions within creeks under organic debris and vegetation (Daly,
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1996a; Watson & Martin, 1973), rocks (Harrison, 1922), or in crayfish burrows (Hoser,
1989). Western Australian Heleioporus spp. also ovideposit into their own constructed
burrows (Lee, 1967), but I have found no evidence of this occurring in H. australiacus. In
contrast to H. australiacus, the Western Australian species apparently lay their eggs out of
water (Main, Littlejohn & Lee, 1959).

The duration of the embryonic phase is unknown. Tadpoles are benthic and graze on algae
on rocks (Daly, 1996a; Lee, 1967). They may grow up to 75 mm in length (Moore, 1961)
during the larval period of three to 11 months (Daly, 1996a)(see also Chapter 3). Tadpole
descriptions have been published (Anstis, 2002; Watson & Martin, 1973).

At the terrestrial life stage, the species may be a generalist in terms of microhabitat
(Lemckert et al., 1998). Gillespie (1990) suggested that the species may be dependent on
forest habitat and may be excluded from farmland. Adults appear to be wide-ranging and
can be found considerable distances away from creeks and drains (Gillespie, 1990;
Lemckert & Brassil, 2003; Lemckert et al., 1998; Webb, 1991).

Analyses of gut contents and scats showed that H. australiacus eat cockroaches, ants,
beetles, bugs, moths, grasshoppers, woodlice, spiders and scorpions, centipedes and
millipedes (Littlejohn & Martin, 1967; Rose, 1974; Webb, 1983; Webb, 1987), some of
which are up to 65 mm long and / or noxious (Webb, 1983).

H. australiacus can exude a white, sticky, perhaps poisonous (see Softly & Nairn, 1975)
fluid when handled. It may also emit a loud, high-pitched distress call and inflate the body
with straightened legs to maximise its size (Daly, 1996a; Towerton & Lemckert, 2001)(A.
Stauber, unpubl. data). It is known that Varanus varius (lace monitor) and Pseudechis
porphyriacus (red-bellied black snake) prey on H, australiacus (’l:owerton & Lemckert,

2001). Foxes (Vulpes vulpes) and cats (Felis catus) are potential predators (Lemckert e al.,
2001b).

5.4 Status and threats

Information on the abundance of H. australiacus indicates that the species is rare (Gillespie,
1990; Gillespie & Hines, 1999; Recsei, 1996; Webb, 1987). However, this species is also
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highly cryptic (Harrison, 1922) and is only rarely detected, usually on nights following
heavy rains (Daly, 1996a; Gillespie, 1990). It is likely that H. australiacus has recently
declined throughout the greater Sydney region (Recsei, 1996). Proposed causes of these
postulated declines are fires of high frequency and / or intensity, forestry activities, grazing,
track maintenance and traffic mortality, feral predators, urban runoff, as well as housing and
other developments (Daly, 1996a; Mahony, 1994; Recsei, 1996). The potential impacts of
these processes have not been tested; however, the patterns, nature and potential causes of
declines were examined by Gillespie & Hero (1999). Several individuals have been

unearthed at the base of trees during logging operations (Gillespie, 1996).

The species is listed as threatened in Victoria (#lora and Fauna Guarantee Act 1988), and
vulnerable in NSW (Zhreatened Species Conservation Act 1995), at the Commonwealth
level (Environment Protection and Biodiversity Conservation Act 1999) and also by the
International Union for Conservation of Nature and Natural Resources (IUCN) (Lemckert
et al., 2001b).

5.5 Habitat information

Information on broad habitat associations was collated at various scales for several regions.
Recsei (1996) reviewed published habitat statements. These are not repeated here but they
generally provided information on the nature of water courses, vegetation structure,
topography and or geology in each case based on one or a small number of sites where the
animals had been observed by the various authors. In addition, the vegetation structure and
floristics have been detailed for H. australiacus sites in Victoria (Gillespie, 1990). Habitat
information including floristics and vegetation structure was also collected at several sites in
the southern half of the species’ range in NSW (Webb, 1981; 1991; 1993). Daly (1996a)
provided very detailed information for H australiacus sites in ‘the Shoalhaven region
(Nowra, NSW) ranging from floristics to breeding pool characteristics. Recsei (1996) added
a summary of soil types and the altitudinal range of animal locations. Apart from general
habitat statements and Recsei’s (1996) additions, very little information is available on the
habitat characteristics of sites occupied by H. australiacus in the northern half of its range,
the Sydney Basin (NSW National Parks and Wildlife Service, 2003).
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5.6 Brief summary of additional published studies

Radio-tracking studies were undertaken to investigate the movements of individuals in
timber production forests (Lemckert & Brassil, 2003). The effects of logging on ground-
dwelling vertebrates including H. australiacus was investigated by Webb (1991). Studies on
hydration and dehydration rates demonstrated that H. australiacus can lose almost 38 % of
body weight in water before death occurs (Bentley et al., 1958). The ecological

requirements of H. australiacus are poorly known (Gillespie & Hines, 1999).

6 A brief preview of the main chapters

Throughout this work, the research questions asked on page 9 are generally answered for
each frog separately within the same Chapter. The methodologies chosen occasionally vary
among species to suit the biology (e.g., differences in size, behaviour, etc.) of each frog.
Comparisons between the species are generally avoided and are only made where it is

ecologically relevant.

The main chapters 2 to 6 are written as freestanding, independent units and for this reason
information is occasionally repeated. Cross referencing is used within the main chapters to
avoid the repeat of key information outside the relevant chapter. These chapters are briefly

previewed below.

It is appropriate to point out that the study period coincided with long and repeated episodes
of very low rainfall. This unusually dry period may have had a significant influence on the

data collected.

6.1 The Habitat requirements of Pseudophryne australis and Heleioporus
australiacus (Chapter 2)

Chapter 2 relates to research question 1: How are the habitats of Pseudophryne australis and

Heleioporus australiacus best described? The main objective of the work presented in this

chapter was to collect quantitative information on a large number of habitat variables that

may have an influence on the frogs’ distribution. The aim was to identify the variables and

their values that may be useful for the prediction of potential habitat for both species. 1

hypothesised that animal locations were not randomly distributed throughout the landscape
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within their ranges, but were linked to some specific, but unknown, environmental attributes

of these sites.

Three different scale levels add different information on each scale, but also serve to
indicate how well some analyses function as support for predictive modelling. Furthermore,
the identification of habitat variables and the determination of their values that link these
animals to their environment are an essential contribution to the ever, albeit siowly growing
knowledge of the ecology of these two difficult to study species. Information on the habitat
requirements of these species allows comparisons with the habitat requirements of other
species, whether they co-exist or not. Such information is essential in understanding the
complex nature of the spatial distribution of both related and unrelated organisms and their
links to their specific environments. A thorough understanding of a species’ habitat
requirements also helps shed light on other biological questions including those concerned
with animal behaviour, morphology or breeding biology and how they relate to the

environment.

Because so many unanswered questions remain, the habitat requirements of P. australis and
H. australiacus were investigated. The work concentrated on the Sydney Basin and was
carried out at three different spatial scales. 1) On the broadest scale, six variables and
climatic conditions were quantified for sites where frogs were present based on Atlas of
NSW Wildlife records using GIS and printed maps. 2) On a finer scale, field visits to most
areas collected details on 51 habitat variables, including slope and aspect which were also
determined using GIS. 3) The third and most detailed analysis centred around the Broken
Bay area (by road, approx. 80 km north of Sydney, NSW). The same 51 variables were
analysed at sites of frog presence vs. absence using logistic regressions. Breeding pool
characteristics for both species, and microhabitat details of burrowing locations of A

australiacus were determined separately. k

This is one of very few studies of Australian amphibians that address conservation at a
landscape scale (but see Parris, 2001) and may well be the most detailed quantitative

analysis to date of the habitat requirements of any Australian frog.
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6.2 Adaptive phenotypic plasticity in the larval period of Heleioporus australiacus
(Chapter 3)

Chapter 3 is a contribution to the literature of ecological plasticity and adaptation. The aim
of this chapter was to establish the larval duration of Heleioporus australiacus under several
environmental conditions, and particularly to test whether H. australiacus is capable of a
phenotypic response to habitat drying, by metamorphosing earlier. Such a response would
be a beneficial adaptation to its habitat. Establishment of the larval period and the
determination of a possible phenotypic response to pond drying relate to research question
1. The answers contribute to a more thorough understanding of this species’ habitat
requirements, and contribute to the discussion on the adaptive values of possible phenotypic
plasticity. Pseudophryne australis was excluded from this experiment because Thumm &
Mahony (2006) have already investigated phenotypic plasticity in larval duration in this

species.

Chapter 3 contains an extensive review of phenotypic plasticity in frogs which is intended to
provide all the necessary background information relevant to the subject. I also address the

question: is phenotypic plasticity in the larval period of H. australiacus adaptive?

Heleioporus australiacus breed in ephemeral pools (Chapter 2). Their tadpoles run the risk
of dying if the hydroperiod of the breeding pond is shorter than the time required to reach
metamorphosis (Chapter 5). A laboratory experiment was set up to test the response of H.
australiacus tadpoles from three populations to decreasing water levels. In addition, growth

and development in the siblings of one population were monitored in the field.

Information on the larval duration and a possible response to pond drying is an integral part
in the assessment of the overall value of artificial ephemeral Breeding ponds (Chapter 5).
Furthermore, such information allows for interesting comparisons with other frogs and their
habitat relationships and contributes to the growing understanding globally of the adaptive
values of phenotypic plasticity.
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6.3 Habitat associations and movement patterns of Pseudophryne australis and
Heleioporus australiacus (Chapter 4)

Chapter 4 comprises a comparative study of dispersion and dispersal relative to habitat in
both frog species to address research question 2: How do Pseudophryne australis and
Heleioporus australiacus use their habitat? The aim was to quantify spatial distributions as
well as the movement patterns of these threatened frogs and to identify associations with
certain habitat features. The knowledge gained will contribute to a better understanding of
each species’ basic biology, and to improve the planning for their conservation

management.

Seven P. australis breeding sites and three H. australiacus populations were regularly
monitored in the field. Animals were marked for identification and had locality details
recorded. Nearest-neighbour distances between individuals were calculated to investigate
the spatial pattern of individuals within populations. Where animals show a clustered
distribution, habitat selection or even preference may be indicated. For this reason, the
habitat characteristics were investigated more closely at the locations of such clusters.
Habitat associations were also investigated independently of the locations where clusters
form. The distances moved by individuals of both species were used to provide information
on site fidelity. The combination of movement distances and nearest-neighbour distances are
essential to the determination of the spatial requirements of populations. The results are
discussed in relation to the spatial use by both species and how utilised habitat features can

be protected.

6.4  Pseudophryne australis, Heleioporus australiacus and the track environment: do
natural and artificial track-side breeding sites allow equal reproductive success
(Chapter 5)?

Chapter 5 specifically relates to the track-side habitat utilised by both frogs and is therefore

linked research question 3: Is the road habitat beneficial to Pseudophryne australis and

Heleioporus australiacus? Ecologists and managers alike are interested in knowing whether

tracks provide habitat enhancement or ecological traps for these species.

\
\
\
I
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Even within the reserve system there are numerous tracks and roads, the majority of which
are placed in the topographical region inhabited by both frogs. It is therefore not surprising
that these species often associate with tracks, roads, and their drainage structures. Such
roads, tracks and their drainage system in particular are subject to frequent maintenance
operations (Austroads, 2001; Department of Conservation and Land Management, 1994)
which may pose a risk to both frog species. The complex relationships between these frogs

and the artificial track habitat are poorly understood.

In this chapter, hydroperiod, or pond duration, was used as an indirect measure to assess and
compare the reproductive success of track and non-track breeding sites. The aim was to
determine whether artificial track breeding sites allow equal reproductive success compared
to natural breeding sites away from tracks. Twenty-eight P. australis and eleven H.
australiacus artificial track-side breeding sites (track sites) and natural breeding sites located
away from tracks (non-track sites) were monitored to determine the hydroperiod and other
physical characteristics of these sites. Hydroperiods were compared among track and non-
track sites and related to the larval requirements of both frogs. Records were also made of
sites which held tadpoles to determine whether they produced metamorphs. Impacts related
to traffic and road works were also assessed. Management options are suggested to mitigate
the impacts associated with the operation and maintenance of track sites, taking into

consideration the species’ ecologies and life histories.

6.5 Heleioporus australiacus movement and habitat use in the track environment
(Chapter 6)

Chapter 6 also relates to research question 3. Heleioporus australiacus is a burrowing

species that frequently associates with tracks. Based on previous observations, I

hypothesised that at least some individuals occasionally burrow in the track environment.

In this chapter I describe how five individuals known to utilise track habitat were tracked
weekly for up to three months using radio-telemetry. I investigated primarily whether this
frog burrows in the track environment, where it may be exposed to potential injuries due to
track maintenance works. Burrowing depths and weekly distances moved between burrows

were also analysed. Home ranges of two individuals were also estimated. Such values have
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never been reported previously for this species and add considerably to our understanding of

the basic biology of this frog and its spatial requirements.

This chapter reports observations on dispersal behaviour with respect to tracks by this frog.
These observations build on our current knowledge of the species and are undoubtedly of
great interest to ecologists and managers alike. A number of recommendations have been
made to minimise potential negative impacts of track maintenance operations on population

persistence.

Finally, the key findings are summarised in Chapter 7.
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Chapter 2

THE HABITAT REQUIREMENTS OF PSEUDOPHRYNE AUSTRALIS AND
HELEIOPORUS AUSTRALIACUS

Abstract

The habitat requirements of Pseudophryne australis and Heleioporus australiacus in the
Sydney Basin were investigated at four different spatial scales. 1) On the broadest scale, six
variables and climatic conditions were quantified for sites where frogs were present based
on Atlas of NSW Wildlife records using GIS and printed maps. 2) On a finer scale, field
visits were conducted to most areas in order to collected details on 51 habitat variables,
including slope and aspect which were also determined using GIS. 3) The third and most
detailed analysis centred around the Broken Bay area (by road, approx. 80 km north of
Sydney, NSW). The same 51 variables were analysed at sites of frog presence vs. absence
using logistic regressions. 4) Breeding pool characteristics for both species, and

microhabitat details of burrowing locations of H. australiacus were determined separately.

Both species showed a very strong association with Hawkesbury Sandstone and were
generally found in the elevated parts of the topography where watercourses are ephemeral
and at sites with gradients of no more than 10 degrees. P. australis breeding sites are
ephemeral and usually located near cliffs. H. australiacus breeding pools are ephemeral,
semi-permanent or permanent. BIOCLIM modelling revealed that both frogs favour areas of
higher precipitation and generally milder temperature regimes compared to average values

for the Sydney Basin.

Soils at breeding sites were poorly structured and supported open forest, woodlands and
heaths. H. australiacus sites may also be in wet sclerophyll forests in gullies. Breeding sites
were weed free. The probability of P. australis breeding sites occurring increases with
increasing amounts of leaf litter. H. australiacus breeding sites were generally associated
with crayfish burrows. Both species were absent from cleared open land and may be

dependent on natural vegetation with a multilayered and floristically diverse structure.
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The habitat occupied by both P. australis and H. australiacus is unusual in that only one
other frog, the wide-ranging Crinia signifera, is known to utilise it. Each of the three frogs
has its own reproductive adaptations that allow it to persist in its own way in marginal

environments away from permanent water courses.

1  Introduction

Habitat choice is an important component of the life history of animals (MacArthur, 1972).
Information on an organism’s spatial distribution is an integral component of ecological and
conservation research (Aberg et al., 2000; Harding et al., 2001), has application in habitat
restoration efforts (e.g., Matthews & Pope, 1999) and allows the identification and ranking
of sites where individuals are more likely to occur (e.g., Aebischer er al., 1993). An
understanding of a species’ habitat requirements is therefore an essential tool in
conservation biology because it can be used to predict that organism’s distribution in places
which have not been sampled and help in the assessment of changes in habitat area resulting
from disturbances (Burgman & Lindenmayer, 1998). Furthermore, knowledge about the
species — environment relationship is critical for impact assessment, the design of
management strategies and the framing of conservation legislation (Burgman &
Lindenmayer, 1998; Noss & Murphy, 1995).

Can habitat be used as a predictor of species occurrence? As examples given by Burgman &
Lindenmayer (1998), Australian forest birds (MacNally, 1989), plant species iri Western
Australian sand heaths and mallee communities (Burgman, 1989), and rare Eucalypt species
(Proper & Austin, 1990), occur in low numbers not because of limited tolerances to
environmental conditions, but because the habitat they required is rare in the landscape. The
presence of suitable habitat may be one of several conditions of a species’ existence at a site,
but the presence of such habitat clearly does not mean that the taxon will be present there.
Modelling of environmental conditions can be helpful in predicting species occurrences by
identifying additional habitat. Good habitat models should be able to predict species
presence in previously unsampled areas as was demonstrated for the greater glider
Petauroides volans (Lindenmayer et al., 1994; 1995). Other habitat models have been
constructed from extensive data sets for frogs (e.g., Parris, 2001; 2002), but their predictive

powers still need to be tested in the field.
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Does habitat protection directly lead to species’ protection? Habitat loss is considered
responsible for the decline of many of the now extinct and threatened species in Australia
(Leigh & Briggs, 1992; Possingham et al., 1995; Recher & Lim, 1990; Schur, 1990;
Sivertsen, 1994) and globally (Brooks ef al., 2002; Clark et al., 1990; Fahrig, 2001; IUCN,
2003; Janzen, 1986; May, 1990; Wilson, 1989). In the United States of America, habitat
loss, at least in the terrestrial environment, is overwhelmingly the greatest threat to plants
and animals (1880 species surveyed) (Wilcove er al., 1998). It is for this reason that
conservation efforts are often based on reserving land for the protection of species,
communities and ecosystems. Burgman & Lindenmayer (1998) provide a historical

overview of habitat protection in Australia.

However, habitat protection is often not sufficient for the long term survival of a species.
This has been illustrated by the example of the endangered Australian western swamp
tortoise Pseudemydura umbrina (Kuchling et al., 1992). Furthermore, at least eight frog
species from the Wet Tropics bioregion of northern Queensland and four from the Snowy
Mountains (NSW and VIC) have undergone declines since the late 1980s, despite being in
protected reserves (McDonald & Alford, 1999; Osborne et al., 1999).

Habitat loss and degradation is considered a major threat to P. australis (Thumm &
Mahony, 1999) and H. australiacus (Gillespie & Hines, 1999; Recsei, 1996). In this Chapter
I identify habitat variables which correlate to the distribution of P. australis and H.
australiacus and determine their values. Notes on general aspects of P. australis habitat
have previously been published and were summarised by Thumm (1996). More detailed
habitat studies on that species were also undertaken (Thumm, 1997a; Thumm & Mahony,
1999). Recsei (1996) provided a general account and a literature review of habitat
requirements for H. australiacus. General information was added by Gillespie (1996), and

Daly (1996a) undertook a detailed study of H. australiacus habitat in the Shoalhaven region.

¢

Comprehensive surveys across the Sydney Basin Bioregion (NSW National Parks and
Wildlife Service, 2003) were undertaken and the data analysed to add to this knowledge. In
this study, the Sydney Basin Bioregion is defined as the area south of the Hunter River, east
of the western edge of the Blue Mountains (e.g., Mt. Victoria), and north of the Shoalhaven
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River. This area covers all known P. qustralis localities, and the portion of H. australiacus
distribution where the species is most abundant (Barker et al., 1995). The Sydney Basin has
one of Australia’s highest human population densities (State of the Environment Advisory
Council, 1996), which keeps increasing (Australian Burean of Statistics, 2002), and includes
vast urban areas as well as reserves (e.g., national parks, state forests, etc.). Analyses were
undertaken at various scales investigating the relationships between presence or presence-
absence data and numerous habitat variables to identify the characteristics of the habitat and

the core habitat of both frogs.

Core habitat is defined as the habitat which is covered by locality records for which the
values of individual variables fall within the 10 — 90% level, and exclude outliers
(Lindenmayer et al., 1991). By no means does this imply that the remainder of the habitat

utilised by a species is unimportant (see Buchanan et al., 1998).

The main objective of the work presented in this chapter was to collect quantitative
information on a large number of habitat variables that may have an influence on the frogs’
distribution. The aim was to identify the variables and their values that may be useful for the
prediction of potential habitat for both species. I hypothesised that animal locations were not
randomly distributed throughout the landscape within their ranges, but were linked to some
specific, but unknown, environmental attributes of these sites. Three different scale levels
add different information on each scale, but also serve to indicate how well some analyses
function as support for predictive modelling. Furthermore, the identification of habitat
variables and the determination of their values that link these animals to their environment
are an essential contribution to the ever, albeit slowly growing knowledge of the ecology of
these two difficult to study species. Information on the habitat requirements of these species
allows comparisons with the habitat requirements of other species, whether they co-exist or
not. Such information is essential in understanding the complex nature of the spatial
distribution of both related and unrelated organisms and their links to their specific
environments. A thorough understanding of a species’ habitat requirements also helps shed
light on other biological questions including those concerned with animal behaviour,

morphology or breeding biology and how they relate to the environment.
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This is one of very few studies of Australian amphibians that address conservation at a
landscape scale (but see Parris, 2001) and may well be the most detailed quantitative

analysis to date of the habitat requirements of any Australian frog.

2 Materials and methods
The habitat analyses were carried out separately for each species. Protocols were generally
the same for both species. Differences are detailed where appropriate. Locality data are

given in metres using Australian Map Grid data (AMG) in Zone 56.

Habitat variables were collected and analysed at various scales. This approach made full use
of all known animal locations, covering the full distribution ranges of both species
(excluding the southern H. australiacus), while at the same time allowing for logistical
constraints related to travelling distances and access. Note that the areas covered are the full
known distribution range for P. australis, and the full known distribution range north of the
Shoalhaven River (AMG 254000 - 294000E, 613%9000N) for H. australiacus. Most H.
australiacus records are concentrated in that region (Barker er al., 1995). H australiacus
south of the Shoalhaven were primarily excluded because this research is focused on the
Sydney Basin Bioregion. Another important reason is the possibility that H. australiacus
may be made up of two disjunct populations (Gillespie, 1990) that may be taxonomically
distinct (Daly, 1996a). Apart from an area near Jervis Bay (AMG 294000E, 6125000N),
there are no known records between the Sydney Basin and Eden-Bombala in south-eastern
NSW (a latitudinal distance of approx 300 km from the southern limits of the Sydney
Basin). The taxonomic status of both populations is currently being investigated (M.
Mahony & S. Donnellan pers. comm.). The southern animals are the subject of concurrent

ecological research through the University of Newcastle (M. Mahony, pers. comm.).

2.1 Locality data

Unless indicated otherwise, the locations were determined from the Atlas of NSW Wildlife
(WA) (extraction date 13/4/2003). This database includes records from the Australian
Museum (AM) and State Forests of NSW (SF NSW) and from a wide range of professional

and amateur contributors. Pre 1980 records were excluded to eliminate several historical
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locations which have since been turned into suburbs and to allow habitat analyses based on

the current known distributions of both species.

Table 2 Topographic map sheets (1:25000) covering the distribution of P. australis (P.a.) and H.
australiacus (H.a.) in the Sydney Basin. The presence of a species on a particular map sheet is indicated by
a tick. References: (Central Mapping Authority of New South Wales, 1982; 1982-1989; 1988-1989; Land
Information Centre, 1975-1978; 1982-1989; 2000; Land and Property Information, 2000).

Map sheet Pa Ha Map sheet Pa Ha.
1 Mount Pomany v 27 Cowan v v
2 Monundilla v v 28 Broken Bay v v
3 Parnell v 29 Katoomba v v
4 Coricudgy v v 30 Springwood v v
5 Kindarun v v 31 Riverstone v v
6 Howes Valley v 32 Hornsby v v
7 Putty v 33 Mona Vale v v
8 Gospers Mountain v 34 Jamison v v
9 Murrays Run v 35 Penrith 4
10 Morisset v v 36 Parramatta River v
11 Ben Bullen v 37 Sydney Heads v v
12 Six Brothers v 38 Bimilow v v
13 Kulnura v v 39 Warragamba v
14 Rock Hill v 40 Liverpool v
15 Colo Heights v 41  Campbelltown v v
16 St Albans v v 42  Port Hacking v v
17 Mangrove v 43  Appin v v
18 Wyong v v 44 Otford v v
19 Wollangambe v 45 Bargo v v
20 Mountain Lagoon v 46 Bulli v v
21 Lower Portland v v 47 Avon River v v
22  Gunderman v v 48 Wollongong v v
23  Gosford v v 49 Robertson v
24 Mt Wilson v 50 Kangaroo Valley v v
25 Kurrajong v 51 Burrier v
26 Wilberforce v 52 Berry v

The WA records were modified as follows. One database was created for each species. All
duplicate entries within a database were reciuced to a single record. In addition, two P.
australis records (AMG 344000E, 6285900N; 346774E, 6289277N) and one H
australiacus record (AMG 342500E, 6290400N) were removed because of doubtful
accuracy after discussion with other field biologists. One P. australis record (AMG

352750E, 6338000N) was removed as an erroneous entry (M. Mahony, pers. comm.). The
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coordinates of one H. australiacus record were changed to bring it into line with the
accompanying locality description (Binya Close, Hornsby Heights, a site I confirmed in the
field).

Clusters of records were then identified using GIS software ArcView 3.2°s (Environmental
Systems Research Institute, Inc.) buffer tool. Clusters were manually thinned out so that the
minimum distance between records was greater than 500m to eliminate possible erroneous
duplicate entries due to grid conversions, and to somewhat reduce over-representation of
certain areas. Records to be deleted were selected primarily to minimise data loss and
secondarily by coin flipping. The remaining numbers of locality records were 332 for P.
australis, and 145 for H. australiacus covering a total of 52 1:25000 topographic map
sheets (Table 2).

NSW National Parks and Wildlife Service licensing conditions prohibit the reporting of
exact WA locations. Details are only stated here for erroneous entries. I suggest researchers
contact the service for precise locality data. This limitation makes replication of my work

more difficult.

2.2 Habitat scaling and variables analysed

The following subsections define the various scales of the habitat analyses and the variables
measured and analysed at each scaling level. The scaling is a hierarchical arrangement
where the broader levels cover a larger area with reduced habitat information as opposed to
medium and fine levels which cover relatively smaller areas, but with much more habitat
information collected. The amount of habitat information increases from broad scale to

medium scale by the addition of more habitat variables.

2.2.1 Extra-broad scale habitat analyses

All known locations as defined above within the Sydney Basin Bioregion were covered at
the extra-broad scale. Habitat descriptions at this level were based on information available
from maps, geographic information system (GIS) files and BIOCLIM (Busby, 1991; Nix,
1986).

32



Chapter 2 - The Habitat requirements of Pseudophryne australis and Heleioporus australiacus

2.2.1.1 Extra-broad scale data collected

Details of physical factors, geology and climate data analysed are given in Table 3.

Table 3 Factors analysed at the extra-broad scale level. Given for each factor (with units in
parentheses) are the method of data extraction, explanatory notes and the source of the data with references.

Variable Method Data source/ Source /
Explanatory notes References
Geology Manual plotting on (NSW Dept. of
printed maps Mines, 1966; 1969)
Elevation (m) GIS Digital elevation NSW NPWS
model (25m grid)
Height above Manual / GIS 10m Contour lines
valley floor (m) (Valley floor: derived from

highest point below digital elevation
site where terrain ~ model (25m grid)
flattens out)

Height above Manual / GIS 10m Contour lines
lowest point within  (Lowest point: derived from
1km (m) lowest point below  digital elevation
site within Tkm model (25m grid)
radius)
Height below ridge Manual / GIS 10m Contour lines
or knoll (m) derived from
digital elevation
model (25m grid)
Aspect (°) GIS Digital elevation NSW NPWS
model (25m grid)
Slope (%) GIS Digital elevation NSW NPWS
model (25m grid)
Climate BIOCLIM 35 modelled (Busby, 1991; Nix,

climatic variables 1986)
extracted, based on

atlas (WA) locality

and altitude data

2.2.1.2 Extra-broad scale data analysis

Extra-broad scale data were summarised to fully describe the whole range of values of the
habitat variables measured, effectively summarising the environmental conditions the
animals experience in the field throughout their geographic ranges within the area covered

by this study. Where practical and appropriate, the conditions were compared to the full
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range of values available to the animals for certain variables within the Sydney Basin. These

were geology, elevation and climate. L

Such comparisons assume that animals do not occur in places for which no WA records
exist. However, non-presence in the WA records certainly does not constitute an absence
value because of the obvious difficulties associated with the collection and verification of
such data. I recognise these limitations and justify comparisons by exploring only general
patterns of appropriate variables at the broad-scale level, which have a lower resolution than
the general sampling resolution of the WA. For example, if a species has never been
recorded on a particular reasonably widespread geological type which is accessible to
researchers at least in some places (and was presumably sampled during several fauna
surveys, either formal or informal), then it seems unlikely that that geological type offers

suitable habitat for the species in question.

Elevation, aspect and slope GIS files were generated from a 25 m grid Digital Elevation
Model (DEM) supplied by NSW NPWS, using ArcView Spatial Analyst (Environmental
Systems Research Institute, Inc.). Unfortunately, metadata were not available for the DEM,
hence it is unknown how the DEM was originally constructed. DEM-derived 10 m contours
however very closely followed the contour lines of the corresponding topographic map
sheets and for this reason it was assumed that the DEM was based on contours of the
1:25000 topographic map series (references in Table 2). Relative positions of locality
records in the topography were calculated as a percentage above the valley floor (a
somewhat subjective evaluation of the highest point downstream of the locality record
where the terrain flattens out) as well as above the lowest point downstream within 1 km (an
objective measure). The 100% mark was taken as the highest point (ridge or knoll) above
the locality record or the highest point within 1 km radius where the mountain top was
located further away. Site records were grouped into 8 widely accepted 45° aspect sectors

labelled by their median values (North, North-East, etc.). Slope was calculated in degrees
O).

Climatic factors including rainfall, temperature and solar radiation regimes typically set

constraints to the broad distribution of most taxa (Jarvis & McNaughton, 1986; Woodward,
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1987a). Bioclimatic modelling is based on this ecological principle and finds its application
in predicting potential limits to the broad distribution of species (Nix, 1986). BIOCLIM
(Nix, 1986) within the ANUCLIM 5.0 (Houlder ef al., 1999) package was used to estimate
the climate at each locality using 35 climatic indices, producing bioclimatic species profiles.
Climate data were derived from continent-wide surfaces of monthly mean minimum and
maximum temperatures, rainfall, radiation with rainfall, and evaporation. Interpolation was
set to weekly intervals. The input consisted of eastings, northings and elevation. Bioclimatic

species profiles for both frogs were defined by pooling index estimates from all locations.

BIOCLIM was also run using the settings above to estimate the full climatic range that
occurs within the Sydney Basin, based on a 5 km gridded DEM with 10 m contour intervals
(AMGs: 230000 — 400000 m East or the coast line where the latter number is over the
ocean; 6130000 — 6390000 m North). The bioclimatic profiles were compared to predict
areas of similar climate within the Sydney Basin. BIOMAP (Houlder ef al., 1999) within
ANUCLIM was supplied with those to produce maps on which each grid cell was assigned
a value for its suitability as potential habitat based on climatic parameters. For each
bioclimatic parameter, BIOMAP compares the value in a given location with the statistical
distribution of that same parameter in the species profile to see if it falls within one of the
statistical spans (here: 10th to 90th percentile — the core habitat; and the full range). For a
given statistical span, all the parameters must pass for the point to be assigned the

corresponding value.

Logistic regressions are particularly suited to habitat analyses based on presence / absence
data and have been widely applied (Burgman & Lindenmayer, 1998; Osborne & Tigar,
1992; Parris, 2001; Peeters & Gardeniers, 1998). Recently termed the resource selection
probability function (Boyce & McDonald, 1999), this approach yields outcomes directly
interpretable as probabilities or alternatively as ratios of odds of occurrence as a function of
any number of environmental variables. Binary logistic regressions were applied separately
for each frog species to test the relationship between presence / absence and each climatic
variable using Minitab 13.2 (Minitab Inc. 2000). Highly skewed variables as revealed by
frequency histograms were transformed (natural log or exponential) prior to analyses.

Significance levels were set at 0.01 because of the large number of required tests (reducing
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the likelihood of a type 1 error occurring). Separate analyses were carried out on each
climatic variable resulting in the quadratic function that describes the relationship between

this variable, x, and the probability of occurrence, p(x) (Jongman et al., 1997):

logl G B, + Bx+ B,x° Equation 1
1~ p(x)

where Sy, f1 and f, are regression coefficients. One tailed z-tests were used to determine
whether £, was significantly less than zero. The quadratic function with a coefficient 8> <0

results in a Gaussian logit curve with a unique optimum value, u, of the variable which is

calculated:
u= [j‘—:' Equation 2
25,

When f, = 0, there is a logistic increase (#; > 0) or decrease (f; < 0) in the probability of
occurrence with an increase in the climatic variable. There is no relationship between the
variable and species occurrence when both 8, and f; equal zero (Jongman et al., 1997).
Optimum habitat values are reported as » (Equation 2) for Gaussian logit curves, maximum
values for positive logistic curves and minima for negative logistic curves. Multiple logistic
regressions were not carried out because of the high level of inter-correlation among

variables.

To evaluate the relative position of animal locations in relation to the range of climates in
the Sydney Basin, a correlation matrix principal components analysis (SPSS) was used
reducing the 35 highly inter-correlated BIOCLIM variables to a smaller number, Principal

components covering the whole Sydney Basin were then plotted for each species.

2.2.2  Broad scale habitat analyses
Broad scale and finer sampling scale habitat analyses were based on data collected in the
field. Locations were systematically selected. For each of the two species, two sites were

chosen within each area covered by a 1:25000 topographic map sheet (references in Table
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2). Ideally, sites were well spaced within each map sheet, but also in relation to those on
adjacent sheets to provide a reasonably uniform geographical coverage. The landmass of the
map sheets Broken Bay, Mona Vale, Otford and Sydney Heads cover less than 50% of the
total map coverage, and thus contributed only a single record to the broad scale analyses.
Map sheet Wollangambe contained a single tight cluster of P. australis records and thus
contributed only one site for the broad scale analyses. Some map sheets contained only
single records. These sites were included where possible. The only H. australiacus locality
on the Riverstone map sheet was excluded because this record came from near the
foundations of a house in a garden (Emerton & Burgin, 1997) in the middle of a suburb with
no natural vegetation within | km. The only H. australiacus record on Sydney Heads

provided very little habitat information because land use had changed to parkiands.

Some sites were not considered for field analyses. Certain map sheet coverages had to be
excluded due to site remoteness (Wollemi wilderness) or access restrictions (Holsworthy
Army Base, Sydney Catchment Authority land). These are shown as shaded rectangles in

Figure 1. Field data were collected for 50 P. australis sites, and 36 H. australiacus sites.
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Figure 1

Locations of P. australis (triangles) and H. australiacus (circles) field sites visited for broad-

scale habitat analyses. The shaded rectangles indicate map sheet coverages (grid) not visited that contain
records of P. qustralis (horizontal shading), H. australiacus (vertical shading) or both species (diagonal
shading). A number in the top lefi corner refers to the map sheet name listed in Table 2.

2.2.2.1 Data collected

WA records are of variable accuracy and precision. In most areas specific sites were

identified in the field drawing on available information, personal knowledge, and in many

cases also on the intuition and reasoning of experts. Details of environmental variables

analysed are given in Table 11. Where likely breeding sites could not be located, the

following information on physical factors and vegetation was collected in the general area:

The presence / absence and distance to cliffs within 200m above or below the site, and
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whether the terrain flattens out relative to up-slope gradients, as well as details on landscape
morphology (Adair et al, 1994) and shape (simple — little or no curvature; convex —
outward curvature like a headland; concave — inward curvature like a valley head; or

amphitheatre — a concave shape of at least 180°).

Sydney Basin vegetation was characterised into broad communities based on published
species compositions (Benson, 1986; 1992; Benson & Howell, 1994; Buchanan, 1980;
Buchanan & Humphries, 1980; Burrough ef al., 1977; Keith, 1994; Keith & Benson, 1988;
LeBrocque & Buckney, 1994; McRae, 1990; Outhred et al., 1985; Thomas & Benson,
1985a; 1985b). These were condensed to 117 communities. While carrying out the field
work, it was soon realised that there is considerable geographic variation in vegetation
communities across the region and overlap between communities in which the frogs occur.
Broad scale data analyses at the species level of flora were therefore considered
uninformative and are not reported here. Instead, structural vegetation types were classified
within a 100m radius defined by growth form and crown separation of woody plants
(Walker & Hopkins, 1998).

Where breeding sites (places where moisture is likely to accumulate, at least during rainfall
events; i.e. generally drainage lines) could be identified, further information was collected
on vegetation, geology, soil, disturbances, biota and other breeding site characteristics. The
area covered was defined as within a circle of 10 m radius, with the central point being a

likely breeding site.

Vegetation was assessed by percentage cover (Walker & Hopkins, 1998) and species
diversity for the ground storey, shrub layer, top storey and combined cover. Mean heights of
the three layers were also classified, and a species list was compiled of three or four
dominating species for each layer. Vegetation associations were named following Groves
(1994). Aspect was determined (°) with a handheld SILVA™ compass (Type 7NL) and
slope was measured (°) with a SUUNTO™ PM-5 optical reading clinometer following the
method and classifications of Speight (1998).
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Percent coverage at ground level was estimated for leaf litter, logs, bush rock and bare
ground. A ruggedness index was developed for the ground surface (even or smooth; stubble;

sticks; cobble; as ploughed with a moldboard plough (Steinmetz, 1982)).

The presence of laterite and clay lens (where this was possible) was recorded and the soil
analysed for texture and structure from both the surface and 10 cm below close to the edge
of a likely breeding site following McDonald & Isbell (1998). “Medium clay” and “medium
heavy clay” were combined into one class because 1 was unable to distinguish between the
two using this method. The assessed disturbances were earthworks, fire, road / track
surfacing, slashing, traffic intensity and erosion intensity. These assessments were kept
simple and used classifications that could be answered consistently in the field (see

classifications in Results).

Weed degradation was classified (none, light, moderate, heavy, based on coverage of all
strata combined) and the number of different types of likely shelters available to the animals
noted. Breeding sites were further described by type (Pond: water body not associated with a
water course; - creek; - table drain; - artificial drain: a man-made channel that is not a table
drain or a mitre drain; - soak: a place that is kept damp for prolonged periods by seeping or
dripping water; - mitre drain; - depression; - pool in creek), and permanence of water course

and its origin, and whether crayfish or their burrows were present.

2.2.2.2 Broad scale data analysis

Data were summarised, generally by calculating relative frequencies of occurrences of a
particular classification for each variable measured. Chi-square goodness of fit tests were
calculated where appropriate against equal expected frequencies. Comparisons of presence
vs. absence sites were not attempted because of the lack of comparable information for

absence sites.

2.2.3  Medium scale habitat analyses ‘—

Several as yet unregistered sites were added to the WA records for medium scale habitat
analyses. These are sites I discovered while working in the field. The medium scale study
area is contained within the Broken Bay 1:25000 topographic map and the boundaries of
Brisbane Water and Bouddi NPs. In addition, the area westward to Mullet Creek within the
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Cowan 1:25000 topographic map was included. Twelve sites were chosen for each of .
australis track sites (from 43), P. australis non-track sites (from 25) and H. qustraliacus
sites (from 28). Individual records in each set were assigned a number and randomly

generated numbers were then used to choose subsets.

Fourteen confirmed absence sites were also included. These were chosen as follows. A
500m grid based on AMGs was superimposed onto a map of the study area. The
intersections indicated potential study sites. After the exclusion of known presence-sites,
133 locations remained. Fifteen locations were randomly chosen as outlined above. The
most likely breeding site for each species within 100m from the identified location was
permanently marked and surveyed for frogs (calls for P. australis and tadpoles for H.
australiacus). Access paths were also marked by use of secateurs and with reflective tags to
facilitate access at night. Each site was surveyed three times (Autumn 03, Spring 03, Spring
04) during weather conditions appropriate for frog calling activity. Several control sites
(where animals were known to be present) were used to decide on the suitability of
sampling sessions. The absence of any records (including pre 1980 WA records) and the
absence of tadpoles for H. australiacus, or calling P. australis males were taken as a
confirmation of respective absence. For each species, single localities provided new records

of occurrence.

2.2.3.1 Medium scale data collected
The same information was collected as for broad scale analyses (Table 11), including
absence sites. In addition, soil classifications of the area (Chapman & Murphy, 1989) were

included.

2.2.3.2 Medium scale data analysis

Habitat data were subjected to chi-square tests and logistic regression analysis as detailed

earlier,

P. australis track and non-track sites were compared to absence sites separately. Because
none of the absence sites were near tracks, certain variables related to the presence of tracks

were excluded from the track / absence site comparisons: the presence of lateritc, % bare
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ground, some disturbances (earthworks, surfacing, slashing, traffic) and site character (e.g.,

creek, table drain, etc).

2.2.4 Fine scale habitat analyses

Breeding pool characteristics were obtained as part of the hydroperiod study (Chapter 5),
and habitat details of H. australiacus burrowing locations were recorded during radio-
tracking work (Chapter 6). Refer to these Chapters for methodological details. The pool
characteristics presented in this Chapter are based on combined values of track and non-

track breeding sites.

3 Results
3.1 Extra-broad scale habitat analyses
Locality records of P. australis and H. australiacus used for the extra-broad scale study are

represented in Figure 2.

3.1.1 Geological association

Table 4 Number of locality records for P. australis and H. australiacus within each of the geological
formations of the Sydney Basin. A australiocus data are original, all other values were obtained from
Thumm & Mahony (1999) to facilitate comparisons. *Seven H. australiacus records (Shoalhaven Group —
Megalong Conglomerates) from the Shoalhaven region were excluded from this analysis because they fail
outside of the area mapped by Thumm & Mahony (1999).

Species P. australis H. australiacus
Geological Area % of Number of % of Number of % of
Formation (km®)  total localities total localities total
Sydney 26478 160 141 100 138% 100
Basin

Quaternary 2863 10.8 2 1.4 1 0.7
Sands and

Volcanics

Wianamatia 2843 10.7 2 .14 2 1.5
Shale

Hawkesbury 7045 26.6 125 88.7 123 89.1
Sandstone '

Narrabeen 11144 42.1 11 7.8 12 8.7
Group

Sandstones

Coal 2583 9.8 1 0.7 0 0
Measures L

42



Chapter 2 - The Habitat requirements of Pseudophryne australis and Heleioporus australiacus

Both species occur predominantly on Hawkesbury Sandstone and to a much lesser degree
on the Narrabeen Group of sandstones, both of Triassic origin (Table 4) (NSW Dept. of
Mines, 1966). Hawkesbury Sandstone derived soils are shallow (< 50 cm deep), highly
permeable and of low fertility. They include Lithosols, Earthy Sands, Yellow Earths,
Yellow and Red Podzolic Soils and Siliceous Sands. Narrabeen Group soils on sandstone
are 30 — 200 cm deep and include Lithosols, Siliceous Sands and Yellow Podzolic Soils
(Chapman & Murphy, 1989).

Pseaudophryna australis Heleioporus australiacus
+ + + T 6400000+ + +

© o o o

[ 6300000

-B250000

Harbour

6200000 +
N
J{ 6150000 +
0 50
| 1 Kilometers ' \
250000 300000 350000 | 250000 300000 350000
Figure 2 Distribution of P. australis and H. australiacus locality records within the Sydney Basin. The

grey line represents the coast line. Each shown site contributed to the extra-broad scale habitat analyses.
The AMG grid is indicated.
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3.1.2 Elevation
Both frogs are absent from the highest areas, which cover only a small proportion of the
Sydney Basin (Table 5).

Table 5 Summary statistics of altitude for P. australis and H. australiacus locations in the Sydney
Basin. The horizontal plane area of unutilised high altitude area was calculated at the 10 m contour above
the maximum elevation for each species and taken as a percentage of the total area within AMGs 6400000-
6100000 N; 223000-400000 E; and the coast line.

Species P. australis H. australiacus
Mean elevation (SE) 236 (11.2) m 242 (15.5)m
Elevation range 10— 1020 m 20-1000 m
Maximum elevation within distribution range 1360 m 1360 m
Percentage of unutilised high altitude area 1.89% 2.23%

(horizontal plane area) within Sydney Basin

3.1.3 Relative position in topography
P. australis and H. australiacus sites are located in the upper parts of the topography (Figure
3 and Figure 4). The methods by which the lowest point was defined did not strongly

influence the results (Table 6).

Table 6 Summary statistics of P. australis and H, australiacus locations based on their relative
positions in the topography. Relative positions are expressed as a percentage above the lowest point (0%),
where the 100% mark is the nearest ridge top or knoll above the site, or the highest point above the site
within 1 km where the top is located more than 1 km away. The lowest point is either the valley floor
below, or the lowest point below within 1 km,

Species P. australis \ H. australiacus
Lowest point Valley floor ~ Within 1 km Valley floor ~ Within 1 km
Mean (SE) 63.9(1.3)%  62.7(1.3)% 67.6 (1.8)%  65.6 (1.7)%
Median 68.4% 66.7% 69.2% 68.2%
Mode 66.7% 50.0% 100% 100%

Sites within 1 km 77.1% 66.9%

from top
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Figure 3 Frequency distribution of P. australis locations based on their relative positions in the

topography. The curves (the dashed line corresponds to the white bars, the grey line corresponds to the
grey bars) correspond to bars) indicate cumulative frequency values. The 10% class includes all records
that are between zero to 10% above the valley floor or lowest point; 100% indicates that the location is on
the mountain top.
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Figure 4 Frequency distribution of H. australiacus locations based on their relative positions in the

topography. The curves (the dashed line corresponds to the white bars, the grey line corresponds to the grey
bars) indicate cumulative frequency values. The 10% class includes all records that are between zero to
10% above the valley floor or lowest point; 100% indicates that the location is on the mountain top.
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3.1.4 Aspect
P. qustralis (¢qy = 7.95; P = 0.34) and H. australiacus () =391; P = 0.79) (Table 7)
showed no significant preference for any particular aspect segment.

Table 7 Frequencies of P. australis and H. australiacus locations assigned to 45° aspect segments.
Data were derived from a 25 m grid GIS file.

Aspect segment P, australis H, australiacus
N 40 14
NE 38 22
E 47 20
SE 38 19
S 32 14
SW 37 17
4 47 17
NW 53 22
Total 332 145
315 Slope

Both P. australis and H. australiacus sites were located where slopes were gentle (i.e., 6 —

11°%) (Table 8). Flat areas and steep sections were not inhabited.

Table 8 Summary statistics of P. qustralis and H. australiacus locations based on slope of the terrain.
Data were derived from a 25 m grid GIS file.

Species P. aqustralis H, australiacus
Mean (SE) 11.4(0.4)° 10.4 (0.7)°
Median 10° g°

Mode 9° 6°

Range 1-34° 1-37

3.1.6 Climatic variables

Bioclimatic species profiles and optimum climatic values are shown in Table 9. Optimum
climatic values differed by more than 1 SD from the mean of the bioclimatic species profile
in the following ways. For P. australis, temperature seasonality and radiation of the driest
quarter were higher, minimum temperature of the coldest period, mean temperature of the

wettest quarter, mean temperature of the driest quarter, and precipitation seasonality were
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lower. For H. australiacus, temperature seasonality and mean moisture index of the warmest
quarter were higher, whereas mean temperature of the wettest quarter, mean temperature of
the driest quarter, and precipitation of the driest period were lower. Core habitat and range
as predicted by BIOCLIM are shown for P. australis (Figure 5) and H. australiacus (Figure
6). The predicted core habitat is restricted to a relatively narrow strip between 0 and 47 km
from the coast for P. australis, and between 5 and 40 km from the coast for H. australiacus.
A relatively large area to the south-west of Sydney does not fit the bioclimatic profile of

either species. This region experiences less rainfall than the areas where each species occurs.

Multivariate analyses also revealed that animal locations did not centre around localities that
featured mean climatic values. However in context of all 35 variables, the combined
influence of individual climatic variables on the species’ geographic distributions were
somewhat different. Core habitat of both species is shown as a cluster in positive territory
for both PC1 and PC2 (Figure 7, Figure 8). The first principal component describes a
gradient of increasing precipitation and moisture index; and decreasing radiation,
temperature range and temperature maximum. The second component reflects a gradient of
increasing minimum and mean temperatures. PC3 describes seasonality gradients, where
that for precipitation increases, and those for radiation and moisture index decrease. PC4
represents decreasing isothermality (mean diurnal temperature range / annual temperature
range) (Table 10).
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Table 10 Factor loadings, Eigenvalues and variance statistics for the first four principal components
of climatic variables across the Sydney Basin. Loadings with an absolute value < 0.5 are not shown.

Variable PC1 ~ PC2 PC3 PC4
1. Annual Mean Temp. ("C) 0.965

2. Mean Diurnal Range (’C) -0.829

3. Isothermality (2/7) 0.611 -0.511
4. Temp. Seasonality (CV) -0.663 -0.591

5. Max. Temp. of Warmest Period ('C)  -0.750 0.577

6. Min. Temp. of Coldest Period ('C) 0.860

7. Temp. Annual Range(5-6) ("C) -0.786

8. Mean Temp. Of Wettest Qtr. (°C) -0.543  0.693

9. Mean Temp. of Driest Qtr. ('C) 0.953

10. Mean Temp. of Warmest Qtr. ("C) 0.905

11. Mean Temp. of Coldest Qtr. ('C) 0.956

12. Annual Precipitation (mm) 0.970

13. Precipitation of Wettest Period (mm)  0.890

14. Precipitation of Driest Period (mm) 0.785

15, Precipitation Seasonality (CV) 0.524  0.669

16. Precipitation of Wettest Qtr. (mm) 0.913

17. Precipitation of Driest Qtr. (mm) 0.927

18. Precipitation of Warmest Qtr. (mm)  (.878

19. Precipitation of Coldest Qtr. (mm) 0.922

20. Annual Mean Radiation (MJ m™) -0.941

21. Highest Period Radiation (MJ m™) -0.832

22. Lowest Period Radiation (MJ m™) -0.677

23. Radiation Seasonality (CV) -0.702

24. Radiation of Wettest Qtr. (MJ m™) -0.778

25. Radiation of Driest Qtr. (MJ m™) 0.562

26. Radiation of Warmest Qtr. MJm™)  -0.933

27. Radiation of Coldest Qtr. (MJ m™) -0.590 0.511

28. Annual Mean M1 0.970

29. Highest Period MI 0.883

30. Lowest Period MI 0.847

31. Ml Seasonality(CV) -0.566 -0.750

32. Mean MI of High Qtr. 0.902

33. Mean MI of Low Qtr. 0.869

34. Mean MI of Warm Qtr. 0.868

35. Mean MI of Coldest Qtr. 0.912

Eigenvalue 18.7 7.61 4.07 1.81

% variance 534, 217 11.6 5.16
Cumulative % variance 53.4 75.1 86.8 91.9
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Figure 5 P. australis core habitat (dark shading) and range (grey shading) as predicted by BIOCLIM.
Pixel side length is approximately 5 km. The extent of the analysis was confined to the area outlined by the

rectangle and coast line.
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Figure 6 H. australiacus core habitat (dark shading) and range (grey shading) as predicted by
BIOCLIM. Pixel side length is approximately 5 km. The extent of the analysis was confined to the area

outlined by the rectangle and coast line.
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Figure 8 First two principal components of bioclimatic variables for the Sydney Basin and likelihood

of occurrence of H. australiacus as predicted by BIOCLIM. Filled black circles show predicted core
habitat.
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3.2 Broad scale habitat analyses

Full results of the broad scale habitat descriptions are given in Table 11. Following is first a
description of the habitat of P. qustralis and then of the habitat of H. australiacus, based on
the informative habitat variables. P. australis field sites were based on locations where 1 had
observed or heard frogs (40%) and WA records (60%). Field sites for H. australiacus were
based on locations where I had observed or heard frogs (12%), seen tadpoles (12%), or WA
records (76%).

3.2.1 The habitat of Pseudophryne australis

P. australis breeding sites were frequently (68%) found within 200 m of cliffs (yq) = 6.5; P
= 0.01)(core habitat: 200 m above cliffs to 147 m below cliffs), on the upper slope or mid
slope, but never in gullies or flats. P. australis were absent from closed forests. The
vegetation structure of their habitat was predominantly open forest, but also included
woodland, open woodland and heath types. Ground storey cover was generally greater than
25% with a mean height 0f 0.3 to 0.6 m and a diversity classification of 5 to 19 species. The
shrub layer covered 5 to 50% at a mean height of 2 to 3 m, with 5 to 19 species present. Top
storey coverage was predominantly 25 to 75% and never exceeded 75%. Top storey height
for the core habitat was 10 to 30 m with 1 to 4 tree species present. Coverage with all three

layers combined ranged from 50 to more than 75%.

There was no association with any particular aspect segment (37 = 7.7; P = 0.36). The slope
of core habitat did not exceed 10°. Leaf litter covered 5 to 50%, and if logs were present,
these were few and covered less than 5%. Rocks were found on 54.2% of all sites, and
where present, cover was sparse (<5%). Bare ground was rare, but where present, 5 to 25%
coverage was most common. Roughness of the ground was described as “stubble”,
sometimes as “even” or “with sticks”. Laterite was generally absent. Surface soil texture
was loamy sand, sand and clayey sand. No clays were identified in the soil samples,
however some sites were near a clay lens. Surface soil structure was usually apedal, or
weakly pedal to a lesser extent. Soil texture 10 cm below the surface was generally loamy

sand or clayey sand with an apedal or weakly pedal structure. Again no clay was found.
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Seventeen percent of sites were man-made structures such as table drains. Half of these were
regularly maintained. More than half the sites had experienced fire within three years prior
to data collection. Only two sites were associated with surfaced roads (quartz gravel, and
bitumen). Recent slashing and visible signs of traffic disturbances were generally not
detected at the visited sites. Erosion of breeding sites was rated between “negligible” to
“slight”. No sites were found where erosion was “intense”. Weeds were very rarely present,
and then only sparsely so. Animals were generally located under leaves, rocks or grass. Sites

contained many sheltering places both as dense low vegetation and lots of leaf litter piles.

Crayfish were usually absent and no fish were recorded. Breeding sites were generally
associated with creeks (stream order <1, i.e. not mapped on the 1:25000 topographic map
series) and to a lesser extent natural gutters, artificial drains (incl. mitre drains, table drains),
soaks and depressions. Water courses originated mostly in reserves. All watercourses and
breeding pools were ephemeral with soil, rocks and pebbles making up the substrate and

sides.

3.2.2  The habitat of Heleioporus australiacus

H australiacus breeding sites were not usually associated with cliffs. H. australiacus habitat
was found predominantly on the upper slope, but also on mid slope and on flat ridges. The
species also utilises gullies. Their habitat occurs in closed forest, open forest, woodland and
various heath types. Ground storey cover was generally greater than 50% with a mean
height of 0.3 to 0.6 m and a diversity classification of 5 to 19 species. The shrub layer
covered 5 to 50% at a mean height of 2 to 3 m, with 5 to 19 species present. Top storey
coverage was predominantly 5 to 75% and never exceeded 75%. Top storey height for the
core habitat was 3 to 31 m with 1 to 4 species present. Coverage with all three layers

combined exceeded 75%.

There was no association with any particular aspect segment (y7)= 5.1; P = 0.65). The slope
of core habitat did not exceed 8°. Leaf litter covered 5 to 25%, and if logs were present,
these were few and covered less than '5%. Rocks were found on 61.8% of all sites, and
where present, rock cover was sparse (<5%). Bare ground was also rare, but where present,

5 to 25% coverage was most common. Roughness of the ground was described as “stubble”
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and “sticks”, sometimes as “even”. Laterite was generally absent. Surface soil texture was
sand, loamy sand, clayey sand and sandy loam. No clays were identified in the soil samples;
however some sites were near a clay lens. Surface soil structure was usnally apedal, some
were weakly pedal. Soil texture 10 cm below the surface was generally loamy sand or
clayey sand, sandy loam or clay loam with an apedal or weakly pedal structure. Again no

clay was found.

Fifteen percent of sites were man-made structures such as small dams. More than half the
sites were burnt within three years prior to data collection. Erosion of breeding sites was
rated “slight”. No sites were found where erosion was “intense”. Weeds were extremely

rarely present, and then only sparsely so.

Crayfish were usually present and fish were always absent. Breeding sites were generally
associated with pools and in creeks, and to a lesser extent creeks, table drains and soaks.
Water courses originated mostly in reserves and were ephemeral (exception: two spring-fed
dams). Breeding pools were ephemeral, semi-permanent or permanent with soil or rock

shelves making up the substrate and sides.
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Table 11

Details of broad scale descriptions of P. australis and H. australiacus habitat based on field

collected data. Sample sizes are in (). Vegetation structure was classified following Walker &
Hopkins (1998). Percentages represent proportions of animal locations that correspond to each
habitat variable’s categories.

Species Pseudophryne Heleioporus

Habitat variable australis australiacus
Cliffs within 200m  none 32% (50) 60% (35)

above site 34% 20%

at site 10% 8.6%

below site 24% 11.4%
above 1% cliff not applicable  32% (50) 60% (35)
downslope? no 46% 28.6%

yes 22% 11.4%
Terrain flattens out 56% (50) 45.5% (33)

doesn’t flatten  44% 54.5%
Morphological type  Flat ridge 6% (50) 11.4% (35)

Ridge 2% 0%

Upper slope 74% 45.7%

Mid slope 16% 28.6%

Lower slope 2% 2.9%

Flat 0% 2.9%

Open gully 0% 2.9%

Closed gully 0% 5.7%
Landscape shape simple 62% (50) 45.7% (35)

convex 2% 0%

concave 28% 45.7%

amphitheatre 8% 8.6%
Vegetation closed forest 0% (50) 8.6% (35)
structure open forest 70% 40%

woodland 18% 25.7%

open 8% 8.6%

woodland

isolated trees 2% 2.9%

with heath

understorey

open mallee 2% 0%

shrubland

closed heath 0% 2.9%

open heath 0% 2.9%

isolated heath 0% 2.9%

shrubs

isolated heath 0% 5.7%

shrub clumps
Ground storey <5%, many 6.3% (48) 6.1% (33)
cover individuals

5-25% 10.4% 6.1%

25-50% 20.8% 6.1%

50-75% 33.3% 33.3%

>75% 29.2% 48.5%
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Table 11 cont. Species Pseudophryne Heleioporus
Habitat variable australis australiacus
Ground storey 0.0m 0% (48) 0% (33)
mean height 0.3m 58.3% 60.6%

0.6m 41.7% 39.4%

Ground storey 1-4 4.2% (48) 3% (33)

diversity 5-9 35.4% 51.5%

(number of species) 10-19 47.9% 42.4%
20-34 12.5% 3%

Shrub layer cover none 2% (49) 0% (33)
<5%, few 2% 3%
individuals
<5%, many 14.3% 15.2%
individuals
5-25% 30.6% 42.4%
25-50% 38.8% 30.3%
50-75% 10.2% 3%
>75% 2% 6.1%

Shrub layer mean none 2% (49) 0% (33)

height im 2% 0%
2-3m 79.6% 72.7%
>3m 16.3% 27.3%

Shrub layer none 2% (49) 0% (33)

diversity 1-4 10.2% 15.2%
5-9 46.9% 51.5%
10-19 40.8% 33.3%

Top storey cover none 0% (49) 11.8% (34)
<5%, fewind. 6.1% 8.8%
<5%, many 0% 8.8%
individuals
5-25% 14.3% 17.6%
25-50% 55.1% 32.4%
50-75% 24.5% 20.6%
>75% 0% 0%

Top storey Range 6~35m (49) 2-50m (34)

maximum height Core habitat 10—30m 3-31m

Top storey diversity 1-4 69.4% (49) 70% (30)
5-9 28.6% 30%
10-19 2% 0%

Combined cover 25-50% 0% (49) 2.9% (34)
50-75% 34.7% 20.6%
>75% 635.3% 76.5%

Aspect segment N 20.8% (48) 6.1% (33)
NE 14% 12.1%

E 16% 24.2%
SE 12% 9.1%

S 8% 12.1%
Sw 4% 12.1%
w 14% 12.1%
NW 8% 12.1%
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Table 11 cont. Species Pseudophryne Heleioporus

Habitat variable australis australiacus

Slope Mean (Range) 6.2°(0-15°) (48°) 4.8°(0-11%) (34"
Core habitat 3-10° 2-8°

Ground cover leaf  none 2.1% (48) 23.5% (34)

litter <5%, few 2.1% 5.9%
individuals
<5%, many 6.3% 8.8%
individuals
5-25% 45.8% 35.3%
25-50% 33.3% 17.6%
50-75% 6.3% 0%
>75% 4.2% 8.8%

Ground cover logs  none 16.7% (48) 23.5% (34)
<5%, few 45.8% 38.2%
individuals
<5%, many 37.5% 35.3%
individuals
5-25% 0% 2.9%

Ground coverrock  none 45.8% (48) 38.2% (34)
<5%, few 20.8% 26.5%
individuals
<5%, many 25% 29.4%
individuals
5-25% 6.3% 5.9%
25-50% 2.1% 0%

Bare ground none 68.8% (48) 61.8% (34)
<5%, few 6.3% 11.8%
individuals
<5%, many 2.1% 8.8%
individuals
5-25% 20.8% 11.8%
25-50% 2.1% 0%
50-75% 0% 5.9%

Ruggedness even 16.7% (48) 11.8% (34)
stubble 47.9% 47.1%
sticks 29.2% 41.2%
cobble 6.3% 0%
as ploughed 0% 0%

Laterite absent 91.8% (49) 91.2% (34)
on site 8.2% 8.8%

Soil texture surface  sand 28.6% (49) 41.2% (34)
loamy sand 40.8% 20.6%
clayey sand 20.4% 11.8%
sandy loam 4.1% 11.8%
sandy clay 4.1% 2.9%
foam
clay loam 2% 8.8%
silty clay loam 0% 2.9%
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Table 11 cont. Species Pseudophryne Heleioporus
Habitat variable australis australiacus
Soil structure apedal 65.3% (49) 57.6% (33)
surface pedal - weak  34.7% 39.4%
pedal - strong 0% 3%
Soil texture 10cm sand 4.2% (48) 5.9% (34)
below surface loamy sand 50% 35.3%
clayey sand 29.2% 26.5%
sandy loam 4.2% 11.8%
sandy clay 6.3% 5.9%
loam
clay loam 6.3% 11.8%
silty clay loam 0% 2.9%
Soil structure 10cm  apedal 45.8% (48) 44.1% (34)
below surface pedal - weak  45.8% 50%
pedal - strong  8.3% 5.9%
Earthworks none 83.3% (48) 85.3% (34)
yes 8.3% 14.7%
maintained 8.3% 0%
Time since Fire > 3 years 45.8% (48) 47.1% (34)
< 3 years 54.2% 52.9%
Surfacing none 95.8% (48) 100% (34)
yes 4.2% 0%
maintained 0% 0%
Slashing not recently 97.9% (48) 100% (34)
recently 2.1% 0%
Traffic intensity negligible 93.8% (48) 100% (34)
slight 2.1% 0%
moderate 4.2% 0%
intense 0% 0%
Erosion intensity negligible 41.7% (48) 29.4% (34)
slight 56.3% 61.8%
moderate 2.1% 8.8%
intense 0% 0%
Weed degradation  none 87.5% (48) 94.1% (34)
light 8.3% 5.9%
moderate 4.2% 0%
heavy 0% 0%
Observation sites in open 0% (20) 75% (8)
in burrow 0% 12.5%
under rock 10% 0%
under leaves 85% 12.5%
under grass 5% 0%
Rock shelter none 39.6% (48) 38.2% (34)
{number of rocks) <5 16.7% 23.5%
5-10 22.9% 20.6%
>10 20.8% 17.6%

59



Chapter 2 - The Habitat requirements of Pseudophryne australis and Heleioporus australiacus

Table 11 cont. Species Pseundophryne Heleioporus
Habitat variable australis australiacus
Low vegetation none 2.1% (48) 2.9% (34)
(number of clumps) <5 8.3% 20.6%

5-10 25% 8.8%

>10 64.6% 67.6%
Leaf litter piles none 0% (48) 14.7% (34)
(number of piles) <5 12.5% 35.3%

5-10 37.5% 26.5%

>10 50% 23.5%
Cray fish present 10.4% (48) 70% (30)

absent 89.6% 30%
Fish absent 100% 100%
Permanence of ephemeral 100% (48) 94% (34)
water course permanent 0% 6%
Permanence of permanent 0% (48) 20.6% (34)
water body (pool)  semi- 0% 35.3%

permanent

ephemeral 100% 44.1%
Character pool 0% (48) 5.9% (32)

creek 68.8% 26.5%

table drain 8.3% 2.9%

artificial drain = 4.2% 0%

soak 8.3% 2.9%

mitre drain 2.1% 0%

depression 8.3% 2.9%

poolincreek 0% 58.8%
Culvert within 10m  none 81.3% (48) 85.3% (34)

present (pipe)  6.3% 14.7%
Origin of water within reserve  70.8% (48) 88.2% (34)
course outside reserve  29.2% 11.8%
Substrate of rock shelf 0% (48) 14.7% (34)
breeding site rocks 6.3% 2.9%

pebbles 2.1% 0%

soil 81.3% 82.4%
Sides of breeding rock shelf 2.1% (48) 2.9% (34)
site rocks 8.3% 2.9%

pebbles 2.1% 0%

soil 87.5% 94.1%
Pool present 97.9% (48) 97.1% (34)

absent 2.1% 2.9%
Water colour clear -(0) 70% (20)

stained - . 30%
Water turbidity clear -(0) 95% (20)

cloudy - 5%
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3.3 Medium scale habitat analyses

Medium scale habitat analyses revealed surprisingly little new information. To allow
meaningful comparisons, absence sites were only chosen in places where water collects and
thus were generally located within a drainage or creek line. As a result large tracts of land in
the area studied did not qualify for analysis. P. australis non- track sites showed a tendency
to be located in places where the canopy height was in the highest class (taller than 8 m)
(xz(,)= 3.9; P = 0.048; also positive logistic curve: P = 0.038). Optimum value for maximum
canopy height was 16.8 m. P. australis track sites showed no such relationship. Optimum
slope for P. australis was in the category 3.1 — 6.0° the species being absent from steep
sites. There was a trend for soil texture 10 cm below the surface to be in the classes being
dominated by sand (xz(s) = 13.3; P = 0.038)(track sites only). Erosion intensity tended to be
“slight”, rather than “negligible” for non-track sites (°ay = 3.7; P = 0.054). Shelter in the
form of low vegetation tended to be greater then 5 clumps in track sites (x2(3) =102; P =
0.017), and the probability of occurrence on non-track sites was positively correlated with

increasing amounts of leaf litter (P = 0.012).

For H. australiacus, soil texture on the surface (’wy= 12.4; P = 0.015) and 10 cm below
(x2(5)= 14.3; P =0.014) tended to be dominated by sand. Animals were absent on rock. More
presence sites had recently experienced fire than absence sites. This result is influenced by
the fact that Bouddi, the section of the study area that remained unburnt, also contained no
H. australiacus. This was not reflected in differences in vegetation cover or sheltering
places (leaf litter, logs), but might have obscured such differences if indeed they normally
exist. H. australiacus has an increased probability of utilising watercourses that experience
slight to moderate erosion, as opposed to sites where erosion is negligible (') = 7.5; P =
0.017; also positive logistic curve: P = 0.01). In the study area, H. australiacus only occur
where crayfish are present (x%qy = 22.3; P < 0.001) in pools, creeks and pools in creeks but
not in soaks and depressions (xz(s) = 15.8; P = 0.008). The hydroperiod of these water
courses and bodies is ephemeral or semi-perrﬂanent, but generally not permanent (x2(2)= 9.9;
P =0.007).
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3.3.1 Fine scale habitat analyses

Water temperatures of 28 P. australis breeding pools ranged from 9 to 30°C over a twelve-
month period. These pools frequently dried up (about 3 times over 12 months) but registered
a mean annual depth of 11 cm (maximum depth: 50 cm) while holding water, and a surface

area of 3.5 m>.

H. australiacus breeding pools (n = 11) experienced water temperatures from 9 to 31°C
during the same period. Some pools were permanent, but most others dried up once or twice
during the year. While holding water, these pools had an annual mean depth of 37 cm

(maximum depth: 85 cm), and a surface area of 9.7 m”.

Further details on the hydroperiods and other characteristics of these breeding pools and

larval requirements, as well as site type comparisons of hydroperiods are given in Chapter 5.

Microhabitat details of the burrowing locations of 5 radio-tracked H. australiacus along
Thommo’s Loop (AMG 340000E, 6294000N) in Brisbane Water National Park show that
the species shelters in open woodland (often with a heath understorey) and in open forest
(Table 12). The vegetation structure utilised is representative of the types that were
available. Canopy cover over the burrows ranged from <5% (many individual trees) to
>75% after being burnt 12 months earlier. These data were collected as part of the work

presented in Chapter 6.
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Table 12 Microhabitat descriptions of individual burrows of 5 radio-tracked H. aqustraliacus, including
those occupied immediately prior to the study period (see Chapter 6 for more details). Canopy cover is
classified as: 2 <5%, many individuals; 3 5-25%; 4 25-50%; 5 50-75%; 6 >75%. All sites were burnt 12
months prior to analysis. Burrow identifications are preceded by the animal identification number.

Burrow ID Micro habitat description Canopy cover

#43-A Bare sand, under fallen Banksia ericifolia with foliage. Open 6
Woodland (sampled prior to study period).

#43-B Bare sand, under fallen Banksia ericifolia with foliage. Open 6
Woodland

#62-A Bare sand, next to burnt/dead Banksia ericifolia. Open 3
Woodland

#62-B Track edge, soft clayey sand. Woodland.. 4

#62-C Quter edge of table drain, soft clayey sand. Open Woodland 3

#62-D Cray burrows, sparse sedge cover. Open Woodland 3

#62-E Bare sand in elevated position. Open Woodland 2

#160-A Bare sand near Leptospermum sp. Woodland (sampled prior 5
to study period)

#160-B Bare sand near Persoonia sp. Woodland 5

#160-C Network of cray burrows near creek line, sedges and Ghania 4
sp. Open Woodland

#161-A Sand, old wrack, holds moisture. Open Woodland (sampled 2
prior to study period).

#161-B Sand, old track. Open Woodland 3

#161-C Sand, old track 2

#162-A Bare sand, next to burnt branch (8 cm diameter). Open Forest 5

#162-B Cray burrows, burnt bare patch in perched soak above sedge 4
land. Open Woodland

#162-C Bare sand in burnt heath thicket. Open Woodland 5

#162-D Bare sand, under burat branch. Open Forest 4

#162-E Soft bare sand next to active ant nest at base of Banksia 5
marginata. Open Forest

#162-F Bare sand in burnt heath thicket. Open Woodland. 5

#162-G Sand under leaf litter, Open Forest 4

3.4 Discussion

Both Pseudophryne australis (this study; Thumm & Mahony (1996 and references therein;
1999)) and Heleioporus australiacus in the Sydney Basin show a very strong association
with the Hawkesbury Sandstone geology. Approximately 89% of locality records of both
species coincide with this geology. In contrast, Hawkesbury Sandstone only covers about a
quarter of the Sydney Basin surface, suggesting that sandstone, or some correlate of it is
preferred. A small number of records (about 8%) coincide with the Narrabeen group. Parts
of this group also include sandstone (NSW Dept. of Mines, 1966) and may explain why

Narrabeen is also utilised. Moore (1961) recognised that P. australis and H. australiacus
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mostly occur on Hawkesbury Sandstone in the Sydney region. At Killara (northern Sydney)
he had observed H. australiacus burrows among crevices in sandstone. From the Watagans,
the northern limits of the distribution of H. australiacus, Mahony (1994) reported that this
species utilises sandstone ridges and eroded sandstone drainage lines. In the southern limit
of the Sydney Basin, the Shoalhaven region, Daly (1996b) observed H. qustraliacus on
sandstone. Harrison (1922) observed that P. australis, H. australiacus and a third species
(Crinia signifera) are the only frogs that inhabit the upper reaches of Hawkesbury Sandstone
gullies in the Sydney region. More recently, Barker, Grigg & Tyler (1995) stated that H.
australiacus is most common on Hawkesbury Sandstone in the Sydney region. Thumm &
Mahony (1990, 1999) further elaborated on the geological association of P. australis and is
not repeated here. The presence of a clay lens near some frog sites may be related to the
Narrabeen group or the close proximity to a transition zone between different geological
strata. Whether the habitat of the frogs is linked to transition zones remains to be further

investigated.

The Hawkesbury Sandstone geology is often found in the higher parts of the topography, a
fact reflected in the topographical distribution as well as the landscape morphology of the
habitat of both species. Hawkesbury Sandstone is a Triassic formation which weathers into
deep precipitous gorges with reasonably sized creeks that flood during rain and then dry to a
series of pools. These creeks are fed by innumerable laterals of varying size and permanence
{(Harrison, 1922). Most locality records are placed within the top one third of elevated
landscape where these laterals are found. Some variables in the study area, such as geology
and elevation, are not independent of each other and may have a confounding effect on the
distribution of the frogs. The evaluation of the relative influence of inter-dependent

variables and their interactions was beyond the scope of this work.

H. australiacus were found to utilise flat ridges more often than P. australis do. There, H.
australiacus utilise pools in hanging swamps or artificial small dams, whereas P. australis
are absent from such places. These habits are responsible for the observed differences in the
topographical distribution of both species (Table 6, Figure 2, Figure 3), where H.
australiacus occurs above P. australis. In reality, however, H. australiacus rarely breeds

above P. australis breeding sites at places where both species co-occur.
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Both frogs are absent from only the highest mountain tops and never occur on low lying
flats. Breeding sites are limited to less steep sections (up to 10°) throughout the Sydney
Basin, an observation not previously reported for P. australis, but documented by Daly
(1996b) for H australiacus sites in the Shoalhaven. In south-eastern NSW, H. australiacus
are absent from slopes that exceed 15° (Lemckert ef al., 1998). Broad scale distribution
modelling based on slope will not reveal all potential habitat because traversing creeks
(running at an acute angle to contours) may offer suitable gradients in areas that are
otherwise too steep. Such sites were encountered during the survey. This limitation is
reflected in the greater range of GIS derived values in comparison to the field

measurements.

Both frogs mostly occur in areas that experience higher precipitation and associated
moisture indices, and lower temperature ranges and lower temperature maxima compared to
average values representative of the Sydney Basin. Milder climates with relatively higher
minimum and mean temperatures appear to be favoured. Such preferences are likely to be
beneficial to the aquatic larvae and terrestrial life stage of both species. Successful
metamorphosis in habitat away from permanent watercourses in places where moisture
holding capacity of soils are poor largely depends on replenishing rains, and temperatures
that allow a relative reduction in evaporation rates. Dehydration is also a threat to the
terrestrial life stage and both frogs should benefit from increased precipitation and reduced
evaporation. Soil moisture levels must be important to 2. australis which seeks shelter in a
variety of moist places at or below ground level, and H. australiacus which burrows into
soil. A milder climate is expected to convey benefits to tadpole development (see Chapter 3)
and possibly offers extensions to breeding period and foraging time. Alternatively, both
species may be constrained to areas that happen to feature these climatic properties for so far

unknown reasons that are unrelated to climate.

The core habitat predicted by BIOCLIM surprisingly covers only a relatively small area of
the overall distribution. The climatic core habitats of both frogs are relatively narrow,
discontinuous strips that roughly follow the coast line a short distance inland (Figure 5,
Figure 6). Much of the predicted core habitat overlaps with the greater metropolitan area of

Sydney, which raises concerns regarding ongoing core habitat clearing and development.
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Other similarities between both species are that they both utilise upper slopes and mid
slopes. The effect of aspect on microclimate is probably less pronounced there than it is
further down-slope and in gullies. This may be the reason why the placement of breeding
sites appears to be independent of aspect. The structural vegetation types both species
inhabit are open forest, woodlands and heaths where shrub layer cover is between 5 and
50%. Ground storey cover is high for both species, and slightly higher for A. australiacus.

Both frogs therefore appear to be dependent on habitat with a complex vegetation structure.

Loose bush rocks provide shelter particularly for P. australis, and are present at about half
the sites. The collection of bush rock for the ornamentation of suburban gardens is
widespread around Sydney (Mahony, 1997; Schlesinger & Shine, 1994; Shine & Fitzgerald,
1989). Although this has not been tested specifically here, it is highly likely that the
collection of rocks in the past and present has lead to a decrease of available rock cover.
Bush rock removal is now a listed key-threatening process (Threatened Species
Conservation Act 1995). The long-term implications of the reduction of rock cover are

unclear.

Bare patches are rare. The soils are poorly structured and dominated by sand, a reflection of
the associated geology. Such soils may facilitate burrowing, but have low water holding
capacities (Beadle, 1962; White, 1987). A considerable proportion of breeding sites (17% of
studied sites) are in man-made road and track structures. This is not surprising given that
roads and tracks, at least in the Sydney Basin, are placed in the upper parts of the
topography (Schlesinger & Shine, 1994). P. australis occasionally colonise table drains,
many of which are regularly maintained. These frogs however are absent from the drainage
systems of sealed roads. No breeding sites were found where drains were concrete lined, an
observation also made on P. qustralis in the 1960’s (Jacobson, 1963a). H. australiacus may
utilise artificial, unlined dams, both in or outside creek systems, as well as mitre drains that
allow water to pool (Chapter 5). The breeding sites of both species are subject to erosion.
The flow of water imposes a disturbance along drainage lines (Krause et al., 2003) which
may play an important role in both frogs’ habitats. P. australis occasionally lay their eggs
under rocks where erosion has created small cavities. Furthermore, flowing water rearranges

and refreshes leaf litter dams which are of great importance to this species for reproduction.
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H. qustraliacus tadpoles benefit from the deep pools that are a direct result of erosion (see
Chapter 5). Erosive forces at P. australis sites were classed as slight, but were higher (slight
to moderate) at H. australiacus sites. These differences are likely to be due to some H.
australiacus sites being located further downstream, where water flows during storm events

can be higher as a result of the relatively larger catchment area.

Both frogs are absent from water courses that are dominated by exotic plants. Weeds, at
least in the Sydney Region, favour modified areas resulting from physical disturbance
(Buchanan, 1996) and / or nutrient enrichment, particularly that resulting from urban run-off
water (Clements, 1983). Drainage lines below urbanised areas containing active P. australis
and H. australiacus breeding sites were always weed-free and never contained gross
pollutants such as plastics (A. Stauber, pers. obs.). On the other hand, these frogs were never
observed to utilise watercourses dominated by weeds including privet (Ligustrum spp.) or
lantana (Lantana camara). Clements (1983) found elevated phosphorus levels in the soils of
watercourses with weeds. Incidental observations made over five years at a site near
Berowra, Northemn Sydney (328000 E; 6279000 N) are worth reporting here. Two
hydrologically similar drainage lines run parallel to each other approximately 15 m apart.
One supports natural weed-free vegetation carrying run-off water from natural bushland
above and is regularly used by P. australis as a breeding site. The other carries water from a
bitumen road into the bushland. This site is heavily overgrown with weeds and P. australis
have never been seen or heard there (A. Stauber, pers. obs.). The actual influences of soil
and water nutrient levels and the vegetation itself on the small-scale distribution of the frogs

remain an area to be investigated further.

About half of the studied sites had been burnt within 3 years prior to this study. This may be
a reflection of the hot and dry climatic conditions that had prevailed, but importantly, this
does not demonstrate that fire is an integral component of the ecology of both species. High-
frequency burning has been declared a kéy-threatening process (Threatened Species
Conservation Act 1995) and may impact both frogs which were shown to rely on places
with leaf litter piles and clumps of low vegetation in places with a well developed ground

storey and shrub layer.
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The habitat requirements of the two frog species differ in the following ways. P. aqustralis
habitat is often located within 200 m of cliffs (see also Thumm & Mahony, 1999), whereas
H. australiacus shows no such association. Besides upper slopes and mid slopes, H.
australiacus also inhabits flat ridges and gullies. The latter is the reason why H. australiacus
is also found in closed forest, a structural vegetation type from which P. australis is absent.
The percentage coverage of the top storey and the combination of the three strata reflect
these differences, which are also supported by floristic differences (Jarvis & McNaughton,
1986; Woodward, 1987a). The coverage values for H. australiacus range more widely than
those of P. qustralis due to some sites being on flat ridges with open vegetation structure
(sparse coverage) and others in gullies supporting wet sclerophyll forest (dense coverage).
H. australiacus were never found on sites where soils are less than 10 cm deep. These sites

do not allow the species to burrow to normal depths (Chapter 6).

The amount of leaf litter on the ground is relatively higher at P. australis sites, with the
probability of the species occurring increasing with increasing amounts of leaf litter. P.
australis sites are characterised by large amounts of low vegetation and leaf litter piles.
These are important for sheltering and egg deposition (Cogger, 1994; Moore, 1961; Ross,
1908; Thumm & Mahony, 2002b; Woodruff, 1978). H. australiacus breeding sites are
characterised by the presence of crayfish burrows which at some sites occur in high
numbers. P. australis breed in feeder creeks (not mapped on the 1:25000 topographic map
series), natural and artificial gutters (including table drains), natural drains, soaks and
depressions high up in the catchment where the hydroperiod is ephemeral (Cogger, 1994;
Hoser, 1989; Jacobson, 1963a; 1963b; Mahony, 1994; Moore, 1961; Ross, 1908; Thumm &
Mahony, 1999). H. australiacus utilise freestanding pools and pools in creeks, including
feeder creeks where deep holes have formed through erosion, in the same places with P.
australis. H. australiacus, however, also utilises habitat further downstream, where the
hydroperiod of breeding pools is semi-permanent to permanent. H. australiacus breeding
pools are free of fish and are generally locafed within ephemeral drainage lines but their
hydroperiods can be ephemeral, semi-permanent or permanent. This finding is in general
agreement with published accounts of localised observations (Daly, 1996a; Fletcher, 1894;
Harrison, 1922; LeBreton, 1994; Mahony, 1994; Recsei, 1996). Two H. australiacus

breeding sites visited are small spring-fed dams, both within natural drainage lines. This
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species is not known to utilise large dams (longer than 7 m) or dams placed away from
drainage systems, unless these are associated with areas subjected to regular waterlogging

(e.g., hanging swamps or near permanent springs).

The topographical position and underlying geology suggest that phosphorus levels in P.
australis and H. australiacus habitat are lower in comparison to those found in valleys or on
shale derived soils (see Clements, 1983). Soil phosphorus levels are one responsible factor
determining the make-up of vegetation communities at least in the northern part of the
Sydney Basin, also influencing the abundance of exotic plants and other weeds (Clements,
1983). Vegetation patterns on Hawkesbury Sandstone in the Ku-ring-gai Chase National
Park are a function of complex environmental gradients which include environmental and
site variables besides soil nutrients (LeBrocque & Buckney, 1994). These processes
probably apply to Hawkesbury Sandstone vegetation communities throughout much of the
Sydney Basin, but despite that, neither frog shows particularly strong associations with
specific vegetation communities. Some associations were reported for relatively small areas
(e.g., Daly, 1996a; Webb, 1983), but species assemblages of vegetation communities in
forests, woodlands and heaths vary considerably across the Sydney Basin (Benson, 1986;
1992; Benson & Howell, 1994; Buchanan, 1980; Buchanan & Humphries, 1980; Burrough
et al., 1977; Keith, 1994; Keith & Benson, 1988; LeBrocque & Buckney, 1994; McRae,
1990; Quthred et al., 1985; Thomas & Benson, 1985a; 1985b) and at a fine scale are not

informative for predicting the potential distribution of either frog species.

Vegetation structure is somewhat inﬂ\uenced by topography (Jarvis & McNaughton, 1986;
Woodward, 1987a). As a result, the range of vegetation structures recorded at the studied
breeding sites is limited to what is available on the elevated locations of the habitat of both
frogs. For this reason mangrove swamps, salt marshes and other low-lying wetlands and
dunes are not utilised. A australiacus are also absent from rainforests (but see Recsei
(1996) who reported the species from sub tropical rainforest, a statement which has since
turned out to be incorrect (Recsei, pers. comm.)). Vegetation types utilised by both frogs
such as woodland and heath are relatively widespread among the remaining natural
vegetation types in the Sydney Basin (¢f. Howell & Benson, 2000). H. australiacus has also

been reported from buttongrass swamps (LeBreton, 1994)(a site incorporated in the broad
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scale habitat analyses). Notable is the apparent absence of both species from cleared open
land and pasture (see also Gillespie, 1996) which suggests a dependence on natural

vegetation with a complex structure.

Both frogs are found in habitat that should be considered as marginal for the majority of
amphibians: this habitat with ephemeral breeding sites indeed is only utilised on a large
scale by P. australis, H. australiacus and one other frog, Crinia signifera (Harrison, 1922).
P. australis and H. australiacus live in habitats which are strongly associated with
Hawkesbury Sandstone with its characteristic sandy soils of poor water-holding capacities
(White, 1987). The elevated topographical position of their habitat means that these places
are generally well drained. In addition, the region’s rainfall is highly unpredictable (Bureau
of Meteorology, 2005a; Linacre & Hobbs, 1986). All these factors combine to produce a

relatively dry and unpredictably variable environment.

The three frog species found in this habitat each exhibits different reproductive and early
life-history adaptations as well as specific breeding pool preferences. C. signifera breeds
throughout the year and colonises potholes and very small pools during rain (Barker et al.,
1695; Cogger, 1994). Rapid larval development and phenotypic plasticity in larval period in
response to pool-drying allows these animals to metamorphose within 25 — 35 days (Lane &
Mahony, 2002). P. australis has been categorised as a bet-hedger because of continuous
iteroparity (repeated breeding throughout the year) (Thumm & Mahony, 2002b), staggered
hatching dynamics (Thumm & Mahony, 2002a) and high variation in larval periods
(Thumm & Mahony, 2006). Furthermore, P. australis lays eggs in terrestrial sites where
embryonic development proceeds to a relatively advanced state, and hatching may be
delayed until rain occurs (Jacobson, 1963b). H. australiacus generally utilises the largest
and most permanent pools within its habitat and appears to time reproductive events with
the onset of cooler and wetter weather. It has also demonstrated phenotypic plasticity in

larval period in response to pool drying (Chapter 3).

The habitat occupied by both P. australis and H. australiacus is unusual in that only one
other frog, the wide-ranging species Crinia signifera, is known to utilise it. Each of the three

frogs has its own reproductive adaptations that allow it to persist in its own way in this
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marginal environment away from permanent water courses. Habitat specialisation by P.
australis and H. australiacus require that their unique habitat requirements are taken into
consideration in the management of urban impacts. These include the management of wild

fires and fire hazard reduction operations, clearing of habitat and the collection of bush rock.
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Chapter 3

ADAPTIVE PHENOTYPIC PLASTICITY IN THE LARVAL PERIOD OF
HELEIOPORUS AUSTRALIACUS

Abstract

Heleioporus australiacus breed in ephemeral pools and their tadpoles are at risk of dying of
desiccation if their pond dries out before the tadpoles metamorphose. A laboratory
experiment was set up to test the response of H. australiacus tadpoles from three
populations to decreasing water levels. Individually housed, half the tadpoles had water
levels reduced at weekly intervals; levels for the other half stayed constant. Other variables
were kept the same in both treatments. Larval periods ranged from seven to 13 weeks. The
tadpoles responded to decreasing water levels by shortening their larval periods and
metamorphosing from 2.6 to 4.4 days earlier (P = 0.031) than the tadpoles held in constant
water level. Body size however was unaffected by treatment. In addition, a field population
of tadpoles was monitored in the field. Over-wintering siblings left in the field took a
minimum of 33 weeks to metamorphose and were 170% heavier than the laboratory
animals. It appears that phenotypic plasticity in larval period is an adaptation of A

australiacus to its ephemeral breeding habitat.

1 Introduction

1.1  Population regulation in amphibians

Population regulation occurs by mechanisms that are mediated through both density
dependent and density independent factors (Andrewartha & Birch, 1984). Amphibian
population regulation through density dependent mechanisms acts particularly strongly on
the larval stage (Berven, 1990; Wilbur, 1984). Several studies demonstrated that density
effects on competition influence amphibian populations at the species level (e.g., Goater,
1994; Morey & Reznick, 2001; Relyea & Hoverman, 2003; Smith, 1987; Tejedo & Reques,
1994) and the community level (Wilbur, 1987), affecting survival, length of larval period
and the growth rate of tadpoles. Similar effects are also attributed to predation, particularly
where space is confined (Anholt ef al., 2000; Lane & Mahony, 2002; Laurila & Kujasalo,
1999; Relyea, 2001; Travis, 1981; Wilbur, 1987).
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Density independent factors can also have a profound influence on tadpole survival and
fitness. Density independent factors include hydroperiod (the length of time a larval pond
continuously holds water), the physical and chemical environment, and other abiotic factors.
In ephemeral or temporary habitats, uncertainty of pond duration is one of the most
important density-independent factors that affect larval fitness and survival (Murphy, 2003;
Newman, 1989; Tejedo & Reques, 1994; Thumm & Mahony, 2002b) although density
dependent factors may become implicated as pond volume decreases (e.g., Leips, McManus
& Travis, 2000). Catastrophic mortalities due to early drying of larval habitat are common
in natural ponds (Newman, 1992; Tejedo & Reques, 1994; Thumm & Mahony, 2002b;
Travis, 1981; Wilbur, 1984).

1.2 Ephemeral habitats provide growth opportunities

Even before the evolution of terrestrial life, aquatic organisms lived in ponds that were in
danger of becoming too shallow for some of them. Such situations also occurred at times of
no particular drought. Stranded fish that could save their lives by migrating to deeper pools
were at an obvious advantage (Dawkins, 2004) and are thought to have given rise to the
labyrinthodont amphibia (Ahlberg & Clack, 2006; Duellman & Trueb, 1994; Tyler, 1994).

But why do most of today’s amphibians have an aquatic larval stage at all? Would
amphibians with access only to breeding ponds of unpredictable duration not benefit from
direct development that bypasses the aquatic tadpole stage altogether? A number of anuran
species have indeed evolved direct development, a reproductive mode which has evolved
independently in at least 12 groups or eight to nine families (Duellman & Trueb, 1994),
including the Myobatrachidae (4drenophryne rotunda (Roberts, 1984); Geocrinia rosea
(Watson & Martin, 1973); Myobatrachus gouldii (Roberts, 1981)). The majority of frogs
however have an aquatic larval stage, including species which have access to ephemeral
ponds only. The reason may well be that the aquatic habitat provides an opportunity for
growth before the terrestrial phase of life (Wilbur & Collins, 1973), a growth opportunity
with benefits that potentially outweigh the losses associated with larval predation and
desiccation (Newman, 1992; Werner, 1986).
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Evolutionary processes in ephemeral water bodies select for species which are adapted to
the short-lived conditions of these habitats (Williams, 1987). In such habitats, natural
selection would be expected to favour either rapid development, or phenotypic plasticity
(Bradshaw, 1965; Stearns, 1989). Rapid development shortens the time span a tadpole is
exposed to the risk of pond drying. Phenotypic plasticity in larval period is a more flexible
alternative, where a tadpole quickly metamorphoses when its pond is drying up, but delays
metamorphosis to exploit growth opportunities when water levels remain stable. Such
plasticity may be adaptive (Newman, 1992; Stearns, 1989) and is subject to natural selection
(Halkett ef al., 2004). Adaptation here is used as defined by Stearns (1986) as the product of
natural selection that performs specific functions. The word “adaptive” is used as the
corresponding adjective (for an alternative interpretation of “adaptive” see Gotthard & Nylin
(1995).

1.3 Phenotypic plasticity in larval duration

Phenotypic plasticity was defined as “the ability of a genotype to develop different
phenotypes in different environments” (Stearns, 1989). Environmentally-related phenotypic
variation can express itself in two different ways in populations. Firstly, the response to an
environmental cue may be systematic and repeatable (Bradshaw, 1965). The full range of
phenotypes produced as a result of different values of the environmental cue is known as the
norm of reaction (Stearns, 1989). Secondly, developmental noise can produce phenotypic
variants as a result of developmental errors or in response to random environmental
variation. These phenotypes are uncorrelated to any environmental cue (Bull, 1987). Via
(1993) argued that the latter, developmental noise, should not be interpreted as phenotypic
plasticity because it is not a systematic response to repeatable environmental change. Here,

the term phenotypic plasticity follows Via’s (1993) interpretation.

Phenotypic plasticity in larval period underlies physiological constraints (Wassersug, 1997)
and usually leads to a trade-off between the length of time to metamorphosis and the size at
metamorphosis. Age and size at maturation are key life-history traits affecting survival,
growth rate and fecundity later in life (Stearns, 1992). Larger body size is highly adaptive in
terrestrial habitats for amphibians and translates into increased survival, increased fecundity,

and earlier sexual maturation (e.g., Alvarez & Nicieza, 2002; Berven, 1982; Goater, 1994;
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Morey & Reznick, 2001; Newman, 1992; Newman & Dunham, 1994; Relyea & Hoverman,
2003; Smith, 1987; Werner, 1986). However, the ability to escape early from a drying pond

at the expense of size directly improves the chances of survival at the time (Travis, 1981).

1.4 H. australiacus tadpole environment

Uncertainty of conditions is a key characteristic in variable habitats and forces organisms to
select suitable conditions for reproduction. Such environmental variability can be temporal,
spatial or both (Stearns, 1992). Appropriate reactions to temporal variability depend on the
predictability of the environment. Environments that change periodically generally allow
reproduction at particular and predictably successful times. In contrast, unpredictably
variable environments, such as places where the variability lacks patterns of constant
periodicity, or places where variability is erratic (no periodicity evident), may force
organisms to assess and respond to rapidly changing conditions (Barandun & Reyer, 1998).
Phenotypic plasticity is one possible mechanism that allows offspring to respond to such

changing conditions.

Rainfall in the Sydney Basin (NSW National Parks and Wildlife Service, 2003) shows no
distinct seasonal or annual patterns and annual totals vary considerably between years with
heavy rain or drought potentially occurring any month of the year (Bureau of Meteorology,
2005a; Linacre & Hobbs, 1986)(see also Chapter 2). As a result pond duration is
unpredictable and many H. australiacus breeding pools dry out during periods of low
rainfall (Chapter 5). The ability of a tadpole to sense the deterioration of its habitat and to
initiate metamorphosis, even at the cost of a small juvenile size, is an obvious adaptation for
the use of such ephemeral habitats (Wilbur & Collins, 1973). In this Chapter, I investigate
whether Heleioporus australiacus shows phenotypic plasticity in larval period in response
to the hydroperiod (duration of pond) of its larval habitat. Given that this species breeds in
ephemeral ponds in an area where rainfall is unpredictable, the ability of tadpoles to respond
to pond drying by shortening their larval period would be a useful adaptation. Where there is
such a response, a shorter larval period would be expected to result in smaller body size at

metamorphosis.
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Based on a laboratory experiment and field observations, I test the species’ response to pond
drying in terms of larval period and weight at metamorphosis, and establish the range of
larval periods of H. australiacus. Such information allows for comparisons with other frogs
and their habitat relationships and contributes to the growing understanding globally of the
adaptive values of phenotypic plasticity. This information is also essential for appropriate
habitat management. In order to quantify the minimum duration of suitable breeding pools,
it is necessary to measure the duration of the larval period. These results complement the
hydroperiod study (Chapter 5). 1 predict that H. australiacus has adapted to the climatic
uncertainty of its habitat by either having a great range of genetically determined larval
periods among siblings (asynchronous larval period sensu Thumm & Mahony (2006)), or by

being able to plastically respond to pond drying.

The responses are discussed in relation to H. australiacus habitat features and those of other
frogs. I then briefly address factors that influence development and growth rates and explore

the fitness consequences and adaptive values of phenotypic plasticity in larval period.

2 Materials and methods

2.1  Pool drying experiment

The experiment took place in a temperature-controlled room at 22°C under a combination of
natural light and an additional artificial light source (12 hour cycle, synchronous with
daylight hours). A completely randomised block design with 20 replicates (20 animals x 3
populations x 2 hydroperiods: constant, decreasing) was used. The main reasons for this
design were the light gradient and the possibility of a temperature gradient in the room.
Each block was made up of a single row of six containers, each container holding one
animal from one population and one treatment. The one hundred and twenty tadpoles were
housed individually to eliminate crowding effects caused by animal interactions including
competition (Gromko et al., 1973; Woodward, 1987b), facilitation (Alford & Harris, 1988
and references therein, Newman, 1994), growth inhibitor production (Rose, 1960), and
confounding variable density changes as individuals metamorphosed (Newman, 1989;
Tejedo & Reques, 1994). I used 1 Litre rectangular plastic “take-away food” containers
furnished with 75 mL of bleached, well washed natural sand and 2 dead eucalyptus leaves as

substrate and shelter. Locations within each block were assigned using randomly generated
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numbers, and blocks were placed in the same sequence the sets of random numbers were
obtained. The first 10 blocks were placed on a shelf above the second 10 blocks. Aged
(aerated for 7 days), de-copperised tap water was used and replaced every 7 days. Initially,
the water level (depth measured from the bottom of the container) in both the control and
the drying treatment was 55 mm. This level was maintained for the control animals, but was
gradually reduced on a weekly basis in the drying treatment (by 10 mm after first week,
another 5 mm after second week, and then by 2-3 mm every following week). Levels were
measured by pushing a plastic ruler, which was trimmed to the zero mark, through the

substrate to the bottom of the container.

Water changes and level reductions were carried out simultaneously to keep disturbance
consistent across treatments. The animals were checked and fed ad libitum on NUTRAFIN®
turtle pellets 3 times weekly. The containers were completely covered with clear plastic
sheets to reduce evaporation and related cooling, which may have varied among treatments.
The sheets also became a necessity to stop the animals from juinping out of the containers.
Despite this measure, some control animals managed to escape during the earlier stages of

the experiment.

Tadpoles were collected in the field from 3 populations as detailed in Table 13. Individual
populations were in different catchments, more than 7 km apart from each other, and were
thus considered statistically independent. Much effort was put into finding the youngest
tadpoles possible. Egg masses are extremely rarely encountered and were not available for
this experiment. I therefore obtained tadpoles within a day of them being swept out of the
burrows in which they had presumably hatched. Given the nature of the breeding sites it is
unlikely that individual populations were made up of more than two clutches. Statistical
tests are therefore assumed more robust due to minimal genetic variation within
experimental populations. Developmental stages were determined one day before the start of
the experiment on 20/3/2003 following Gosner (1960)(Table 13). It was estimated that the
tadpoles had hatched 4 — 14 days earlier. Larval periods reported here begin at the estimated
hatching date fourteen days before the experiment was started to allow comparisons with

published values, and end with the emergence of the second front limb (Gosner (1960) stage

77



Chapter 3 - Adaptive phenotypic plasticity in the larval period of Heleioporus australiacus

42). Statistical analyses, however, were carried out on the larval periods measured from the

beginning of the experiment.

Table 13 Locality data and collection dates of Heleioporus australiacus tadpoles used in the laboratory
experiment. Frequency distribution of developmental stages (Gosner, 1960) at the beginning of the
experiment is given for each population.

Population 1 - Kariong 2 - Pearl Beach 3 - Hornsby Heights
AMG Easting 339 500 340 400 325000

AMG Northing 6293 700 6286 400 6276 000

Date Collected 19/3/2003 19/3/2003 20/3/2003

n Stage 24 0 7 20

n Stage 25 30 33 20

n Stage 26 10 0 0

Information available at the time (later published as Green et al., 2004) suggested that H.
australiacus tadpoles are difficult to keep alive in the laboratory. For this reason, [ avoided
handling the animals during the course of the experiment and thus progressive size

measurements were not taken.

Animals that had reached stage 42 (both front limbs emerged) were considered to have
reached metamorphosis. The end of the larval period, here metamorphosis, is frequently
defined as front limb emergence (e.g., Alford & Harris, 1988; Doughty, 2002; Hensley,
1993; Lane & Mahony, 2002) rather than complete tail resorption (Gosner stage 46),
because the former is unambiguous and occurs abruptly (Hensley, 1993). Furthermore,
animals are at risk from drowning if not removed after front limb emergence (Lane &
Mahony, 2002) and at this developmental stage, H. australiacus were observed to burrow

into wet sand and were no longer dependent on a water body (A. Stauber pers. obs.).

Metamorphs were removed from the experiment, with date and weight recorded. Animals
were blotted with paper towelling and individually weighed on an electronic balance to 0.01
g. Their containers were emptied but returned to their location in order to maintain the
integrity of the block design. Some of these metamorphs were euthanased using Chlorotone

solution following the method outlined by Cogger (1994), set in formalin and preserved in
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65% ethanol before lodging with the Australian Museum, Sydney as voucher specimens

(registration numbers are given in Appendix 2).

Because data could not be normalised, a non-parametric Mann-Whitney test (M-W) was
used to compare the experimental larval periods (from start of experiment to the day Stage
42 was reached) among control and drying treatment. Block and shelf effects were tested
with Kruskal-Wallis test (K-W) and M-W respectively. Pearson correlation analysis and
ANCOVA were carried out on body mass at metamorphosis and experimental larval period
(ANCOVA dependent variable: mass; fixed factor: hydroperiod; covariate larval period)
(Zar, 1996) to test the relationship between weight and larval duration and how it is affected

by experimental treatment.

2.2 Duration of larval period in the field

The larval period of H. australiacus tadpoles was established by monitoring a field
population in a pool in which there were tadpoles of similar ages from at least two egg
clutches. This population was also the source of the sibling Pearl Beach animals (Population

2) used in the laboratory experiment (see Table 13).

The eggs were estimated to have been laid on 24/2/2003 and hatched on 7/3/2003. At each
sampling session (n = 10), 40 tadpoles were caught haphazardly with a small net, weighed
and the presence of hind limbs and emergence of front limbs (metamorphosis) recorded, as
well as the date. Sampling took place at irregular intervals (1 - 8 weeks), determined by
observed developmental rates of the tadpoles. Each tadpole was blotted dry on paper
towelling before it was placed in a small plastic bag for weighing using Pesola™ 5g and 10g
spring balances (precision 0.05 g and 0.1 g respectively). After the procedure, the tadpoles

were returned to the water. Weight changes over time were analysed graphically.

Newly hatched tadpoles were found on 11/10/2003, 7 months after the experiment was
started. These were distinguished from the study animals by their much smaller size, and

were excluded from the experiment.
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Water levels and temperature of the pool were recorded every fortnight for 12 months as
part of the hydroperiod study (Chapter 5). Tadpoles and metamorphs were also briefly

searched for during these additional visits.

2.3 Comparison of laboratory and field animals
Body masses at metamorphosis of laboratory and field animals were compared using one-

way ANOVA,

3 Results
3.1 Pond drying experiment
Larval periods did not significantly differ among shelves (Up=113y = 1583, P = 0.95) or

blocks (K5 = 6.33, P = 0.99), therefore the measurements were pooled for further analyses.

Table 14 Summary statistics of H. ausiraliacus larval periods in days since estimated hatching date by
population and treatment. Water levels were constant in the control group and decreasing in the treatment.

Population Measure Control Treatment
Kariong Mean (SE) 59.1(2.3) 55.6 (1.5)
Median 55 54
Minimum 50 48
Maximum 87 73
Range 37 25
Sample size 20 20
Pearl Beach Mean (SE) 52.5(0.9) 49.9 (0.5)
Median 52 50
Minimum 48 48
Maximum 61 56
Range 13 8
Sample size 19 20
Hornsby Hts Mean (SE) 65.1 (2.6) 60.7 (2.0)
Median 61 61
Minimum 52 50
Maximum 80 77
Range 28 27
Sample size <15 19

Tadpole survival was very high. In total, seven tadpoles were lost early in the experimental
phase due to them escaping from their containers. The surviving tadpoles responded to a

decrease in water level by metamorphosing earlier (Ugp=113) = 1222, P = 0.031)(Figure 9,
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Table 14). The range of larval periods was also reduced in the treatment group of each
population (Table 14). Estimated larval periods varied among populations (Figure 10, Table
14), presumably because of differences in hatching dates, but within each population-

treatment pair, the response to pond drying was in a uniform direction (Figure 11, Table 14).

The weight at metamorphosis correlated positively (Ry;3 = 0.511, P < 0.01, Pearson
Correlation, 2-tailed) to the duration of the larval period (Figure 11), but was unaffected by
experimental treatment (ANCOVA corrected model: Fy 115 = 19.5, P < 0.001; hydroperiod:
Fi112=0.032, P = 0.859).
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Figure 9 The larval periods and pooled proportions of H. australiacus tadpoles that had

metamorphosed under simulated constant (Control) and decreasing (Treatment) water levels in the
laboratory at 22°C.
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Figure 11 Mean body mass of H. australiacus metamorphs grouped by population and experimental
treatment as a function of larval period (error bars are + 1 SE). Manipulated water levels were: filled
symbols - constant; hollow symbols - decreasing.

3.2 Duration of larval period in the field

The first metamorphs in the field were observed 33 weeks after their estimated hatching day.
Over the following 4 weeks 23 metamorphs were recorded. Metamorphic transition peaked
at week 35 with 13 metamorphs caught in a sample of 40 animals (Figure 12). The onset of
metamorphosis occurred eleven weeks after the lowest water temperature was recorded and

coincided with a sharp rate rise in water temperature increase (Figure 12).

3.3 Comparison of laboratory and field animals

The tadpoles in the laboratory developed much faster than their siblings in the field. The
larval periods in the laboratory ranged from 7 to 13 weeks, whereas field animals
metamorphosed from week 33 onwards (Figure 12). The range of larval periods in the

laboratory was 66% of the mean duration, and about 11% in the field.
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Figure 13 Boxplot of body mass changes in a wild population of H. australiacus tadpoles at Pearl

Beach. Indicated are the median, interquartile range and the range. Each sample was made up of 40
haphazardly chosen individuals. Note: the x-axis is on a categorical scale.
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Development in the field remained static at Gosner (1960) stages 26 — 30 (limb bud
development) during the winter months (weeks 15 — 28). Toe development (stages 31 — 37)
only started after winter in week 28, but growth was continuous throughout the winter
months (Figure 13). The decrease in median body mass in weeks 33 and 34 coincided with
the onset of metamorphosis, a time when tadpoles stop feeding to allow remodelling of
mouth and intestines (Shi & Ishizuya-Oka, 1996) and when tissues undergo dehydration
(Hensley, 1993). Another factor which may have influenced the observed weight loss is the
possibility of the faster developing tadpoles suppressing growth in siblings, before they left
the population which was then made up of smaller individuals (Thumm & Mahony, 2002b;
Woodruff, 1972).

The slower developing field tadpoles (2.09 + 0.05 g (mean * SE of final weights)) clearly
grew heavier than the laboratory (1.23 & 0.01 g) animals. This 170% weight gain of the field
tadpoles over the laboratory animals was significant (ANOVA F, 131 = 429.2; P < 0.001).
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4 Discussion

4.1 Response of H. australiacus tadpoles to decreasing water levels

H. australiacus tadpoles are capable of phenotypically responding to decreasing water levels
by shortening their larval period which allows them to move metamorphic climax forward
in deteriorating ponds. The differences in mean duration of larval periods between the
decreasing and constant water level treatments ranged among populations from 2.6 days
(5.0%) to 4.4 days (6.8%). As a consequence the species is likely to benefit through
increased rates of metamorphosis in slowly deteriorating breeding pools, allowing more

recruits to escape death by desiccation.

Metamorphic responses to pond drying are thought to be driven by the activation of the
thyroid and interrenal axes, the hormones of which control metamorphosis (Denver, 1998).
Experiments on Scaphiopus hammondii showed a rapid response in hormone levels 48
hours after exposure to a drying environment (Denver, 1998). One environmental cue
triggering this response appears to be the restriction of swimming volume in the drying
habitat, constraining foraging. The associated cessation of feeding explained about 55% of
the acceleration of development (Denver et al., 1998). In my experiment, food intake did not
differ among treatments, but the volume available for physical activity certainly decreased
in the drying treatment, while the concentration of dissolved metabolic waste products there

presumably increased between water changes.

While the response to decreasing water levels was uniform across all three populations,
there were differences in larval periods as well as the duration of the metamorphic period
(range in time between the first and the last individual of a group, i.e. population, to reach
Gosner stage 42). Larval and metamorphic periods were always shorter in the drying
treatments, with the Pearl Beach animals having the shortest metamorphic period of eight
days, about one third of that of the other two populations. Similarly, larval periods in the
constant water level treatment were much Shorter in the Pearl Beach population when
compared to the other two. The rate of accumulation of metamorphs during the
metamorphic period (metamorphic curve) varied in shape and gradient among populations.
The Kariong population plateaued after about 80% of animals had metamorphosed, whereas

the Hornsby animals metamorphosed at a much lower rate than the others (Figure 10).
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In an ecological context, such inter-population variation expresses itself in the different
proportions of metamorphs each population can produce before a pool dries out if its
hydroperiod is shorter than the requirements of the slowest developing tadpole. A further
consequence is the weight difference observed among metamorphs from different
populations. Populations with longer larval periods produced heavier metamorphs (Figure

11) that may be fitter in terrestrial life (fitness consequences are discussed later).

Many of these differences may possibly be attributed to differences in the age of tadpoles
among populations. As pointed out earlier, hatching dates among populations were
estimated to range over ten days, which finds some support in the different proportions of
developmental stages of the field-collected animals (Table 13). Age differences would best
explain the time differences of metamorphic onset. Age differences perhaps also account for
some of the variation in the shape of the metamorphic curves because individuals of
different early developmental stages may have responded variably to their introduction to
the novel habitat of the laboratory. Leips (1994) found that in Hyla cinerea and H. gratiosa
(Hylidae) differentiation rates are sensitive to changes in food levels early during the larval
stage, becoming fixed after a certain point in development. Developmental rates of
Pseudacris crucifer (Hylidae) are also flexible early and only become fixed after about 66%
of the larval period (Hensley, 1993). On the other hand, the growth history during the early
larval period had no influence on the time to metamorphosis in individually raised tadpoles
of Bufo woodhousei fowleri (Bufonidae) (Alford & Harris, 1988) and Scaphiopus
hammondii, S. intermontanus and S. couchii (Pelobatidae) (Denver et al., 1998; Morey &
Reznick, 2000).

Berven ez al. (1982; 1979) compared Rana clamitans and R. sylvatica from high and low
elevation breeding ponds where they show vastly different life history characteristics
(including larval period and size at metamorphosis) in their natural habitat, They
demonstrated that these differences were interpretable as a direct effect of temperature
alone, and also that populations differed genetically in their thermal sensitivities. Genetic
variation within sampled H. austrafiacus populations was thought to be low because of the
low likelihood that within each population more than two breeding pairs had contributed to

the animals used for the experiment. Across populations, however, these animals most likely
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differed genetically from each other. It is unknown how much of the observed differences in
larval periods and metamorphic periods are due to genetic variation at the population level
rather than presumed age differences. There is evidence for frogs that genetic variation
among breeding pairs can translate into different lengths of offspring larval periods (e.g.,

Berven, 1982; Newman, 1988; Travis, 1981; 1983).

Furthermore, presumed age differences are not necessarily supported by the well defined
trend indicated by the metamorphic age to weight relationship (Figure 11). Were we to
adjust the estimated hatching dates so that the three populations metamorphose
simultaneously (by manipulating the larval periods in shifting Pearl Beach to the right and
Hornsby Heights to the left in Figure 11), we would record significant weight differences
among metamorphs (of presumably equal ages) from different populations. Parental
provisioning is a possible cause for such variation in larval growth (Semlitsch &
Schmiedehausen, 1994; Travis, 1981). While it could have contributed to the observed
population differences generally, parental provisioning in combination with genetic
variation may also explain significant weight differences among metamorphs of equal age
(see also Berven, 1982). Unfortunately, data on egg size variability do not exist for H.

australiacus.

Metamorphosis in /. qustraliacus ranged over weeks because each tadpole developed at its
own rate. If the range of larval periods is expressed as a percentage of the mean larval period
(laboratory animals: 66%; field animals 11%), then the values for H. australiacus are
considerably lower than the 85% derived from data reported for over-wintering
Pseudophryne australis in an outdoor laboratory (Thumm & Mahony, 2006). The authors
described P. gustralis as having an ‘asynchronous larval period mediated by genetic variation
and possibly maternal provisioning. P. australis did not show shortened larval periods in
response to pond drying, but decreasing water levels produced higher proportions of
metamorphs within a set time (Thumm & Mahony, 2006). Within-clutch variation in larval
periods may be an additional strategy to phenotypic plasticity that allows H. australiacus to
reduce the risk to reproductive effort associated with pond drying. Asynchrony in larval
period, however, did not obscure the plastic response to pond drying in H. australiacus and

may possibly be a secondary survival strategy to phenotypic plasticity in larval period.

88



Chapter 3 - Adaptive phenotypic plasticity in the larval period of Heleioporus australiacus

4.2 Responses of other anuran tadpoles to decreasing water levels

4.2.1 Species that accelerate development with pond drying

H. australiacus is not the only frog that is able to accelerate larval development in response
to pond drying. At least nine other species from five families are known to show this
capability. The larval habitats of each of these species are ephemeral ponds of variable

duration (see Table 15 for details and references).

4.2.2 Species that do not accelerate development with pond drying

Not all ephemeral pond breeders seem to be capable of responding to pond drying by
metamorphosing earlier (Table 16). These include Bufo punctatus, Hyla gratiosa and
Pseudophryne australis. At least five species that utilise permanent ponds for breeding
appear to be unable to shorten their larval period in response to pond drying, whereas others
(e.g., Bufo calamita, Rana temporaria) may or may not respond, depending on geographic
location (possibly genetic variation among populations) or perhaps due to differences in

experimental design. B. calamita for instance only responded at low densities (references in
Table 16).

4.3 Size at metamorphosis and pond drying

A shortening of the larval period is not the only plastic response seen in frogs due to pond
drying. Pond drying can also increase the larval period. Leips (2000) found extended larval
periods and smaller body size in two closely related Hyla spp. as an indirect effect of
increased density due to pond drying. Under crowded conditions, pond drying also reduced
metamorph size in Bufo calamita, B. bufo, Rana temporaria (Brady & Griffiths, 2000), Hyla
pseudopuma (Crump, 1989), Scaphiopus couchii (Newman, 1989) and S. hammondii
(Denver et al., 1998). The latter three examples also showed shortened larval periods (Table
15) which suggests that larval duration may be implicated in the relationship between

competition and size at metamorphosis.
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In H. australiacus, weight at metamorphosis is positively correlated with length of larval
period even in the absence of competition (Figure 11). An increase in larval period generally
leads to an increase in size at metamorphosis in other frogs also (Blouin, 1992: Hyla
cinerea, H. gratiosa, H. squirella; Hota & Dash, 1981: R. tigrina; Leips & Travis, 1994: H.
cinerea, H. gratiosa; Morand et al., 1997: Bufo bufo, B. clamitans, Rana dalmatia, R.
temporaria, Smith-Gill & Berven, 1979: R. clamitans; Thumm & Mahony, 2006:
Pseudophryne australis; Wilbur, 1977: R. sylvatica).

While weight differences in H. australiacus were not significant between treatments in the
laboratory, the modest relationship with larval period suggests that an increase in the
difference of the mean duration of the larval period among treatments (for instance possibly
under lower temperatures) would from some point in time onward be expected to produce
significant weight differences among treatments. Further experimentation is required to test
how temperature affects the magnitude of the phenotypic response to pond drying in H.
australiacus. Denver (1998) reduced temperature to increase the resolution of
developmental measurements in a series of tadpole experiments investigating the response
of Scaphiopus hammondii to pond drying. In Rana temporaria, different temperature
regimes may explain why pond-drying may or may not decrease metamorph size (Laurila &
Kujasalo, 1999; Loman, 1999).

4.4 Size at metamorphosis and larval period _
The over-wintering siblings that remained in the field were 1.7 times heavier than the
laboratory animals. Over-wintering of tadpoles increased body mass also for instance in

Rana clamitans (Smith-Gill & Berven, 1979).

Logistical constraints meant that only one field population could be monitored at the time,
but size comparisons among tadpoles in other pools and over a number of years, as well as a
review of published values (Anstis, 2002; Daly, 1996a) confirmed that the maximum sizes
of the monitored tadpoles in the field are comparable to those in other locations, and that the

laboratory animals metamorphosed at very small sizes.

Based on laboratory tadpole data, the duration of the larval period accounts only) for a little

more than a quarter of the observed weight gain. Clearly there are other factors that
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influence mass at metamorphosis. Environmental conditions that differed considerably
between the laboratory and field include temperature regimes, nutrition and density of

conspecifics and possibly stress levels.

4.5 Other determinants of phenotypic plasticity in tadpoles

Other factors may influence plasticity in tadpole development and growth besides pond
drying. These include temperature, food quality and availability, and predation. Following is
a brief summary of these effects based on work by others, and where applicable, how these
effects relate to the H. australiacus tadpole experiment reported here and how these were

dealt with in the experimental design.

4.5.1 Temperature effects on larval development

High temperature always accelerates development in the fully viable range and results in
smaller body size in invertebrates, even where large size would seem advantageous (Levins,
1968). In other ectotherms, such as anuran tadpoles, higher temperatures also generally
shorten the larval period and produce smaller metamorphs (e.g., Alvarez & Nicieza, 2002:
Discoglossus galganoi; Berven, 1982: R. sylvatica; Blouin, 1992, also Leips & Travis,
1994: Hyla cinerea, H. gratiosa, H. squirella; Morand et al., 1997: Bufo bufo, B. calamita,
Rana dalmatia, R. temporaria; Smith-Gill & Berven, 1979: Rana clamitans, R. pipiens;

Tevis, 1966: Bufo punctatus).

Anuran metamorphosis is a process highly sensitive to temperature. Water temperature acts
directly on rates of biochemical and physiological processes that underlie metamorphosis
and is therefore rate limiting (Smith-Gill & Berven, 1979). For this reason, temperature was
controlled for the duration of the experiment and potentially confounding temperature
effects among treatments eliminated by the block design and the prevention of variations
due to evaporative cooling. The latter, although usually not taken into consideration (e.g.,
Doughty, 2002; Lane & Mahony, 2002; but, see Berven, 1982, who used incubators), is
particularly important in a temperature-controlled environment where humidity can be quite

low (relative humidity in the room was around 50%).

The thermal profile of drying ponds in the field may change dramatically as water levels
start to decrease (Newman, 1989)(see also Chapter 5) and it may be possible that an
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acceleration in larval development in the wild is entirely due to temperature effects. My
results, however, do not support this hypothesis because larval periods differed significantly
among treatments, whereas temperature did not. Therefore, temperature increases may
accelerate larval development, but are not necessary to initiate a response to pond drying in

H australiacus.

Temperature differences experienced by the laboratory and field animals best explain the
observed differences in growth and development of H. australiacus tadpoles. The laboratory
animals were kept at a relatively high, constant temperature, whereas the field tadpoles were
exposed to changing and considerably lower temperatures (up to 12°C lower in winter).
Winter temperatures in the field effectively stalled development and tadpoles only increased
body mass. This observation fits well with Smith-Gill & Berven’s (1979) discovery that low
temperatures retard differentiation more than growth. As a result, over-wintering field

tadpoles metamorphose at a larger size due to a prolonged period of mass accumulation.

It is not clear whether natural temperature differences among the hatching sites of the three
studied populations and possible acclimatisation of hatchlings to these differences account

for some of the differences in larval periods observed in the laboratory.

4.5.2 Food and competition effects on larval development

Higher food levels or decreased competition increase growth rate, shorten the larval period
and produce heavier metamorphs (Alford & Harris, 1988: Bufo woodhousei fowleri, Alvarez
& Nicieza, 2002: Discoglossus galganoi, Beachy et al., 1999: Hyla versicolor; Goater,
1994: Bufo bufo; Hensley, 1993: Pseudacris crucifer; Hota & Dash, 1981: Rana tigrina,
Leips et al., 2000: Hyla gratiosa, H. cinerea; Loman, 1999: Rana temporaria; Morey &
Reznick, 2001: Scaphiopus hammondii; Murphy, 2003: Edalorhina perezi; Nystrom &
Abjormsson, 2000: Rana temporaria; Relyea & Hoverman, 2003: Hyla versicolor,
Semlitsch, 1993: Rana lessonae, R. esculentq;, Semlitsch & Reyer, 1992: Rana esculenta
complex; Wilbur, 1977: Rana sylvatica). However, sudden food withdrawal was shown to
accelerate development in Scaphiopus once a developmental threshold was reached (Morey
& Reznick, 2000).
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In Hyla cinerea and H. gratiosa early increases in food levels shortened the larval period,
demonstrating that differentiation rates are sensitive to changes in food levels. Beyond a
certain point in development, however, the rate of development is set, and changes in food

level affect only body size at metamorphosis (Leips & Travis, 1994).

Food availability to individuals is usually influenced by the density of competitors. Hence
an increase in developmental rate and metamorph size resulting from density reduction was
measured in several frogs (e.g., Loman, 1999; Nystrtdm & Abjornsson, 2000: Rana
temporaria;, Murphy, 2003: Edalorhina perezi; see also Table 15 and Table 16). Density
and food levels may act independently on growth and development rates (Hota & Dash,
1981: Rana tigrina) or produce significant interactions (Wilbur, 1977 Rana sylvatica).

Laboratory animals were fed equal amounts simultaneously and because individuals were
free of any competition, food availability can be ruled out as a factor influencing the

observed shortening of the larval period in the drying environment.

It is likely, however, that differences in food levels and quality among laboratory and field
animals influenced growth and development patterns in H. australiacus. In the field, A
australiacus tadpoles feed on vegetation and sediment (Anstis, 2002). Low protein foods
can have an inhibitory effect on tadpole growth (Steinwascher & Travis, 1983). The food
provided to the laboratory animals presumably contained more protein (NUTRAFIN®: 34%
min. crude protein) than what may have been available in the field. The laboratory animals,
which never refused food, should therefore have grown larger. I suspect that nutritional
differences between the field and laboratory animals influenced growth less than

temperature differences did.

4.5.3 Predator effects on tadpole behaviour and morphology

The presence of predators may induce alterati'ons to the behaviour and / or morphology of
tadpoles. Behavioural responses may be a decrease in swimming or foraging activity when
predators are present (Anholt et al., 2000: Rana catesbeiana, R. clamitans, R. pipiens, R.
sylvatica; McCollum & Van Buskirk, 1996: Hyla chrysoscelis; Relyea, 2001: Bufo bufo, R.
catesbeiana, R. clamitans, R. pipiens, R. sylvatica, H. versicolor; Van Buskirk ez; al., 1997:

Pseudacris triseriata). Predator-induced morphological changes include variations in
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colouration and tail shape. In the presence of odonate predators, H. chrysoscelis tadpoles
develop relatively large and brightly coloured tailfins with dark spots, a phenotype with a
reduction in overall survivorship, but an increase in survival when exposed to free odonates
(McCollum & Van Buskirk, 1996). Changes in body shape were also observed in Hyla
versicolor (Relyea & Hoverman, 2003) and Pseudacris triseriata (Van Buskirk et al., 1997).

4.5.4 Stress-related developmental rates

Stress experienced by tadpoles may also influence development rates. Scaphiopus
hammondii tadpoles stopped feeding in response to stress caused by decreasing water levels
(Denver, 1997). Crinia georgiana tadpoles experimentally exposed to decreasing water
levels also stopped feeding. Food withdrawal and decreasing water levels combined to
increase the rate of development, shortening the larval period in that species (Doughty,
2002).

It is to be expected that the procedures necessary to set up the experiment, and the novel
environment in the laboratory caused stress in H. australiacus tadpoles. While no animal
ever showed lack of appetite it cannot be ruled out that increased hormone levels in response
to stress may have increased the underlying develépment rate in both the control and
treatment groups. Possible stress influences however did not obscure the observed

acceleration in larval development in response to pond drying.

4.6 Benefits of plasticity in larval period

H. australiacus frequently breed in ephemeral ponds of variable duration (Chapters 2 and 5;
see also Daly, 1996a). The ability to accelerate larval development in response to pond
drying is clearly an advantage to this species by allowing individuals to leave that
deteriorating and potentially lethal habitat sooner. In the laboratory, tadpoles exposed to
pond drying metamorphosed 2.6 to 4.4 days earlier compared to their siblings in constant
water. Even such a seemingly small reduction in the larval period, relative to the larval
periods determined in the field, can at times be a deciding factor between life and death in

slowly deteriorating ponds.

Phenotypic plasticity in larval period, however, does not always guarantee reproductive

success, because ponds may dry out before metamorphosis is possible. Tadpoles in 45% of
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monitored breeding pools died due to early pond drying during a drought (Chapter 5). Pond
durations of 23 to 29 weeks were too short to allow metamorphosis, hydroperiods of 33
weeks were the minimum required to produce metamorphs (Chapter 5, Table 30). In the
field, H. australiacus has a relatively long larval period, which on its own would restrict the
species to breed in permanent pools, a rarity in its habitat. Phenotypic plasticity in larval
period, however, reduces this limitation and potentially allows the species to exploit much
more commonly-found temporary pools. Phenotypic plasticity, coupled with the temporal
and spatial heterogeneity in the hydroperiod of breeding ponds, allows this species to persist

in a much broader geographic range than if it was restricted to permanent water bodies.

Given the unusually short larval period observed in the laboratory animals, it is worthwhile
to further investigate whether the larval period reduction in response to pond drying is of
fixed duration or whether the time gain is proportional to the larval period. A proportional
reduction would be more advantageous than a fixed one to this frog in the field, because

there, a time advantage of one week would surely be better than that of one day.

4.7 Duration of the larval stage of H. australiacus

The larval duration in frogs is thought to affect overall lifetime fitness of individuals. It is
thought that the larval period reflects genetic adjustments to interactions between mortality
risks and relative growth rates of aquatic tadpoles in ponds, compared to those most likely
experienced by terrestrial juveniles (Werner, 1986). The larval periods of H. australiacus in
the laboratory were shorter than expected. Daly (1996a) reported a minimum larval period
for H. australiacus in the field of 92 days, ranging up to 12 months for over-wintering
tadpoles. Larval periods in my laboratory experiment at a constant temperature which was
set in the upper range of temperatures measured in natural breeding ponds (Chapter 5)
ranged from 48 to 87 days. The laboratory animals therefore all metamorphosed earlier than
Daly’s (1996a) most rapidly developing tadpoles in the field, some taking a little more than
half that time. The laboratory animals also exhibited a much tighter range of larval periods.
Captive H. australiacus tadpoles kept by others took a minimum of approximately 80 days
to reach Gosner (1960) stage 42 (J. Recsei, unpubl. data), again recording longer larval

periods than the majority of animals in my study.
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Over-wintering field tadpoles (also siblings to some of the laboratory animals) required a
hydroperiod of 33 to approximately 40 weeks to metamorphose. In Chapter 5 I show that
hydroperiods of 29 weeks in two locations were too short to produce any metamorphs
despite the species’ ability to shorten its larval period in response to pond drying. All
populations monitored for three years (including the subjects of this study) bred in late
summer and autumn. None of their offspring metamorphosed before cool water
temperatures set in. Only very rarely did pairs produce egg clutches in spring. The resulting
spring hatchlings developed quite rapidly in the warmer waters and presumably

metamorphosed at about the same time as the over-wintering relatives.

4.8 Is phenotypic plasticity in the larval period of H. australiacus adaptive?

4.8.1 Factors influencing fitness

Larger size at metamorphosis may have fitness consequences. Relyea (2003) provides
evidence that larval environments can have profound impacts on traits and fitness of
organisms later in ontogeny. In frogs, larval history can influence subsequent fitness (e.g.,
Beck & Congdon, 2000; Goater, 1994; Lane & Mahony, 2002; Relyea & Hoverman, 2003).

While the majority of experiments that tested the response of tadpoles to pond drying
(including this study) did not investigate the fitness consequences later in ontogeny, the
number of studies exploring the relationship between metamorph size and various fitness
parameters has recently increased. Consequences of environmental variation in the larval
habitat can extend to the terrestrial phase and influence juvenile survival (Alvarez &
Nicieza, 2002), a good correlate of fitness (Endler, 1986). In Bufo bufo, post metamorphic
survival to first hibernation was higher in larger metamorphs (Goater, 1994). Higher
survival rates for larger juveniles were also documented in Scaphiopus hammondii (Morey
& Reznick, 2001), Scaphiopus couchii (Newman & Dunham, 1994), Crinia signifera (Lane
& Mahony, 2002) and Hyla versicolor (Relyea & Hoverman, 2003). However, no such
relationship was found in Pseudacris triseriata (Smith, 1987). Larger Bufo terrestris

metamorphs have higher sprint speeds and endurance when compared to smaller siblings
(Beck & Congdon, 2000).
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Larger metamorph size is likely to lead to greater survival in H. australiacus also. The
ability to metamorphose early in order to escape a drying environment is clearly an
advantage affecting larval survival rates. Larger individuals however have several
advantages over smaller conspecifics once the terrestrial life stage is reached. The risk of
dehydration is lower in larger juveniles, and may be a critical feature in this species
considering the time available in locating patchily distributed moist microhabitat (Newman,
1994). Larger juveniles are likely to have a foraging advantage over smaller ones because of
the reduced dehydration risk. They may be able to increase foraging activity spatially and
temporally and be able to ingest larger prey items than their smaller siblings. Larger
individuals may also benefit from lower predation rates due to being active less frequently

(Morey & Reznick, 2001) or by being too large for some predators.

Small size at metamorphosis is also generally associated with lower adult fitness but may
differ with gender and terrestrial food availability (Morey & Reznick, 2001). Larger frogs of
both genders seem likely to reproduce more successfully, although energetic costs of
reproduction are proportionally higher for larger individuals (Humphries, 1979). In
Pseudacris triserata, larger metamorphs grow into larger adult size and males which mature
earlier (Smith, 1987), and female Uperoleia rugosa always select calls of heavier males
(Robertson, 1986). It is not known whether larger size at metamorphosis increases fitness or
reproductive success in H. australiacus, but based on the review provided above, it seems
unlikely that this species defies such a widespread and uniform trend among anurans. A
small number of field observations (A. Stauber, pers. obs.) do suggest that small males may
be restricted to marginal habitat where they call only from streams that offer no breeding

pools of suitable duration.

4.8.2 Adaptive plasticity

To be adaptive, phenotypic plasticity in larval period as a response to hydroperiod must
combine both a physiological buffering to pobr habitat qualities and an improved response
to favourable conditions (Thompson, 1991). As a result, phenotypic plasticity involves
fitness costs (Newman, 1992). In the case of H. australiacus, its buffer to environmental
degradation is its ability to respond to pond drying, a response which allows it to escape a

potentially fatal habitat sooner at the expense of smaller body size. The improved response
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to favourable conditions is a relatively longer larval period which was shown to at least
marginally increase body size at metamorphosis. Large body size may increase fitness in the
terrestrial environment (see previous section) and therefore phenotypic plasticity in larval
period may be an adaptation to the uncertainty of pond duration (Crump, 1989; Newman,
1992; 1989; 1988). But is phenotypic plasticity in the larval period of H. australiacus

adaptive or just beneficial?

Adaptations are products of natural selection that perform specific functions (Stearns &
Koella, 1986). Differences between genotypes in their ability to express plasticity across a
range of environmental conditions will result in different reaction norms (Stearns, 1989,
Stearns & Koella, 1986). If these are heritable they will form the basis for the evolution of
phenotypic plasticity (Bradshaw, 1965; Halkett et al., 2004; Newman, 1992). The genetic
nature of reaction norms is controversial and has been the subject of much discussion
(Gotthard & Nylin, 1995 and references therein). The more widely accepted view expressed
(Gotthard & Nylin, 1995) is that genes for plasticity can respond to selection (e.g., Scheiner,
1993). As an alternative, Via & Lande (1993; 1985) had earlier offered a model where
phenotypic plasticity is only a by-product of selection on trait means within environments,
and not the result of plasticity itself (Gotthard & Nylin, 1995). Whichever view is adopted,

there appears to be agreement that gene expression plays a part in phenotypic plasticity.

Plasticity may be beneficial without being the result of natural selection if it is entirely due
to constraints (Smith-Gill & Berven, 1979). Beneficial but non-adaptive plasticity has been
termed “spandrels” (sensu Gould & Lewontin, 1979) by Newman (1992). Non-adaptive
influences can be rejected as underlying causes of phenotypic plasticity in the larval period
of H. australiacus. It was demonstrated that neither food levels nor temperature could have
been responsible for the observed shortening in the larval period as a response to pond
drying. Hence temperature, a major influence on developmental rates (Smith-Gill & Berven,
1979), and resource limitations are unlikely factors to have influenced the outcome. It could
be argued that resource limitations may have applied due to the possibility of differing
solute concentrations (e.g., O, but also metabolic waste products, CO,) among the
treatments; however, work on Scaphiopus hammondii suggested that these are probably not

essential for a response (Denver ef al., 1998).
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I agree with Bradshaw (1965) and Newman (1992) that for plasticity to evolve there must be
genetic variation for the norm of reactions within a population. Although it is possible that
populations may have evolved phenotypic plasticity in the past but no longer show genetic
variation for the trait. There seems to be a genetic basis to phenotypic plasticity in the larval
period of H. australiacus. The observed response to pond drying was uniform across
populations and is also found in other ephemeral pond-breeding frogs from a range of
families (Table 15). Given that the majority of breeding pools in H. australiacus habitat are
ephemeral or semi-permanent, I conclude that phenotypic plasticity in larval period in this
species is an adaptation that resulted through selective forces imposed by variable and

unpredictable pond duration.
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Chapter 4

SPATIAL DISTRIBUTIONS, HABITAT ASSOCIATIONS AND MOVEMENT
PATTERNS OF PSEUDOPHRYNE AUSTRALIS AND HELEIOPORUS
AUSTRALIACUS

Abstract
The spatial distributions and associations with certain habitat features, and movement
patterns of Pseudophryne australis and Heleioporus australiacus were investigated in order

to determine the habitat use by these threatened frogs.

Seven P. australis breeding sites were regularly monitored over 44 months. Animals were
marked using ventral patterns and had their locations and shelter type recorded. Overall, 394
frogs were marked. These predominantly selected leaf litter piles despite their relatively low
availability, and to a lesser extent vegetation, logs, rocks and soil cavities. Leaf litter piles in
drainage lines moved over time through natural processes and the animals moved with the
piles. Nearest-neighbour distances between individuals were less than 20 cm for 78% of
captured animals. These aggregations were mostly related to leaf litter piles and the data

suggest that these habitat features are a limiting resource.

In contrast, H australiacus did not form aggregations. Three 2.4 km transects (unsealed
tracks) were regularly sampled over 36 months. Individuals were marked using Passive
Integrated Transponder (PIT) tags, and had their locations recorded using permanent
distance markers. Overall, 138 individuals were marked. These animals showed no
preference for any of the three structural vegetation types (woodland, heath, forest) in which
they occur. Statistical tests of standardised distances showed that for each transect, the
locations of first capture were independent of relative distances to the closest creek and
mitre drains. However, males appeared to be more common near culverts. Individuals were
randomly distributed along the transects and 'nearest-neighbour distances were greater than
50 m for 88% of individuals. Individuals apparently did not share their space with

conspecifics.
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Individuals of both species moved distances which were greater than their recorded net
displacements in space, which indicates site fidelity. The results are discussed in relation to
the spatial requirements of both species and the protection of utilised habitat features. The
differences in spatial dynamics of the two threatened frog species with overlapping habitats

highlighted in this study require species-specific management approaches.

1 Introduction

Generally, animals are non-randomly spaced through their habitats, a distribution pattern
which is often associated with the heterogeneous distribution of predation risk and or
resources (Bertram, 1978; Levins, 1968; Wiens, 1976). If habitat patches differ in quality,
then individuals should exhibit some degree of habitat selection: a response which imposes
the effects of habitat structure on the distribution of individuals toward non-randomness in
space (Wiens, 1976). Therefore, organisms may form aggregations (Wilson, 1975) that are
closely linked to environmental factors (e.g., Aberg ef al., 2000; Moody ef al., 1997; Orians
& Wittenberger, 1991; Parris, 2001).

In principle (and in the absence of social interactions (Blaustein & Walls, 1995)), clustering
by consumer organisms (sensu Wiens, 1976) usually indicates habitat patches that contain
resources of relatively higher quantity or quality by supporting higher densities of
consumers. Such habitat patches may also contain critical but limited habitat features (e.g.,
Orians & Wittenberger, 1991), or they may indicate avoidance of uninhabited patches
(Aberg et al., 2000). Logically, it follows that habitat patches where individuals aggregate

are of considerable value to populations of that species.

Information on an organism’s habitat use and spatial distribution, coupled with the
identification of high-value habitat patches, are integral components of ecological and
conservational research (Aberg et al., 2000; Harding et al., 2001), have application in
habitat restoration efforts (e.g., Matthews & Pope, 1999) and allow the identification and
ranking of sites where individuals are more likely to occur within their habitat (e.g.,
Aebischer et al., 1993). Such information also facilitates metapopulation analysis and the

prediction of recolonisation patterns (Hanski & Gilpin, 1997).
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In this Chapter, the spatial distributions and associations with certain habitat features, and
movement patterns of two frogs, Pseudophryne australis and Heleioporus australiacus, are
investigated in order to assess the habitat use of these threatened species (Threatened
Species Conservation Act 1995). Both frogs occupy similar habitat (Chapter 2) although
usage occurs at different scales. Representing opposing extreme ends of the size scale of
Sydney Basin frogs (Cogger, 1994), the species vary in their behaviour and detectability.
The methodological approaches taken consider these differences among species as well as

the limitations imposed by the small size of P. australis.

1.1 Habitat associations

1.1.1 Pseudophryne australis

P. australis are associated with ephemeral drainage lines (Thumm & Mahony,
1999)(Chapter 2) and deposit their eggs in concealed positions under leaf litter, logs or rocks
(Harrison, 1922; Woodruff, 1972; 1978). Here | examine the frequency distribution of
available shelter types used by the species and compare this with actual usage frequencies in

order to rank them according to their relative importance to the species.

Microhabitat associated with leaf litter piles in ephemeral watercourses was expected to be
subject to frequent disturbance, such as rearrangement through flood waters, scratching
birds and fire. Disturbance of leaf litter, measured as its temporal stability, was qualitatively
assessed and related to site loyalty of individual frogs inhabiting these. Here, I predict that
P. australis which are found to inhabit leaf litter show site loyalty to leaf litter piles, rather

than a particular fixed spot along a drainage line.

1.1.2  Heleioporus australiacus

Vegetation structure and its classification provide a wuseful tool for evaluating the
conservation status of habitats and impacts to these both at small and large scales (Specht ef
al., 1995). The structural complexity of vegetation can vary considerably within H
australiacus habitat (Chapter 2). The classification of vegetation into broad structural types
does not require special skills and could be a useful tool in the identification of high
conservation value habitat patches should H. australiacus show an association with any

particular vegetation structure. The distributions of individuals from three populations, each
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inhabiting an environmental mosaic of patches (sensu Wiens, 1976) that differed in
vegetation structure, were analysed to test whether the species shows any association with

vegetation structure.

Like P. australis, H. australiacus has an aquatic tadpole stage (Anstis, 2002; Watson &
Martin, 1973) and requires access to water in order to reproduce. Breeding sites utilised by
H. australiacus include creeks (Gillespie, 1990; Littlejohn & Martin, 1967) and track drains,
such as culverts or mitres (Daly, 1996a; Recsei, 1996)(Chapter 5). In contrast to P. australis,
H. australiacus is often encountered long distances from suitable breeding sites (Gillespie,
1990; Lemckert & Brassil, 2003; Lemckert et al., 1998; Webb, 1991). Because fertilisation
takes place externally (Duellman & Trueb, 1994), both genders must visit the breeding sites.
Amphibians are usually associated with water (Daugherty & Sheldon, 1982) and adult frogs
commonly form aggregations with respect to breeding (Sullivan et al., 1995). For this
reason it is expected that H. agustraliacus would be more commonly encountered near
breeding sites. Therefore, | tested the prediction that H australiacus aggregate near

potential breeding sites.

Alternatively, if H. australiacus do not form aggregations near water bodies, then breeding
individuals that are located away from potential breeding sites would need to move longer
distances in order to reproduce. In order to test this, movement distances and relative
distances from the closest breeding site were examined to determine if the two variables are

related.

1.2 The spatial distribution of Pseudophryne australis and Heleioporus australiacus
individuals

At the broad-scale level, animals often form spatial clumps, but within these clumps,

individuals may be widely separated from each other (Campbell, 1990; Conder, 1949;

Pulliam & Caraco, 1984). At the population level, the spacing of individuals influences the

spatial requirement of the population and its density. Here, I also investigate the spatial

distribution of P. australis and H. australiacus in relation to other conspecific individuals in

order to explore the spatial requirements of populations.

106



Chapter 4 - Habitat associations and movement patterns of Pseudophryne australis and Heleioporus
australiacus

1.3 Movement patterns of Pseudophryne australis and Heleioporus australiacus

Movement patterns of individuals are fundamental components of the ecology and evolution
of a species (Daugherty & Sheldon, 1982; MacArthur, 1972). In conservation biology, an
understanding of movement patterns identifies the full range of habitats that are essential to
a species’ persistence (Spieler & Linsenmair, 1998). Such information allows the design of
conservation areas that include all essential habitat components, including buffer zones,
which are all linked by suitable corridors (Dodd & Cade, 1998). Movement patterns also
give an insight into space utilisation, site fidelity and dispersal (Dodd & Cade, 1998). The
movement patterns of P. australis and H. australiacus and their displacements were also

analysed to gain an understanding of the spatial requirements of individuals.

In summary, this chapter comprises a comparative study of dispersion and dispersal relative
to habitat in both frog species, addressing the general research question “How do P.
australis and H. australiacus use thir habitat?” The aim was to quantify spatial
distributions as well as the movement patterns of these threatened frogs and to identify
associations with certain habitat features. The knowledge gained will contribute to a better
understanding of each species’ basic biology, and to improve the planning for their
conservation management. Tested were microhabitat associations for P. australis, some
macrohabitat associations (vegetation structure; natural and artificial water courses and
drains) for H. australiacus. Furthermore, the spatial distribution and movement patterns of

individuals of both species were investigated at the population level.

2 Materials and methods

2.1 Pseudophryne australis

Seven P. australis breeding sites on the NSW Central Coast were chosen to include the
range of site types the species most commonly utilises across its range (Table 17). Several
years of observations of each site prior to this study suggested that the sites were
permanently inhabited by the species. For' simplicity, it was assumed that each site
supported its own population, except for one (PB, a single population which was divided
into PBI and PBu by a track) (Table 17). The populations were regularly monitored between
August 2001 and April 2005. Sampling intervals were irregular because they were dictated

by weather conditions. Most of the time, wet weather and mild temperatures combined for
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short periods (one to several days) and lasted only long enough to allow sampling of a single
population before the return of dry conditions. Within these constraints, sampling effort and

intervals were kept the same across populations as closely as possible.

All Pearl Beach sites (PA, PB, PC) were located in the same catchment but in different
drainage lines. This provided the opportunity to examine whether individuals utilise more
than one site by noting any frogs which moved between these sites. A track linked the sites
by approximately the shortest route. Sites were located in alphabetical order along the track
and distances between sites were 500 m and 200 m respectively in the order of sites stated.
These distances were determined in the field to 10 m precision with a bicycle-mounted

CATEYE Mity2® computer calibrated for wheel size.

All sites, except T and P, were of a linear nature. For linear sites, a permanent zero mark
was chosen in the field and recorded on maps. Other permanent landscape features (e.g.,
rocks, large trees) were also mapped as additional reference points. A tape measure was
rolled out during each sampling session to establish the locality (chainage) of animals and
habitat features to the nearest 10 cm.

Table 17 AMG coordinates and main characteristics of seven monitored P. australis breeding sites,

Because the site of population PB was dissected by a track, the lower (1) and upper (u) sections were
sampled separately.

Site Locality AMG (m) Character

PA Pearl Beach  342300E 6286200N Deep, sparsely vegetated table
drain above culvert in natural
drainage line

PBI, PBu Pearl Beach  342000E 6286200N Natural ephemeral drainage

line

PC Pearl Beach  341800E 6286100N Natural ephemeral drainage
line

T Berowra 326800E 6277000N Depression, pool forms
occasionally

[ Kulnura 333900E 6333700N Frequently maintained mitre
drain, pools occasionally

P Martinsville ~ 344400E 6340000N Large  depression, rarely
floods
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Two-dimensional maps showing logs, vegetation clumps and trees were drawn for sites T
and P. Distance measures obtained by measuring tape were included. These maps were used

to record animal locations there.

Males were located by their calls. Leaf litter, vegetation, logs or rocks were removed by
hand to uncover the animals. Large leaf litter piles, vegetation patches and hollow logs were

also systematically searched for animals.

Animals were temporarily held individually in labelled containers and their locations of
collection in the field were flagged with labelled wire pegs. P. australis usually stop calling
while their shelter is being disturbed. Places where calling animals were heard but could not
be found were left for a while and revisited a short time later when animals were calling
again. The aim of each sampling session was to capture as many frogs as possible from the
site (including all calling frogs and those encountered by chance). Some sites were sampled
over three consecutive nights to achieve this. All animals were returned together after the
last night’s sampling. Occasionally, animals could not be recovered without causing major
destruction to their habitat. Those animals were usually in rock crevices and were not
captured, but their presence was recorded. Females were recovered by chance. These were

recognised by their rounded body shape and larger sizes (Stauber, 1999).

The captured animals were marked by recording their ventral patterns using pencil and
paper (Stauber, submitted). Recaptured animals were recognised by matching the new
pattern maps (or the individual) with pattern maps from previous sessions. An evaluation of

this technique is given in Appendix 1.

Before the animals were returned to their exact location of capture, their habitat was restored
as close to its original condition as possible. Besides locality, the type of cover was recorded
for each animal and the distribution of potential habitat features was mapped for each
transect. These were leaf litter (at least 2 cm éieep when lightly compressed by hand), low
vegetation (usually the base of sedges or the inside of Ghania spp. thickets; at least 2 cm
deep when lightly compressed by hand), logs, rocks and soil cavities of suitable sizes. The
hygiene protocol (NSW National Parks and Wildlife Service, 2001) was followed to

minimise disease transmission between individuals and populations.
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2.1.1 Microhabitat associations

P. australis are very rarely observed in the open. They usually hide under leaf litter or
vegetation, rocks, logs or in crevices in the soil or rocks. The frequency distribution of
shelter type was analysed based on the location of first capture of each individual from all

sites.

The spatial distribution of P. qustralis along three transects (PBl, PBu, PC) was analysed
graphically in relation to the distribution of leaf litter at the transects. Goodness-of-fit chi-
square tests (Zar, 1996) were also carried out on observed animal-leaf litter association
frequencies for each transect separately using unequal expected frequencies based on the
relative abundance of leaf litter versus the remainder of shelters and open space. Site PA
was excluded from these analysis because it offered mostly rock crevices and cavities under
rock, and only sometimes had accumulations of leaf litter. Site [ was excluded also because
leaf litter was uniformly distributed along one side (50%) of the breeding area. The two
depressions (T, P) never accumulated deep leaf litter and were therefore excluded from leaf

litter analysis; the animals there used alternative shelters.

2.1.2  Temporal stability of microhabitat

The distribution of leaf litter piles along the three transects in natural drainage lines (PBI,
PBu, PC) was compared over time using four maps of potential habitat features obtained at
different dates for each site (mapping dates are stated with the results). Leaf litter was
overwhelmingly the most utilised shelter where available (see Results). The data presented
here therefore exclude the other features for clarity. Leaf litter piles are subject to
rearrangement (by flood waters, birds, etc.), decomposition, and are susceptible to fire. Sites
PBI and PC were partially burnt by the NSW Rural Fire Service in early November 2001.
The range of available leaf litter in lineal metres and its coefficient of variation (CV) were
calculated for each transect to qualify the temporal stability of these shelters and potential

egg deposition sites.

2.1.3 Nearest-neighbour distances
For each individual, nearest-neighbour distances (Moody et al., 1997) were calculated from

the chainage values for linear transects and estimated from the maps produced of the two-
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dimensional sites. No nearest-neighbour distances were calculated for sampling sessions
when only one animal was found. A frequency histogram was produced from data pooled
across sampling sessions and sites to summarise the distribution of the actual distances

between active animals.

A measure to quantify the spatial distribution of individuals was proposed by Clark & Evans
(1954)(see also Krebs (1999)). Using nearest-neighbour distances for all individuals, their
method allows the calculation of an aggregation index R, which measures the deviation of
the observed pattern from the expected random pattern. The spatial pattern is random if R =
1, and clumping occurs when R approaches zero. A regular pattern is indicated when R
approaches its upper limit (a value of 2). Their formula (designed for two-dimensional

space) was adapted to suit the uni-dimensional “space” of the transects:

¥ . .
R=4 aggregation index (Equation 3)
e
Fi= P mean distance to nearest neighbour (m)
n
r, distance to nearest neighbour for individual i {m)
n . number of individuals along transect

expected distance to nearest neighbour (m)

2p

p= i density of organisms (animals per m)
[

! transect length (m)

All transects were sampled beyond their limits for the presence of frogs. The distances
calculated for individuals nearest to the beginning or end of a transect are therefore true
nearest neighbour distances (between observable individuals along the transect). Hence a
boundary strip was included and possible bias favouring regular patterns reduced (see
Sinclair, 1985). Aggregation indices were calculated for the linear sites for each sampling

session when at least nine animals were captured. Statistical tests were not applied to the
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aggregation indices because of low sample sizes and occasional non-independent data points

generated by recaptured individuals.

2.1.4  Individual movements

Animals which were captured at least twice provided information on the time between
captures and the displacement distance moved within that time. Pearson correlation (Zar,
1996) was used to test whether the net displacement (displacement between the locations of
first and last capture) of individuals was related to the length of time between first and last

capture.

The sum of displacement distances of each individual that was captured more than twice
was compared to its maximum displacement (difference between highest and lowest

chainage) using a paired Wilcoxon Signed Rank Test (Zar, 1996).

All ventral pattern drawings of the Pearl Beach animals (PA, PB, PC) were compared
against each other to establish whether animals migrate between populations. The
comparisons included 52 animals that were marked prior to this study (from January 1999
onwards). These additional records did not provide information on cover or chainage, and

were therefore only included in the analysis of migration among Pearl Beach populations.

2.2 Heleioporus australiacus

A transect of 2.4 km in length was established in each of three study areas on the Central
Coast of NSW. Fixed distance transects were used to standardise sampling effort among
areas. The chosen areas were located in Brisbane Water National Park (two areas) and
Reeves Road Reserve, all in the Gosford Local Government Area. The transects were;
Warrah (340860E, 6286120N), Thommo’s (339200E, 6293880N) and Reeves (342490E,
6302770N) (AMG coordinates (in m) are of the transect mid-points). The three transects
were all in different catchments and were at least 7.5 km apart from each other.
Furthermore, Atlas of NSW Wildlife records sﬁggested that H. australiacus individuals from
the three areas were not part of one continuous larger population. For these reasons the three
transects were considered as independent units. Each transect followed a track (unsealed
road) through natural bushland along which H. australiacus were observed prior to this

study. Preliminary spot lighting data (presence of H. australiacus) were used to decide on
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the length and end points of the transects, thus maximising the likelihood of encounteting

animals.

Aluminium tags with a small piece of reflective self-adhesive tape served as permanent
distance markers. The tags were nailed to shrubs and trees 15 to 20 metres apart. Distance
measures (from here on referred to as chainages) were obtained with a trundle wheel and

transcribed to the tags using felt pen and a metal scribe.

Sampling always took place at night. Transects were sampled once in both directions on
foot at three-week intervals for 12 months (September 2002 — 2003). Opportunistic
additional sampling took place between December 2001 and December 2004. No more than
one transect was visited in a single night. Animals were searched for using a head torch
fitted with a halogen bulb. H. australiacus juveniles and adults alike were generally detected
by eye-shine. The search area was the width of the track including table drains and mitre

drains along the full length of the transects.

H. australiacus with snout-urostyle lengths (SUL) greater than 40 mm were marked using
Passive Integrated Transponder (PIT) tags. The pre-sterilised TROVAN® ID 100® tags were
implanted under the skin into the dorsal lymph sac (Camper & Dixon, 1988; Donnelly ef al.,
1994) by use of a sterile hypodermic needle. The back was swabbed with BETADINE®
SwabAid® to clean the skin and to reduce the risk of infection. The hygiene protocol (NSW
National Parks and Wildlife Service, 2001) was followed to minimise disease transmission

between individuals and populations.

Animals were captured by hand and temporarily held in a plastic bag. The following data on
each individual were recorded: ID number (PIT), date, several body measurements, gender,
reproductive state of females (eggs visible through abdominal wall), and location (transect
and chainage (+ 1 m). A hand-held scanner identified the PIT numbers. Pesola® spring
balances (100+0.5 g; 300£1 g) were used to w;ei gh the frogs in the bags. Fibreglass callipers
(% 0.05 mm) provided measurements on snout-urostyle length (SUL), tibia length and head
width (head width between both mouth corners). Males were identified by their distinct
nuptial spurs (Moore, 1961 p. 180). Animals without nuptial spurs were classified as

females if they had SUL of at least 60 mm. The smallest male observed with nuptial spurs
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had a SUL of 49.1 mm. Most large females were also recognised by eggs that were visible

through the abdominal wall. The remaining animals were classified as juveniles.

The location where each individual frog was captured for the first time was digitally mapped
for further processing in ArcView 3.2 (Environmental Systems Research Institute, Inc.).

This map will be referred to as LMF (location map of first capture).

2.2.1 Association with vegetation structure

Broadly, three structural vegetation types were encountered in the field along each transect.
These were woodland, heath and forest as defined by Walker & Hopkins (1998). Digital
maps of the spatial (linear) distribution of each vegetation type along the transects were
produced, following measurements taken in the field using the chainage markers. The
relative abundance of each type along each transect was calculated. The LMF was used to
assign a vegetation type to each animal. Goodness-of-fit chi-square tests (Zar, 1996) were
carried out on observed animal-vegetation association frequencies for each transect
separately using unequal expected frequencies based on the relative abundance of each

structural vegetation type.

2.2.2  Association with creeks and artificial track drainage structures

Potential breeding sites creeks, mitre drains and culverts are collectively referred to as
features. The chainage of each feature was recorded in the field for each transect. The
locations of the nearest features beyond both ends of each transect were also included.
Distances between features and animal-to-feature distances were calculated from the
chainages. In some situations where the nearest creek was beside the track, the distance was
measured in the field with a tape measure. Because distances between features differed
greatly within transects, T used relative distances to statistically analyse whether animal
locations were associated with features. First, the half-distance between neighbouring
features of the same type was calculated. The distance of the animal location to the closest
feature was then divided by the corresponding half-distance, producing a ratio between zero
and one. Ratios were grouped into 10 equal size classes based on their values. The
frequencies of ratio-classes were compared using goodness-of-fit chi-square tests with equal

expected frequencies for each transect and feature type where possible. Goodness-of-fit chi-
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square tests were also applied to the pooled data (all transects together) for males and

females separately.

2.2.3  Nearest-neighbour distances

Nearest-neighbour distances (Moody et al., 1997) were calculated from the chainage values
where animals were captured. A frequency histogram was produced to summarise the
distribution of actual distances between active animals for all sampling sessions when more

than one animal was encountered.

All transects were sampled beyond their limits for the presence of animals. The distances
calculated for individuals nearest to the beginning or end of a transect are therefore true
nearest neighbour distances (between observable individuals along the transect). Hence a
boundary strip was included, and possible bias favouring regular patterns reduced (see
Sinclair, 1985). Other conditions necessary in identifying animal — habitat associations are
that the study area includes sufficient habitat variation and that the sampled area is at least
the size of a home range (Aberg et al., 2000). These conditions were met by transect choice
and length. A home range is defined as the area in which an animal normally lives,

excluding migrations (Brown & Orians, 1970).

Aggregation indices R were calculated separately for each transect following the method
detailed in 2.1.3, but in order to boost sample sizes, data were pooled (location of first
capture) as if all marked individuals were observed at the same time. I expect this biases R
toward zero (aggregation) because of those individuals which may utilise the same space at
different times. This possible bias does not detract from the identification of habitat features
that may encourage individuals to aggregate there, but may influence conclusions drawn on
animal behaviour. Statistical tests were not applied to the aggregation indices because of
low sample sizes and occasional non-independent data points generated by recaptured

individuals. ‘

2.2.4 Individual movements

Individual movements of H. australiacus were analysed as outlined in Section 2.1.4.
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2.2.5 Do individuals located far from creeks move further than those near creeks?

Animals that are found far away from creeks are expected to visit those creeks in order to
reproduce, and may therefore register longer movements. Pearson correlation was used to
describe the strength of a linear relationship between maximum displacement and mean
distance from closest creek (arithmetic mean of chainage positions) for each animal that was

captured at least twice.

3  Results

3.1 Pseudophryne australis

This study witnessed the disappearance of population PA. Animals were heard and seen
there regularly between April 1999 and June 2003. Egg masses were also observed on
several occasions. No P. australis has been heard or seen there since June 2003, even on
nights when the species was calling in relatively large numbers at all other nearby sites (7
sampling sessions between June 2003 and December 2004). Another population, PA1,
became established 120 m from PA (380 m from PB) in an ephemeral, natural and rocky
drainage line. Calling activity was first recorded there in August 2001, and continued
throughout the study period. No animals from neighbouring populations PA or PB were
recaptured at PA1. The data of PA1 were added to those of PA for continuity and to boost

sample size.

Overall 394 frogs were marked (PA: n=10; PAl:n=17;PB:n=99; PC: n =159; T:n=
41; I: n = 28; P: n = 40). These numbers include 52 animals that were marked prior to this
study.

3.1.1 Microhabitat associations

P. australis (mostly calling males) predominantly associated with leaf litter (Table 18). Leaf
litter piles were commonly made up of sclerophyllous dead leaves at various stages of
decay, and often included woody debris, such as small branches. Leaves and branchlets of
the Casuarinaceae were also present at some sites. Leaf litter piles retained moisture for
longer periods than the leaf litter on the forest floor nearby. An overwhelming majority of
animals was recovered from leaf litter, despite the relatively low occurrence (< 14% of site

coverage) of this type of shelter along the drainage lines (Table 18). The association with
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leaf litter was highly significant at each transect where leaf litter coverage could be
measured (PBL: ¥’y = 237, P < 0.01; PBu: ¥’y = 247, P < 0.01; PC: ’qy = 680, P < 0.01).
Other types of shelters utilised were hollow logs, soil cavities under logs and rocks, rock
crevices, and holes and cracks in soil. The animals at Site I were always captured along the
same side of the breeding area, the side that was uniformly covered in leaf litter. The other
side near the track was always bare and not utilised by the frogs. Sites T and P offered little
leaf litter cover. At these sites, low vegetation and logs were the most utilised shelters. Leaf
litter dwelling P. australis were not found there because of other permanent features at those
particular locations. Site PA only offered transient leaf litter piles. The animals there
sheltered predominantly under rocks, but were also found in leaf litter when that was

available.

Table 18 Mean leaf litter availability at three transects and the proportions of shelter types utilised by
P. australis. Details are stated for three transects along natural drainage lines. Pooled data are also
presented for all seven monitored sites, two of which were depressions and one a mitre drain. See Table 19
for more details on leaf litter availability along the drainage lines.

Site Number Available Distribution of population (%)
of frogs  leaf litter

(%)  Leaflitter lLog  Vegetation Underrock Insoil

PBI 53 13.7 86.8 0: 3.8 9.4 0

PBu 29 7.2 82.8 6.9 0 3.4 6.9
PC 143 13.1 86.7 1.4 7.0 3.5 1.4
All 342 na 66.7 9.9 19.0 3.2 1.2

Animals were mostly associated with leaf litter piles (Figure 14, Table 18) and maintained
that association even if piles were relocated (next section) through natural disturbance. The
few individual frogs shown in Figure 14 that were not in leaf litter utilised much less

abundant shelters such as logs or rocks, soil cracks or vegetation.

3.1.2  Temporal stability of microhabitat

Leaf litter availability along the three transects varied over time (CV in Table 19). Not only
did the patches of leaf litter vary in numbers and sizes, their positions also changed slightly
over time (Figure 14). Most of the changes were attributed to water action, but bird

disturbance (most likely by superb lyrebird Menura novaehollandiae; or alternatively the
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Australian brush-turkey Alectura lathami) was also recorded for the lower end of the PC

transect prior to the last sampling period.

Table 19 Leaf litter availability (in lineal metres) along three natural drainage lines inhabited by P.
australis. Means, ranges and the coefficients of variation (CV) were determined from 4 sampling sessions
held at each site between February 2002 and October 2004.

Population Transect Leaf litter availability

length (m) Mean (m) Range (m) CV (%)
PBI 30 4.1 1.4 17.1
PBu 30 2.15 1.4 31.7
PC 25.6 3.35 0.6 9.0

3.1.3 Nearest-neighbour distances

The majority of P. australis (67%) at the study sites were found within 10 cm of each other;
78% of individuals were within 20 cm of their nearest neighbour (Figure 15). Animals
clearly formed aggregations within breeding sites which is illustrated by the R values from a
subset of animals from the linear transects (sites PBl, PBu, PC and I) (Table 20). Those
animals aggregated in leaf litter piles as was previously shown. Numerous egg masses were
encountered in these while searching for animals. Calling sites in leaf litter that had become
vacant by the temporary removal of individuals were :'again occupied by new frogs the

following night. Such replacement was observed repeatedly during the study.
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temporal changes in leaf litter location along three transects (top: PBL; centre: PBu; bottom: PC). The
transects were sampled repeatedly over time,
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Figure 15  Frequency distribution of nearest-neighbour distances (bars) of active P. australis (n = 442).
The cumulative percentage is indicated by the line. Data were pooled for all sampling sessions {n = 27) at
seven study sites. Note that the x axis is not on a linear scale.

Table 20 Sample sizes, densities and aggregation indices R based on nearest-neighbour distances
(Clark & Evans, 1954) of P. agustralis along three natural drainage lines and an artificial mitre drain. Means
and ranges stated are based on four sampling sessions at sites PBl and PBu, and three at PC, where values
of one session were excluded because of low (n = 7) sample size. Site I provided data on two sessions when
at least nine animals were caught. SD values are in ().

Site PBl PBu PC 1
Number of animals 12-22 9-22 - 26-97 11-14
Mean nearest-neighbour distance (m)  0.16 (0.09)  0.27 (0.20) 0.17(0.17) 0.11 (0.02)
Mean density (animals per 1 m) 0.52(0.12) 0.52(0.22) 1.94(1.55) 0.92(0.16)
Aggregation index R 0.18 (0.11) 0.30(0.25) 0.44(0.31) 0.21(0.07)
Transect length (m) 33 26 26 13.6

3.1.4 Individual movements

In total, 104 males (of 322) and 10 females (of 72) were captured more than once (Figure
16). This equates to a recapture rate of 33% for animals marked during this study period.
Mean time ( SD) between first and last capture of these animals was 564 + 348 days. The

recorded mean net displacement between both locations was 5.7 m (range: 0 m — 34 m). Net
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displacement was not correlated to the time between captures (R = 0.048; P = 0.611;
Pearson correlation). Figure 16 indicates that possibly two groups of animals exist in the
populations, based on their movement distances. A large group moved less than 10 m,
whereas individuals of the other group moved further. In addition, a single female first
recorded and marked in December 2002 at site PC was recaptured 200m further at PB on

February 2004. No other movements between populations were recorded.

The sum of displacement distances of individuals captured more than twice was higher than
the maximum spatial displacement recorded (Z = -4.38; P < 0.001; Wilcoxon signed rank
test) (Table 21). The female that had migrated from PC to PB was excluded from this

analysis because of the potentially strong influence of this outlier on the test result.

Table 21 Summary statistics of the total distances moved by P. australis which were captured more
than twice (n = 39) and their displacements. Not included is a single female that had migrated 200 m from
one population to another.

Mean (SD) Min. —max.
Total distance moved (m) 11.8 (15.0) 0.2-73.0
Maximum displacement (m) 6.3 (7.4) 0.1--24.2
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Figure 16 Distances moved by recaptured male and female P. australis over time. Six populations were
regularly monitored. A single female that moved 200 m over 1.2 years is not shown. :
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3.2 Heleioporus australiacus

3.2.1 Association with vegetation structure

Based on the locations of first capture of 138 H. qustraliacus along three 2400 m transects
that all included a mosaic of woodland, heath and forest, this species’ spatial distribution is
random and shows no preference for any of the three structural vegetation types (Table 22).
Excluded from these analyses were sections of rock slab (Warrah: 50 m; Thommo’s: 150 m)
and one animal on rock at Warrah.

Table 22 Assaociation of H. australiacus with structural vegetation types. Observed and expected

frequencies and goodness-of-fit chi-square test statistics from three transects indicate that this frog’s spatial
distribution is random in respect to the three structural vegetation types encountered in their habitat.

Transect: Warrah Thommo’s Reeves
Frequencies: Observed Expected Observed Expected Observed Expected
Woodland 59 55.7 22 23.9 7 11.3
Heath 12 17.2 8 10 7 5.3
Forest 6 4.1 11 7.1 6 3.4

¥ statistic (2 df) 2.65 2.69 4.17

P value 0.27 0.26 0.12

3.2.2  Association with creeks and artificial track drainage structures

H. australiacus appear to form aggregations near creeks, mitre drains and culverts (Figure
17), a pattern that is largely influenced by the wide range of distances between features in
the field (Table 23). A comparison of mean and median values (Table 23) demonstrates that
track sections with short half-distances between features were much more common than
sections with longer distances. Hence animals were more likely to be found relatively close

1o features.

Statistical tests of the standardised distances show that within each transect, the locations of
first capture of H. qustraliacus are independent of relative distances to the closest creeks and
mitre drains (Table 24). However, an association with culverts is suggested at Warrah and in
the pooled data. This is entirely due to males being more common near culverts (males: s
= 27.4; P = 0.001; females: x’) = 8.97; P = 0.44) (data pooled across transects), Figure 18

shows that while both males and females were found throughout the full range of relative
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distances available to them from the nearest culvert, males were more abundant nearest to

culverts.

Males, females and juveniles were found along the full range of available distances from
creeks (up to 348 m). Mean distance (& SD) to the nearest creek was 64.8 + 86.0 m. The
locations of males and females ranged up to 310 m from mitres; the five juveniles were all
found within 60 m of mitres. Females were found further away from culverts than juveniles

and males (Figure 17).

Table 23 Summary statistics of half-distances between creeks, mitre drains and culverts along three H.
australiacus transects.

Creeks Mitres Culverts
Mean £ 1SE (m) 73.3+12.3 47.9+9.8 452+9.6
Median (m) 45.5 22 26
Min. — max. (m) 1-413 7.5-407 8.5-469
Sample size 52 60 58
Table 24 Chi-square statistics (9 df) of H. australiacus associations with creeks and artificial track

drainage structures along three transects. Animal numbers for the combined results (all transects) are given
in the order creek / mitre / culvert. Warrah only had one mitre drain and Reeves had no culverts. These
combinations were therefore excluded from analyses.

Transect Warrah Thommo’s Reeves All
Creek L 8.92 10.5 14.0 9.99
P 0.44 0.31 0.12 0.35
number of 20 14 15 49
Mitre drain % - 6.07 8.00 9.00
P - 0.73 0.53 0.44
number of 1 39 17 57
Culvert v 17.4 12.9 - 19.6
P 0.043 0.17 - 0.021
number of 45 11 0 56
Animal numbers 78 41 20 139/61/119
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Figure 17  Frequency distributions of H. australiacus locations as a function of distance to the nearest
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Figure 18  Relative distances of male and female H. australiacus from the nearest culvert. Relative
distances were calculated as proportions (x 10) of the maximum distance along the transect an individual
could be from the closest culvert.

3.2.3 Nearest-neighbour distances

During 52 sampling sessions more than one animal was encountered along the three
transects. A total of 216 animals (including recaptured individuals) were recorded. Only six
times were nearest-neighbour distances of less than 10 m recorded. The majority of
individuals (88%) were more than 50 m from their closest active neighbour (Figure 19).

Half the recorded distances between individuals were greater than 250 m.

For Warrah and Thommo’s, the aggregation indices based on nearest-neighbour distances
between pooled animal locations are close to one, indicating that these animals are randomly
distributed along those transects (Table 25), and do not form aggregations. R for Reeves
indicates a random distribution that tends toward even spacing of individuals, but is

influenced by a small sample size.
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Figure 19  Frequency distribution of nearest-neighbour distances of active H. australiacus. Distances are
one-dimensional and were determined along transects. Data were pooled for all sampling sessions (n = 52)
during which at least two animals were encountered. Note that the x axis is not on a linear scale.

Table 25 Sample sizes, densities and aggregation indices based on nearest-neighbour distances (Clark
& Evans, 1954) of H. australiacus along three 2400 m transects. SD in ().

Transect Warrah Thommo’s Reeves
Number of animals 78 41 20
Mean nearest-neighbour distance (m)  13.8(17.9) 28.1(32.5) 84.3(143.2)
Density (animals per 100 m) 3 1.7 0.8
Aggregation index R 0.897 0.961 1.41

3.2.4 Individual movements of H. australiacus

In total, 43 individuals were captured more than once (31% of all marked animals). Mean
time (= SD) between first and last capture of these animals was 280 + 237 days. The
recorded mean net displacement between both locations was 45.3 m (range: 0 m — 637 m).
Net displacement was not correlated to the time between captures (R = 0.135; P = 0.389;
Pearson correlation; natural logarithm of distance + 1). One male moved more than 600 m
(Figure 20). That individual was first recaptured 13 m from the location where it was
marked 12 months earlier. Another three months later it was recorded 637 m away from the

site of its previous capture. In general, displacement distances for males were less than 100
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m. A number of males were re-captured at the location where they were first caught.
Females generally moved less than 100 m and displacement distances were considerably
less (Figure 20).

The sum of displacement distances of individuals captured more than twice was higher than
the maximum spatial displacement recorded (Z = -3.18; P = 0.001; Wilcoxon signed rank
test) (Table 26). The exclusion of one outlier did not influence this test result.

Table 26 Summary statistics of the total distances moved by recaptured H. australiacus and their

displacements. One animal moved an unusually long distance, influencing mean, SD and maximum values;
therefore these statistics were calculated with and without that individual included.

Mean (SD)  Min. — max.

Total distance moved (m) All(n=21) 93 (141) 13 - 663
1 outlier excluded 65 (55) 13-210
Maximum displacement (m) All (n=21) 73 (137) 13 - 663
1 outlier excluded 43 (27) 13 —-105
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Figure 20  Displacement distances between locations of first and last capture as a function of time
between captures for H. australiacus males (top) and females (bottom). The total distances moved are also
shown separately for individuals that were captured more than twice, The y-axis is represented on a
logarithmic scale.

3.2.5 Do individuals located far from creeks move further than those near creeks?

There was no correlation between the maximum displacement distances and the mean
distances to the nearest creek for the 43 individuals which were captured at least twice (R =
0.247; P = 0.111; Pearson correlation). If there was a relationship, the animals (n = 12) that
live far from creeks would also move further, and should therefore be located close to the

line in Figure 21.

128



Chapter 4 - Habitat associations and movement patterns of Pseudophryne ausiralis and Heleioporus
australiacus

700

600
500 -
400 -
300 -

200

Maximum displacement {m)

100

[¢] 50 100 150 200 250 300 350
Mean distance from creek (m)

Figure 21  Maximum displacement distances of 43 H. australiacus as a function of their location from
the closest creek. The line represents places where displacement and distances from creeks are equal.
Symbols below the line represent the 12 animals that were never observed to have moved to a creek.

4 Discussion

4.1 Habitat associations and movement patterns of Pseudophryne australis

4.1.1 Microhabitat associations

Pseudophryne australis associate with ephemeral drainage lines and are only rarely
encountered elsewhere (Harrison, 1922; Thumm & Mahony, 1999; Woodruff, 1972; 1978).
It should be noted however, that non-calling individuals (juveniles, non-calling males, and
females) are very difficult to detect. These are extremely rarely encountered in the open, or
under rocks or logs away from breeding sites (A. Stauber, pers. obs.). Pit traps used for
general survey work are not effective at retaining individual P. australis, unless the buckets

are modified.

Here, 1 examined microhabitat associations for P. australis, concentrating on known
breeding sites which included a range of site types (Chapter 2) utilised by this frog across its

range.

None of the studied P. australis individuals were observed in the open. The ones that called
always did so from concealed positions. Others, including a small number of females, were
also found hidden in leaf litter or hollow logs, in soil cavities under logs or rocks, in rock
crevices and in holes and cracks in soil. Elsewhere, only four individuals were ever

observed in the open over the past five years. One female was observed feeding on active
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termites at the base of their mound approximately 150 m from the closest known breeding

site. The others were males swimming in pools, each at a different location.

It follows that the distribution of the individuals studied was strongly linked to sheltering
locations. This was shown to be the case in several different ways. Site [ provided the
simplest and most obvious example. The site, an elongated mitre drain, provided leaf litter
along one side only, with the track side always being bare. Animals at that site were always
calling from the side which had leaf litter cover and were never observed or heard on the
bare side. The three sites studied along natural drainage lines showed that, with only rare
exceptions, animals stayed with leaf litter piles, even after these piles had been moved
through natural forces to new locations (Figure 14). This association is strengthened when
one takes into consideration the relatively low abundance of leaf litter along these transects.

However, other utilised shelters were even less abundant.

Despite leaf litter offering the most utilised microhabitat, P. australis also persisted at sites
where leaf litter was rare. There they were observed to predominantly utilise vegetation, and
to a lesser extent logs and rocks. Places chosen in vegetation were usually at the base of
thick clumps of grasses, sedges or Ghania spp, where dead and decomposing plant matter
has accumulated. Such places are usually well shaded and may remain moist for longer

periods than more open spaces nearby.

Leaf litter piles and most of the other cover types provide deposition sites for the
terrestrially laid eggs (Barker et al., 1995; Harrison, 1922; Woodruff, 1978)(also observed
during this study). Potentially higher moisture levels under these types of cover presumably
help protect the eggs from desiccation. Embryos can indeed remain within their eggs for
several months awaiting rain before they hatch (Fletcher, 1889; Harrison, 1922; Thumm &
Mahony, 2002a). The choice of terrestrial “nest” sites may also afford increased anti-

predator protection to the eggs. This is particularly true for aquatic predators.

Elevated moisture levels in these shelters were also expected to provide a favourable
microclimate for juvenile and adult frogs. However, P. australis juveniles are very rarely
seen (A. Stauber, pers. obs.) and none were encountered during this study. Frogs have

highly permeable skin (Duellman & Trueb, 1994) and small species, such as P. australis,
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and especially their juveniles, are particularly vulnerable to desiccation. Once the shelters
dry out, the frogs may retreat to lower clay layers or into crevices in cliffs (Thumm &
Mahony, 1999).

During the searches for frogs, a multitude of sometimes very abundant invertebrates were
found in the leaf litter and under the logs. These included ants, beetles, cockroaches, mites,
springtails, termites and worms. The diet of P. qustralis consists mostly of these organisms
(Webb, 1983). The shelters and breeding sites utilised by P. australis therefore also provide

foraging opportunities.

Leaf litter piles and logs are clearly important to P. australis because they provide shelter,
egg deposition sites and foraging opportunities. Once dry, they are also highly combustible.
Fire hazard reduction burning, and wild fires alike, potentially reduce population sizes
(Thumm & Mahony, 1999; A. Stauber, pers. obs.). An indirect effect of such disturbances is
likely to be the temporary loss of leaf litter piles and logs. It has been stated that the
congener P. corroboree may be more vulnerable to dehydration following fire (Osborne,
1991). Whether this also applies to P. australis remains to be tested, but it is highly likely
that the temporary and perhaps even partial loss of sheltering, feeding and breeding habitat
may negatively affect population size, which, in the worst case may also affect population
persistence. Given the importance of these habitat features to the species, managers should
aim at reducing fire impacts on natural drainage lines and table drains that are colonised by
P. qustralis. High frequency fire has been listed as a key threatening process by the NSW
Scientific Committee (Threatened Species Conservation Act 1995). Thumm & Mahony
(19970, 1999) recommended that fire hazard reduction burns should be implemented only
after careful planning taking into consideration exclusion zones to protect the species, and
that no more than one fire management activity (including burning, slashing, clearing)
should be carried out at a single site within [about] 10 years. These recommendations are
obviously designed to minimise the temporary loss of important microhabitat features and
should be adopted across the species’ range. Ideally, fire management activities within an
area are carried out in small patches at different times to form a temporal mosaic pattern at a

metapopulation scale.
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It was shown that microhabitat features can undergo disturbances. Leaf litter piles are
subject to being rearranged and relocated by the forces of water, or to a lesser extent by
scratching birds. Individual P. australis showed some resilience to such disturbances by
persisting at these sites and even moved with, or resettled in relocated piles. Resilience to
such small scale, patchy disturbances however does not demonstrate resilience to

disturbances in general.

4.1.2 Nearest-neighbour distances

P. australis formed small groups of very closely spaced individuals at all sites studied. The
three drainage line sites that were studied in more detail demonstrated that animal
aggregations were confined to leaf litter piles. Such leaf litter piles provide critical and

perhaps even limiting resources to the species (see above).

When resources are used disproportionately to their availability, then their use is said to be
selective (Johnson, 1980). Resource selection is the process in which an animal choses a
resource, whereas resource preference is the likelihood that a resource is chosen if offered in
equal proportions with others (Johnson, 1980). The variability in shelter type availability
and their use among the study sites suggests that P. australis did not necessarily prefer one
type over another. Animal aggregations in concealed locations however clearly

demonstrated selection of such resources by P. australis.

While not specifically tested, limitations of such resources in suitable breeding areas are
indicated in two ways. Firstly, sheltering locations were patchily distributed and covered
only small proportions of utilised breeding sites. The patchy distribution of sheltering sites
corresponded well to the patchy distribution of animal aggregations. Secondly, frequent
observations were made during this study where calling sites that had been made vacant
through the temporary removal of animals, were again occupied by new individuals from
the same population only 24 hours later. Such replacement was also observed elsewhere
(Thumm & Mahony, 1999).

The close proximity of individuals to other conspecifics may lead to antagonistic
behaviours. Thumm (2004) indeed observed aggressive behaviour in P. australis between

males, and members of both genders and ovipositing pairs. The author concluded that
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territoriality has evolved in both males and-females of this species in response to limited

resources, including egg deposition sites.

4.1.3  Individual movements

One third of all marked animals were recaptured within their breeding sites. However, there
was one exception: a single female was observed to have utilised two neighbouring sites 200
m apart. The majority of recaptured individuals (82%) were resighted less than 7.5 m from
the location where they were first captured. Furthermore, the movement distances of
individuals recorded were higher than their respective spatial displacements. These results
suggest strong site fidelity. White & Garrott (1990) define site fidelity as a tendency of an
animal to either return to an area previously occupied or to remain within the same area for
an extended period of time. With one exception, all recaptured frogs demonstrated fidelity to
a breeding site, and some even to a single leaf litter pile. Many frog species show site
fidelity to at least some components of their habitats (see Sinsch, 1990 and references
therein), but generally this is not for the length of time observed in P. australis. More
generally, most animal species indeed show site fidelity (references in White & Garrott,
1990). The evolution of site fidelity among animals is the subject of many questions and

competing theories (Shields, 1983).

At least some of the distances moved by individuals were related to the relocation of habitat
features, particularly leaf litter piles. This is not unexpected in a mobile species that utilises

transient or shifting habitat features.

Individual movement distances and the aggregation behaviour observed in P. australis
suggest that populations may be able to persist in relatively small areas of suitable habitat.
An exceptionally high number of 97 individuals was collected at one 26 m long site over
several consecutive nights. Normally, however, similarly-sized sites yielded a maximum of
about 20 calling individuals. Other workers recently produced similar counts of up to 20
individuals (see Thumm & Mahony, 1996). In the early 1900s, Ross (1908) reported finding
colonies of 30 or more animals. Tt is not clear whether the relatively higher numbers 100
years ago were due to sampling differences or favourable weather conditions then, or

whether the species has undergone a decline since.
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The spatial requirements of individuals and therefore populations however are most likely to
be much higher than the space and resources offered by breeding sites alone. Extensive
search efforts through the leaf litter did not produce any frogs during prolonged dry weather
conditions. Unfortunately, the fossorial habit and small body size make it extremely difficult
to track individuals to their retreats during unfavourable climatic conditions. It has been
reported however, that these frogs may retreat to lower clay layers or into crevices in cliffs
(Thumm & Mahony, 1999). It can only be speculated that frogs seek such refuges as close
to breeding sites as possible. The closeness of an individual to a potential breeding site can
affect the time required to acquire and defend a high-value egg deposition site when weather
conditions turn favourable. High-quality habitat is usually occupied very quickly in other
animals (e.g., Orians & Wittenberger, 1991). Proximity to breeding sites is likely to be an
important factor influencing individual reproductive success in species such as P. australis
because the timing of reproduction in this frog is independent of season but strongly linked
to prevailing weather conditions (Thumm & Mahony, 2002b). The spatial requirements of
this species therefore do not only include a suitable breeding site, but also suitable dry-

weather refuges nearby.

Little information is available in relation to the foraging behaviour of P. australis. Foraging
may indeed further increase the spatial requirements of individual P. australis. Ross (1908)
described P. australis as “a great wanderer” with individuals found half a mile (approx. 800
m) from any water. On several occasions, P. australis females were observed considerable
distances (Watagans: 100 m; Stauber, pers. obs., Hornsby: 72 m; Thumm, unpubl. data)
away from the nearest breeding sites feeding on termites at the base or even on top of their
mounds. Perhaps females range further than males to seek out high quality food items for
egg production. Such foraging behaviour further increases the spatial requirements of a

species.

This study witnessed the disappearance of a population, and the formation of a new one
nearby. It is unclear why the former experienced a decline. It was observed that the site
offered no place that allowed water to form temporary pools, which are needed for tadpoles
to complete that life stage. It is quite possible that the site had one or two temporary pools in

the past, but these had become defunct because of sedimentation. P. australis are long-lived.
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In captivity, males and females reached more than 9 years in age (Thumm & Mahony,
2002b). One captive female was indeed still laying eggs at age 13 years and 4 months
(Thumm, pers. comm.). It is possible that this population declined as adults reached the ends
of their lives, and then disappeared because it failed to produce new recruits due to the

absence of a pool.

A new population was formed 120 m away from the declining one. I had monitored that site
as part of previous research for four years prior to this study. The origin of these animals
remains a puzzle because none of the individuals were members of the two neighbouring
populations. This leaves open many questions that relate to dispersal of this species, which

of course also relates to the spatial requirements of populations.

4.1.4 Limitations

This investigation of habitat associations in P. australis focussed on breeding sites only and
was mostly based on the locations of calling males. It should be recognised, and was
mentioned earlier, that this species also utilises habitat away from breeding sites. Usage

patterns, location and type of these habitats remain to be investigated.

Two thirds of the marked animals were never seen again. The fate and the whereabouts of
these individuals remain unresolved, but because these animals make up a significant
proportion of the sample, their consideration is important. Dispersal, relocation and death
are the most obvious explanations why these frogs were not recaptured. Dispersal is a one-
way movement of individuals from their natal place or an area that has been occupied for a
period of time (White & Garrott, 1990). Dispersal fundamentally influences gene flow and
the genetic structure of populations (Berry, 2001; Driscoll, 1998; Ibrahim et al, 1996; Lacy
& Lindenmayer, 1995; McCauley er af, 1995; Neigel & Avise, 1993; Peterson & Denno,
1997), their spatial arrangement through colonisation and recolonisation (Hengeveld, 1994;
Shaw, 1995), and population demography and persistence (Hansson, 1991). In amphibians,
a reliance on dispersal seems highly likely because of the patchy distribution of breeding
sites (Hughes, 1990). For amphibians, dispersal is generally thought to be primarily
achieved by juveniles (Berven & Grudzien, 1990; Breden, 1987; Gill, 1978). No juvenile P.

australis were encountered during this study. Juveniles do not call and would only be
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detected by chance. Given the longevity of P. australis and the low recapture rate of adults,
it is highly likely that adult dispersal is an important element in this species ecology and
population demographics. Dispersing individuals had a very low probability of being
recaptured in the present study, unless they dispersed to a neighbouring population which
was monitored. Some individuals were recorded to have moved distances greater than the
lengths of some of the shorter study sites, which suggests that individuals were quite capable
of moving out of the study sites. In many cases this would have been the result of

individuals moving further up or down the drainage lines.

Some individuals may have relocated because of the trauma associated with their capture
and marking. However, a lack of relationship between net displacement and time since
capture suggests that marking had little impact on dispersal behaviour in both frogs. Some
individuals may have relocated because of experiences unrelated to this study. Furthermore,
death due to predation and other causes was expected to remove some individuals from the

study populations.

4.2 Habitat associations and movement patterns of Heleioporus australiacus

4.2.1 Association with vegetation structure

In Chapter 2 it wﬁs shown that Heleioporus australiacus inhabit a range of forests,
woodlands and heaths. The distribution of animal locations across the three structural
vegetation types was unequal, which suggests that either forest, woodland and heath
availability varied across the sampled range, or that H. australiacus tolerates a range of

structural vegetation types, but prefers one type over another.

The three populations sampled in this experiment all inhabited areas that were covered by a
mosaic made up of forest, woodland and heath. Structurally, the major differences among
the three structural vegetation types were tree height and the densities of canopy cover,
understorey and ground cover (Benson & Fallding, 1981). At ground level, these differences
are most likely to influence the temperature regime and the effort required by active frogs to
move through the habitat. Differences in food type and availability among the habitats

remain to be investigated.
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Despite the physical differences between forest, woodland and heath, H. australiacus did
not show an association with any particular vegetation structure. Therefore, while being
dependent on habitat with a complex vegetation structure (Chapter 2; see also Gillespie
(1990)), no preferences are evident for a particular vegetation type within the range of types

the species inhabits.

The specificity to vegetation structure varies greatly among frogs. Litoria pearsoniana for
instance appears to prefer a vegetation type that is structurally and floristically very specific
(Parris, 2001), whereas Mixophyes fasciolatus is found across a variety of forests (Parris,
2002). A general overview of the variation in the specificity to broad wvegetation
characteristics for a number of eastern Australian frogs can be taken from Ehmann (1996),
Hines et al. (1999) and Lemckert & Morse (1999).

The lack of association of H. australiacus with a particular vegetation structure makes it
more difficult to identify high-value habitat. Much of the remaining natural vegetation is
located in the upper parts of Hawkesbury Sandstone in the Sydney region is a mosaic of
forests, woodlands and heaths, with patterns largely influenced by soil, aspect, drainage and
fire history (Benson & Fallding, 1981; Benson & Howell, 1994). H. australiacus potentially
inhabits all these areas of remaining natural bushland because it is a habitat generalist as far

as vegetation structure is concerned.

4.2.2 Association with creeks and artificial track drainage structures

The spatial distribution of H. australiacus individuals showed no association with creeks
throughout the year, except when mating, which is somewhat surprising considering this
frog’s reproductive requirements for such watercourses (Gillespie, 1990; Littlejohn &
Martin, 1967). This result shows that . australiacus is widely distributed in the landscape.
Other workers have also observed this species considerable distances away from creeks
(Gillespie, 1990; Lemckert & Brassil, 2003; Lemckert ef al., 1998; Webb, 1991). The result
also suggests that breeding individuals migrate to creeks in order to reproduce, rather than
maintain home ranges that are clustered around breeding sites. At the peak of the breeding
season, I had heard choruses of up to 5 individuals within a 30 m stretch of creek in the

study area, which may indicate that animal density at these kinds of sites increases during
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breeding activity. Such a relatively high density of animals was never observed along the
transects otherwise, although detection methods differed (compare densities of pooled data
in Table 25).

The spatial distribution of A. australiacus also showed no association with mitre drains. A
small number of mitre drains were utilised as breeding sites (Chapter 5) and others provided
sheltering opportunities (Chapter 6), but despite this, these artificial structures do not seem

to provide sufficient resources to support groups of individuals.

The lack of association with creeks and mitres encumbers the identification of high-value
habitat. Access to creeks is clearly essential to the reproductive success of any H
australiacus population, but it appears that the placement of individual home ranges is not
related to their proximity to a water course. Corridors that link home range sites with
breeding sites are expected to play an important role in the habitat of this species.
Essentially, H. australiacus inhabit areas that may be long distances from breeding sites.
Furthermore, the number of breeding sites available to the studied populations may not be a
resource that is restricted enough to influence the spatial distribution of this frog (see Orians
& Wittenberger, 1991).

The locations of male H. australiacus were associated with culverts or concrete pipes that
are buried below the track. Some of these culverts (43%) were located at creek crossings,
but only 16% of the surveyed creeks were at culverts. Thus more than half of the culverts
were located in natural drainage lines or depressions which only carry water during heavy
rainfall, and to a lesser extent near soaks or where they drain track runoff. Most of the
culverts in the study area had artificially excavated channels up to 1 metre deep leading to or
from them. The sides were generally vertical, unlined exposed soil without vegetation cover.
Crayfish holes were found in many of these banks. Pools had formed on the lower side of
some of the culverts as a result of erosion and observations confirmed that several of these
pools were utilised by H. australiacus as breeding habitat. In summary, culverts usually had
the following characteristics: they contained a concrete pipe of several metres in length,
were within areas resembling deeply eroded drainage lines with crayfish burrows, and may

also have had a pool of varying hydroperiod. It is difficult to rank the importance of these
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features to H. australiacus males, but it seems likely that each may play a role in either
breeding activity or sheltering. The pipe may help amplify the individual’s call (see Bailey
& Roberts, 1981), although males were never observed to call from within these pipes. The
pipes may also offer foraging opportunities in a unique microclimate and with fewer
predators compared to the open track surface or the surrounding bushland. The crayfish
burrows offer calling sites (Gillespie, 1990; Hoser, 1989; Moore, 1961; A. Stauber, pers.
obs.), egg deposition sites (Hoser, 1989; A. Stauber, pers. obs.), and possibly sheltering

opportunities. The pools are essential for tadpole development.

The association with culverts was only observed at one transect — where the numbers of
animals and culverts were highest — and not at the other two. The influence of sample size
on the result is not known, it is therefore not clear whether this association applies to a few,

or indeed all populations of this species.

4.2.3  Nearest-neighbour distances

The aggregation indices based on nearest-neighbour distances for the three transects do not
support the finding that H. australiacus associate with culverts. Indeed, A. australiacus did
not form aggregations anywhere within their occupied habitat which further supports the
conclusion that at the population scale, these animals show no preferences for any particular
features within their general habitat, unless individuals are avoiding conspecifics except at
breeding times. Based on aggregation indices, individuals were randomly spaced at the
population scale. The higher value for the Reeves population is most likely inflated due to a

bias towards regularity with decreasing sample size (Sinclair, 1985).

The spacing of individuals within populations is not solely influenced by the location,
quality and availability of resources. Behavioural interactions such as social interactions
(Blaustein & Walls, 1995; Brown & Orians, 1970), including avoidance (e.g., Aberg ef al.,
2000), also influence the spatial distribution of mobile organisms (Moody et al., 1997). The
effects of behaviour on spatial patterns were not investigated in this study, but would make
an interesting subject of further research. The large values of the actual nearest-neighbour
distances measured in the field do suggest that avoidance behaviour to conspecifics may be

implicated in the spatial distribution of H. australiacus.
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Nearest-neighbour distances demonstrate just how widely and sparsely individuals are
spaced. Nearest-neighbour distances for about % of the animals (Figure 19) were greater
than the maximum weekly displacement distances measured in the field during a radio-
tracking study (Chapter 6). Less than 3% of the sampled animals were occupying space
within 10 m of each other and half the animals were more than 250 m from their nearest
neighbour. Given that individuals show site fidelity (see below and Chapter 6) and that
individuals generally do not share their space with conspecifics, the spatial requirements of
individuals is additive at the population level. This translates into substantial spatial

requirements of viable populations.

4.2.4 Individual movements

Across the three transects, all of the recaptured H. australiacus (31% of all marked animals)
showed that they each were associated with their own habitat patch. Several individuals
were resighted within about 20 m from where they were first marked more than two years
earlier. Furthermore, individuals that were resighted more than once had moved
significantly greater distances than their net spatial displacements. In other words, they
moved around without really leaving their area. These observations, together with the lack
of any correlation between time and distance moved, support the hypothesis that individual
frogs show high site fidelity over time. Many frogs show site fidelity to at least some
components of their habitats (see Sinsch, 1990 and references therein), but generally this is

not for the length of time observed in H. australiacus.

Whether site fidelity in H. australiacus translates to territoriality remains to be tested. If a
territory is defined as a “defended space”, the definition adopted by Noble (1939), then
territoriality describes behaviour which includes the defence of the site and the exclusion of
competitors (Gergits, 1982). Resource limitations linked to particular sites (a resource may
be space itself or any biotic or abiotic feature (Begon et al., 1996)) and resource defence by
H. qustraliacus remain to be investigated in order to demonstrate territoriality in the species.
Male H. australiacus do possess prominent cone-shaped nuptial spines on their fingers
(Moore, 1961), which could be used as weapons against each other to possibly defend
resources. Captive juveniles were observed repeatedly head-butting each other when a

limited number of prey items were made available (A. Stauber, unpubl. data). It is not clear
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how females would defend resources because they do not possess nuptial spines, nor do they
call to advertise their presence. Perhaps they use head-butting or possibly even chemicals.
Territoriality would explain the sparse distribution of individuals. At densities that are
higher than those encountered during this study, territoriality would be expected to translate
into a regular spatial distribution pattern. Territoriality in frogs is not uncommon (see
referenées in Brown & Orians, 1970; Mathis et al., 1995 and references therein; Roithmair,
1994; Thumm, 2004).

The majority of marked individuals were never resighted. The fate and the whereabouts of
these individuals remain unresolved. Dispersal, relocation, migration and death are the most
obvious explanations why these frogs were not recaptured. For amphibians, dispersal is
generally thought to be primarily achieved by juveniles (Berven & Grudzien, 1990; Breden,
1987; Gill, 1978). No juvenile A. australiacus were recaptured. Dispersing individuals had a
very low probability of being recaptured in the present study, unless they dispersed along

the transects.

Some individuals may have relocated or given up using the track because of their experience
associated with their capture and marking, or experiences unrelated to this study. Such
“track-shy” animals could have simply altered their behaviour to a minimal extent in the

way they use their home range and remained undetected for the remainder of the study.

Death due to predation and other causes was expected to remove some individuals from the
study populations. A list of known and potential predators of H. gustraliacus was given in
the species profile. The difficulties of estimating mortality rates based on a study that gets its

data from active animals of open populations are obvious.

Migrants may have been intercepted as they moved across the track from non-track home
ranges to breeding sites. The probability of recapturing such an animal is expected to be
much lower than that of an animal that maintains its home range along a track. One male
was observed to migrate over 600 m to a breeding area, after demonstrating site fidelity for
one year. This single record is important because it indicates that mature males which are
confined to a home range far from any breeding site have the ability to disperse to

participate in breeding activity. It is expected that breeding males and females with home
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ranges that offer no breeding site migrate to a suitable site nearby. Hence the following

question arises.

4.2.5 Do individuals located far from creeks also move further?

Almost 28% of the animals that were captured at least twice had home ranges that did not
include creeks or other breeding sites, and their recorded maximum displacement distances
were less than the distance of the animal’s location to the closest creek. Hence animals
located further away from creeks did not move longer distances. It is quite possible that
populations contain a number of non-breeding adults, which would not need to visit
breeding sites. It is also possible that migrations to breeding sites were not observed due to

the rarity of encountering individuals.

Support for the latter explanation is found when the proximity of individuals to creeks is
compared to the maximum displacements recorded for all individuals. Figure 21 shows that
displacements of up to 150 m were not uncommon for H. australiacus. The majority of
marked animals (90%) were located within 160 m from a creek. They were all adults. At
least 90% of adults therefore lived within reach of a breeding site without showing a

clustered distribution.

4.2.6 Differences among transects

The data presented here demonstrate differences in animal density among the three
transects. The area sampled was constant, but the number of sampling sessions differed
slightly among areas. The research for this chapter was focussed on maximising animal
locality data collected, and not on transect comparisons. However, the differences in animal
densities among the transects indicated by Table 25 are repeated in the dataset (not
presented here) for the period when sampling effort (number of sessions) was kept constant
across transects. The difference in the density of the populations studied may be influenced
by habitat quality and quantity, but also by stochastic processes (Harding et al., 2001).
Determination of the magnitude of each on the observed pattern was not explored for in this

chapter.
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4.2.7 Limitations

Data were collected along a linear transect through H. australiacus habitat. The sampled
section was open space, the surface of unsealed tracks, surrounded by natural bushland. The
sampling area was therefore a unique feature within H. australiacus habitat. The majority of
sampled animals did not simply cross the track to move from one vegetated patch to
another, but spent considerable time on the track, either resting or perhaps waiting to
ambush prey (see also Hoser, 2002). Indeed, many animals were encountered on the track
(usually at the same location) during both the inward and outward journey while sampling.
These observations strongly suggest that H. australiacus incorporates and uses the track as
part of its habitat. Unfortunately, visual surveys were not possible in vegetated areas. It is
therefore not known what proportion of the population avoids the track and was not
detected. There must clearly be animals for which the home range does not include a track
section simply due to their distance from the tracks. There may be others that deliberately

avoid the open space of the track.

The interpretations of the data offered here assume that the number of “track avoiders”
within the sampling areas was insignificant, and that tracks do not act as “magnets” to the
species. However, roads may provide benefits to the species, such as open foraging ground,
or a unique microclimate, or factors associated with the edge-effect. If such benefits
influence the spatial distribution of H. australiacus by attracting them to roads, then the
population density would be lower in natural bushland. This would influence the overall
spatial requirements of H. australiacus populations. On the other hand, roads may also act
as ecological traps (sensu Donovan & Thompson, 2001), by attracting individuals to places
where they may get run over by vehicles or are easily taken by predators. This topic clearly

needs more work.

4.3 Conclusions

Calling P. australis are predominantly found in leaf litter piles, but they also utilise
vegetation, logs, rocks and soil cavities. The relatively low abundance of these shelters at
breeding sites suggests that P. aqustralis select these resources. The species also forms
aggregations in these sheltered locations. Leaf litter piles offer breeding habitat, shelter to

eggs and frogs alike, and foraging opportunities. It is likely that leaf litter piles are a limiting
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resource to this species. It seems reasonable to assume that P. australis benefits from
measures that minimize the impacts of fire, particularly fuel hazard reduction burns, on

breeding sites.

The spatial requirements of P. australis populations remain uncertain. Apart from breeding
sites, the frogs also need access to shelters nearby that provide refuges during adverse
climatic conditions. Additional foraging space seems to be another requirement. Habitat
protection should therefore not be restricted to breeding sites alone, but also needs to
incorporate shelter and foraging areas. Individuals demonstrated site fidelity and may not be

able to relocate to nearby sites when conditions in their home ranges change.

While being dependent on natural bushland, H. australiacus do not show any preference for
heath, woodland or forest. Vegetation structure based on growth form and crown separation
of woody plants (sensu Walker & Hopkins, 1998) is therefore a poor predictor for species
occurrence in bushland. Within their habitat, populations are made up of randomly, or
possibly evenly, spaced individuals. Individual home ranges are located independently of
their proximity to creeks, mitre drains and culverts, although males in one study area
appeared to be more common near culverts. While the protection of breeding sites is
important, it is also a necessity to consider the presence of individuals up to several

hundreds of metres from potential breeding sites.

H. australiacus have demonstrated site fidelity and it appears that individuals do not share
their space with conspecifics. Given that individual home ranges may exceed 2000 m?
(Chapter 6) with little overlap, the minimum spatial requirements of a viable population is at
least a hundred hectares. The reduction of habitat availability by several house block sized
allotments may therefore negatively impact on population persistence, even if these

developments are located considerable distances away from water courses.
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Chapter 35

PSEUDOPHRYNE AUSTRALIS, HELEIOPORUS AUSTRALIACUS AND THE TRACK
ENVIRONMENT: DO NATURAL AND ARTIFICIAL TRACK-SIDE BREEDING
SITES ALLOW EQUAL REPRODUCTIVE SUCCESS?

Abstract

Twenty eight Pseudophryne australis and eleven Heleioporus australiacus artificial track-
side breeding sites (track sites) and natural breeding sites located away from tracks (non-
track sites) were monitored fortnightly for twelve months to determine the hydroperiod, or
pond duration, and other physical characteristics of these sites. Hydroperiods were
compared among site types (track and non-track sites) and related to the larval requirements
of both frogs. Records were made of sites which held tadpoles; only some of these sites had

hydroperiods of sufficient length to produce metamorphs.

P. australis track sites had shorter hydroperiods than non-track sites in the warmer half-year
only. Across the whole year, about half of each site type had hydroperiods long enough to
produce metamorphs, Of the 15 pools that contained tadpoles, only three were in the track
environment. One track and four non-track sites produced metamorphs. H. australiacus non-
track breeding sites had longer hydroperiods than track sites, and included the only
permanent pools encountered. All sites contained tadpoles but only four non-track and two

track sites had hydroperiods of sufficient duration to produce metamorphs.

Non-track breeding sites were more heavily shaded and thus provided a much more
thermally stable aquatic habitat. All track sites were subject to traffic of varying intensity
and a range of maintenance works. Management options are suggested to mitigate the
impacts associated with the operation and maintenance of track sites, taking into

consideration the species’ ecology and life history.

1 Introduction
Pseudophryne australis frequently colonises man-made table drains and other structures
associated with track drainage systems (Thumm & Mahony, 1996) as long as they are not

concrete lined (Jacobson, 1963a). Breeding occasionally occurs in and around these artificial
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structures. Heleioporus australiacus has also been reported to breed in man-made drainage
ditches and culverts (Daly, 1996a; LeBreton, 1994; Recsei, 1996).

Within the distribution range of both frogs, the majority of roads and tracks are placed in the
upper parts of the topography (Schlesinger & Shine, 1994) where gradients are gentle. The
habitat of both P. aqustralis and H. australiacus is largely restricted to these elevated sites
(see Chapter 2). As a result, road or track density can be high in the frogs’ habitat. A
considerable part of the Sydney Basin is within the Reserve System with its vast areas of
mostly natural bushland (exceptions are plantations in some SF compartments). Even there
the road and track system can be extensive (Upitis, 1980) serving for park and fire
management, recreational purposes, and providing access for forestry operations and to
utility infrastructure (Department of Conservation and Land Management, 1994). Main
roads excepted, the majority of roads within the Reserve System are unsealed. It is these
unsealed roads (here termed tracks) that offer breeding habitat to both frogs in the Reserve

System and also on privately-owned bushland.

The placement and construction of roads and tracks force structural changes onto the
environment affecting its hydrology within and beyond the boundary of the road and track
reserve (Bennett, 1991; Carr & Fahrig, 2001) resulting in the destruction or creation of
wetlands (Trombulak & Frissell, 2000). Breeding sites in the track environment (track
breeding sites) are regularly exposed to anthropogenic disturbances including traffic and
maintenance works, usually by heavy machinery. It is unclear whether these man-made
breeding habitats are of benefit to the study animals. On one hand, it is possible that table
drains offer additional breeding habitat to the species, allowing them to successfully exploit
previously unsuitable places. The outcome could be an increase in population size or
number where breeding sites are otherwise a limiting factor. Alternatively, the track
environment may appear to the frogs as suitable breeding habitat, leading them to abandon
their natural breeding sites, while losses of 'offspring due to the desiccation of eggs or
tadpoles may be increased. In this case, roads would act as ecological traps (sensu Donovan
& Thompson, 2001) and the outcome could lead to a decrease in animal numbers and

possibly local extinctions.
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Pond durations .are in part a function of rainfall (Tejedo & Reques, 1994) and can have
profound influences on tadpole survival (Newman, 1992; Tejedo & Reques, 1994; Thumm
& Mahony, 2002b; Travis, 1981; Wilbur, 1984). Rainfall in the Sydney Basin (NSW
National Parks and Wildlife Service, 2003) is unpredictable because it shows no distinct
seasonal patterns, and annual totals vary considerably between years with heavy rain or
drought potentially occurring any month of the year (Bureau of Meteorology, 2005a;
Linacre & Hobbs, 1986). This unpredictability results in lack of seasonality and uncertainty

of pond duration in ephemeral situations.

Is the road habitat beneficial to P. australis and H. australiacus? The complex relationships
between these frogs and the artificial track habitat are poorly understood. Ecologists and
managers alike are interested in knowing whether tracks provide habitat enhancement or
ecological traps for these species. Here I investigate the hydroperiod of P. australis and H.
australiacus breeding pools in the field both within the track system and away from tracks.
Hydroperiod, or pond duration, is the length of time a pond continuously holds water. A
hydroperiod that is shorter than the minimum time required for an aquatic tadpole to
successfully metamorphose under given environmental conditions leads to certain death of
the tadpoles by desiccation. Tadpole mortalities due to early pool drying were reported for
both P. australis (Thumm & Mahony, 2002b) and H. australiacus (Daly, 1996a).

I used hydroperiod as an indirect measure to comparatively assess reproductive success
(successful metamorphosis) of track and non-track sites. The aim was to determine whether
artificial track breeding sites allow equal reproductive success compared to natural breeding
sites away from tracks. The hydroperiods of 39 breeding pools which were utilised by the
frogs at least once during the two years prior to the study were monitored for twelve months.
This allowed a temporal characterisation of the breeding pools and comparisons of their
characteristics between the track and non-track environment. The hydroperiods measured in
the field were related to larval requirements. The study also provided the opportunity to
identify those sites that actually held tadpoles during the study period, only some of which
produced metamorphs. Records were also made of sites which held tadpoles to determine
whether they produced metamorphs. Impacts related to traffic and road works were also

assessed. Management options are suggested to mitigate the impacts associated with the
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operation and maintenance of track sites, taking into consideration the species’ ecologies

and life histories.

2 Materials and methods

Field sites for the hydroperiod study of P. australis were chosen from the Broken Bay and
Cowan 1:25000 topographic map sheets (Land Information Centre, 2000). Sites had to be
located within 2.5 km of the nearest public road (or track) for access. I was familiar with 56
sites (30 track, 26 non-track) that satisfied these criteria and where 1 had heard P. australis
calling at least once during the two-year period prior to the commencement of the
hydroperiod study. Meaningful pairing of sites based on local variation in precipitation was
not possible, thus a subset of 14 track and 14 non-track sites was chosen using random

numbers.

Eleven (6 non-track and 5 track sites) H. australiacus sites were also monitored. These were
all the sites that I was familiar with at the time within the Broken Bay and Cowan 1:25000
topographic map sheets. One site from the Hornsby sheet and six from Gosford (Central
Mapping Authority of New South Wales, 1982-1989) were also included. The total number
of sites (including P. australis sites) and their placement allowed them all to be visited in a

single day (Figure 22).
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Figure 22 Locations of hydroperiod sampling sites of P. australis (Sites 1 — 28) and H. australiacus
(Sites H1 — H11) in the Broken Bay area of NSW, approximately 35 km north of Sydney..

Track sites were artificial structures (culverts, table drains, mitre drains) associated with the
track drainage system and pools that form on the track surface. Non-track sites were
depressions and natural drains and creeks. Sites were permanently labelled and marked in
the field with aluminium tags. Eight rain gauges (maximum reading 97 mm) were
strategically placed for best coverage of the study sites. Seven of the gauges applied to P.

australis and three to H. australiacus sites.

All sites were visited on the same day once every fortnight for twelve months (31/3/2003 —
13/3/2004). One interval in November — December was 39 days. The following data were
recorded: presence or absence of water; water temperature; pool length, width and depth; the
presence of relevant tadpoles; shading (none, 1 - 33%, 34 - 66%, 67 - 100%); percent
coverage of leaf litter and vegetation along the edges (none, 1 - 33%, 34 - 66%, 67 - 100%);
track work activity including type; traffic intensity (none; 1 — 5 movements; > 5 movements

over 14 days) for cars and motorbikes separately; and rainfall from the nearest gauge.
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2.1.1 Data analyses

The fortnightly sampling regime did not record all changes to the state (water present or
absent) of pools. Here it was assumed that changes did not occur unless detected during
routine sampling. When water was present at a site during a single sampling session, but not
immediately before or after, then the hydroperiod was taken as 7 days. Otherwise,
hydroperiods were calculated as the difference in days for the period water was continuously
recorded as present by subtracting the date water was first recorded from the date water was

last recorded.

Hydroperiod requirements of P. qustralis tadpoles were related to Thumm & Mahony’s
(2006) values determined during an experiment with captive tadpoles carried out at field
temperatures during the autumn and winter months. Larval durations for P. australis were
taken as 45 days as a minimum value, 78 days for the mean and 110 days for the maximum.
H. australiacus larval hydroperiod requirements were determined during the course of this

study.

Goodness-of-fit Chi squares test statistics (Zar, 1996) were calculated for site-type
comparisons (2 levels: track and non-track) for each individual sampling session using
presence / absence of water. The numbers of dry episodes were also compared among site

types in the same way.

Among-site comparison (two levels) of the longest hydroperiod of each P. australis site was
carried out using one-way ANOVA after initial assumption testing (normality:
Kolmogorov-Smirnov and Shapiro-Wilks statistics; homoscedasticity: Levene statistic).
Maximum hydroperiods of H. australiacus sites, and the total number of dry days (for both
species) were compared among site types using nonparametric Mann-Whitney (M-W) tests,

because data did not meet the assumption of normality (Zar, 1996).

Surface area estimates were calculated from pool length and width, assuming elliptical
shape. Annual mean values of surface area and depth were calculated for each site limited to

sessions when water was present.
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Modal values for vegetation cover and leaf litter cover at the edges of breeding pools, and
shading, were taken from the 24 values of each individual site. For P. qustralis, the mode
values were analysed statistically using M-W tests for separate comparisons among site

types (track, non-track) and the presence or absence of tadpoles.

Coefficients of variation (CV) were calculated from the water temperature data for each
sampling session and site type. Site type comparisons spanning the full study period were

carried out with Wilcoxon tests for matched pairs (Zar, 1996).

Motor bike and car traffic were assessed separately for each sampling period based on the
number of recent vehicle tracks found on the track surface. A zero score was recorded when
no vehicle tracks were observed. A score of 1 was assigned for one to five vehicle
movements, and 2 was the score for six or more vehicle movements. Yearly traffic scores
were calculated by summing the scores, then multiplying the sum by the number (n) of non-
zero scores and taking the square root of the product. This way, repeated light traffic (one to
five movements) was weighted slightly heavier than single episodes of heavy traffic,
because of the possibility that repeated traffic, regardless of vehicle numbers may have a

greater impact on the breeding sites.

3 Results

3.1 Hydroperiod of Pseudophryne australis breeding pools

One track site (#8) was filled with soil as part of track maintenance works on 19/8/03 and
did not allow water to pool for the remainder of the sampling period. During no sampling
session was there a significant difference between the track and non-track environment in
the number of sites holding water (Goodness-of-fit Chi square tests, o = 0.05). The total
number of dry episodes was equal among site types (’a) = 0.33, P = 0.564) (njracky = 45;
N(non- rack) = 46; Table 27).

The difference in the duration of the maximum hydroperiods between track and non-track
sites (Table 27) was not significant (ANOVA Fj2¢ = 0.38; P = 0.55). Six track and seven
non-track sites had maximum hydroperiods of sufficient duration to allow all tadpoles to
metamorphose (Figure 23), including one of the non-track sites which had two hydroperiods

long enough to allow 100% metamorphosis. Eight track and nine non-track sites had
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hydroperiods greater than that required for a mean number (50%) of tadpoles to
metamorphose, three of the non-track sites lasted that long for two different episodes. The
hydroperiods of five track and three non-track sites were too short to allow any individuals
to metamorphose (Figure 23). Hydroperiods were longest during the autumn — winter period
when rainfall was highest (Figure 24). Non-track sites had longer hydroperiods during
spring — summer (ANOVA F| 5 = 5.1; P = 0.03) when five non-track sites provided the
opportunity for successful metamorphosis (hydroperiods ranging from 67 — 109 days).
During that period, only one track site had a hydroperiod (67 days) long enough to allow
some tadpoles to metamorphose. The total number of dry days (Table 27) did not vary
significantly among track and non-track sites (M-W U =28, = 69; P = 0.18 3 pieq)-

P. australis tadpoles were seen during four hydroperiod episodes (three sites) in the track
environment, one hydroperiod of 28 days producing metamorphs. Tadpoles were recorded
during 23 episodes in 12 non-track sites. Metamorphs were observed in four cases. One
flooded non-track site held water for 98 days during which adult P. qustralis were regularly
heard calling along the perimeter of the pool, but the site could not be reliably sampled for
tadpoles or metamorphs during that time because of issues with visibility and access. No
track site and five non-track sites had hydroperiods longer than 45 days during which
tadpoles were present. Some sites were in flood during a sampling session when tadpoles
were observed to be washed in and out of pools. Crinia signifera tadpoles were occasionally
observed in P. australis breeding pools mainly during short hydroperiods, but H.
australiacus tadpoles were always absent.

Table 27 Summary of hydroperiod maxima, number of dry episodes and their duration for monitored
track and non-track breeding pools used by P. australis or H. australiacus.

P. australis H. australiacus
Site type Track  Non-track Track Non-track
Maximum Mean 90.4 102.5 155 286
hydroperiod (days) (SE) (14.2) (13.6) (8.9) (39.3)
Range 14-169 28-169 127-169 155-348
Number of dry Mean 32 33 2 1.2
episodes (SE) {0.35) (0.24) (0.45) (0.75)
, Range 1-5 2-5 1-3 0-4
Number of dry days Mean 162 120.3 494 10.5
(days) (SE) (22.2) (22.8) (22.3) (7.2)

Range 28-306 14-214 7-113 0—-42
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Figure 23  The maximum hydroperiod of each P. australis breeding pool (track and non-track
environment) sampled over twelve months, The horizontal lines indicate minimum, mean and maximum
larval periods reported for P. australis by Thumm & Mahony (2006).
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Figure 24  Hydroperiods of 14 track (hollow symbols) and 14 non-track (solid symbols) P. australis
breeding pools. Broken lines and absent symbols indicate periods when pools had dried up. The dots along
the grey line represent the rainfall from the period leading up to the sampling day taken as the mean from a
gauge in each of seven study areas (maximum measurable rainfall per period was 97 mm). The time line
(independent axis) is on a linear scale and printed dates do not necessarily state actual sampling dates.

153



Chapter 5 — Pseudophryne australis and Heleioporus australiacus and the track environment

3.2 Other habitat characteristics of Pseudophryne australis breeding pools

Water temperatures varied seasonally from a minimum of 9°C to a maximum of 30°C
(Figure 25). Temperatures did not vary significantly among site types (the lowest M-W P
value was 0.05 for one out of 18 tests), but temperature variations were significantly higher
in track sites (Z = -3.44; P = 0.001). In 17 out of 20 comparisons did track sites have higher
coefficients of variation than non-track sites (median values: 14.7% wacky; 8.2%(non-tracky)- The
temperature profile of non-track sites was 10.5 — 24.5°C; the same range was measured

across all eligible pools while they contained tadpoles.

P. australis breeding pools were rarely deeper than 30 cm with high variations among
different sites (Figure 26). All the deepest pools were non-track sites (mean depths: 8
CM(gacky; 15 €M(non-racky)- Surface area estimates (+SD) were generally less than 3 m” (mean

areas: 2.7+0.9 mz(t,ack); 44£2.5 mz(mn.mk)).
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Figure 25 Twelve-month water temperature profiles of 28 P. australis track (hollow symbols, grey
lines) and non-track (solid symbols, black lines) breeding pools. Water was not present at all times.
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Figure 26  Depths of 28 P. qustralis breeding pools monitored over 12 months. Hollow symbols and
grey lines are track sites, filled black symbols and lines represent non-track sites.

Non-track sites had more vegetation at ground level and leaf litter cover and shading than
track sites, but only shading was significantly different among site types (Table 28). There
were no differences in these attributes based on sites where tadpoles were present or absent,

however shading was marginally significant (Table 28).

Table 28 Median physical attributes of monitored P. australis hydroperiod sites in track and non-track
environment, and tadpole presence and absence comparisons. Minima and maxima of mode values are
given in brackets. Cover was classed as mone (0); 1 - 33%; 34 - 66%; 67 - 100%; for simplicity upper
values of applicable categories are stated.

Vegetation  Leaf litter Shade

cover cover

Median value track site (n=14) in % 0 (0-66) 0 (0-66) 0 (0-100)
Median value non-track site (n=14) in % 33 (0-100) 33 (0-100) 66 (0-100)
Mann-Whitney U 73 69 57

P 0.22 0.14 0.05

Median value for tadpole presence (n=15)in% ' 33 (0-66) 0 (0-66) 33 (0-100)

Median value for tadpole absence (n=13) in % 33 (0-100) 0 (0-100) 0 (0-66)

Mann-Whitney U 94 89 62

P 0.86 0.67 0.09
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3.3 Traffic and track works

Tadpoles were observed in three out of 13 track breeding sites where the track surface was
unsealed. These three sites each recorded combined traffic scores of less than 11 for the 12-
month sampling period (Table 29), which is in stark contrast to the maximum value of 33
recorded for a site where tadpoles were not observed. For example, a score of 11 is the
equivalent of 11 14-day periods out of 24 during which 1 to 5 vehicles (either bikes, or cars,
but not both) were recorded to have used the track. Most sites (71%) experienced some track
works, ranging from the slashing of vegetation, to heavy topscrapes. One site (#8) was
totally filled on 19/8/2003 during track works (Table 29). Site 28 was subjected to track
works while it held tadpoles. No tadpoles could be found there afterwards. The track at site
20 was subjected to a heavy topscrape, but the table drain was left undisturbed. Tadpoles
were observed there two weeks after the maintenance operation was completed. Site 4 was

observed to fill up with silt which was later stirred up by dogs walking through.
Not a single worked site produced metamorphs during the study period!

The track sites that were not worked during the study period were graded within six months
after. In addition, incidental observations were made on two other track breeding sites which
were completely destroyed by track works. The first unmonitored site, a table drain, was dug
out to solid base during a wet period when breeding activity was indicated by a large
number of calling male P. qustralis. This was most likely the first reproductive effort in
twelve months during which very little rain had fallen. That table drain was re-built six
weeks later after a vehicle had driven through its entire length, The second unmonitored site,
a depression in natural bushland about 1 m from the edge of the track, was used as a
permanent dump for excess track fill. That depression is now a mound about 2 m long and 1

m high.
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Table 29 Scores for motor bike and car traffic, their sums and tadpole presence for 13 P. australis
track sites, ordered by the sum of traffic scores. Details of track works are also presented. The monitoring
period was 12 months. See page 151 for how traffic scores were calculated. Track site 26 was excluded
because its bitumen surface did not allow the calculation of traffic scores.

Site Motor bike Car Total Tadpoles Track works

2 1 1 2 present  none
24 4 2 6 absent light topscrape
20 5 3 8 present  heavy topscrape, not table drain
22 6 3 9 absent  light topscrape, slashing
28 5 6 11 present  light topscrape, slashing
18 7 4 11 absent  none
4 9 3 12 absent  heavy topscrape
16 8 5 13 absent  none
13 9 6 15 absent  none
8 0 i5 15 absent filling
6 6 21 27 absent  light topscrape incl. table drain
10 21 % 30 absent  slashing
14 23 10 33 absent  slashing

3.4 Hydroperiods of Heleioporus australiacus breeding pools

During no sampling session was there a significant difference between the track and non-
track environment in the number of sites holding water (Goodness-of-fit Chi square tests, o
= 0.05), except at session 14 for which a test statistic could not be calculated because all
track sites had dried up (Nrack) = 05 Nnon-tracky = 4). The total number of dry episodes did not
vary among site types (xz(l) =0.33, P = 0.47) (0(rack) = 10; Nnon-racky = 7)(Table 27), however
all permanent sites were non-track sites (Figure 27, Figure 28). As a result, maximum
hydroperiods were shorter in track sites than non-track sites (M-W U =11y = 4.5; P = 0.044
2-tiled, adjusted for ties)( 1 able 27, Figure 27). Nevertheless, the total number of dry days did not
vary significantly among track and non- track sites (M-W U =11y = 5; P = 0.082 »_gileq_ adjusted
for ties)( Table 27).

t

Minimum larval periods of H. australiacus ranged from 33 to 47 weeks (Table 30).
Tadpoles were observed at all 11 sites but only six sites (Ngrack) = 2; Ninon-racky = 4) had
hydroperiods long enough to allow tadpoles to metamorphose (Table 30, Figure 28). Both

track sites had dried up once (absence of water recorded for one sampling session) in
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October when no tadpoles were seen. Tadpoles of the same size class as observed
everywhere else were again found during the subsequent session when both pools had
refilled. A lack of upstream sites suggested that these tadpoles could not have been swept
into the study pools from upstream, nor would they have been able to travel from
downstream because of rock shelves immediately below. The sites however provided
underground shelters in the form of crayfish burrows and a cavity under a rock slab that
presumably held water permanently in which the tadpoles may have sought refuge during
the dry episode. Identical observations were recorded at the site with the rock cavity in

September one year earlier (A. Stauber, pers. obs.).
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Figure 27  Chronologically ordered hydroperiods of each H. ausiraliacus breeding pool in the track
(white bars) and non-track (black bars) environment sampled over twelve months.
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Figure 28  Hydroperiods of 5 track (hollow symbols) and 6 non-track (solid symbols) H. australiacus
breeding pools. Broken lines and absent symbols indicate periods when pools had dried up. The dots along
the grey line represent the rainfall from the period leading up to the sampling day taken as the mean from a
gauge in each of three study areas (maximum measurable rainfall per period was 97 mm). Crosses represent
days when tadpoles were last seen alive. Circles indicate sampling sessions when metamorphs were
observed. The time line (independent axis} is on a linear scale and printed dates do not necessarily state
actual sampling dates.

3.5 Other habitat characteristics of Heleioporus australiacus breeding pools

Water temperatures varied seasonally from a minimum of 9°C to a maximum of 31°C
(Figure 29). Temperature variations were significantly higher in track sites (Z = -2.59; P =
0.010). In 18 out of 23 comparisons had track sites higher coefficients of variation than non-

track sites (median values: 12.7%( tracky; 8.6%(non-track))-
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The deepest H. australiacus breeding pool had a depth of 85 cm. There were considerable
variations among different sites (Figure 30). Pools were generally deeper in non-track sites
(mean depths: 22 cMgrack); 50 CMon-tracky)- Mean surface area estimates (+ SD) are 7.144.4

m? for track sites and 11.8+7.7 m® for non-track sites.
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Figure 29 Twelve month water temperature profiles of 11 H. australiacus track (grey symbols and lines)
and non-track (black symbols and lines) breeding pools. Water was not present at ail times
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Figure 30 Depths of 11 H. australiacus breeding pools monitored over 12 months. Grey lines and
symbols are track sites, black lines and symbols represent non-track sites.
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Table 30 Larval periods and fate of individuals from 11 monitored H. australiacus breeding pools.
Sampling resolution 14 days (exception: 39 days for one period in November - December, possible
overestimates resulting from that period are indicated with *). Hatching date was estimated to be 24 days
before sampling commenced.

Site Type Larval Fate Comments
period in
weeks (days)

H1 non-track 29 (206) Desiccation

H2 track 23 (164) Desiccation

H3 non-track 33 (234) Metamorphosis

H4 track 25 (178) Desiccation

HS non-track 27 (192) Desiccation

H6 track 29 (206) Desiccation

H7 ftrack 47 (329) Metamorphosis  Pool completely dry in October
H8 non-track 34 (235) Metamorphosis

HY track 39(273) Metamorphosis  Pool completely dry in October

H10 non-track 41 (287)*  Metamorphosis

H11 non-track 41 (287)*  Metamorphosis

Non-track breeding sites usually had more vegetation cover at ground level and were more
shaded than track sites (Table 31).

Table 31 Median physical attributes of monitored hydroperiod sites for H. australiacus in track and
non-track environments, Minima and maxima of mode values are given in brackets. Cover was classed as:
none (0); 1 - 33%; 34 - 66%; 67 - 100%,; for simplicity upper values of the relevant categories are stated.

Vegetation cover  Leaf litter cover Shade

Median value and range for 0 (0-33) 0(0) 0(0)
track sites (n=5) in %o
Median value and range for 33 (0-33) 0(0-33) 33 (0-66)

non-track sites (n=6) in %

3.6 Traffic and track works

The extent of track works varied greatly among H. australiacus sites (Table 32). Two sites
along one track were not exposed to any maintenance work during the sampling period
(vegetation was mowed and sawn within the following 12 months). Two had the vegetation
slashed. Site H2, a pooling mitre drain on the lower track side of a low-level creek crossing

continuously accumulated silt from the track run-off. During the study, the washed out ruts
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were filled with light-weight crushed concrete and building rubble, much of which was
washed into the mitre during the following two rain events. After the monitoring period
(October 2004), cement was mixed into the track topping. The hardened layer has since
been crumbling away into the mitre. Site H6, a pool in a low-lying track section was filled
with natural material from nearby, resulting in a much smaller pool which at the same time

was shifted to the lower side of the track.

None of the worked sites produced any metamorphs during the study period!

Table 32 Scores for motor bike and car traffic and their sums and maintenance work details for 5 H.
australigcus track sites. The monitoring period was 12 months, See page 151 for how traffic scores were
calculated.

Site Motor bike Car Total Track works

H2 25 7 32 filled with crushed concrete, rebuilt

H4 24 8 32 slashing

H6 26 10 36 slashing; filling and rebuilding of track
resulted in pool being shifted

H7 7 5 12 none

H9 8 6 14 none

4 Discussion

This study suggests that reproductive success of Pseudophryne australis and Heleioporus
australiacus is higher in the non-track environment in comparison to breeding sites
associated with the track drainage system. Differences were recorded in pool duration and

the number of sites producing metamorphs.

4.1 Pseudophryne australis breeding sites

All P. australis breeding pools frequently dry out. Some were dry as often as five times
during the 12 month sampling period. Although track sites were dry for 44% of the year, as
opposed to 33% for non-track sites, no significant differences in hydroperiods were reported

among track and non-track sites.

There were differences however during the warmer and drier half of the year in spring —

summer when non-track sites held water for longer. Breeding activity as measured by the
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number of egg masses does not appear to differ between months and seasons (Thumm &
Mahony, 2002b). Non-track sites are therefore likely to contribute more to population
persistence than track sites because of the increased possibility of also producing

metamorphs during the warmer half-year.

Non-track pools were deeper and in more heavily shaded locations, two factors that
presumably combined to prolong the hydroperiod during warm weather. Vegetation cover
may also better protect non-track sites from drying winds. Furthermore, possible differences
in the hydrology between site types may also influence hydroperiod. Track drainage
structures in many cases are designed to intercept surface run-off, whereas natural breeding

sites may benefit from water that seeps out of the ground.

Water temperature ranged from 10.5 to 24.5°C in non-track sites, and was more variable (9
to 30°C) in track sites. Temperature fluctuations are greater in shallow and unshaded pools
(Brady & Griffiths, 2000; Tejedo & Reques, 1994; Williams, 1987). Within physiological
limits (Levins, 1968), temperature influences differentiation rates and is rate limiting in
anuran metamorphic development (Smith-Gill & Berven, 1979) (see Chapter 3 for more
details). The critical thermal maxima are not known for P. australis, but tadpoles of the
species were only found in pools that matched the temperature range measured for non-track
sites. Upper temperature limits vary substantially among anuran species and can be subject
to acclimation (Duellman & Trueb, 1994). It is not clear if track sites can get too hot for
normal development of P. australis tadpoles, a possibility which would need to be

established experimentally. Such an experiment however is ethically questionable.

Of all the study sites, 20 (71%) had at least one hydroperiod in 12 months of sufficient
duration to allow at least some P. australis tadpoles to complete the aquatic larval stage and
metamorphose before the drying of their larval habitat. Tadpoles were indeed observed in 15
sites, but not all of these held water long enough to allow metamorphosis. Tadpoles died due
to pond drying in five sites, but metamorphs were observed at five other sites. Of the 15
pools that contained tadpoles, only three were in the track environment and one of these
produced metamorphs. Why is there such a big difference in tadpole presence among site

types, keeping in mind that all sites had calling male P. aqustralis recorded at some stage
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prior to the study? Hydroperiods did not vary among site types, and the presence of tadpoles
in the majority of sites confirms that climatic conditions suited breeding requirements at
some stages during the study period. One plausible explanation for the lack of tadpoles in
track sites may be increased pre-hatching mortality in the terrestrial nest sites. These sites
were less shaded and were exposed to greater desiccation risk. Thumm & Mahony (2002b)
emphasized that desiccation of egg masses prior to hatching is a main cause of mortality in
P. australis. In addition, vehicular traffic may also have been a contributing factor: motor
bikes were often being ridden through shallow table drains. Eggs and their fates were not

monitored for this study.

An alternative explanation may be found in the drought. The hydroperiod study was started
at the first opportunity following a reasonable rainfall event afier a prolonged drought
(Bureau of Meteorology, 2005b). Lack of rain may have caused P. australis populations to
shrink and retract toward natural sites. It is not uncommon to find males of the species
calling from places with little chance of recruitment success during very wet weather. Track
sites perhaps offer marginal breeding habitat at best and are mainly favoured during very

wet times.

For many sites calling activity in the past was assumed to indicate breeding activity.
Unfortunately it was not possible to test this assumption for each site. I noticed however that
the physical characteristics of track sites can change substantially over a short period. Bare
track surfaces contribute sediments (Austroads, 2001; Bennett, 1991; Department of
Conservation and Land Management, 1994) that lead to the siltation of potential breeding
pools (Carr & Fahrig, 2001). During this study it was also observed that wheel tracks can
create new sites and drain existing ones. Such changes to breeding sites may also have
contributed to the lack of tadpoles in the track environment simply because some of the sites
may have become unsuitable in the meantime. Thumm (1997a) had never observed the

species to recolonise silted sites.

Despite access to each monitored track being limited to authorised vehicles only, a great and
highly variable range of vehicle movements were recorded among the sites. For one track in

Brisbane Water NP at least one vehicle movement recorded (mostly motorbikes) for each
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sampling period. Tadpoles were never observed in these high traffic areas, despite the
presence of calling males (calling males were recorded there repeatedly during H
australiacus transect work (Chapter 4)). Overall P. australis tadpoles tended to be absent

from breeding pools in high-traffic areas.

This study demonstrates that tracks in the Reserve System are subjected to regular and
frequent maintenance works. Track maintenance works were undertaken during the study
period on all but one track where breeding pools were monitored. The remaining track was
exposed to maintenance works six months after the monitoring period. Two unmonitored
and two monitored breeding sites were completely destroyed as a result of the track works.
The first unmonitored site, a table drain, was dug out to solid base during a wet period when
breeding activity was indicated by a large number of calling male P. agustralis. This was
most likely the first reproductive effort in twelve months during which very little rain had
fallen. That table drain was re-built six weeks later after a vehicle had driven through its
entire length. The second unmonitored site, a depression in natural bushland about 1 m from
the edge of the track, was used as a permanent dump for excess track fill clearly
contravening Austroads (2001) guidelines. That depression is now a mound about 2 m long
and 1 m high. A monitored site, a rut in the middle of the track, was completely filled with
crushed sandstone and was thus eliminated. No ameliorative measures were evident. The
fourth site was damaged and drained by a truck that had driven through. It is somewhat
unfortunate that these four events took place in a Nature Reserve in locations that are
recorded in the Atlas of NSW Wildlife.

Records of track work activities directly altering P. australis breeding sites are by no means
new or a rare occurrence. An unsealed track in Royal NP was resurfaced with ground
bitumen in early 2001. A pool in the table drain where P. australis used to breed regularly
was graded and drained. A visit in late March 2001 failed to locate any P. australis in or
near the site which had become silted up (A. Stauber, pers. obs.). Regular maintenance
works of the major tracks in the State Forests of the Watagan Mountains account for major
disturbances in at least two P. australis breeding sites. A 40 cm deep table drain at the
bottom of which P. qustralis used to call from under the leaf litter and in cavities was

levelled with road spoil (A. Stauber, pers. obs.). The mitre drain nearby was converted to a
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dam in spring 2004. At the same time, another breeding site was bulldozed and diverted to a
newly constructed dam (A. Stauber, pers. obs.). Madden (pers. comm.) atiributed the
extinction of a population in a drainage ditch in the Woronora catchment to grading of the
site, rather than a recent fire. Track works during a fire in a bushland reserve on the Central
Coast in October 2002 completely filled a depression in the track where previously P.
australis were regularly heard calling. No P. australis were heard there for the following 17
months during which the species was heard in other known locations nearby (A. Stauber,
pers. obs.) Dramatic reductions in the numbers of calling males were still recorded 12
months after the cleaning out of table drains elsewhere (Thumm, 1997a). Single
maintenance operations can impact on multiple breeding sites as was demonstrated during

“upgrading” works of a track when six breeding sites were backhoed (Thumm, 1997b).

The impact of track works on track-side breeding P. australis populations must not be
underestimated. During this study, not a single worked site produced metamorphs of this

species, whereas a non-worked site did.

4.2 Heleioporus australiacus breeding sites

Hydroperiods of H. australiacus breeding sites varied from ephemeral to permanent. The
permanent sites were all non-track sites. Thus non-track sites held water for significantly
longer periods than track sites. Not all non-track sites however were permanent and as a

result only half of all monitored sites, which all had held tadpoles, produced metamorphs.

In the track environment, dying tadpoles were observed in the same mitre drain for two
years in a row. At some stage masses of wriggling tadpoles were concentrated in the
footprints of a large dog where the pool’s remaining moisture had accumulated. This site is
part of a small watercourse which offers several deep, natural breeding pools, which
occasionally, but not always, were occupied by H. australiacus tadpoles. The mitre drain
can be classified as an ecological trap because it is a habitat “low in quality for reproduction
and survival that cannot sustain a population, yet is preferred over other available high-
quality habitats” (Donovan & Thompson, 2001). At present it is not known whether this

type of ecological trap is an isolated case, or a more widespread phenomenon.
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Larval periods of H. australiacus are considerably longer than those of P. australis and
despite their ability to accelerate larval development in a drying environment (see Chapter
3), losses were high due to early pond drying. The importance of crayfish burrows and
crevices that provide access to the watertable below dry ponds was evident. These shelters
allowed tadpoles to survive short dry spells and complete metamorphosis in replenished
pools. This possibility was also raised by Daly (1996b). There is a strong association
between H. australiacus breeding pools and the presence of crayfish burrows (Chapter 2), a
relationship that appears to convey benefits to the frog. Male H. australiacus often call from
such burrows and egg masses may get deposited there (A. Stauber, pers. obs; see also Hoser,
1989). 1t is not known if the crustacean preys on tadpoles. While crayfish appear as
inefficient predators on free-swimming tadpoles (Lefcort, 1996; but see Nystrom &
Abjérnsson, 2000), they would benefit as a predator when tadpole densities increase as a
result of pool drying. An investigation into the nature of the relationship between crustacean

and amphibian and its implications for both taxa is recommended.

Maximum water temperatures in non-track sites reached 25.5°C. In track sites temperatures
were considerably more variable and reached a maximum of 31°C. As for P. australis, the
physiological implications of the higher temperatures are not known for H. australiacus.
The increased thermal stability of non-track sites can be explained by the fact that the pools
are deeper, more shaded with higher amounts of vegetation cover around the edges, than

track sites.

All track sites were subjected to track works within 2 years of the commencement of the
hydroperiod study. On tracks that had experienced little traffic, this work was focussed on
vegetation control by slashing track edges and the trimming of trees and shrubs with
chainsaws. More heavily used tracks were re-worked with bulldozers, graders and rollers.
Work with heavy machinery caused increased siltation of track breeding sites, an
observation also reported from Marramarra NP (Recsei, 1996). Sites were also filled in
directly. Site H2 on the track with the highest amount of mostly illegal traffic was within 12

months, re-worked twice with heavy machinery including a bulldozer and a roller.
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This site (H2) is of particular concern because for two consecutive years short hydroperiods
caused the failure of all reproductive efforts there in that time frame. At this site, an
ephemeral creek flows across the track surface into a scooped out mitre drain, from where it
follows its natural course. There are a number of deeply eroded pools in the clayey soil
along the creek on both sides of the track where the gradient is gentle. These pools are under
natural vegetation and well clear of the track edge and are suitable as H. australiacus
breeding pools, and have been utilised as such. When flowing, the creek erodes the track
surface, creating ruts and moving the material into the mitre below, which then becomes a
shallower pool. It is possible that the very high number of vehicular movements recorded on
this track may also contribute to the erosion at this particular track curve site. Originally, the
track surface was crushed sandstone and other natural materials obtained from nearby.
Later, crushed building rubble (mostly a light concrete with electrical and plumbing plastics)
was used to fill in the ruts and to form a new surface, which was compacted with heavy
machinery. The artificial material readily dislodged when the creek started flowing again
and was coliected in the mitre drain, filling it up with solid material. Later, cement was
mixed into the surface material to harden it. Erosive forces and possibly vehicles are

continuing to deteriorate this hardened surface which slowly crumbles into the mitre drain.

Managers must take note that none of the monitored worked sites produced metamorphs in

the year when works were undertaken.

4.3 How important are track breeding sites to P. australis and H. australiacus?

Do track sites constitute a significant proportion of available breeding habitat in the
landscape? It is not clear what proportion of all Pseudophryne australis and Heleioporus
australiacus breeding sites are located in the track environment because of sampling bias
associated with site access. The majority of track sites have most likely been recorded,
whereas the accuracy of an estimate of the number of all sites away from tracks is very
unlikely to be evaluated within the near future, What can be said however is that tracks, due
to their continuity and linearity, can dissect a large number of adjacent drainage lines. This
can be observed in many situations (including the study area) where maintenance tracks
follow contours below the ridge top. In such situations (in elevated locations where slopes

are gentle), tracks come in contact with every potential breeding site on hill sides, which
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may add up to a series of considerable and continuous areas of potential impact in certain
regions. At this stage of knowledge, the precautionary principle should be applied and the

impacts of track works taken into consideration.

A track site may be an ecological trap (sensu Donovan & Thompson, 2001). Alternatively,
track sites may boost the number of breeding sites where breeding sites are limited. Which

of these predominantly applies certainly needs further investigation.

4.4 Limitations

Considerable effort was put into this sampling program (24 full days, 600 km walked).
Undoubtedly it could have been improved by increasing the sampling frequency and
geographic area covered in order to record more changes to the states of breeding pools. The
state of pools can change very rapidly as was observed in the field when a pool was
completely filled 30 minutes after it had been recorded as being dry. Automated sampling
would be necessary to record each change. Unrecorded interruptions to the hydroperiods in
P. australis breeding sites may have contributed to the lack of observed tadpoles in those
locations. Sampling frequency was well suited to the much longer and less variable larval

periods of H. australiacus and ensured reliability of field observations on metamorphosis.

The larval periods of P. australis used (Thumm & Mahony, 2006) are considered
representative. The data were obtained from captive tadpoles derived from field collected
eggs from throughout the sampling area. Thumm & Mahony’s experiment started at about
the same time of the year that this sampling program commenced. This experiment also
coincided with the period when pool duration was most stable (see Figure 24). The
experiment took place outdoors in the south of my study area. Thumm & Mahony’s water
temperatures would therefore have been similar to the ones reported here for that period. In
view of the observation that under constant,temperature conditions at 18°C, P. australis
metamorphs were reported to leave the water as early as 28 days after hatching (Jacobson,
1963b), my use of Thumm & Mahony’s data is realistic for over-wintering tadpoles and

perhaps conservative when applied to the warmer months.

The study period overlapped with drought conditions (Bureau of Meteorology, 2005b). It is

expected that hydroperiods of individual sites would increase with increasing rainfall
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amounts and regularity. It remains unknown how such climatic conditions would translate

into differences, if any, in the reproductive successes of track and non-track sites.

Sites were visited in the same order on sampling days. As a result, some sites sampled eatly
in the day regularly recorded lower temperatures than those sampled in the afternoon. The
design incorporated this variation by making sure that the sampling sequence approximately

alternated between track and non-track sites for both species.

4.5 Recommendations

Given the legal status of both frog species and the conflicting situation between frog
presence in track sites and the necessity for regular maintenance works there,
recommendations are needed to reduce the impact of track management on frog populations.
Mitigation strategies need to be adequately based on the species’ ecology or life-history
requirements. Particularly the early life-history of both frogs can be put at an increased risk
in the track environment. This study demonstrated that track works carried out at sites
containing tadpoles of P. australis or H. australiacus relate to reproductive failure of these

sites.

Ideally, tracks, including their drainage systems, should be constructed in such a way that
they and their run-off do not impact on existing breeding sites during and after construction.
The ideal drainage system will not allow water to pool and therefore will not offer artificial
breeding habitat. As a result there is no change in the number of breeding sites or their

qualities. Practicalities however impose changes on such an ideal situation.

At the moment, these frogs are known to breed in numerous track sites which are recorded
in the Atlas of NSW Wildlife. Data presented above strongly suggest that this database is not
always utilised to identify sites where impending track works potentially impact the frogs.
Time should be allocated to identify and mark known and potential breeding sites in order to
eliminate accidental impacts and to reduce fhe impacts of necessary works. Accidental
impacts include vehicle movements through the site while works are in progress nearby, and
the temporary or permanent placement of road material stock piles. Unlike the track works
example in the Nature Reserve given above for P. australis, maintenance works should be

timed so that they do not coincide with breeding activity of the species. P. australis breed
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throughout the year after rain (Harrison, 1922; Thumm & Mahony, 2002b), which makes it
impossible to find an off-season. A reduction in the impact should be expected if track
works there were undertaken sufficient time after the last substantial rainfall event, to allow
the ground to dry out and adults to move to more suitable shelters. If works at A
australiacus breeding sites were restricted to January and February, impacts on the larval
stage of this species would be mitigated because the majority of tadpoles have

metamorphosed and new eggs have not been laid by then.

A seemingly successful solution to the problem of threatened frog presence in the track
environment is a dug-out table drain that runs parallel to the track in bushland on the high
track side. This intercepts seepage and surface run-off from the hill above and channels the
water to a permanent culvert under the track, effectively removing water before it enters the
track environment. These table drains may be two to three meters from the edge of the track
where they are not driven through or constantly trampled by walkers. Once revegetated
naturally, these table drains are stable and maintenance free. Examples of such table drains
can be found in many reserves including Royal, Ku-ring-gai, Brisbane Water and Bouddi

National Parks where they are utilised as breeding habitat by one or both frogs.

The major advantage of this system is that the artificial habitat is placed away from the
direct impacts of vehicular movements and maintenance works. It also offers accessible
shelter to animals that exploit pools which may form on the track itself. This system reduces
track run-off and a potential reduction in erosion lowers maintenance needs. The system
could also be used advantageously during hazard reduction burning to minimise potential
threats to vulnerable track-side plants and animals. The main disadvantages are the initially
high costs to install the system. These however would be offset by likely savings in ongoing
maintenance costs. Topography, soil type or potentially negative impacts on the hydrology

may rule out the construction of the table drains in some areas.

The use of blue metal or crushed building rubble as road material should be avoided in the
sandstone areas until their impacts on egg masses and tadpoles are better understood. Local
materials should be used for track construction (Morse McVey & Associates, 1993), and

Recsei (1996) and Thumm (1996) have advised in their papers against the use of blue metal
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because of its potential to alter soil acidity. Buchanan (1996) recorded pH increases in
naturally acidic soils, such as those found on sandstone, near areas that are covered in blue

metal,

The presence of H. australiacus and the recorded breeding activity (and repeated failure) at
site H2 warrant investigation into a more permanent engineering solution of this creek
crossing. There are likely to be similar situations in other areas. Placement of a culvert under
the track would be a sensible approach in this case and would also make the mitre drain
redundant. At present, this drain offers egg-laying opportunities, but no opportunity for
tadpoles to reach metamorphosis. This drain is not essential to the species’ persistence
because there are at least four natural pools available as breeding habitat nearby in the same

creek line,

Activities to reduce the number of illegal vehicles entering the park are also strongly
encouraged because of their potential to directly impact on the species and their habitat, and
the damage they cause to unsealed tracks. Areas of concentrated vehicular movement have

been identified to pose a very high erosion hazard (Morse McVey & Associates, 1993).
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Chapter 6

HELEIOPORUS AUSTRALIACUS MOVEMENT AND HABITAT USE IN THE
TRACK ENVIRONMENT

Abstract

The vulnerable Heleioporus australiacus is a burrowing species that frequently associates
with tracks. Five individuals known to utilise track habitat were tracked weekly for up to
three months using radio-telemetry to primarily investigate whether this frog burrows in the
track environment. One animal burrowed in the soft mud at the track edge once and twice
separately at the outer edge of a table drain. None of the other animals sheltered within the
existing track system, but two individuals exclusively burrowed in previously disturbed
areas (an old disused track and an old quarry). Cumulatively, 30 burrowing locations were
recorded. Ten of these were within 3 m of the track edge, and 15 within 10 m. Weekly
distances moved between burrows ranged up to 80 m, with movements in the 41 to 50 m
range class occurring most frequently. The home ranges of two individuals were estimated
as minimum convex polygons of 1480 m* and 2210 m®. Burrowing depths of 5 to 15 cm and
the potential of individuals to be located near the track places them at risk of being dug up
and possibly injured during track maintenance works. A number of recommendations are
made designed to minimise potential negative impacts of such operations on population

persistence.

1 Introduction

The habitat of Heleioporus australiacus is often traversed by tracks, on which individuals
may sit or forage (Gillespie, 1990; Hoser, 2002; Recsei, 1996). The presence of tracks in H.
australiacus habitat may offer advantages to this species. For example, it is possible that the
open space facilitates foraging and plays a role in thermo-regulation. The track drainage
system may offer breeding habitat (Chaptef 5). The species’ use of tracks has a well
recorded disadvantage: individuals have been found run over by vehicles (Mahony, 1994;
Recsei, 1996). Other potentially negative impacts remain the subject of speculation. One of
the questions frequently asked is whether individuals of this species burrow within the track

environment where they may be impacted by maintenance works.
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The substrate on the edges of unsealed tracks is frequently loose sand or soft mud. A
number of factors presumably contribute to this situation. Track edges are rarely as well
compacted as the track itself during construction and maintenance work and re-working of
the track surface with a grader also often results in the build-up of loose material along the
track edge. Traffic continuously compacts the track as it is being used (Trombulak &
Frissell, 2000) while simultaneously working loose surface material toward the edges. Run-

off water may also deposit loose material there.

Similarly, the drainage system of tracks, particularly mitre and table drains, contain large
areas of soft substrate. These drains accumulate considerable amounts of silt over time.
Furthermore, the soil in such infrastructure is rarely compacted during construction and

maintenance.

H. australiacus burrow vertically into the soil to shelter for the day and for prolonged dry
periods. First the hind legs are pushed into the top of the soil with short back and forward
movements and once a foothold is gained, the hind legs keep working the soil while the
animal slowly rotates into the cavity thus created. It took one animal half a turn to
completely bury itself in soft soil up to the top of the head with only the eyes still visible (A.
Stauber, pers. obs. May 2004). It is expected that soft mud facilitates burrowing, and that H.
australiacus may utilise track edges and drains for sheltering. As an added potential
attraction, track edges and drains also frequently support higher soil moisture levels,
because rainwater run-off is diverted there (Bennett, 1991; Megahan, 1976; Trombulak &
Frissell, 2000). Should H. australiacus indeed shelter in the track or associated drainage
system, individuals run the risk of being dug up and injured during routine track
maintenance operations. Such a risk would need to be addressed in impact assessments

required under the NSW Threatened Species Conservation Act 19935.

Based on previous observations, I hypothesised that at least some individuals occasionally
burrow in the track environment. Five adult Heleioporus australiacus were equipped
internally with radio transmitters in late spring 2003 and were tracked weekly for up to 14
weeks in their natural habitat. The main aim was to establish whether any burrow locations,

and hence sheltering positions, are associated with tracks or the track drainage system. This
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study also provided an insight into the micro-habitat of burrowing locations and home range
size. Such values have never been reported previously for this species and add considerably

to our understanding of the basic biology of this frog and its spatial requirements.

This chapter reports observations on dispersal behaviour with respect to tracks by this frog.
These observations build on our current knowledge of the species and are undoubtedly of
great interest to ecologists and managers alike. A number of recommendations have been
made to minimise potential negative impacts of track maintenance operations on population

persistence.

2  Materials and methods

Radio-tracking work was carried out along Thommo’s Loop (340000m E; 6294000m N), a
track in Brisbane Water National Park near Woy Woy, NSW. The Thommo’s Loop transect
was intensively studied (see Chapter 4). The area was chosen because the track drainage

system included a large number of both culverts and mitre drains.

Five adult H. australiacus were captured by hand during spot-lighting walks between
20/10/2003 and 31/10/03 (5 sessions). These were the first five animals encountered on the
track during the stated period and included 2 males and 3 females (Table 33). The sample
was therefore made up of animals that showed an association with the track. Two of the
animals had been previously marked and recaptured several times (Table 33) and previous

locality data were available for these.

The animals were taken to the University of Newcastle on 3/11/03 for surgical implantation
of single-stage radio transmitters (Sirtrack, New Zealand). Each frog was anaesthetised by
placing it in 2 cm of 0.4% MS222 solution (3-ethyl-m-aminobenzoate, buffered with
Na4PO), until the frog stopped responding to gentle pressure above the eye. The transmitter
was inserted into the abdominal cavity through a single 15 — 20 mm incision on the lower
left side, which was then closed with three sutures. Following surgery, the animals were
placed under running water until they had recovered from the anaesthetic. Animals were
kept under observation for another five days in individual cooler boxes containing 10 cm of
moist sand, before being released at their exact location of capture on the night of 8/11/03

following a rain event. On that night, three other adult H. australiacus were encountered on
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the track which suggests that climatic conditions were suitable for the release of the

transmitter-equipped frogs.

Each transmitter unit was powered by an E386 battery with an expected life of 4.5 months at
40 pulses per minute. The whole unit including the wrap-around aerial was supplied encased
in polymer and weighed 3.8 g, well below the maximum recommended 10% of animal body
weight (Kenward, 1987; Richards ef al., 1994; White & Garrott, 1990).

Animals were located using a Regal 2000 receiver with a 3-element yagi-style and a loop
antenna (Titley Electronics, Australia). Burrow locations were marked and labelled with
flagging tape. Maps were produced based on the following field measurements: distance
from previous burrow and distance from the closest track edge measured to the nearest half
metre with a tape measure; and bearing from previous burrow to nearest 10 degrees with a
hand-held magnetic compass. Animals were generally not dug up in order to minimise
disturbance, which might have affected their behaviour. However, burrowing depth was
occasionally checked by careful removal of soil by hand until the back of the animal was
felt. The distance between the top of the animal and the substrate surface was measured with
a tape measure to the nearest cm before replacing the soil. Habitat descriptions follow the

methodologies outlined in Chapter 2.

Table 33 Heleioporus australiacus identification numbers, gender, recapture histories (number of
times previously captured) and AMG positions (m) of the locations of their capture and release prior to
commencement of the radio-tracking study.

Animal ID Gender Recapture history AMG Easting AMG Northing

#43 Female 6 339120 6293950

#62 Male 4 339880 6294230
#160 Male 0 340590 6294530
#161 Female 0 340480 6294480
#162 Female D

340000 6293630

All animals were located 3 days after their release and again 4 days later on the 14/11/03.
After that, sampling was undertaken at weekly intervals. On two occasions, that interval was
a fortnight. Data obtained prior to 14/11/03 are shown on the maps (Results). However these

data were not included in the analyses to prevent possible influences to movement by the
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temporary removal of animals from their home ranges. The frogs were given one week to

orient themselves, and their movement patterns were assumed to be normal after that time.

Animals were removed from the field three months later on the 7/2/04, with approximately
20% of expected transmitter battery life remaining in accordance with NPWS licensing
conditions. One animal was found by chance on the 5/4/04 although its transmitter had
failed. Transmitters were removed surgically under anaesthetic as outlined above. Animals
were returned on the 7/3/04 and the 16/5/04 to their location of capture after a brief period in

captivity during which their health was monitored.

Minimum convex polygon areas (White & Garrott, 1990) were calculated to estimate the
home range of individuals during the study period based on sheltering locations. Burrow
locations were mapped at a scale of 1 : 500. The outer locations were connected to form a
convex polygon. The area within was calculated by summing the areas of the minimum

number of individual triangles contained within the polygon.

Means (= 1 SE), modes, minima and maxima were calculated for distances between
consecutive burrows (displacements) and distances of burrows from track structures.
Weekly rainfall amounts were measured at nearby Umina (6.5 km from study area) using a

standard rain gauge.

3 Results

3.1 Distances between burrows and movement patterns

Maps showing the point of release, burrow locations, direction of movement, and the
location of track and other features are given for each tracked frog in Figures 31 — 37.
Animal #43 was detected in two closely spaced burrows within a cleared area adjacent to
the track (Figure 31), before radio contact was lost. The burrows of individual #62 (Figure
32, Figure 33) were all within the area where the animal had been previously caught. This
frog revisited two burrows (A, C) several times and occasionally sheltered in the track edge
(B, C). The habitat occupied included a track and a creek. Frog #160 moved away from the
track, following a drainage line into a swampy creek (Figure 34). Animal #161 (Figure 35)
sheltered exclusively (3 burrows) within an old, disused track, before it was taken by a

predator. Female #162 occupied a home range within about 20 m of a creek (Figure 36,
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Figure 37). Burrows were located on both sides of the track. Two of these (C, F) were
associated with the track edge and the edge of a drain. Burrows A and D were utilised more

than once.

Summary statistics of weekly distance displacements of each animal are shown in Table 34,
The maximum distance recorded was 80 m. Home ranges were calculated only for those
animals that were recovered alive at the end of the study period (#62, #162). The only
remaining animal that provided data on more than 2 burrowing locations (#160, Table 36)
moved in a linear fashion (Figure 34) and was thus excluded from home range calculation.
Weekly displacements are also shown in relation to sampling period for two animals (Figure
33 and Figure 37). Male #62 sheltered the longest in burrow A which it had visited several
times during the study period (Figure 32). Female #162 (Figure 36, Figure 37) had relocated
in each sampling interval, except the last, regularly revisiting the same areas, but not
necessarily using the same burrows. Net displacements between burrows by this individual

occurred in a clockwise fashion.

Collectively, weekly net displacements of zero metres were recorded eight times (i.e.,
individuals were in the same burrow where they were last recorded). Weekly distance

displacements in the 41 - 50 m class occurred most frequently (Figure 38).

Table 34 Summary statistics of weekly” distance displacements and estimated home range size”
(minimum convex polygon method) of five radio-tracked Heleioporus australiacus, based on burrow
locations (* on two occasions the interval was two weeks; » not all animals provided enough data points to
warrant home range size estimates). n = number of sampling sessions,

Animal ID (n) Mean &SE) (m)  Mode (m) Range (m) Home Range (m’)
#43 (D) 1.5 1.5 -

#62 (11) 32(9.1) 0 0-80 2210

#160 (4) 16 (12.4) 0 0-52 Not calculated
#161 (1) 33 33 - -
#162 (11) 35(5.3) 43 0-55 1480
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Figure 31

Burrow locations in relation to the point of release and habitat features of radio-tracked H.

australigcus #43. The line and arrow indicate movement and direction.
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Figure 32

Burrow locations in relation to the point of release and habitat features of radio-tracked H.

australiacus #62. The lines and arrows indicate movement and direction.
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Figure 33 Three dimensional plot of weekly displacements and direction of movement based on the
burrow locations of H. australiacus #62. Rainfall amounts are also shown.
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Figure 34  Burrow locations in relation to the point of release and habitat features of radio-tracked H.
australiacus #160, The lines and arrows indicate movement and direction.
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Figure 35  Burrow locations in relation to the point of release and habitat features of radio-tracked H.

australiacus #161. The lines and arrows indicate movement and direction.
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Figure 36 Burrow locations in relation to the point of release and habitat features of radio-tracked #

australiacus #162. The lines and arrows indicate movement and direction.
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Weekly rainfall (mm)

Figure 37  Three dimensional plot of weekly displacements and direction of movement based on the
burrow locations of H. australiacus #162. Rainfall amounts are also shown.
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Figure 38  Frequency distribution of weekly displacements based on burrowing locations for each of
five radio-tracked H. australiacus.

3.2 Distance of burrows from track structures (including drains)
The burrows (n = 20) of the five radio tracked animals ranged in distance from tracks or

artificial drains along track sides from 0 to 91 metres (Table 12), with a median distance of
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14 m (meanSE = 18.5+4.7 m). Animal #62 was detected burrowed in the soft mud at the
very edge of the track once (burrow B) and in a similar situation on the outer edge of a table
drain twice non-consecutively (burrow C). None of the other animals burrowed within the
existing track system or associated drainage. However, animal #161 sheltered exclusively
within an old and disused, lightly revegetated, now by-passed section of track (2 burrows);
and #43 burrowed exclusively within a previously cleared and disturbed area, which was

probably used for the supply of road fill (1 burrow).
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Figure 39  Frequency of burrowing locations of 5 individual radio-tracked H. australiacus as a function
of their proximity to tracks or artificial track drains. The x-axis is not on a linear scale.

3.3 Number of times burrows were used

Some animals revisited burrows after sheltering elsewhere. Male #62 used burrow A three
times, sometimes staying for prolonged periods, particularly during a two-week interval
when no rain fell (Figure 33). Burrow C was visited twice by this animal (Figure 32, Figure
33). Female #162 utilised each of two burrows (B, D) twice (Figure 36, Figure 37). Location
A was visited 3 times, but different burrows all within 1 m> were used each time. The 7
burrows utilised by this female can be grouped into four areas regularly visited: A+E, B,

C+F and D+G. This female recorded weekly movements regardless of whether rain fell or
not (Figure (37).
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Figure 39 illustrates the frequency of burrows used in relation to the distance from track
structures. Animal #62 was detected to shelter 82% of sampling time within 3 m from the
track. Cumulatively, 30 burrowing locations were recorded. Ten of these were within 3 m
from the track edge, and 15 (50%) within 10 m.

3.4 Micro-habitat descriptions of burrow locations

Micro-habitat descriptions are detailed in Chapter 2. Three burrowing locations were
associated with crayfish tunnels, one was in sand under leaf litter, and the remaining
locations (80%) were in bare sand (Table 12). Even these unconcealed burrows were

difficult to see because the burrow was always filled flush with the ground surface.

Burrowing depth during this generally dry and warm period ranged from 5 to 15 cm.

Table 35 Surface substrate, depth and distance from track structure of individual H. australiacus
burrows, including those occupied immediately prior to the study period. Burrow identifications are
preceded by the animal identification number.

Burrow Substrate / Cover Depth Distance from track
1D (cm) structure (m)
#43-A Bare sand - 9
#43-B Bare sand 8 10
#62-A Bare sand 9-15 3
#62-B Track edge, soft clayey sand 0
#62-C Quter edge of table drain, soft clayey sand 0
#62-D Cray burrows, sparse sedge cover 19
#62-E Bare sand in elevated position on cliff shelf 16
#160-A  Bare sand 5 45
#160-B  Bare sand 39
#160-C  Network of cray burrows near creek line 91
#161-A  Sand, old track 15
#161-B  Sand, old track 15
#161-C  Sand, old track 13
#162-A  Bare sand, next to burnt branch 5.5
#162-B  Cray burrows 10 23
#162-C  Bare sand in burnt heath thicket 0.5
#162-D  Bare sand, under burnt branch o 28
#162-E  Soft bare sand next to active ant nest 11
#162-F  Bare sand in burnt heath thicket 4.5
#162-G  Sand under leaf litter 10 28
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3.5 [Fate of individuals

The radio-tracking study period included 11 sampling sessions. However, only two animals
were recovered alive at the end of the study. A third animal was recovered by chance well
after completion of the study (see below). For the other two only the transmitters were
located. Table 36 details the fate of each individual, the number of times it was located, and

the number of burrows each was observed to use.

For four months animal #43 was not detected. Considerable search effort (three hours on
each of two separate occasions) was put into trying to relocate the individual without
success. However, two months after completion of the study, the animal was recaptured by
chance during routine transect work. It appeared to be in good health and was temporarily

held for the removal of the failed transmitter.

The final location of the transmitter of animal #160 was recorded in an extensive network of
crayfish burrows amongst clumps of Ghania sp. next to a creek. The animal was never
observed burrowed there but was assumed to be within the tunnel system, or buried under
the dense vegetation. A thorough search for this individual involving digging up the burrow
system was conducted at the end of the study period. The transmitter was eventually
recovered without any trace of the animal. The frog may have perished and decomposed
there. Alternatively, a predator may have removed it from its previous location and
deposited the transmitter where it was eventually found. Apart from inclusion on the map,
the last burrow was excluded from all analyses because the presence of the live animal at

that site could not be confirmed.

The transmitter of animal #161 was recovered on the ground 1.2 m from an excavated
burrow. There were no traces of the frog. Previous rain had erased tracks and altered the
excavation. Fox tracks were regularly seen in the area, even after the completion of a baiting
program conducted by NPWS in September 03. It is possible that the frog had fallen prey to

a fox.
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Table 36 Summary of tracking success for Heleioporus australiacus. The number of times individuals
were located out of 11 sampling sessions and the number of burrows utilised are given for each animal. The
fate of individuals shows that only two animals were recovered alive at the end of the study period, and a
third much later.

Animal  Number of Tracking Number of Fate
ID times located  period (days) burrows utilised

#43 2 17 1 No signal detected after
session 2, previous
burrow vacant.
Recovered alive 5/4/04
by chance with failed
transmitter.

#62 11 85 5 Recovered alive 7/2/04.

#160 5010 >37 4 Animal never observed

at burrow where last
signal was detected.
Signal detected each
session. Transmitter
recovered 7/2/04.

#161 2 17 2 Transmitter recovered
1/12/03, 1.2 m from an
excavated burrow.

#162 11 85 7 Recovered alive 7/2/04.

4 Discussion

4.1 Heleioporus australiacus and the track habitat

Tracks featured strongly in the habitat of at least two of the tracked animals. One male’s
burrows were mostly located near the track which suggests that the track served as a
corridor for movement. Frequent observations of this particular animal on the track while
active (Chapter 4) support this suggestion. A female regularly sheltered on both sides of the

track. The home range of that animal was dissected by the track.

Not only do H. australiacus individuals shelter within the track or associated drainage
system, others use other previously disturbed areas. One of the five animals relocated and
burrowed into the soft substrate at the track and drain edges three times out of eight recorded
moves. One of these burrows was visited more than once. At least for a short time, two other
animals exclusively sheltered within a disused track and a disused quarry. Another frog

never burrowed within the track system, but regularly sheltered in two areas near the track
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and a drain, and utilised habitat on both sides of the track. Only one of the five tracked

animals never associated with any track structure apart from its original location of capture.

In addition to the frogs observed during the radio-tracking study, a male (#106) was
observed sheltering in the top of an 80 cm high mound of road spoil (loamy sand) that was
deposited in bushland about a metre from the track edge some years earlier. This animal was
observed on the mound next to its burrow (50-55 mm diameter, 80 mm deep) during routine
transect work. Seven days later, the burrow was found filled in and the frog was found
buried 14 cm below the surface. On another occasion, a female (#72) was observed in the
centre of a table drain on top of a burrow of similar size as the one mentioned above. The
back of this frog was still covered in sand. Whiie this frog was never observed in the
burrow, it appears likely that the drain was utilised for shelter. A third animal, female #60

was observed as she emerged from a burrow 30 cm from the track edge.

4.2 Distance of burrows from the track

One study animal sheltered for a disproportionately high amount of time (82%) within 3 m
of the track, including two burrows in the track, The burrow it used most regularly falls into
that zone. This animal showed no temporal shift in burrowing locations away from the track.
Another individual spent 36% of sheltering time in burrows within 5 m from the track. Its

closest burrow was 0.5 m from the track edge.

While some frogs sheltered at least 10 m from maintained track structures, others are at risk
of getting injured during track works. The consequences such an impact may have on
population persistence are unknown. The use by H. australiacus of previously disturbed
areas as sheltering locations may also pose a risk to individuals if these areas are again made

operational as quarries, turning bays or track by-passes.

43 Movement patterns and home range

The observed mean weekly displacements of the study animals are similar to those recorded
for H australiacus at Olney SF and Yambulla SF (Lemckert & Brassil, 2003). Such
measures have to be assumed to be underestimates of unknown magnitude of the actual
distances moved because they do not record deviations to a straight-line movement between

both burrows, nor do they consider activity patterns for the week. The number of nights on

187



Chapter 6 — Heleioporus australiacus movement and habitat use in the track environment

which the individual was active, the number of areas visited during the week, the frequency
of visits and the geometry of displacements all influence actual distances moved. It is

therefore unknown just how far individuals really moved between their burrowing locations.

Home range estimates for H. australiacus have not previously been reported. The 2210 m>
minimum convex polygon estimate for the male is possibly inflated because the animal
moved in a star-like pattern, rather than following the perimeter of the calculated shape. The
1480 m® estimate based on burrow locations much more accurately describes the area

regularly used by the female.

Clearly, the estimates only apply to the 14 week period covered by the study which
coincided with late spring and summer, incidentally ending just at the onset of the breeding
season. No generalisations can be made about the actual area used by an animal throughout
its life, or whether there are seasonal shifts in home range sizes or locations (e.g., Matthews
& Pope, 1999).

My tracking results in combination with mark and recapture data (Chapter 4) for two radio-
tracked animals however demonstrate strong site fidelity (sensu White & Garrott, 1990) and
show no signs of seasonal range shifts. In addition to the tracking period (Spring-Summer
03-04), these animals were present within their respective areas in Autumn 02, Spring 02,
Summer 02-03, Autumn 03, Winter 03 and Autumn 04. There is strong agreement between
these observations and the mapped ranges (Figure 31, Figure 32). This suggests that A
australiacus adults remain within their home ranges for years and possible absences would
be of only short duration. Many frog species show site fidelity to at least some components
of their habitats (see Sinsch, 1990 and references therein), but generally this is not for the

length of time observed in H. australiacus.

It is quite clear, however, that adult animals of this species must move to a watercourse in
order to breed. The female’s calculated home range for instance did not include a suitable
water course, and it would have to be assumed that she needs to move outside her home
range in order to breed. Many other individuals (Chapter 4) were repeatedly observed

considerable distances away from suitable breeding sites. All these would need to leave their
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home range, or would considerably increase their home range in order to breed. Home range

size would presumably become a function of the distance from the closest breeding site.

I argue that an annual excursion or migration of H. australiacus to the breeding site, while
undoubtedly of great importance, falls outside the normal activities based on the low
frequency of occurrences and should not be included in home range estimates. Burt (1943)
defined home range as the area used by an animal in its normal activities and Sinsch (1990)
divided up the space utilised annually by individual toads, Bufo spp., into several home
ranges based on the resources each provided, terming movements between migration. The
complement of an individuals home ranges and migration paths was described as the
activity area by Spieler (1998). Regardless of whether home ranges include breeding sites or
not, it is important that conservation management includes the complete activity area

utilised by populations.

Home range size for H australiacus is comparable to that estimated for Bufo bufo
(1901£312 m?% Sinsch, 1987), but much larger than those estimated for Afelopus
oxyrhynchus (56 m?; Dole & Durant, 1974), Atelopus varius (3 mz; Crump, 1986), two other
Bufo spp. (B. japonicus: 220 m’; Kusano ef al., 1995; B. marinus: 160 m*; Zug & Zug,
1979), Hoplobatrachus occipitalis at the onset of the rainy season (142 m?*; Spicler &
Linsenmair, 1998), and three ranids (R. sylvatica: 60 m%; Bellis, 1962; R. pipiens: 400 m%;
Dole, 1965; R. calamitans: 60 m? Martof, 1953). The recorded home range for Bufo

americanus (28 000m*; Grubb, 1970) is much larger than that of A. australiacus.

4.4 The number of burrows used

All of the tracked animals used several burrows and some of these provided shelter on more
than just one occasion. Why does H. australiacus not use a single ideally placed shelter and
forage from this location? Such behaviour would allow it to return to a known, presumably
safe, and partially prepared burrow. At this stage the reasons for multiple burrows remain
. unknown. H, australiacus may spend considerable time underground and the use of several
burrows potentially reduces exposure to pathogens and parasites associated with the
subterranean habitat. It is not clear if this behaviour has evolved as a way of avoiding

predators. Home ranges can be increased if several sheltering locations are used, which
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should result in greater food availability, and an increased likelihood of finding a mate.

Alternatively, the tracked frogs may still be looking for the ideal shelter.

4.5 Borrowing locations

During the study period, each animal exclusively sheltered buried in the soil and no
observations were made of alternative shelters on the surface under logs or vegetation as
was observed by Lemckert & Brassil (2003). Eight burrows were concealed by natural
cover such as both live and dead vegetation, or logs. Twelve locations were in relatively
open and bare ground. Individuals that were tracked to more than three burrows sheltered in
both concealed and open locations, thus showing no preference for any particular habit.
Even the unconcealed burrows were difficult to see because the burrow was always filled
flush with the ground surface. Burrows were shallow (generally less than 15 cm deep)
which may place individuals at risk of being dug up during track works. It appears that A
australiacus does not burrow as deep as other Heleioporus spp. do: H. albopunctatus was

reported from depths of around 80 cm (Bentley er al., 1958).

4.6 Limitations

The sample size of this study was reduced through presumed predation as well as transmitter
failure. Logistical and ethical constraints also limited an expansion of the study. Tracking
studies obviously can be revealing with their potential to provide information on the fate of
individuals at times beyond their deaths. At least one of the study animals had fallen prey.
H. australiacus are potential food to lace monitors Varanus varius and red-bellied black
snakes Pseudechis porphyriacus (Towerton & Lemckert, 2001). Both predators were
detected during the course of radio-tracking work in Yambulla SF because they had ingested
transmitters that were earlier implanted in H. australiacus (Towerton & Lemckert, 2001)
Both predators presumably swallowed their prey whole. I suspect that it is more likely that
at least one of my study animals had fallen prey to a fox. Foxes chew their prey and are able
to spit out a transmitter before swallowing the frog. Fox tracks were regularly .observed in
the area including at the time of the radio-tracking study, despite a recently completed
baiting program. Foxes are also listed by the IUCN as “potentially a major threatening

process” to the species (Lemckert et al., 2001b). Spotted-tailed quolls Dasyurus maculatus
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are present in the area (A. Stauber, pers. obs.) but are less likely to have preyed on that

animal (G. Kortner, pers. comm.).

5 Conclusions and Recommendations

Heleioporus australiacus occasionally shelter in structures that are part of unsealed tracks,
including track edges and the drainage system. Individuals may also inhabit areas that had
been previously disturbed and created through the construction or maintenance of such
tracks. This species relies on its ability to burrow for shelter, and may utilise such unnatural
sites because the soft substrate facilitates digging and perhaps for the relatively higher soil

moisture content.

Generally, these frogs shelter within the top 15 cm of the soil. This potentially places them
at an increased risk of being dug up and injured during track maintenance work. The
impacts this might have on population persistence are unknown, but since many individuals
have been found to associate with track habitat (Chapter 4), they could be threatened by
track works even in the reserve system including national parks and nature reserves. Sound
management of any threatened species should consider all potential threatening processes in

order to improve the status of that taxon.

H. australiacus is a highly cryptic species and targeted surveys often fail to detect the frog
even in areas where populations are known to exist (Chapter 4). In addition, burrowing
locations cannot be predicted, and occupied burrows are virtually undetectable unless
tracking devices are used. Pre-track work surveys therefore would only be of limited use in
detecting the presence of the species, unless considerable effort is invested. Breeding sites
can be identified by the presence of tadpoles during winter and spring, but these sites are
often long distances from individual home ranges (Chapter 4). It is essential that the Atlas of

NSW Wildlife is consulted to identify areas where the species potentially occurs.

The timing of the track works would be of little consequence. H. australiacus are nocturnal
and leave their burrows only at night during periods of activity. At all other times they
shelter in the soil. Track maintenance works are carried out in the day time and always have

the potential to unearth and mutilate a buried frog.
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A sound management approach embraces a reduction in the frequency of necessary
maintenance work and suggests that tracks should not be topped up or even sealed with
materials that are foreign to the site (blue metal, demolition waste, bitumen). Such materials
are known to change chemical and physical properties of the soil and run off water
(Buchanan, 1996; Trombulak & Frissell, 2000) and their use is discouraged in NSW (Morse
McVey & Associates, 1993).

Some flood ways of the ephemeral watercourses in H. australiacus habitat may need to be
replaced initially with permanent culverts to eliminate gully erosion of the track at these
crossings and sedimentation of the waterway downstream. Maintenance of the track surface
in combination with its linear nature facilitates the transport of suspended sediments,
particularly because vegetation is absent. In addition, the compacted track surface has a
comparatively lower infiltration rate which leads to increased sedimentation (Krause et al.,
2003). A more important issue however appears to be the erosion caused by traffic
(Anderson, et al., 1976; Coker et al., 1993). Many tracks that dissect H. australiacus habitat
in the reserve system experience frequent and regular illegal use by motorcycles and 4WD
vehicles. Law enforcement may be a solution in this situation because the elimination of
such vehicular movements would inevitably lead to a reduction in track damage (Morse
McVey & Associates, 1993; see also Reid & Dunne, 1984), and hence a reduction in the

frequency and severity of required maintenance work.

I recommend that continuously eroding causeways are replaced by culverts, and that active

measures are undertaken to kerb illegal vehicular traffic.

|
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Chapter 7

GENERAL DISCUSSION

In this study I investigated the habitat requirements and habitat use in two threatened frogs
from the greater Sydney region, Australia: the red-crowned toadlet Pseudophryne australis
and the giant burrowing frog Heleioporus australiacus. Both frogs have had declines
reported in some populations (Gillespie & Hines, 1999; Mahony, 1996) and were identified
by the Action Plan for Australian Frogs (Tyler, 1997) as frogs “that may be of

[conservation] concern but which are poorly understood.”

Urban expansion continues to encroach on the habitat of both frogs. Nevertheless, only
limited information is available on the habitat requirements and habitat use of both species.
This situation presents difficulties to managers charged with the conservation of these
species. Furthermore, ecologists are interested in knowing how these frogs, and their habitat,
are affected by encroaching urbanisation. Many ecological studies ignore the fact that
human influences are present in the habitat of just about every species on Earth. This study
does not. And even in the absence of urbanisation, wildlife biologists are keen to learn more
about organisms and their interactions with others and their environment. As was shown in
Chapter 1, there are large gaps in our knowledge of these two truly remarkable frogs despite
them being the first two Myobatrachids that were ever described (Littlejohn ef al., 1993).
Ecological research on species such as these not only serves us to better understand the

organisms, but also to teach us what sets them apart from others.

Much of the work reported here deliberately focussed on the track environment. Tracks are
utilised by both species and are also the interface of ongoing anthropogenic activity. Even in
the Reserve System of national parks and other protected lands, frog meets machine quite

frequently.

The habitat is arguably an organism’s greatest asset. The information presented within this

thesis was drawn from both animal locality records and from movement patterns of
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individuals in their habitats in the Sydney Basin Bioregion (NSW National Parks and
Wildlife Service, 2003) with a view to making a valuable contribution to a better
understanding of the ecology of two unusual frogs, and to improve their conservation

management.

This discussion draws together the key findings of the work presented in the previous
chapters into a general picture of the habitat of both frogs. The findings are synthesised at
the level of the three general research questions (page 9; also restated with the next three
section headings). Areas of future research are also highlighted and the recommendations
identified in individual chapters that relate to the conservation management for both frogs

are restated.

This is one of very few studies of Australian amphibians that address conservation at a
landscape scale (but see Parris, 2001) and may well be the most detailed quantitative

analysis to date of the habitat requirements of any Australian frog.

1 How are the habitats of P. australis and H. australiacus best described?

This question clearly relates to the frog’s habitat requirements. The aim was to provide
wildlife managers and ecologists with the information required to accurately model the
distribution of both frogs. This will allow the identification of potential habitat where the
species have not (yet) been observed, and will facilitate assessment of the overall impact of
disturbances and habitat destruction on the species. The information can also be used in
reserve design, habitat ranking, allows comparisons with the habitat requirements of other
species, whether sympatric or allopatric, and is essential in understanding the complex
nature of the spatial distribution of both related and unrelated organisms and their links to
specific environments. I hypothesised that animal locations were not randomly distributed
throughout the landscape within their ranges, but were linked to some specific, but then

unknown, environmental attributes of these sites.

Within the Sydney Basin, the distribution of both Pseudophryne australis and Heleioporus
australiacus is limited to specific habitats, that is, these species are not randomly distributed

throughout the landscape within their ranges. I found that both frogs utilise very specific
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habitats and therefore label them as habitat specialists. Their habitats are best described as

follows.

Both frogs are found in places where the climate is milder with reduced temperature
variation and higher rainfall relative to other places within the Sydney Basin. Both species
are restricted to Hawkesbury Sandstone in elevated parts of the topography, such as the
upper slopes and mid slopes where gradients are gentle. Watercourses in their habitat are
ephemeral, and breeding sites frequently dry out. H. australiacus are slightly less restricted
topographically compared to P. aqustralis. The consequence is that H. australiacus also
access more permanent breeding habitat, an advantage in light of their relatively long larval
period. There, the breeding habitat often supports crayfish. Crayfish burrows are utilised by
H. australiacus for breeding and also provide temporary refuges to tadpoles in drying
ponds. The elevated, well drained positions of animal locations with soils of poor water-
holding capacities and the unpredictability of rainfall render this habitat as marginal habitat

for most frogs in the region.

The habitat occupied by both P. australis and H. australiacus is unusual in that only one
other frog, the wide-ranging Crinia signifera, is known to breed in the ephemeral water
bodies found there. Each of the three frogs has its own reproductive adaptations that allow it
to persist in its own way in this marginal environment away from permanent water courses.
Other frogs found there, including Litoria citropa, Lit. freycineti, Limnodynastes peronii,
Lim. dumerelii, and Uperoleia spp., are not confined to the ephemeral breeding sites in

sandstone habitats of the Sydney Basin.

Both frogs are dependent on vegetation with a complex structure (as defined by growth form
and crown separation of woody plants; Walker & Hopkins, 1998) and are absent from
cleared land. Within native bushland with a well developed vegetation structure, H.
australiacus at least, shows no preference among heath, woodland or forest. Furthermore, P.

australis frequently associate with cliffs, whereas H. australiacus do not.

P. australis are heavily dependent on leaf litter, hollow logs, soil cavities under logs or
rocks, rock crevices and holes and cracks in soil. These resources offer shelter, breeding and

foraging sites where P. australis form small groups of very closely spaced individuals. It is
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likely that bush rock is also an important resource for sheltering, but was not identified as
such possibly because the availability of such rocks may have become too scarce through

their removal by collectors for use in suburban garden landscaping.

H. australiacus are capable of phenotypically responding to decreasing water levels by
shortening their larval periods. This response is interpreted as an adaptation to its ephemeral
habitat and allows them to move metamorphosis forward in deteriorating ponds. However,
losses in the field can be high due to early pond drying, despite their ability to accelerate
larval development. Hydroperiods of 33 weeks were recorded to be the minimum required
for successful metamorphosis in the field. Crayfish burrows can offer important refuges to
tadpoles during short episodes in dry ponds. The acceleration in larval development is at the
expense of size at metamorphosis, which may affect fitness in terrestrial life. It was also
shown that the larval periods of H. australiacus vary considerably under different sets of

environmental conditions.

The modelling of potential habitat should not solely be based on GIS derived values but
should include data collected in the field. For example the results indicate that modelled
habitat based on slope could be quite different in location and area between GIS derived

slopes and slopes measured in the field.

2 How do P. australis and H. australiacus use their habitats?

This question addresses habitat use. It also investigates associations with a set of habitat
features. The aim was to provide wildlife managers and ecologists with information they
need to decide on the spatial requirements of populations, and to provide additional
information that helps with the identification of likely sites of animal presence in the field.
This information also pertains to habitat connectivity and potential migration paths. Links to
habitat attributes as well as the spatial arrangement at the intra-specific level are identified.
Such information provides insights into interactions among individuals as well as links of

individuals and populations to certain habitat features.

Around breeding areas, Pseudophryne australis form small groups of very closely spaced
individuals. This clustering behaviour is strongly linked to resources necessary for breeding,

and possibly sheltering and foraging, such as leaf litter piles. The strong link to leaf litter
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piles is further supported by the observations repeatedly made in drainage lines where water
action and birds regularly rearranged and moved leaf litter piles: P. qustralis moved with
these piles and resettled in relocated ones. Clearly, P. australis demonstrated resource
selection (Johnson, 1980) for cover provided by leaf litter piles, logs, rocks and dense low
vegetation. It is possible that such resources are limiting factors on population numbers and

sizes.

Heleioporus australiacus populations on the other hand are made up of widely and sparsely,
but randomly distributed individuals, many of which must migrate hundreds of metres to
suitable breeding sites in order to reproduce. Males may be more common near culverts, but
the species does not show associations with track drainage structures or natural drainage

lines.

Individuals of both species show site fidelity and generally only move short distances. P.
australis may stay with a single leaf litter pile, even if that pile is relocated or rearranged by
flood water. The full spatial requirements of populations however remain uncertain but are
expected to be larger than a single drainage line, because of the species’ need for dry-
weather refuges and additional foraging sites. The spatial arrangement of H. australiacus
individuals suggests that they may avoid each other. Individual home ranges are relatively
large and apparently rarely overlap with neighbouring home ranges, which suggests that
self-sustaining populations of this species require large areas of suitable habitat. Considering
that microhabitat is discontinuous and that there are edge effects, the spatial requirements of

a viable population is likely to measure one hundred or more hectares.

3 Is track-side habitat beneficial to P. australis and H. australiacus?

The third question relates to both species’ associations with roads. The aim was to determine
the value of artificial road drainage structures including table drains and mitre drains to
recruitment, and to evaluate potential impacts of road maintenance works. This aspect of the
study focused on the interface where frog habitat and human infrastructure, as well as
ongoing human activity, meet. Frog presence on road sites obviously pose management
problems, particularly those associated with the maintenance of these roads, but also the

potential of traffic induced mortality. Ecologists also find interest in studying organisms that
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incorporate artificial habitat features into their natural habitat. Such studies allow assessment
of the potential value of novel habitat features, their relative importance to the organism in
question, and may contribute to a better understanding of the distributional limits imposed

on this organism.

Tracks feature in the habitat of both frogs and both species breed in artificial track drainage
structures, but reproductive success, being affected by hydroperiod, is higher in the non-
track environment. For Pseudophryne australis, some table drains offer suitable breeding
habitat. However, non-track breeding sites hold water for longer and are therefore likely to
produce more metamorphs annually compared to track breeding sites. P. australis tadpoles
tend to be absent from track-side pools with high traffic volumes, even in places where
males regularly call. It remains to be investigated whether traffic inhibits breeding (calling
males do not necessarily indicate that breeding takes place), or whether it has adverse effects

on the egg masses or hatchlings.

Only half of the monitored Heleioporus australiacus sites held water long enough to allow
tadpoles to metamorphose. As a result, many tadpoles died despite their ability to accelerate
larval development in response to pond drying. Natural sites included some permanent pools
and therefore held water considerably longer than those in the track environment. As a

result, reproductive success was higher away from tracks.

At the terrestrial life stage, some H. australiacus do burrow in the track environment and
other previously disturbed areas such as quarries, and are at risk of being dug up and injured

during maintenance operations.

For P. australis and H. australiacus alike, all worked sites failed to produce any
metamorphs. Further research is required to determine whether tracks act as ecological traps
(sensu Donovan & Thompson, 2001) for either frog. At present, the effects of ecological
traps on long-term conservation efforts are unclear, but their dire implications for population
persistence means that they should not be ignored in the management and conservation of

animal populations (Battin, 2004).
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4  Future research
This research identified a number of unanswered questions that relate in some way or
another to the habitat or its use by Pseudophryne australis and Heleioporus australiacus.

These are restated here and may serve as the basis for future research on these species.

Both frogs are strongly associated with Hawkesbury Sandstone and to a much lesser degree
the Narrabeen group. Whether the habitat of the frogs is linked to transition zones (as may
perhaps have been indicated by the presence of clay lenses at some sites studied) between
geological strata remains to be further investigated. Habitat models could then be tailored to
identify areas near such transition zones, rather than include the total area of Hawkesbury

Sandstone.

The frogs studied were never observed to utilise watercourses dominated by weeds
including privet (Ligustrum spp.) or lantana (Lantana camara). Clements (1983) found
elevated phosphorus levels in the soils of watercourses with weeds. The topographical
position and underlying geology suggest that phosphorus levels in P. australis and H.
australiacus habitat are lower in comparison to those found in valleys or on shale derived
soils (see Clements, 1983). Soil phosphorus levels are one responsible factor determining
the make-up of vegetation communities at least in the northern part of the Sydney Basin,
also influencing the abundance of exotic plants and other weeds (Clements, 1983). The
actual influences of soil and water nutrient levels and the vegetation itself on the small-scale

distribution of the frogs remain an area to be investigated further.

The spatial requirements of P. australis individuals and populations are most likely to be
much higher than the space and resources offered by breeding sites alone. Extensive search
efforts through the leaf litter did not produce any frogs during prolonged dry weather
conditions. Unfortunately, the fossorial habit and small body size make it extremely difficult
to track individuals to their retreats during unfavourable climatic conditions. It has been
reported however, that these frogs may retreat to lower clay layers or into crevices in cliffs
{(Thumm & Mahony, 1999). It can only be speculated that frogs seek such refuges as close
to breeding sites as possible. The closeness of an individual to a potential breeding site can

affect the time required to acquire and defend a high-value egg deposition site when weather
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conditions turn favourable. High-quality habitat is usually occupied very quickly in other
animals (e.g., Orians & Wittenberger, 1991). Proximity to breeding sites is likely to be an
important factor influencing individual reproductive success in species such as P. qustralis
because the timing of reproduction in this frog is independent of season but strongly linked
to prevailing weather conditions (Thumm & Mahony, 2002b). Also, little information is
available in relation to the foraging behaviour of P. australis. Foraging may indeed further
increase the spatial requirements of individual P. australis. Ross (1908) described P.
australis as “a great wanderer” with individuals found half a mile (approx. 800 m) from any
water. On several occasions, P. qustralis females were observed considerable distances
(Watagans: 100 m; Stauber, pers. obs., Homnsby: 72 m; Thumm, unpubl. data) away from
the nearest breeding sites feeding on termites at the base or even on top of their mounds.
Perhaps females range further than males to seek out high quality food items for egg
production. Such foraging behaviour further increases the spatial requirements of a species.
Further advances in the miniaturisation of tracking devices are necessary to follow
individuals in the quest to determine their true spatial requirements, and to identify all

habitat components used by this species.

A new P. aqustralis population was observed to be formed 120 m away from a declining one.
The origin of the founders of the new population remains a puzzle because none of the
individuals were members of the two neighbouring populations. This leaves open many
questions that relate to dispersal of this species, which of course also relates to the spatial

requirements of populations.

Dispersal is an important area that remains to be investigated in both P. australis and H
australiacus because it fundamentally influences gene flow and the genetic structure of
populations (Berry, 2001; Driscoll, 1998; Ibrahim et al, 1996; Lacy & Lindenmayer, 1995;
McCauley et al, 1995; Neigel & Avise, 1993; Peterson & Denno, 1997), their spatial
arrangement through colonisation and recolonisation (Hengeveld, 1994; Shaw, 1995), and
population demography and persistence (Hansson, 1991). In amphibians, a reliance on
dispersal seems highly likely because of the patchy distribution of breeding sites (Hughes,
1990). For amphibians, dispersal is generally thought to be primarily achieved by juveniles
(Berven & Grudzien, 1990; Breden, 1987; Gill, 1978). No juvenile P. australis and only
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very few H. australiacus (no recaptures) were encountered during this study. Juveniles do
not call and would only be detected by chance. Given the longevity of P. australis, and
possibly H. australiacus, and the low recapture rate of adults, it is highly likely that adult
dispersal is an important element in these species ecologies and population demographics.
Dispersing individuals had a very low probability of being recaptured in the present study,
unless they dispersed to a neighbouring population which was monitored, or along the
transects. Some individuals were recorded to have moved distances greater than the lengths
of some of the shorter study sites, which suggests that individuals were quite capable of

moving out of the study sites.

The association of H. australiacus males with culverts was only observed at one transect —
where the numbers of animals and culverts were highest — and not at the other two. The
influence of sample size on the result is not known, it is therefore not clear whether this
association applies to a few, or indeed all populations of this species. The aggregation
indices based on nearest-neighbour distances for the three transects, however, do not support
the finding that A australiacus associate with culverts. Further work could clarify the

situation.

The spacing of individuals within populations is not solely influenced by the location,
quality and availability of resources. Behavioural interactions such as social interactions
(Blaustein & Walls, 1995; Brown & Orians, 1970), including avoidance (e.g., Aberg et al.,
2000), also influence the spatial distribution of mobile organisms (Moody et al., 1997). The
effects of behaviour on spatial patterns were not investigated in this study, but would make
an interesting subject of further research. The large values of the actual nearest-neighbour
distances measured in the field do suggest that avoidance behaviour to conspecifics may be

implicated in the spatial distribution of H, australiacus.

Whether site fidelity in H. australiacus translates to territoriality remains to be tested. If a
territory is defined as a “defended space”, the definition adopted by Noble (1939), then
territoriality describes behaviour which includes the defence of the site and the exclusion of
competitors (Gergits, 1982). Resource limitations linked to particular sites (a resource may

be space itself or any biotic or abiotic feature (Begon et al., 1996)) and resource defence by
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H. australiacus remain to be investigated in order to demonstrate territoriality in the species.
Male H. australiacus do possess prominent cone-shaped nuptial spines on their fingers
(Moore, 1961), which could be used as weapons against each other to possibly defend
resources. Captive juveniles were observed repeatedly head-butting each other when a
limited number of prey items were made available (A. Stauber, unpubl. data). It is not clear
how females would defend resources because they do not possess nuptial spines, nor do they
call to advertise their presence. Perhaps they use head-butting or possibly even chemicals.
Territoriality would explain the sparse distribution of individuals. At densities that are
higher than those encountered during this study, territoriality would be expected to translate
into a regular spatial distribution pattern. Territoriality in frogs is not uncommon (see
references in Brown & Orians, 1970; Mathis ez al., 1995 and references therein; Roithmair,
1994; Thumm, 2004).

The interpretations of the data offered here assume that the number of “track avoiders”
within the sampling areas was insignificant, and that tracks do not act as “magnets” to the
species. However, roads may provide benefits to the species, such as open foraging ground,
or a unique microclimate, or factors associated with the edge-effect. If such benefits
influence the spatial distribution of H. australiacus by attracting them to roads, then the
population density would be lower in natural bushland. This would influence the overall
spatial requirements of H. australiacus populations. On the other hand, roads may also act
as ecological traps (sensu Donovan & Thompson, 2001), by attracting individuals to places
where they may get run over by vehicles or are easily taken by predators. This topic clearly

needs more work.

Furthermore, tracks offer artificial breeding sites. While these sites have a lower potential to
produce metamorphs, it remains unknown whether track breeding sites truly act as
ecological sinks by attracting breeding adults away from natural (and possibly better)
breeding sites. Alternatively, track sites may boost the number of breeding sites where
breeding sites are limited. Which of these predominantly applies at the landscape scale
certainly needs further investigation. P. australis it also remains to be investigated whether
traffic inhibits breeding (calling males do not necessarily indicate that breeding takes place),

or whether it has adverse effects on the egg masses or hatchlings.
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Within-clutch variation in larval periods may be an additional strategy to phenotypic
plasticity that allows H. australiacus to reduce the risk to reproductive effort associated with
pond drying. Asynchrony in larval period, which did not obscure the plastic response to
pond drying in H. australiacus, may possibly be a secondary survival strategy to phenotypic
plasticity in larval period. While weight differences in H. australiacus tadpoles (Chapter 3)
were not significant between treatments in the laboratory, the modest relationship with
larval period suggests that an increase in the difference of the mean duration of the larval
period among treatments (for instance possibly under lower temperatures) would from some
point in time onward be expected to produce significant weight differences among
treatments. Further experimentation is required to test how temperature affects the
magnitude of the phenotypic response to pond drying in H. qustraliacus. Furthermore, it is
not clear whether natural temperature differences among the hatching sites of the three
studied populations and possible acclimatisation of hatchlings to these differences account

for some of the differences in larval periods observed in the laboratory.

The importance of crayfish burrows and crevices that provide access to the watertable below
dry ponds was evident. These shelters allowed tadpoles to survive short dry spells and
complete metamorphosis in replenished pools. There is a strong association between H.
australiacus breeding pools and the presence of crayfish burrows (Chapter 2), a relationship
that appears to convey benefits to the frog. Male H. australiacus often call from such
burrows and egg masses may get deposited there (A. Stauber, pers. obs; see also Hoser,
1989). It is not known if the crustacean preys on tadpoles. While crayfish appear as
inefficient predators on free-swimming tadpoles (Lefcort, 1996; but see Nystrom &
Abjémsson, 2000), they would benefit as a predator when tadpole densities increase as a
result of pool drying. An investigation into the nature of the relationship between crustacean

and amphibian and its implications for both taxa is recommended.

An indirect effect fire hazard reduction burning is likely to be the temporary loss of leaf
litter piles and logs, resources that are particularly important to P. australis. It has been
stated that the congener P. corroboree may be more vulnerable to dehydration following fire
(Osborne, 1991). Whether this also applies to P. australis remains to be tested, but it is
highly likely that the temporary and perhaps even partial loss of sheltering, feeding and
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breeding habitat may negatively affect population size, which, in the worst case may also

affect population persistence.

5 Management recommendations

The habitat occupied by both Pseudophryne australis and Heleioporus australiacus is
unusual in that only one other frog, the wide-ranging species Crinia signifera, is known to
utilise it. Each of the three frogs has its own reproductive adaptations that allow it to persist
in its own way in this marginal environment away from permanent water courses. Habitat
specialisation by P. australis and H. australiacus require that their unique habitat
requirements are taken into consideration in the management of urban impacts. These
include the management of tracks, wild fires and fire hazard reduction operations, the
clearing of habitat and the collection of bush rock. Both P. australis and H. australiacus
should benefit if conservation managers give consideration to the following issues and

recommendations.

Both frogs breed in feeder creeks (not mapped on the 1:25000 topographic map series),
natural and artificial gutters (including table drains), natural drains, soaks and depressions
high up in the catchment where the hydroperiod is ephemeral. Importantly, this means that
the creeks shown on the topographic map series are not very useful for identifying potential

habitat of these frogs.

H. australiacus is a highly cryptic species and targeted surveys often fail to detect the frog
even in areas where populations are known to exist (Chapter 4). In addition, burrowing
locations cannot be predicted, and occupied burrows are virtually undetectable unless
tracking devices are used. Pre-track work surveys therefore would only be of limited use in
detecting the presence of the species, unless considerable effort is invested. Breeding sites
can be identified by the presence of tadpoles during winter and spring, but these sites are
often long distances from individual home ranges (Chapter 4). It is essential that the Aflas of

NSW Wildlife is consulted to identify areas where the species potentially occurs.

5.1 Fire hazard reduction burning
Leaf litter piles and logs are clearly important to P. australis because they provide shelter,

egg deposition sites and foraging opportunities. Once dry, they are also highly combustible.
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Fire hazard reduction burning, and wild fires alike, potentially reduce population sizes
(Thumm & Mahony, 1999; A. Stauber, pers. obs.). An indirect effect of such disturbances is
likely to be the temporary loss of leaf litter piles and logs. It has been stated that the
congener P. corroboree may be more vulnerable to dehydration following fire (Osborne,
1991). Whether this also applies to P. australis remains to be tested, but it is highly likely
that the temporary and perhaps even partial loss of sheltering, feeding and breeding habitat
negatively affects population size, which, in the worst case may also affect population
persistence. Given the importance of these habitat features to the species, managers should
aim at reducing fire impacts on natural drainage lines and table drains that are colonised by
P. australis. High frequency fire has been listed as a key threatening process by the NSW
Scientific Committee (Threatened Species Conservation Act 1995). Thumm & Mahony
(1997b, 1999) recommended that fire hazard reduction burns should be implemented only
after careful planning taking into consideration exclusion zones to protect the species, and
that no more than one fire management activity (including burning, slashing, clearing)
should be carried out at a single site within [about] 10 years. These recommendations are
obviously designed to minimise the temporary loss of important microhabitat features and
should be adopted across the species’ range. Ideally, fire management activities within an
area are carried out in small patches at different times to form a temporal mosaic pattern at a

metapopulation scale.

5.2 The spatial requirements of Pseudophryne australis and Heleioporus australiacus

The spatial requirements of P. australis populations remain uncertain. Apart from breeding
sites, the frogs also need access to shelters nearby that provide refuges during adverse
climatic conditions. Additional foraging space seems to be another requirement. Habitat
protection should therefore not be restricted to breeding sites alone, but also needs to
incorporate shelter and foraging areas. Individuals demonstrated site fidelity and may not be

able to relocate to nearby sites when conditions in their home ranges change.

While being dependent on natural bushland, H. australiacus do not show any preference for
heath, woodland or forest. Vegetation structure based on growth form and crown separation
of woody plants (sensu Walker & Hopkins, 1998) is therefore a poor predictor for species

occurrence in bushland. Within their habitat, populations are made up of randomly, or
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possibly evenly, spaced individuals. Individual home ranges are located independently of
their proximity to creeks, mitre drains and culverts, although males in one study area
appeared to be more common near culverts. While the protection of breeding sites is
important, it is also a necessity to consider the presence of individuals up to several

hundreds of metres from potential breeding sites.

H. australiacus have demonstrated site fidelity and it appears that individuals do not share
their space with conspecifics. Given that individual home ranges may exceed 2000 m’
(Chapter 6) with little overlap, the minimum spatial requirements of a viable population is at
least a hundred hectares. The reduction of habitat availability by several house block sized
allotments may therefore negatively impact on population persistence, even if these

developments are located considerable distances away from water courses.

5.3 Management of the track environment

This study suggests that reproductive success of P. australis and H. australiacus is higher in
the non-track environment in comparison to breeding sites associated with the track
drainage system. Differences were recorded in pool duration and the number of sites

producing metamorphs.

This study also demonstrates that tracks in the Reserve System are subjected to regular and
frequent maintenance works. Track maintenance works were undertaken during the study
period on all but one track where breeding pools were monitored. The remaining track was

exposed to maintenance works six months after the monitoring period.

Two unmonitored and two monitored breeding sites were completely destroyed as a result
of the track works. The first unmonitored site, a table drain, was dug out to solid base during
a wet period when breeding activity was indicated by a large number of calling male P.
australis. This was most likely the first reproductive effort in twelve months during which
very little rain had fallen. That table drain waé re-built six weeks later after a vehicle had
driven through its entire length. The second unmonitored site, a depression in natural
bushland about 1 m from the edge of the track, was used as a permanent dump for excess
track fill clearly contravening Austroads (2001) guidelines. That depression is now a mound

about 2 m long and 1 m high. A monitored site, a rut in the middle of the track, was
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completely filled with crushed sandstone and was thus eliminated. No ameliorative
measures were evident. The fourth site was damaged and drained by a truck that had driven
through. These four events took place in a Nature Reserve in locations that are recorded in
the Atlas of NSW Wildlife.

Records of track work activities directly altering P. australis breeding sites are by no means
new or a rare occurrence, An unsealed track in Royal NP was resurfaced with ground
bitumen in early 2001. A pool in the table drain where P. australis used to breed regularly
was graded and drained. A visit in late March 2001 failed to locate any P. australis in or
near the site which had become silted up (A. Stauber, pers. obs.). Regular maintenance
works of the major tracks in the State Forests of the Watagan Mountains account for major
disturbances in at least two P. australis breeding sites. A 40 cm deep table drain at the
bottom of which P. australis used to call from under the leafl itter and in cavities was
levelled with road spoil (A. Stauber, pers. obs.). The mitre drain nearby was converted to a
dam in spring 2004. At the same time, another breeding site was bulldozed and diverted to a
newly constructed dam (A. Stauber, pers. obs.). Madden (pers. comm.) attributed the
extinction of a population in a drainage ditch in the Woronora catchment to grading of the
site, rather than a recent fire. Track works during a fire in a bushland reserve on the Central
Coast in October 2002 completely filled a depression in the track where previously P.
australis were regularly heard calling. No P. australis were heard there for the following 17
months during which the species was heard in other known locations nearby (A. Stauber,
pers. obs.) Dramatic reductions in the numbers of calling males were still recorded 12
months after the cleaning out of table drains elsewhere (Thumm, 1997a). Single
maintenance operations can impact on multiple breeding sites as was demonstrated during

“upgrading” works of a track when six breeding sites were backhoed (Thumm, 1997b).

The impact of track works on track-side breeding P. australis populations must not be
underestimated. During this study, not a single worked site produced metamorphs of this

species, whereas a non-worked site did.

In the track environment, dying H. australiacus tadpoles were observed in the same mitre

drain for two years in a row. At some stage masses of wriggling tadpoles were concentrated
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in the footprints of a large dog where the pool’s remaining moisture had accumulated. This
site is part of a small watercourse which offers several deep, natural breeding pools, which
occasionally, but not always, were occupied by H. australiacus tadpoles. That mitre drain
can be classified as an ecological trap because it is a habitat “low in quality for reproduction
and survival that cannot sustain a population, yet is preferred over other available high-
quality habitats” (Donovan & Thompson, 2001). At present it is not known whether this

type of ecological trap is an isolated case, or a more widespread phenomenon.

It is not clear what proportion of all P. australis and H. australiacus breeding sites are
located in the track environment because of sampling bias associated with site access. What
can be said however is that tracks, due to their continuity and linearity, can dissect a large
number of adjacent drainage lines. This can be observed in many situations (including the
study area) where maintenance tracks follow contours below the ridge top. In such situations
(in elevated locations where slopes are gentle), tracks come in contact with every potential
breeding site on hill sides, which may add up to a series of considerable and continuous
areas of potential impact in certain regions. At this stage of knowledge, the precautionary

principle should be applied and the impacts of track works taken into consideration.

Given the legal status of both frog species and the conflicting situation between frog
presence in track sites and the necessity for regular maintenance works there,
recommendations are needed to reduce the impact of track management on frog populations.
Mitigation strategies need to be adeqﬁately based on the species’ ecology or life-history
requirements. Particularly the early life-history of both frogs can be put at an increased risk
in the track environment. This study demonstrated that track works carried out at sites
containing tadpoles of P. australis or H. australiacus relate to reproductive failure of these

sites.

Ideally, tracks, including their drainage systems, should be constructed in such a way that
they and their run-off does not impact on existing breeding sites during and after
construction. The ideal drainage system will not allow water to pool and therefore will not
offer artificial breeding habitat. As a result there is no change in the number of breeding

sites or their qualities. Practicalities however impose changes on such an ideal situation.
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At the moment, these frogs are known to breed in numerous track sites which are recorded
in the Atlas of NSW Wildlife. Data presented above strongly suggest that this database is not
always utilised to identify sites where impending track works potentially impact the frogs.
Time should be allocated to identify and mark known and potential breeding sites in order to
eliminate accidental impacts and to reduce the impacts of necessary works. Accidental
impacts include vehicle movements through the site while works are in progress nearby, and
the temporary or permanent placement of road material stock piles. Unlike the track works
example in the Nature Reserve given above for P. australis, maintenance works should be
timed so that they do not coincide with breeding activity of the species. P. australis breed
throughout the year after rain (Harrison, 1922; Thumm & Mahony, 2002b), which makes it
impossible to find an off-season. A reduction in the impact should be expected if track
works there were undertaken sufficient time after the last substantial rainfall event, to allow
the ground to dry out and adults to move to more suitable shelters. If works at H.
australiacus breeding sites were restricted to January and February, impacts on the larval
stage of this species would be mitigated because the majority of tadpoles have

metamorphosed and new eggs have not been laid by then.

A seemingly successful solution to the problem of threatened frog presence in the track
environment is a dug-out table drain that runs parallel to the track in bushland on the high
track side. This intercepts seepage and surface run-off from the hill above and channels the
water to a permanent culvert under the track, effectively removing water before it enters the
track environment. These table drains may be two to three meters from the edge of the track
where they are not driven through or constantly trampled by walkers. Once revegetated
naturally, these table drains are stable and maintenance free. Examples of such table drains
can be found in many reserves including Royal, Ku-ring-gai, Brisbane Water and Bouddi

National Parks where they are utilised as breeding habitat by one or both frogs.

The major advantage of this system is that the artificial habitat is placed away from the
direct impacts of vehicular movements and maintenance works. It also offers accessible
shelter to animals that exploit pools which may form on the track itself. This system reduces
track run-off and a potential reduction in erosion lowers maintenance needs. The system

could also be used advantageously during hazard reduction burning to minimise potential
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threats to vulnerable track-side plants and animals. The main disadvantages are the initially
high costs to install the system. These however would be offset by likely savings in ongoing
maintenance costs. Topography, soil type or potentially negative impacts on the hydrology

may rule out the construction of the table drains in some areas.

The use of blue metal or crushed building rubble as road material should be avoided in the
sandstone areas until their impacts on egg masses and tadpoles are better understood. Local
materials should be used for track construction (Morse McVey & Associates, 1993), and
Recsei (1996) and Thumm (1996) have advised in their papers against the use of blue metal
because of its potential to alter soil acidity. Buchanan (1996) recorded pH increases in
naturally acidic soils, such as those found on sandstone, near areas that are covered in blue

metal.

The presence of H. australiacus and the recorded breeding activity (and repeated failure) at
one site warrant investigation into a more permanent engineering solution of this creek
crossing. There are likely to be similar situations in other areas. Placement of a culvert under
the track would be a sensible approach in this case and would also make the mitre drain
redundant. At present, this drain offers egg-laying opportunities, but no opportunity for
tadpoles to reach metamorphosis. This drain is not essential to the species’ persistence
because there are at least four natural pools available as breeding habitat nearby in the same

creek line.

H. australiacus occasionally shelter in structures that are part of unsealed tracks, including
track edges and the drainage system. Individuals may also inhabit areas that had been
previously disturbed and created through the construction or maintenance of such tracks.
This species relies on its ability to burrow for shelter, and may utilise such unnatural sites
because the soft substrate facilitates digging and perhaps for the relatively higher soil
moisture content. One male’s burrows were mostly located near the track which suggests
that the track served as a corridor for movement. Frequent observations of this particular
animal on the track while active (Chapter 4) support this suggestion. A female regularly
sheltered on both sides of the track. The home range of that animal was dissected by the

track. One study animal sheltered for a disproportionately high amount of time (82%) within
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3 m of the track, including two burrows in the track. The burrow it used most regularly falls
into that zone. This animal showed no temporal shift in burrowing locations away from the
track. Another individual spent 36% of sheltering time in burrows within 5 m from the
track. [ts closest burrow was 0.5 m from the track edge. Generally, these frogs shelter within
the top 15 cm of the soil. This potentially places them at an increased risk of being dug up
and injured during track maintenance work. The impacts this might have on population
persistence are unknown, but since many individuals have been found to associate with
track habitat (Chapter 4), they could be threatened by track works even in the reserve system
including national parks and nature reserves. Sound management of any threatened species
should consider all potential threatening processes in order to improve the status of that

taxon.

The timing of the track works would be of little consequence in minimising impacts on adult
H. australiacus. These animals are nocturnal and leave their burrows only at night during
periods of activity. At all other times they shelter in the soil. Track maintenance works are
carried out in the day time and always have the potential to unearth and mutilate a buried

frog.

A sound management approach embraces a reduction in the frequency of necessary
maintenance work and suggests that tracks should not be topped up or even sealed with
materials that are foreign to the site (blue metal, demolition waste, bitumen). Such materials
are known to change chemical and physical properties of the soil and run off water
(Buchanan, 1996; Trombulak & Frissell, 2000) and their use is discouraged in NSW (Morse
McVey & Associates, 1993).

Some flood ways of the ephemeral watercourses in H. australiacus habitat may need to be
replaced initially with permanent culverts to eliminate gully erosion of the track at these
crossings and sedimentation of the waterway downstream. Maintenance of the track surface
in combination with its linear nature facilitates the transport of suspended sediments,
particularly because vegetation is absent. In addition, the compacted track surface has a
comparatively lower infiltration rate which leads to increased sedimentation (Krause et al.,

2003). A more important issue however appears to be the erosion caused by traffic
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(Anderson, et al., 1976; Coker et al., 1993). Many tracks that dissect H. australiacus habitat
in the reserve system experience frequent and regular illegal use by motorcycles and 4WD
vehicles. Law enforcement may be a solution in this situation because the elimination of
such vehicular movements would inevitably lead to a reduction in track damage (Morse
McVey & Associates, 1993; see also Reid & Dunne, 1984), and hence a reduction in the

frequency and severity of required maintenance work.

I strongly recommend that continuously eroding causeways are replaced by culverts, and

that active measures are undertaken to kerb illegal vehicular traffic.
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Abstract. Pattern mapping is an advantageous marking technique, as long as patterns remain
unchanged ontogenetically and allow reliable individual recognition. These pre-requisites
were tested on ventral patterns of captive frogs Pseudophryne australis. Patterns of
individuals ranging in age from 2 months to more than 10 years were drawn repeatedly over
4 years and compared for ontogenetic change and variability. We found that ventral patterns
of P. australis do not change throughout the frog’s terrestrial life and high variation among
individuals allows unambiguous distinction. High variation in ventral patterns was also
found in museum specimens of nine other frog species. Pattern mapping, suitable for long-
term studies and allowing the inclusion of juveniles, has great potential for ecological work

on many anurans.

Introduction

Mark-recapture studies are an integral part of ecological research and provide much
ecological information ranging from population size and demographics, to habitat use and

individual growth rates (Donnelly and Guyer 1994). The ideal marking technique does not
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alter an organism’s behaviour and survival, is easily applied, and lasts throughout the study
period (Ferner 1979).

Many study objectives rely on marks that uniquely identify individuals, as opposed to the
recognition of cohorts. A wide range of marking techniques for individual recognition is
available to amphibian researchers (Donnelly et al. 1994), varying greatly in cost, ease of
application, durability and extent of distress caused to the organism. Toe-clipping is
inexpensive, quick and has been in use for several decades, but evidence suggests that it can
affect behaviour, survivorship and hence return rates (Clarke 1972; Humphries 1979; Parris
and McCarthy 2001; McCarthy and-Parris 2004). Ethical concerns over toe-clipping have
also been raised (e.g. May 2004). Other techniques include tattooing (Joly and Miaud 1989-
1990)), visual implant elastomer (VIE) tagging and dye injections (Brown 1997; Lampert
and Linsenmair 2002), passive integrated transponder (PIT) tagging (Christy 1996),
branding, and the use of jaw tags (Ferner 1979) or reflective tape (Robertson 1984). Each
technique has its own limitations, and increasing awareness and enforcement of animal
welfare issues potentially decreases the number of marking techniques available to

researchers.

Several studies have made use of natural colour patterns to recognise individual amphibians
(e.g. Summers 1989; Loafman 1991; Doody 1995; Barandun and Reyer 1998; Caldwell and
Oliveira 1999; Buschmann 2002). For such patterns to be useful for individual
identification, they must meet two conditions: patterns must not change ontogenetically, and
they must be sufficiently different from each other to allow the observer to distinguish

among patterns without ambiguity.

Duellman and Trueb (1994) point out that many recently metamorphosed amphibians have
colour patterns unlike those of the adults. Juvenile patterns keep changing for the first three
years in newts and salamanders (e.g. Smith 1969). Dramatic ontogenetic changes in
colouration and patterning have been reported for some dart-poison frogs (e.g. Myers &
Daly 1983), but to our knowledge, ontogenetic change of patterns has never been tested in

any other groups of frogs.
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Previously, dorsal pattern mapping had been applied for the identification of dendrobatid
adults in short-term behavioural studies (e.g. Roithmair 1994; Caldwell and Oliveira 1999).
Ventral patterns had also been used for the individual recognition of Adelotus brevis
(Katsikaros and Shine 1997), Pseudophryne australis (Thumm and Mahony 2002), and
Bombina variegata (e.g. Seidel 1993; Buschmann 2002), but exclusively for adult frogs.
Besides Thumm and Mahony (2002), who reported that patterns did not change over an
unspecified period, no other author reported on the constancy of patterns. Their results only
suggest that the markings allowed recognition of individuals for the duration of their studies.
The only indication to date that juvenile patterns may be useful for later recognition in frogs
is given by Gollmann and Gollmann (2000). They recognised a few Bombina variegata
individuals in the field after 3 years on the basis of ventral pattern photographs taken of
‘relatively large metamorphs’ (SUL not stated).

Here we investigate ontogenetic change of ventral colour patterns in a very small frog (adult
mean snout-vent length: males = 22 mm; females = 26 mm (Thumm and Mahony 2002))
- and evaluate the suitability of ventral patterns for individual recognition in several frog
species. The model species is an Australian ground frog, the red-crowned toadlet
Pseudophryne australis (Myobatrachidae). Red-crowned toadlet venters are black with bold
white blotches (Fig. 1). This frog and several congeners are listed as threatened species in
Australia (e.g. NSW NPWS 1995) and internationally (IUCN 2003), necessitating
ecological research toward the formulation of management and recovery plans. Adult sizes
are too small for PIT tagging (sensu Camper and Dixon 1988; Christy 1996) and permits for
toe-clipping have been refused to us by licensing authorities on the grounds that this
predominantly walking frog may be severely incapacitated by the loss of a phalange.
Thumm and Mahony (1999; 2002) also showed the species’ potential as a model for this
study by successfully identifying adult P. australis using photographs and drawings.
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Figure 1 Examples of ventral patterns of red-crowned toadlets Pseudophryne australis. The lower half
shows parts of a pre-printed marking sheet with pattern drawings made of juveniles three and a half years
before the same animals were photographed as adults. Mean snout-urostyle length of these individuals
increased from 14.1 mm to 24.3 mm over that period.

Materials and methods

Data were obtained from a collection of captive Pseudophryne australis (n = 68) unless
stated otherwise. The collection was originally established for a series of experiments not
related to this study. It included captive bred juveniles from five egg clutches (each from a
different population), and wild collected adults from 11 populations spanning a geographic
range of 85 km. Juveniles are defined as four-limbed individuals (post Gosner 1960: stage
42) that have not yet reached sexual maturity, hence include metamorphs and sub-adults.
Age of juveniles was measured as the time since front limb emergence during early
metamorphosis (Gosner 1960: stage 42). In captivity, P. australis will have reached sexual
maturity by age 2.5 years (Thumm 1997). The animals were regularly fed termites and kept
in 11 terraria that contained a thick layer of moist sandy soil and some leaf litter and woody
debris. Animals were recovered for this study by systematically searching each terrarium. It
was considered unnecessary to artificially mark the animals because of the wide-ranging

variety of very dissimilar patterns previously observed in the field. Measurements taken of
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individuals were body mass using an electronic balance, and snout-urostyle length (SUL)

using callipers.

Do ventral patterns change in growing juveniles?

Juvenile frogs (n = 43) were monitored to test whether ventral patterns change during the
early terrestrial life stages from juvenile to adulthood, which is generally the period of
fastest growth (e.g. Morey and Reznick 2001). Field observations confirmed that ventral
patterns in P. australis first develop during metamorphosis (Gosner 1960: stages 42 - 46).
The captive juveniles, initially ranging in age from two to seven months, all had clearly
distinguishable ventral patterns. These animals were drawn and measured on four occasions
(Table 1). Only a subset was redrawn in April 2002. Animals were restrained to expose the
ventral surface, by holding the legs between thumb and middle finger with the index finger
supporting the head. A pencil was used to draw the shapes of ventral blotches on printed
forms containing a 40 mm x 55 mm outline of head, body, and location of the legs (Fig. 1).
Drawings were completed within 30 to 60 seconds depending on the complexity of the

patterns.

In order to evaluate ontogenetic change of the markings it was important that subsequent
sets of ventral patterns were obtained free from the influence of the existing drawings. This
was achieved by the drawer creating a new set of drawings without referring to the previous
ones, until all animals were recorded for that session. Sets of new drawings were then
compared and matched to the oldest ones by the drawer and two other observers

independently. The drawer and both matchers were the same persons throughout the study.

Do ventral patterns change in adults?
The ventral patterns of adult frogs (n = 25), initially ranging in age from approximately
three to six years, were drawn on three occasions at months 0, 22 and 48 (Table 2). Drawing

and matching procedures were carried out as outlined above.

Do ventral patterns allow reliable recognition of individuals?
For ventral patterns to be useful for individual identification, they must be sufficiently
different from each other. Each drawing of a captive individual was compared to all other

drawings to assess the potential of ambiguity due to similarities between individuals.
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Objective criteria used were the position, shape and direction of the larger and medium sized

blotches and the patterns formed by smaller blotches and their numbers.

In addition, ventral drawings of 500 individuals from the field were compared individually

using the same criteria. Two observers were asked to find matches within the set.

Comparison of drawn and digital images

To compare the efficacy of the drawing method above with digital images, we also used a
Sony digital still camera Mavica MVC-FD7. For digital images to be of benefit, these had to
be taken at night by one person because assistance was normally not available. The right
hand held the camera together with a torch to illuminate the subject, which was held in the
left hand. The frog was held ventral side up with its hind legs between thumb and middle
finger. The torch was necessary to aim and focus the camera. Camera-to-subject distance
was about 30 cm, rendering use of the built-in flash inappropriate. Images were checked in
the field before the animal was released, and saved onto computer later. Images were
compared to ventral pattern drawings made in the field, concentrating on the shape and

position of individual blotches and their numbers.

Can ventral pattern identification be applied to other frogs?

In order to explore possibilities for the wider application of ventral pattern identification in
Australian ground frogs, intraspecific pattern variability was evaluated in nine other
myobatrachids. These were: Adelotus brevis, Pseudophryne bibronii, P. coriacea, P.
corroboree, P. dendyi, P. major, P. occidentalis, P. semimarmorata, P. pengilleyi.
Preserved specimens held by the Australian Museum, Sydney, were inspected. For each
species, ten (exceptions: sample sizes for P. major = 6; P. occidentalis = 3) randomly
chosen animals were laid out ventral side up. Strongly faded or dissected specimens were
rejected. The ventral pattern of each individual was then compared to the others to check for

individual differences as outlined above.

Results

Do ventral patterns change in growing juveniles?
The position, shape and direction of the blotches did not change over time in growing

juveniles. Ontogenetic change in blotch size was judged to be isometric, the number of
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recorded blotches, however, increased during the first sampling period by one to three small
blotches (< 4 mm long) in four animals (9%). These would have been considered too small
and unimportant originally to be recorded and did not cause problems with identification.
Examples of pattern drawings from December 2001 and photographs taken of matching

individuals in June 2005 are shown in Fig. 1.

Ventral patterns were initially drawn for 43 juveniles (Table 1). These animals had a mean
(% s.d.) body mass of 0.20 & 0.07 g, and a mean SUL of 12.8 £+ 1.35 mm. Each pattern map
from a subsample drawn at Session 2, 4.5 months later, was easily matched with one of the

original drawings. The results were consistent between all observers.

The 25 survivors (Table 1) located 13 months later measured 0.50 + 0.15 g in mean body
mass and 18.3 £2.12 mm in mean SUL. The drawings obtained from 23 of these animals
were easily matched with original drawings (each observer individually reported a matching
rate of 92%). The two remaining new drawings and the animals themselves could not be
matched with any of the older ventral pattern maps. It is quite possible that not all juveniles
were originally drawn because they were overlooked in the terraria as a result of the gentle

approach taken when removing the small individuals.

All animals had reached adulthood 12 months later (ages: 31 — 36 months; and males were
heard vocalising). All 25 individuals alive in May 2003 were again drawn two years later
(mean body mass: 0.83 + 0.15 g; mean SUL: 22.6 + 1.66 mm). Matching rates of this last
set of drawings made 3.5 years after Session 1, including the two additions from the

previous session, were 100% for all observers.
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Table 1. Sample sizes and ventral pattern matching rates for juvenile Pseudophryne australis, and their
ages since metamorphosis. Juvenile mortality reduced sample size during the first half of the experiment.
Only a sub-sample was marked in Session 2 as a trial, * Two individuals could not be matched in Session 3
and may have been absent in Session 1.

Sampling session Session 1  Session2 Session3  Session 4
Dec 2001 Apr2002 May June
2003 2005
Numbers marked in session 1 and matched 43 18 23 23

in subsequent sessions
Numbers of presumed new additions 2% 2
marked in session 3 and matched in

subsequent session

Total marked 43 18 25 25
Total matched 18 23 25
Matching rate 100% >92%* 100%
Time since metamorphosis (months) 2-7 6-11 19-24 44-49

Do ventral patterns change in adults?

No pattern changes were observed in adult frogs. Twenty five adults were originally drawn
(Table 2). Males (n = 15) measured 1.26 + 0.2 g and 24.6 + 1.5 mm in SUL, female (n = 10)
measurements were 1.90 £ 0.4 g and 28.0 = 1.7 mm. Six adults were known to have died
before the second drawing session (these were readily identified through keeper’s log book
entries), the fate of another two remains unknown. Despite these losses, the captive
collection had increased for Session 2 (Table 2) due to breeding activity and additional
collection of specimens from the field. This collection was not set up with the identification
of individuals being a main concern, thus identity data were not available for new
individuals. Two unmatched drawings for Session 2 were further investigated. Several
attempts to obtain a match failed, and it had to be assumed that these animals were recent
additions to the collection. Males and females were easily matched in the last session with

all matches being consistent among observers (matching rate = 100%).
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Table 2. Sample sizes and ventral pattern matching rates for adult Pseudophryne australis, and their
ages. * Six individuals were known to have died before Session 2, other number reductions are attributed to
unrecorded losses.

Sampling session Sessionl  Session2  Session 3

Jun 1999 May 2001  Jun 2003

Numbers marked in session 1 and matched in 109;158 69; 113 59,648
subsequent sessions
Numbers of new additions marked in session 2 and 79;168  59; 118

matched in subsequent session

Total marked 25 40 27
Total matched 17* 27
Matching rate >92%* 100%
Approximate time since metamorphosis (months) 36-72 60-96 84-120

Do ventral patterns allow reliable recognition of individuals?

Matching drawings very closely resembled each other. Drawing quality and the high
variation among individual ventral patterns combined to allow easy and unambiguous
identification with matching in 92% and 100% of all cases for both juveniles (Table 1) and

adults (Table 2). Observers consistently matched the same pairs independently.

Each of the 500 drawings obtained from wild animals differed in number, size and shape of
individual blotches and their arrangement. Only one (0.2%) was potentially ambiguous. The
ventral markings of this animal were similar to a uniform, finely speckled pattern and could
not be drawn, but were described as ‘very spotty’. This may cause problems if the

population contains other individuals with similar markings that cannot be drawn.

Comparison of drawn and digital images

Six individuals were photographed twice each. Each image was subject to one or two types
of error. Animals frequently obscured parts of their ventral patterns with their arms, or by
bending their heads forward. Secondly, the artificial lighting necessary produced ‘reﬂections

on the image introducing false blotches. It was impossible to distingpish between these
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reflections and the white ventral blotches. Only two of the twelve images clearly reproduced

the true number and shapes of individual blotches (error rate = 83%).

Can ventral pattern identification be applied to other frogs?

All nine species allowed the observer to easily distinguish among individuals based on
ventral patterns. Compared to the other species, P. bibronii patterns generally consisted of a
larger number of smaller spots. These differed considerably however in shape and
arrangement. Several P. semimarmorata specimens showed no ventral pigmentation. This is
very likely to be an artefact of preservation (see Barker et al. 1995). In addition, P.

corroboree and P. pengilleyi showed varied dorsal patterns.

Discussion

The striking ventral pattern in Pseudophryne australis does not undergo ontogenetic change
throughout the terrestrial life stage. This was tested on captive frogs ranging in age from 2
months to more than 10 years post metamorphosis. Our results demonstrate that in P.
australis, adult patterning of the ventral surface is attained within a few weeks of

metamorphosis in both males and females.

Adult colour patterns in amphibians generally develop within a few days of morphological
metamorphosis (Duellman and Trueb 1994), however notable exceptions occur. Research
on some Caudata found that natural markings change ontogenetically. Ventral spots of the
newts Triturus cristatus cristatus and T. vulgaris vulgaris change in number and size over
the first three years post metamorphosis (Smith 1969). After that period, patterns remain
constant in those species for at least 3 years (Hagstrdm 1973). Dorsal spot patterns allowed
life-long identification of adult Notophthalmus viridescens (Gill 1978), but apparently not
recently matured juveniles. Amongst the frogs, Phyllobates terribilis juveniles differ both in
colour and patterning from adults (Myers & Daly 1983). It is not clear just how widespread

ontogenetic change in dorsal patterns is among the Dendrobatidae.

The only suggestion that ventral patterns may remain constant in developing temperate frogs
was provided by Gollmann and Gollmann (2000), who successfully applied pattern mapping

on a group of large Bombina variegata juveniles using photographs. Our long-term study
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provides the most comprehensive assessment to date of pattern change in a myobatrachid

frog and included individuals of all ages, except the ones too small to handle.

Pseudophryne australis showed not only constancy in ventral patterns but also great
variation among individuals. This intraspecific variation expressed itself in the complexity,
shapes, sizes and numbers of bright blotches, as well as their arrangement, giving each
individual an unambiguous identity. However, matching rates were not always 100%. While
low-quality drawings or ontogenetic pattern change in a very small number of individuals

may explain this, it is more likely that not all individuals were initially drawn for this study.

Ventral pattern identification has also great potential to be useful in mark-recapture studies
of several other frogs, including the Australian Adelotus brevis, all Pseudophryne spp. and
possibly Crinia spp.; all members of the Myobatrachidae. The wider applicability across
other families remains to be investigated. For example, in Africa, ontogenetic change and
intraspecific variation in ventral patterns could be tested on non-myobatrachid genera
including Phrynomantis, Breviceps (Microhylidae) and Cacosternum (Ranidae). The
amount of research carried out on the European Bombina has demonstrated the usefulness of
ventral pattern identification in the Discoglossidae despite its apparent lack of verification.
Ontogenetic change in colouration and patterning of the dorsum may need to be investigated

separately in light of reported changes in a dendrobatid (Myers & Daly 1983).

Ventral pattern mapping is potentially applicable to juveniles and adult frogs alike of species
with distinguishing marks. A major advantage is the absence of lower size limits, provided
individuals are large enough for handling. Mark-recapture studies that include juveniles
allow the construction of accurate growth curves and estimates of juvenile dispersal, habitat
use and survivorship. Such information is useful for the sound management of declining
frog populations by shedding light on the age structure of populations, their turn-over rates,
as well as movement patterns and longevity of individuals. Chance encounters of juvenile
frogs of some species may be rare in the field, but sampling techniques are available that
should produce representatives of that life stage. Other advantages of pattern mapping are
that individuals are not injured; it distinguishes individuals rather than cohorts; and is
inexpensive, permanent and requires only basic skills. We have successfully applied the

technique to 500 individuals in the field. Drawbacks are the time required for pattern
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recording (approximately 30-60 s) and matching (time dependent on pattern complexity and
number of records available), and that identification requires handling of the animals that
may alter their behaviour. Observations of many of these species, however, cannot be
carried out without interference because of the required removal of leaf litter or vegetation

under which the animals live.

None of the study animals were artificially marked nor could they be housed separately to
allow individual recognition independent of natural patterns. This was not thought to be a
problem in our study because of the high intraspecific variation in ventral patterns. For
ontogenetic changes in patterning to remain undetected, these would have needed to occur
in synchrony and reciprocally among pairs or larger groups. It was assumed that this was

highly unlikely.

Pattern mapping has all the desirable features, both practical and ethical, of a marking
system for population level work on anurans. This advantageous technique is valuable in
conservation biology because it is easily and readily applied to a number of juvenile and

adult frogs, including some threatened Australian species that are in need of management.
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APPENDIX 2

Heleioporus australiacus voucher specimens lodged with the Australian Museum,
Sydney.

Table 37 Registration numbers of Heleioporus australiacus metamorphs lodged with the Australian
Museum, Sydney (AM). These animals took part in the drying treatment (Chapter 3). Populations and
experimental treatment are also stated (see Chapter 3 for details). Lodgement dates are 5/5/2003 and
4/6/2003.

AM Number Population Treatment
R162834 Kariong -
R162835 Kariong -

R162836 Kariong -

R162837 Homnsby Heights Control

R162838 Hornsby Heights  Control

R163274 Hornsby Heights Drying

R163275 Hornsby Heights Drying

R163276 Hornsby Heights Control

R163277 Hornsby Heights Control

R163278 Pearl Beach Control
R163279 Homsby Heights Drying
R163280 Kariong Control
R 163281 Hornsby Heights Control

R163282 Hornsby Heights Drying

R163283 Hornsby Heights Drying

R163284 Kariong Control

R163285 Kariong Drying

R163286 Hornsby Heights Control

R163287 Hornsby Heights  Control

R163288 Hornsby Heights  Control

R163289 Kariong Drying

R163290 Hornsby Heights Drying

R163291 Hornsby Heights Drying

R163292 Hornsby Heights Drying

R163293 Hornsby Heights Control
R163294 Kariong Control ,
R163295 Homnsby Heights Drying
R163296 Kariong Control
R163297 Hornsby Heights Control
R163298 Kariong Control

R163299 Hornsby Heights Drying

228



Literature cited

LITERATURE CITED

ABERG, J., JANSSON, G., SWENSON, J. E. & MIKUSINSKL, G. (2000). Difficulties in detecting
habitat selection by animals in generally suitable areas. Wildlife Biology 6, 83-99.

ADAIR, A., EHMANN, H. & STACE, J. (1994). Frog survey protocol (endangered and other

frogs). Frog survey data form and, guidelines for completing form. Published by the
Frog and Tadpole Study Group of NSW Inc, PO Box A2405, Sydney South 2000.

AEBISCHER, N. J., ROBERTSON, P. A. & KENWARD, R. E. (1993). Compositional analysis of
habitat use from animal radio-tracking data. Ecology 74, 1313-1325.

AHLBERG, P. & CLACK, J. (2006). Palacontology: a firm step from water to land. Nature
440, 747-749.

ALFORD, R. & HARRIS, R. (1988). Effects of larval growth history on anuran
metamorphosis. American Naturalist 131, 91-106.

ALFORD, R. & RICHARDS, S. (1999). Global amphibian declines: a problem in applied
ecology. Annual Review of Ecology and Systematics 30, 133-165.

ALVAREZ, D. & NICIEZA, A. (2002). Effects of induced variation in anuran larval
development on postmetamorphic energy reserves and locomotion. Oecologia 131,
186-195.

ANDERSON, H, W., HOOVER, M. D. & REINHART, K. G. (1976). Forests and water: effects of

Jforest management on floods, sedimentation, and water supply. pp. 1-115. Forest
Service. U.S. Department of Agriculture, Berkley.

ANDREWARTHA, H. G. & BIRCH, L. C. (1984). The ecological web. Chicago University
Press, Chicago.

ANDREWS, A. (1990). Fragmentation of habitat by roads and utility corridors: a review.
Australian Zoologist 26, 130-141.

ANHOLT, B.R., WERNER, E. & SKELLY, D. K. (2000). Effect of food and predators on the
activity of four larval ranid frogs. Ecology 81, 3509-3521.

ANSTIS, M. (2002). Tadpoles of south-eastern Australia. Reed New Holland, Sydney.

AUSTRALIAN BUREAU OF STATISTICS. (2002). Australian Bureau of Statistics Year Book
Australia 2002, Australian Bureau of Statistics, Canberra.

AUSTROADS. (2001). Road runoff and drainage: environmental impacts and management
options. Austroads AP-R180/01, Sydney.

BAGETTA, G., DE SARRO, G., CORASANITI, M. T., ROTIROTIL, D. & NISTICO, G. (1992).
Epileptogenic effects of skin extracts from the Australian frog Pseudophryne
coriacea after intracerebral microinfusion in rats. Toxicon 30, 197-201.

BAILEY, W.J. & ROBERTS, D. J. (1981). The bioacoustics of the burrowing frog Heleioporus
(Leptodactylidae). Journal of Natural History 15, 693-702.

BARANDUN, J. & REYER, H.-U. (1998). Reproductive ecology of Bombina variegata: habitat
use. Copeia 1998, 497-500.

BARINAGA, M. (1990). Where have all the froggies gone? Science (Wash. DC) 247, 1033-
1034.

BARKER, J., GRIGG, G. & TYLER, M. J. (1995). 4 field guide to Australian frogs. Surrey
Beatty & Sons, Chipping Norton.

BATTIN, J. (2004). When good animals love bad habitats: ecological traps and the
conservation of animal populations. Conservation Biology 18, 1482-1491.

229



Literature cited

Bazzaz,F. A. (1991). Habitat selection in plants. American Naturalist (Suppl.) 137, S116-
S130.

BeacHy, C. K., SURGES, T. H. & REYES, M. (1999). Effects of developmental and growth
history on metamorphosis in the Gray treefrog, Hyla versicolor (Amphibia, Anura).
Journal of Experimental Zoology 283, 522-530.

BEADLE, N. C. W. (1962). Soil phosphate and the delimitation of plant communities in
Eastern Australia II. Ecology 43,281-288.

BECK, C. W. & CONGDON, J. D. (2000). Effects of age and size at metamorphosis on
performance and metabolic rates of Southern Toad, Bufo terrestris, metamorphs.
Functional Ecology 14, 32-38.

BEGON, M., HARPER, J. L. & TOWNSEND, C. R. (1996). Ecology, individuals, populations
and communities, 3™ edition. Blackwell Science, Oxford.

BELLIS, E. D. (1962). Cover value and escape habits of the wood frog in a Minnesota bog.
Herpetologica 17, 228-231.

BENDER, D. J., CONTRERAS, T. A. & FAHRIG, L. (1998). Habitat loss and population decline:
a meta-analysis of the patch size effect. Ecology 79, 517-533.

BENNETT, A. F. (1991). Roads, roadsides and wildlife conservation: a review. In Nature
conservation 2: the role of corridors (eds. D. A. Saunders and R. J. Hobbs), pp. 99-
118. Surrey Beatty and Sons, Chipping Norton.

BENSON, D. H. (1986). The vegetation of the Gosford and Lake Macquarie 1:100 000
vegetation map sheet. Cunninghamia 1, 467-489.

BENSON, D. H. (1992). The natural vegetation of the Penrith 1:100 000 map sheet.
Cunninghamia 2, 541-596.

BENSON, D. H. & FALLDING, H. (1981). Vegetation survey of Brisbane Water National Park
and environs. Cunninghamia 1,79-113.

BENSON, D. H. & HOWELL, J. (1994). The natural vegetation of the Sydney 1:100 000 map
sheet. Cunninghamia 3, 677-787.

BENTLEY, P. J,, LEE, A. K. & MAIN, A.R. (1958). Comparison of dehydration and hydration
of two genera of frogs (Heleioporus and Neobatrachus) that live in areas of varying
aridity. Experimental Biology 35, 677-684.

BERRY, O. (2001). Genetic evidence for wide dispersal by the sand frog, Heleioporus
psammophilus (Anura: Myobatrachidae), in Western Australia. Journal of
Herpetology 35, 136-141.

BERTRAM, B. C. (1978). Living in groups: predators and prey. In Behavioural ecology: an
evolutionary approach (eds. J. R. Krebs and N, B. Davies), pp. 64-96. Blackwell
Scientific Publications, Oxford.

BERVEN, K. A. (1982). The genetic basis of altitudinal variation in the wood frog Rana
sylvatica. I1. An experimental analysis of larval development. Oecologia 52, 360-
369.

BERVEN, K. A. (1990). Factors affecting population fluctuations in larval and adult stages of
the wood frog (Rana sylvatica). Ecology 71, 1599-1608.

BERVEN, K. A., GILL, D. E. & SMITH-GILL, S. G. (1979). Countergradient selection in the
green frog, Rana clamitans. Evolution 33, 609-623.

BERVEN, K. A. & GRUDZIEN, T. A. (1990). Dispersal in the wood frog (Rana .sylvattca)
implications for genetic structure. Evolution 44, 2047-2056.

230



Literature cited

BLAUSTEIN, A. R., HOKIT, D. G., O'HARA, R. K. & HOLT, R. A. (1994b). Pathogenic fungus
contributes to amphibian losses in the Pacific Northwest. Biological Conservation
67,251-254.

BLAUSTEIN, A. R., KIESECKER, J. M., CHIVERS, D. P. & ANTHONY, R. G. (1997). Ambient
UV-B radiation causes deformities in amphibian embryos. Proceedings of the
National Academy of Sciences (United States of America) 94, 13735-13737.

BLAUSTEIN, A. R. & WAKE, D. B. (1990). Declining amphibian populations: a global
phenomenon. Trends in Ecology and Evolution §, 203-204.

BLAUSTEIN, A. R., WAKE, D.B. & Sousa, W. P. (1994a). Amphibian declines: judging
stability, persistence and susceptibility of populations to local and global extinctions.
Conservation Biology 8, 60-71.

BLAUSTEIN, A. R. & WALLS, S. C. (1995). Aggregation and kin recognition. In Amphibian
biology, Vol.2: Social behaviour (eds. H. Heatwole and B. K. Sullivan), pp. 568-
602. Surrey Beatty & Sons, Sydney.

BLOUIN, M. S. (1992). Comparing bivariate reaction norms among species: time and size at
metamorphosis in three species of Hyla (Anura: Hylidae). Oecologia 90, 288-293.

BOLGER, D. T., ALBERTS, A. C. & SOULE, M. E. (1991). Occurrence patterns of bird species
in habitat fragments: sampling, extinction, and nested subsets. American Naturalist
137, 155-166.

BOYCE, M. S. & MCDONALD, L. L. (1999). Relating populations to habitats using resource
selection functions. Trends in Ecology and Evolution 14, 268-272.

BRADSHAW, A. D. (1965). Evolutionary significance of phenotypic plasticity in plants.
Advances in Genetics 13, 115-163.

BrADY, L. D. & GRIFFITHS, R. A. (2000). Developmental responses to pond desiccation in
tadpoles of the British anuran amphibians (Bufo bufo, B. calamita and Rana
temporaria). Journal of Zoology 252, 61-69.

BREDEN, F. (1987). The effect of post-metamorphic dispersal on the population genetic
structure of Fowler's toad, Bufo woodhousei fowleri. Copeia 1987, 386-395.

Brooks, T. M., MITTERMEIER, R. A., MITTERMEIER, C. G., DAFONSECA, G. A.B,,
RYLANDS, A. B., KONSTANT, W. R., FLICK, P., PILGRIM, J., OLDFIELD, S., MAGIN, G.
& HILTON-TAYLOR, C. (2002). Habitat loss and extinction in the hotspots of
biodiversity. Conservation Biology 16, 909-923.

Brown, J. L. & ORIANS, G. H. (1970). Spacing patterns in mobile animals. Annual Review
of Ecology and Systematics 1,239-262.

BucHANAN, I. B., FREDRICKSON, R. J. & SEAMAN, D. E. (1998). Mitigation of habitat "take”
and the core area concept. Conservation Biology 12, 238-240.

BUCHANAN, R. A. (1980). The Lambert Peninsula, Ku-ring-gai Chase National Park.
Physiography and the distribution of Podzols, shrublands and swamps, with details
of the swamp vegetation and sedlments Proceedings of the Linnean Society of New
South Wales 104, 73-94.

BUCHANAN, R. A. (1996). Bush regeneration. Recovermg Australian landscapes. Open
Training and Education Network, TAFE NSW, Strathfield.

BuUCHANAN, R. A. & HUMPHRIES, G. S. (1980). The vegetation on two Podzols on the
Hornsby Plateau, Sydney. Proceedings of the Linnean Society of New South Wales
104, 49-71.

BuLy, I. J. (1987). Evolution of phenotypic variance. Evolution 41, 303-315.

231



Literature cited

BUREAU OF METEOROLOGY. (2005a). Rainfall variability, vol. 2005. Bureau of
Meteorology.

BUREAU OF METEOROLOGY. (2005b). Drought statement archive, vol. 2005. Bureau of
Meteorology.

BURGMAN, M. A. (1989). The habitat volumes of scarce and ubiquitous plants: a test of the
hypothesis of environmental control. American Naturalist 133, 228-239.

BURGMAN, M. A. & LINDENMAYER, D. B. (1998). Conservation biology for the Australian
environment. Surrey Beatty & Sons, Chipping Norton.

BURROUGH, P. A., BROWN, L. & MORRIS, E. C. (1977). Variation in vegetation and soil
patterns across the Hawkesbury Sandstone plateau from Barren Grounds to Fitzroy
Falls, New South Wales. Australian Journal of Ecology 2, 137-159.

BURT, W. H. (1943). Territoriality and home range concepts as applied to mammals. Journal
of Mammalogy 24, 346-352.

BusBy, J. R. (1991). BIOCLIM - a bioclimate analysis and prediction system. In Nature
conservation: cost effective biological surveys and data analysis (eds. C. R.
Margules and M. P. Austin), pp. 64-68. CSIRO, Canberra.

CAMPBELL, A. E. (ed). (1999). Declines and disappearances of Australian frogs.
Environment Australia, Canberra.

CAMPBELL, D. J. (1990). Resolution of spatial complexity in a field sample of singing
crickets Teleogryllus commodus (Walker) (Gryllidae): a nearest neighbour analysis.
Animal Behaviour 39, 1051-1057.

CARR, L. W. & FAHRIG, L. (2001). Effect of road traffic on two amphibian species of
differing vagility. Conservation Biology 15, 1071-1078.

CARROLL, C., ZIELINSKI, W. J. & Noss, R. F. (1999). Using presence-absence data to build
and test spatial habitat models for the fisher in Klamath region, U.S.A. Conservation
Biology 13, 1344-1359.

CATLING, P. (1991). Ecological effects of prescribed burning practices on the mammals of
southeastern Australia. In Conservation of Australia's forest fauna (ed. D. Lunney),
pp- 353-364. The Royal Zoological Society of New South Wales, Mosman.

CENTRAL MAPPING AUTHORITY OF NEW SOUTH WALES. (1982). Topographic Map. 1:25
000. Central Mapping Authority of New South Wales, Bathurst.

CENTRAL MAPPING AUTHORITY OF NEW SOUTH WALES. (1982-1989). Topographic Map.
1:25 000, 2™ edition. Central Mapping Authority of New South Wales, Bathurst.

CENTRAL MAPPING AUTHORITY OF NEW SOUTH WALES. (1988-1989). Topographic Map.
1:25 000, 1% edition. Central Mapping Authority of New South Wales, Bathurst.

CHAPMAN, G. A. & MURPHY, C. L. (1989). Soil Landscapes of the Sydney 1:100 000 Sheet.
Soil Conservation Service of NSW, Sydney.

CHRISTIE, D. A. & VAN WOUDENBERG, A. M. (1997). Modelling critical habitat for
flammulated owls (Otus flammeolus). In Biology and conservation of owls of the
northern hemisphere. Second international symposium (eds. J. R. Duncan, D. H.
Johnson and T. H. Nicolls), pp. 97-106. North Central Research Station Forest
Service - U.S. Department of Agriculture, St. Paul. General Technical Report.

CLARK, P.J. & Evans, F., C. (1954). Distance to nearest neighbor as a measure of spatial
relationships in populations. Ecology 35, 445-453.

CLARK, T. W., WARNEKE, R. M. & GEORGE, G. G. (1990). Management and conservation of
small populations. In Management and conservation of small populations (eds. T.
W. Clark and J. H. Seebeck). Chicago Zoological Society, Chicago.

232



Literature cited

CLEMENTS, A. (1983). Suburban development and resultant changes in the vegetation of the
bushland of the northern Sydney region. dustralian Journal of Ecology 8, 307-319.

COGGER, H. G., CAMERON, E. E. & COGGER, H. M. (1983). Zoological Catalogue of
Australia. Volume 1. Amphibia And Reptilia. Australian Government Publishing
Service, Canberra.

COGGER, H. G. (1994). Reptiles and amphibians of Australia, 5™ edition. Reed, Sydney.

COKER, R. J., FAHEY, B. D. & PAYNE, J. J. (1993). Fine sediment production from truck
traffic, Queen Charlotte Forest, Marlborough Sounds, New Zealand. Journal of
Hydrology 31, 56-64.

CONDER, P. J. (1949). Individual distance. Jbis 91, 649-655.

CowiEg, . D. & WARNER, P. A. (1993). Alien plant species invasive in Kakadu National
Park, tropical northern Australia. Biological Conservation 63, 127-135.

Crump, M. L. (1986). Homing and site fidelity in a neotropical frog, Atelopus varius
(Bufonidae). Copeia 1986, 438-444.

Crump, M. L. (1989). Effect of habitat drying on developmental time and size at
metamorphosis in Hyla pseudopuma. Copeia 1989, 794-797.

DALY, G. (1996a). Observations on the eastern owl frog Heleioporus australiacus (Anura:
Myobatrachidae) in southern New South Wales. Herpetofauna 26, 33-42.

DALY, G. (1996b). North Nowra - Bomaderry Link Road: giant burrowing frog. Report for
Shoalhaven City Council. Unpublished report.

DALY, J. W., GARRAFFO, H. M., PANNELL, L. K. & SPANDE, T. F. (1990). Alkaloids from
Australian frogs (Myobatrachidae): pseudophrynamines and pumiliotoxins. Journal
of Natural Products (Lloydia) 53, 407-421.

DAszAK, P., BERGER, L., CUNNINGHAM, A., HYATT, A. D., GREEN, D. E. & SPEARE, R.
(1999). Emerging infectious diseases and amphibian population declines. Emerging
Infectious Diseases 5, 735-747.

DAUGHERTY, C. H. & SHELDON, A. L. (1982). Age specific movement patterns of the frog
Ascaphus truei. Herpetologica 38, 468-474.

DAWKINS, R. (2004). The ancestor's tale. A pilgrimage to the dawn of life. Weidenfeld &
Nicolson, London.

DELIS, P. R., MUSHINSKY, H. R. & McCoy, E. D. (1996). Decline of some west-central
Florida anuran populations in response to habitat degradation. Biodiversity and
Conservation 5, 1579-1595.

DENVER, R. J. (1997). Environmental stress as a developmental cue: corticotropin-releasing
hormone is a proximate mediator of adaptive phenotypic plasticity in amphibian
metamorphosis. Hormones Behaviour 31, 169-179.

DENVER, R. J. (1998). Hormonal correlates of environmentally induced metamorphosis in
the western spadefoot toad, Scaphiopus hammondii. General and Comparative
Edocrinology 110, 326-336.

DENVER, R. J., MIRHADI, N. & PHILLIPS, M. (1998). Adaptive plasticity in amphibian
metamorphosis: response of Scaphiopus hammondii tadpoles to habitat desiccation.
Ecology 79, 1859-1872.

DEPARTMENT OF CONSERVATION AND LAND MANAGEMENT. (1994). Guidelines for the
planning, construction and maintenance of tracks. Department of Conservation and
Land Management, Maitland. '

233



Literature cited

DHINDSA, M. S., SANDHU, J. S., SANDHU, P. S. & TOOR, H. S. (1988). Road side birds in
Punjab (India): relation to mortality from vehicles. Environmental Conservation 15,
303-310.

DickMAN, C. R. (1991). Use of trees by ground-dwelling mammals: implications for
management. In Conservation of Australia’s forest fauna (ed. D. Lunney), pp. 125-
136. The Royal Zoological Society of New South Wales, Mosman.

Dobp, C. K. & CADE, B. S. (1998). Movement patterns and the conservation of amphibians
breeding in small, temporary wetlands. Conservation Biology 12, 331-339.

DoLE, J. W, (1965). Summer movements of adult leopard frogs, Rana pipiens Schreber, in
northern Michigan. Ecology 46, 236-244.

DOLE, J. W. & DURANT, P. (1974). Movements and seasonal activity of Atelopus
oxyrhynchus (Anura: Atelopidae) in a Venezuelan cloud forest. Copeia 1974, 230-
235.

DoNovaN, T. M. & THOMPSON, F. R. (2001). Modeling the ecological trap hypothesis: a
habitat and demographic analysis for migrant songbirds. Ecological Applications 11,
871-882.

DoOUGHTY, P. (2002). Coevolution of developmental plasticity and large egg size in Crinia
georgiana tadpoles. Copeia 2002, 928-937.

DRIScOLL, D. A. (1998). Genetic structure of the frogs Geocrinia lutea and Geocrinia rosea
reflects extreme population divergence and range changes, not dispersal barriers.
FEvolution 52,1147-1157.

DrosT, C. A. & FELLERS, G. M. (1996). Collapse of a regional frog fauna in the Yosemite
area of the California Sierra Nevada, USA. Conservation Biology 10, 414-425.

DUELLMAN, W. E. & TRUEB, L. (1994). Biology of amphibians. Johns Hopkins University
Press, Baltimore.

EDWARDS, T. C., DESHLER, E. T., FOSTER, D. & MOISEN, G. G. (1996). Adequacy of wildlife
habitat relation models for estimating spatial distributions of terrestrial vertebrates.
Conservation Biology 10, 263-270.

EHMANN, H. (1996). Threatened frogs of New South Wales: habitats, status and
conservation. Published by the Frog and Tadpole Study Group of NSW Inc, PO Box
A2405, Sydney South 2000,

EHMANN, H. & COGGER, H. G. (1985). Australia's endangered herpetofauna: a review of
criteria and policies. In Biology of Australasian frogs and reptiles (eds. G. Grigg, R.
Shine and H. Ehmann). Surrey Beatty & Sons and Royal Zoological Society of New
South Wales, Sydney.

EMERTON, S. & BURGIN, S. (1997). A recent record of the threatened giant burrowing frog,
Heleioporus australiacus in the Cumberland plain of western Sydney. Herpetofauna
27, 58.

ENDLER, J. A. (1986). Natural selection in the wild. Princeton University Press, Princeton.

ERSPAMER, G. F., ERSPAMER, V. & MELCHIORRL, P. (1986). A potent factor in extracts of the
skin of the Australian frog, Pseudophryne coriacea. 111. Potentiation of contractions
elicited in avian and mammalian isolated skeletal muscle preparations by direct and
indirect electrical stimulation. Neuropharmacology 25, 807-814.

ERSPAMER, G. F. & FARRUGIA, G. (1986). A potent factor in extracts of the skin of the
Australian frog, Pseudophryne coriacea. I1. Stimulation of the leech helical muscle
in vitro and in vivo, Neuropharmacology 25, 803-806.

234



Literature cited

ERSPAMER, G. F. & SEVERINI, C. (1987). Action of a semi-purified extract of Pseudophryne
coriacea skin on the frog rectus abdominis muscle. Archives Internationales de
Pharmacodynamie et de Therapie 285, 324-334.

ERSPAMER, G. F., SEVERINI, C., ERSPAMER, V. & MELCHIORRI, P. (1989). Pumiliotoxin B-
like alkaloid in extracts of the skin of the Australian myobatrachid frog,
Pseudophryne coriacea: effects on the systemic blood pressure of experimental
animals and the rat heart. Neuropharmacology 28, 319-328.

ERSPAMER, V., ERSPAMER, G. F., MELCHIORRI, P. & MAZZANTI, G. (1985). A potent factor
in extracts of the skin of the Australian frog, Pseudophryne coriacea. Apparent
facilitation of transmitter release in isolated smooth muscle preparations.
Neuropharmacology 24, 783-792.

FAHRIG, L. (1997). Relative effects of habitat loss and fragmentation on population
extinction. Journal of Wildlife Management 61, 603-610.

FAHRIG, L. (2001). How much habitat is enough? Biological Conservation 100.

FAHRIG, L. & MERRIAM, G. (1985). Habitat patch connectivity and population survival.
Ecology 66, 1762-1768.

FAHRIG, L., PEDLAR, J. H., POPE, S. E., TAYLOR, P. D. & WEGNER, J. F. (1995). Effect of
road traffic on amphibian density. Biological Conservation’13, 177-182.

FERRIER, S. (1991). Computer-based spatial extension of forest fauna survey data: current
issues, problems and directions. In Conservation of Australia's forest fauna (ed. D.
Lunney), pp. 221-228. The Royal Zoological Society of New South Wales,
Mosman.

FERRIER, S., DRIELSMA, M., MANION, G. & WATSON, G. F. (2002). Extended statistical
approaches to modelling spatial pattern in biodiversity in northeast New South
Wales. 1. Species-level modelling. Biodiversity and Conservation 11, 2275-2307.

FINDLAY, C. S. & BOURDAGES, J. (2000). Response time of wetland biodiversity to road
construction on adjacent lands. Conservation Biology 14, 86-94.

FINDLAY, C. S. & HOULAHAN, J. (1997). Anthropogenic correlates of species richness in
southeastern Ontario wetlands. Conservation Biology 11, 1000-1009.

FLETCHER, J. J. (1889). Observations on the oviposition and habits of certain Australian
batrachians. Proceedings of the Linnean Society of New South Wales 2, 357-387.

FLETCHER, J. J. (1894). Description of a new cystignathoid frog from New South Wales.
Proceedings of the Linnean Society of New South Wales 8, 229-236.

FowLE, S. C. (1996). Effects of roadkill mortality on the western painted turtle (Chrysemis
picta bellii) in the Mission Valley, western Montana. In Highways and movement of
wildlife: improving habitat connections and wildlife passageways across highway
corridors. Proceedings of the transportation-related wildlife mortality seminar of
the Florida Department of Transportation and the Federal Highway Administration
(eds. G. Evink, D. Ziegler, P. Garrett and J. Berry), pp. 205-223. State of Florida
Department of Transportation, Orlando.

GERGITS, W. F. (1982). Interference competition and territoriality between the terrestrial
salamanders Plethodon cinereus and Plethodon shenandoah. M. S. Thesis. State
University of New York.

G1BBS, J. P. (2001). Demography versus habitat fragmentation as determinants of genetic
variation in wild populations. Biological Conservation 100, 15-20.

GILL, D. E. (1978). The metapopulation ecology of the red-spotted newt, Notophthalmus
viridescens (Rafinesque). Ecological Monographs 48, 145-166.

235



Literature cited

GILLESPIE, G. R. (1990). Distribution, habitat and conservation status of the giant burrowing
frog, Heleioporus australiacus (Myobatrachidae), in Victoria. Victorian Naturalist
107, 144-153.

GILLESPIE, G. R. (1996). Survey design and management prescriptions for the giant
burrowing frog (Heleioporus australiacus) and the stuttering frog (Mixophyes
balbus). Report commissioned by the NSW NPWS, Dept. of Natural Resources and
Environment Victoria.

GILLESPIE, G. R. & HINES, H. (1999). Status of temperate riverine frogs in south-eastern
Australia. In Declines and disappearances of Australian frogs (ed. A. Campbell), pp.
109-130. Environment Australia, Canberra.

GOATER, C. P. (1994). Growth and survival of postmetamorphic toads: interactions among
larval history, density, and parasitism. Ecology 75, 2264-2274.

GOLDINGAY, R. L. & KAVANAGH, R. (1991). The yellow-bellied glider: a review of its
ecology, and management considerations. In Conservation of Australia’s forest

Jfauna (ed. D. Lunney), pp. 365-376. The Royal Zoological Society of New South
Wales, Mosman.

GOOSEM, M. (2004). Linear infrastructure in the tropical rainforests of far north Queensland:
mitigating impacts on fauna of roads and powerline clearings. In Conservation of
Australia's Forest Fauna (ed. D. Lunney), pp. 418-434. Royal Zoological Society of
New South Wales, Mosman.

GOSNER, K. L. (1960). A simplified table for staging anuran embryos and larvae with notes
on identification. Herpetologica 16, 183-190.

GOTTHARD, K. & NYLIN, S, (1995). Adaptive plasticity and plasticity as an adaptation: a
selective review of plasticity in animal morphology and life history. Oikos 74, 3-17.

GOULD, S. J. & LEWONTIN, R. C. (1979). The spandrels of San Marco and the Panglossian
paradigm: a critique of the adaptationist program. Proceedings of the Zoological
Society of London 205, 581-598.

GRAY, J. E. (1836). Characters of an Australian toad (Bombinator australis). Proceedings of
the Zoological Society of London 3, 57.

GREEN, M., THOMPSON, M. B. & LEMCKERT, F. (2004). The effects of suspended sediments
on the tadpoles of two stream-breeding and forest dwelling frogs, Mixophyes balbus
and Heleioporus australiacus. In Conservation of Australia’s Forest Fauna (ed. D.
Lunney), pp. 713-720. Royal Zoological Society of New South Wales, Mosman.

GROMKO, M. H., MASON, F. S. & SMITH-GILL, S. G. (1973). Analysis of the crowding effect
in Rana pipiens tadpoles. Journal of Experimental Zoology 186, 63-72.

Groot, G. W. T. A. & HAZEBROEK, E. (1996). Ungulate traffic collisions in Europe.
Conservation Biology 10, 1059-1067.

GROVES, R. H. (1994). Australian vegetation, 2" edition. Cambridge University,
Cambridge.

GRUBB, J. C. (1970). Orientation in post-reproductive Mexican toads, Bufo valliceps. Copeia
1970, 674-680.

GUBTA, B. K. (1998). Declining amphibians. Current Science 75, 81-84.

GUISAN, A. & ZIMMERMANN, N. E. (2000). Predictive habitat distribution models in
ecology. Ecological Modelling 135, 147-186.

HALKETT, F., HARRINGTON, R., HULLE, M., KINDLMANN, P., MENU, F., RISPE, C. &
PLANTEGENEST, M. (2004). Dynamics of production of sexual forms in aphids:

236



Literature cited

theoretical and experimental evidence for adaptive 'coin-flipping' plasticity.
American Naturalist 163, E112-E125.

HALLIDAY, T. (1998). A declining amphibian conundrum. Nature.

HAMBLER, C. (2004). Conservation. Cambridge University Press, Cambridge.

HANSKL, I. & GILPIN, M. (1997). Metapopulation biology: ecology, genetics and evolution.
Academic Press, San Diego.

HANSSON, L. (1991). Dispersal and connectivity in metapopulations. Biological Journal of
the Linnean Society of London 42, 89-103.

HARDING, E. K., CRONE, E. E., ELDERD, B. D., HOEKSTRA, J. M., MCKERROW, A. ],
PERRINE, J. D., REGETZ, ., RISSLER, L. I., STANLEY, A. G., WALTERS,E.L. &
NCEAS HABITAT CONSERVATION PLAN WORKING GROUP. (2001). The scientific
foundations of habitat conservation plans: a quantitative assessment. Conservation
Biology 15, 488-500.

HARR, R. D. & NICHOLS, R. A. (1993). Stabilizing forest roads to help restore fish habitats: a
northwest Washington example. Fisheries 18, 18-22.

HARRISON, L. (1922). On the breeding habits of some Australian frogs. Australian Zoologist
3, 17-34.

HASKELL, D. G. (2003). Diminishing songbirds. In Loss of biodiversity (eds. S. L. Spray and
K. L. McGlothlin), pp. 55-74. Rowman & Littlefield, Lanham.

HAYES, M. P. & JENNINGS, M. R. (1986). Decline of ranid frogs species in Western North
America: are bullfrogs (Rana catesbiana) responsible? Journal of Herpetology 20,
490-509.

HAaYWARD, G. D. & MCDONALD, D. B. (1997). Matrix population models as a tool in
development of habitat models. In Biology and conservation of owls of the northern
hemisphere. Second international symposium (eds. J. R. Duncan, D. H. Johnson and
T. H. Nicolls), pp. 205-212. North Central Research Station Forest Service - U.S.
Department of Agriculture, St. Paul. General Technical Report.

HECNAR, S. J. & M'CLOSKEY, R. T. (1996). Regional dynamics and the status of amphibians.
Ecology 77, 2091-2097.

HENGEVELD, R. (1994). Small step invasion research. Trends in Ecology and Evolution 9,
339-342.

HENSLEY, F. R. (1993). Ontogenetic loss of phenotypic plasticity of age at metamorphosis in
tadpoles. Ecology 74, 2405-2412.

HINES, H., MAHONY, M. J. & MCDONALD, K. (1999). An assessment of frog declines in a
wet subtropical Australia. In Declines and disappearances of Australian frogs (ed.
A. Campbell), pp. 44-63. Environment Australia, Canberra.

HOSER, R. T. (1989). Australian reptiles and frogs. Pierson, Sydney.

Hosker, R. T. (2002). Night feeding on a road by a frog (Heleioporus australiacus).
Herpetofauna 32, 100-101.

Hota, A.K. & DAsH, M. C. (1981). Growth and metamorphosis of Rana tigrina larvae:
effects of food levels and larval density. Oikos 37, 349-352.

HOULDER, D., HUTCHINSON, M., N1x, H. A. & MCMAHON, J. P. (1999). ANUCLIM user's
guide. Centre for Resource and Environmental Studies, Australian National
University, Canberra.

HoWELL, J. & BENSON, D. H. (2000). Sydney's bushland. More than meets the eye. Royal
Botanic Gardens Sydney, Sydney.

237



Literature cited

HUGHES, T. P. (1990). Recruitment limitation, mortality and population regulation in open
systems: a case study. Ecology 71, 12-20.

HUMPHRIES, R. B. (1979). Dynamics of a breeding frog community. PhD thesis, Australian
National University.

IBRAHIM, K. M., NIcHOLS, R. A. & HEWITT, G. M. (1996). Spatial patterns of genetic
variation generated by different forms of dispersal during range expansion. Heredity
77,282-291.

TUCN. (1996). 1996 IUCN red list of threatened animals. International Union for
Conservation of Nature and Natural Resources (IUCN), Gland.

IUCN. (2003). 2003 IUCN threatened species, vol. 2004. <www.redlist.org>. Accessed on
21/5/2004.

JacoBSON, C. M. (1963a). Observations on distribution, behaviour and development in the
Australian toad genus Pseudophryne Fitzinger. Proceedings of the Linnean Society
of New South Wales 88, 41-46.

JACOBSON, C. M. (1963b). Developmental variation within the genus Pseudophryne
Fitzinger. Proceedings of the Linnean Society of New South Wales 88, 277-286.

JANZEN, D. H. (1986). The eternal external threat. In Conservation biology: the science of
scarcity and diversity (ed. M. E. Soulé), pp. 286-330. Sinauer Associates,
Sunderland.

JARVIS, P. G. & MCNAUGHTON, K. G. (1986). Stomatal control of transpiration: scaling up
from leaf'to region. Advances in Ecological Research 15, 1-49.

JOHNSON, D. H. (1980). The comparison of usage and availability measurements for
evaluating resource preference. Ecology 61, 65-71.

JoNGmMaN, R H. G., TER BRAAK, C.J.F. & VAN TONGEREN, O. F. R. (1997). Data analysis
in community and landscape ecology, 2" edition. Cambridge University Press,
Cambridge.

KAVANAGH, R. (1991). The target species approach to wildlife management: gliders and
owls in the forests of southeastern New South Wales. In Conservation of Australia’s
Jorest fauna (ed. D. Lunney), pp 377-383. The Royal Zoological Society of New
South Wales, Mosman.

KEARNS, A. E. (1997). The role and management implications of modelling owl populations
and the habitats they occupy. In Biology and conservation of owls of the northern
hemisphere. Second international symposium (eds. J. R. Duncan, D. H. Johnson and
T. H. Nicolls), pp. 616-619. North Central Research Station Forest Service - U.S.
Department of Agriculture, St. Paul. General Technical Report.

KEFERSTEIN, W. (1868). Uber die Batrachier Australiens. Archiv fiir Naturgeschichte 34,
253-290.

KzitH, D. A. (1994). Floristics, structure and diversity of natural vegetation in the O'Hares
Creek catchment, south of Sydney. Cunninghamia 3, 543-594.

KEITH, D. A. & BENSON, D. H. (1988). The natural vegetation of the Katoomba 1:100 000
map sheet. Cunninghamia 2, 107-143.

KeNWARD, R. E. (1987). Wildlife radio tagging equipment, field techniques, and data
analysis. Academic Press, London.

KIESECKER, J. M., BLAUSTEIN, A. R. & BELDEN, L. K. (2001). Complex causes of amphibian
population declines. Nature 410, 681-684.

238



Literature cited

KRAUSE, A. K., FRANKS, S. W., KALMA, J. D., LOUGHRAN, R. J. & ROWAN, J. S. (2003).
Multi-parameter fingerprinting of sediment deposition in a small gullied catchment
in SE Australia. Catena 53, 327-348.

KREBS, C., J. (1999). Ecological Methodology, 2" edition. Addison Wesley, Sydney.

KREFFT, G. (1863). On the batrachians occurring in the neighbourhood of Sydney, with
remarks upon their geographical distribution. Proceedings of the Zoological Society
of London, 389-390.

KUCHLING, G., DEJOSE, J. P., BURBIDGE, A. A. & BRADSHAW, S. D. (1992). Beyond captive
breeding: the western swamp tortoise Pseudemydura umbrina recovery programme.
International Zoology Yearbook 31, 37-41.

KusaNo, T., MARUYAMA, K. & KANERO, S. (1995). Post-breeding dispersal of the Japanese
toad, Bufo japonicus formosus. Journal of Herpetology 29, 633-638.

LACY, R. C. & LINDENMAYER, D. B. (1995). A simulation study of the impacts of population
subdivision on the mountain brushtail possum Trichosurus caninus Ogilby
(Phalangeridae: Marsupialia) in south-eastern Australia. II Loss of genetic variation
within and between subpopulations. Biological Conservation 73, 131-142.,

LAND AND PROPERTY INFORMATION. (2000). Topographic Map. 1:25 000, 3" edition. Land
and Property Information, New South Wales, Bathurst.

LAND INFORMATION CENTRE. (1975-1978). Topographic Map. 1:25 000, 1* edition. Land
Information Centre, New South Wales Department of Lands, Bathurst.

LAND INFORMATION CENTRE. (1982-1989). Topographic Map. 1:25 000, 2™ edition. Land
Information Centre, New South Wales Department of Lands, Bathurst.

LAND INFORMATION CENTRE. (2000). Topographic Map. 1:25 000, 3 edition. Land
Information Centre, Bathurst.

LANE, S.J. & MAHONY, M. J. (2002). Larval anurans with synchronous and asynchronous
development periods: contrasting responses to water reduction and predator
presence. Journal of Animal Ecology 71, 780-792.

LANNOO, M. (ed). (2005). Amphibian declines. The conservation status of United States
species. University of California, Berkley.

LAURILA, A. & KUJIASALO, J. (1999). Habitat duration, predation risk and phenotypic
plasticity in common frog (Rana temporaria) tadpoles. Journal of Animal Ecology
68, 1123-1132.

LEBRETON, M. (1994). Endangered fauna survey of the Blackheath and Katoomba Water
Board Catchment Areas, Blue Mountains, NSW. Amphibians and reptiles.
Unpublished report.

LEBROCQUE, A. F. & BUCKNEY, R. T. (1994). Vegetation and environmental patterns on
soils derived from Hawkesbury Sandstone and Narrabeen substrata in Ku-ring-gai
Chase National Park, New South Wales. Australian Journal of Ecology 19, 229-238.

LEE, A. K. (1967). Studies in Australian Amphibia. I. Taxonomy, ecology, and evolution of
the genus Heleioporus Gray (Anura: Leptodactylidae). Australian Journal of
Zoology 15, 367-439.

LEFCORT, H. (1996). Adaptive, chemically mediated fright response in tadpoles of the
southern leopard frog, Rana utricularia. Copeia 1996, 455-459.

LEHMKUHL, J. F. (1984). Determining size and dispersion of minimum viable populations
for land management planning and species conservation. Environmental
Management 8, 167-176.

239



Literature cited

LEicH, I. H. & BRIGGS, 1. D. (1992). Threatened Australian plants: overview and case
studies. Australian National Parks and Wildlife Service, Canberra.

LEIpS, J., MCMANUS, M. G. & TRAVIS, J. (2000). Response of treefrog larvae to drying
ponds: comparing temporary and permanent pond breeders. Ecology 81, 2997-3008.

LE1ps, J. & TRAVIS, J. (1994). Metamorphic responses to changing food levels in two
species of Hylid frogs. Ecology 75, 1345-1356.

LEMCKERT, F. & BRASSIL, T. (2003). Movements and habitat use by the giant burrowing
frog, Heleioporus australiacus. Amphibia - Reptilia 24,207-211.

LEMCKERT, F., BRASSIL, T. & MCCRAY, K. (1998). Recent records of the giant burrowing
frog (Heleioporus australiacus) from the far south coast of NSW. Herpetofauna 28,
32-39.

LEMCKERT, F., COGGER, H. G. & LITTLEJOHN, M. J. (2001a). Pseudophryne australis. In:
IUCN 2003. 2003 IUCN Red List of Threatened Species. <www.redlist.org>.
Accessed on 3/12/2003.

LEMCKERT, F., GILLESPIE, G. R., ROBERTSON, P. A. & LITTLEJOHN, M. J. (2001b).
Heleioporus australiacus. In: IUCN 2003. 2003 IUCN Red List of Threatened
Species. <www.redlist.org>. Accessed on 3/12/2003.

LEMCKERT, F. & MORSE, R. (1999). Frogs in the timber production forests of the Dorrigo
escarpment in northern New South Wales: an inventory of species present and the
conservation of threatened species. In Declines and disappearances of Australian
Jfrogs (ed. A. Campbell), pp. 72-80. Environment Australia, Canberra.

LEVINS, R. (1968). Evolution in changing environments. Princeton University Press,
Princeton.

LINACRE, E. & HOBBS, J. (1986). The Australian climatic environment. John Wiley and
Sons, Brisbane.

LINDENMAYER, D. B., CUNNINGHAM, R. B. & DONNELLY, C. F. (1994). The conservation of
arboreal marsupials in the montane ash forests of the Central Highlands of Victoria,
south-east Australia. VI. Tests of the performance of models of nest tree and habitat
requirements of arboreal marsupials. Biological Conservation 70, 143-147.

LINDENMAYER, D. B., Nix, H. A., MCMAHON, J. P., HUTCHINSON, M. F. & TANTON, M. T.
(1991). The conservation of Leadbeater's possum Gymnobelideus leadbeateri
(McCoy): a case study of the use of bioclimatic modelling. Journal of Biogeography
18,371-383.

LINDENMAYER, D. B., RITMAN, K. R., CUNNINGHAM, R. B., SMITH, J. & HOWARTH, D.
(1995). Predicting the spatial distribution of the greater glider, Petauroides volans ~
Kerr in a timber production forest block in southeastern Australia. Wildlife Research
22, 445-456.

LITTLEJIOHN, M. J. & MARTIN, A. A. (1967). The rediscovery of Heleioporus australiacus
(Shaw) Anura: Myobatrachidae) in eastern Victoria. Proceedings of the Royal
Society of Victoria 80, 31-36.

LITTLEJOHN, M. J., ROBERTS, D. J., WATSON, G. F. & DAVIES, M. (1993). Family
Myobatrachidae. In Fauna of Australia, vol. 2A (eds. C. J. Glasby, G. J. B. Ross and
P. L. Beesley), pp. 41-57. Australian Government Publishing Service, Canberra.

LoMAN, 1. (1999). Early metamorphosis in common frog Rana temporaria tadpoles at risk
of drying: an experimental demonstration. Amphibia - Reptilia 20, 421-430.

LONSDALE, W. M. & LANE, A. M. (1994). Tourist vehicles as vectors of weed seeds in
Kakadu National Park, northern Australia. Biological Conservation 69, 277-283.

240



Literature cited

MACARTHUR, R. H. (1972). Geographical ecology: patterns in the distribution of species.
Harper & Row, New York.

MACNALLY, R. C. (1989). The relationship between habitat breadth, habitat position, and
abundance in forest and woodland birds along a continental gradient. Oikos 54, 44-
54.

MAHONY, M. 1. (1994). The status of frogs in the Watagan Mountains area the Central Coast
of New South Wales. In Herpetology in Australia: a diverse discipline (eds. D.
Lunney and D. Ayers), pp. 257-264. Transactions of the Royal Zoological Society of
NSW, Sydney.

MAHONY, M. J. (1996). The decline of the Green and Golden Bell Frog Litoria aurea
viewed in the context of declines and disappearances of other Australian frogs.
Australian Zoologist 30, 237-247.

MAHONY, S. (1997). Efficacy of the "Threatening Processes" provisions in the Threatened
Species Conservation Act 1995 (NSW): bush-rock removal and the endangered
broad-headed snake. Environmental and Planning Law Journal 14, 3-16.

MAIN, A.R., LITTLEJOHN, M. J. & LEE, A. K. (1959). Ecology of Australian frogs. In
Biogeography and ecology in Australia [Monographiae Biologicae Vol 8].
Biogeography and ecology in Australia [Monogr. Biol. Vol 8] (eds. A. Keast, R. L.
Crocker and C. S. Christian), pp. 396-411. Dr. W. Junk, The Hague.

MARTOF, B. S. (1953). Home range of the green frog, Rana clamitans. Ecology 34, 165-174.

MATHIS, A., JAEGER, R. G., KEEN, W. H., DUCEY, P. K., WALLS, S. C. & BUCHANAN, B. W.
(1995). Aggression and territoriality by salamanders and a comparison with the
territorial behaviour of frogs. In Amphibian biology; Vol.2: Social behaviour (eds.
H. Heatwole and B. K. Sullivan), pp. 633-674. Surrey Beatty & Sons, Sydney.

MATTHEWS, K. R. & POPE, K. L. (1999). A telemetric study of the movement patterns and
habitat use of Rana muscosa, the mountain yellow-legged frog, in a high-elevation
basin in Kings Canyon National Park, California. Journal of Herpetology 33, 615-
624.

MAY, R. M. (1990). How many species? Philosophical Transactions of the Royal Society of
London, B 30,293-304.

McCAULEY, D. E., RAVEILL, J. & ANTONOVICS, J. (1995). Local founding events as
determinants on genetic structure in a plant metapopulation. Heredity 75, 630-636.

McCoLLuM, S. A. & VAN BUSKIRK, J. (1996). Costs and benefits of a predator-induced
polyphenism in the gray treefrog Hyla chrysoscelis. Evolution 50, 583-593.

MCDONALD, K. & ALFORD, R. (1999). A review of declining frogs in northern Queensland.
In Declines and disappearances of Australian frogs (ed. A. Campbell), pp. 14-22.
Environment Australia, Canberra.

McDoNALD, R. C. & ISBELL, R. F. (1998). Soil Profile. In Australian soil and land survey
field handbook (eds. R. C. McDonald, R. F. Isbell, J. G. Speight, J. Walker and M.
S. Hopkins), pp. 103-152. Australian Collaborative Land Evaluation Program,
CSIRO Land and Water, Canberra.

MCINTYRE, S. & LAVOREL, S. (1994). Predicting richness of native, rare, and exotic plants
in response to habitat and disturbance variables across a variegated landscape.
Conservation Biology 8, 521-531.

MCRAE, R. H. D. (1990). Vegetation of Bouddi Peninsula, New South Wales.
Cunninghamia 2, 263-293.

241



Literature cited

MEGAHAN, W. F. (1976). Tables of geometry for low-standard roads for watershed
management considerations, slope staking, and end areas. Intermountain Forest and
Range Experimentation Station, Ogden, Utah.

MERRIAM, G., KOZAKIEWICZ, M., TSUCHIYA, E. & HAWLEY, K. (1989). Barriers as
boundaries for metapopulations and demes. Landscape Ecology 2,227-235.

MooDY, A. L., THOMPSON, W. A., DE BRUIIN, B., HOUSTON, A. I. & G0SS-CUSTARD, J. D.
(1997). The analysis of the spacing of animals, with an example based on
oystercatchers during the tidal cycle. Journal of Animal Ecology 66, 615-628.

MOORE, J. A. (1957). Frogs of the Sydney region. Australian Museum Magazine 12, 212-
216.

MOORE, J. A. (1961). The frogs of eastern New South Wales. Bulletin of the American
Museum of Natural History 121, 149-386.

MORAND, A., JOLY, P. & GROLET, O. (1997). Phenotypic variation in metamorphosis in five
anuran species along a gradient of stream influence. C.R. Academie de Sciences,
Paris, Sciences de la vie 320, 645-652.

MOREY, S. & REZNICK, D. (2000). A comparative analysis of plasticity in larval
development in three species of spadefoot toads. Ecology 81, 1736-1749.

MOREY, S. & REZNICK, D. (2001). Effects of larval density on postmetamorphic spadefoot
toads (Spea hammondii). Ecology 82, 510-522.

MORSE MCVEY & ASSOCIATES. (1993). Soil & water management for urban development.
2™ edition. NSW Department of Housing, Sydney.

MURPHY, P. J. (2003).. Does reproductive site choice in a neotropical frog mirror variable
risks facing offspring? Ecological Monographs 73, 45-67.

NEAVE, H. & NORTON, T. (1991). Integrated management of forest wildlife: comments on
new ways to research habitat. In Conservation of Australia’s forest fauna (ed. D.
Lunney), pp. 229-236. The Royal Zoological Society of New South Wales,
Mosman.

NEIGEL, J.E. & AVISE, J. C. (1993). Application of a random walk to geographic
distributions of animal mitochondrial DNA variation. Genetics 135, 1209-1220.

NEWELL, D. & GOLDINGAY, R. L. (2004). Conserving reptiles and frogs in the forests of
New South Wales. In Conservation of Australia’s Forest Fauna (ed. D. Lunney), pp.
270-296. Royal Zoological Society of New South Wales, Mosman.

NEWMAN, R. A. (1988). Adaptive plasticity in development of Scaphiopus couchii tadpoles
in desert ponds. Evolution 42, 774-783.

NEWMAN, R. A. (1989). Developmental plasticity of Scaphiopus couchii tadpoles in an
unpredictable environment. Ecology 70, 1775-1787.

NEWMAN, R. A. (1992). Adaptive plasticity in amphibian metamorphosis. Bioscience 42,
671-678.

NEWMAN, R. A. (1994). Genetic variation for phenotypic plasticity in the larval life history
of spadefoot toads. Evolution 48, 1773-1785.

NEWMAN, R. A. & DUNHAM, A. E. (1994). Size at metamorphosis and water loss in a desert
anuran (Scaphiopus couchii). Copeia 1994, 372-381.

Nix, H. (1986). A biogeographic analysis of Australian elapid snakes. In Atlas of elapid
snakes of Australia. Australian flora and fauna series number 7 (ed. R. Longmore)
pp. 415. Australian Government Publishing Service, Canberra.

NOBLE, G. K. (1939). The role of dominance in the social life of birds. Auk 56, 263-273.

242



Literature cited

Noss, R. F. & COOPERRIDER, A. Y. (1994). Saving nature's legacy: protecting and restoring
biodiversity. Defenders of Wildlife and Island Press, Wahsington, D.C.

Noss, R. F. & MURrPHY, D. D. (1995). Endangered species left homeless in sweet home.
Conservation Biology 9, 229-231.

NSW DEPT. OF MINES. (1966). Sydney 1:250 000 Geological Series Sheet SI 56-51. 1:250
000, 3™ edition. New South Wales Department of Mines, Sydney.

NSW DEPT. OF MINES. (1969). Sydney Basin 1:500 000 Geological Sheet (Special). 1:500
000, 3™ edition. New South Wales Department of Mines, Sydney.

NSW NATIONAL PARKS AND WILDLIFE SERVICE. (2001). Hygiene protocol for the control of
disease in frogs. Information circular number 6. NSW National Parks and Wildlife
Service, Hurstville NSW.

NSW NATIONAL PARKS AND WILDLIFE SERVICE. (2003). The bioregions of New South
Wales: their biodiversity, conservation and history. New South Wales National
Parks and Wildlife Service, Hurstville.

NYSTROM, P. & ABIORNSSON, K. (2000). Effects of fish chemical cues on the interactions
between tadpoles and crayfish. Oikos 88, 181-190.

ORIANS, G. H. & WITTENBERGER, J. F. (1991). Spatial and temporal scales in habitat
selection. American Naturalist (Suppl.) 137, 529-S49.

OSBORNE, P. E. & TIGAR, B. J. (1992). Interpreting bird atlas data using logistic models: an
example from Lesotho, Southern Africa. Journal of Applied Ecology 29, 55-62.

OSBORNE, W. S. (1991). The biology and management of the corroboree frog
(Pseudophryne corroboree). NSW National Parks and Wildlife Service, Sydney.

OSBORNE, W. S., HUNTER, D. & HOLLIS, G. (1999). Population declines and range
contraction in Australian alpine frogs. In Declines and disappearances of Australian
Jrogs (ed. A. Campbell), pp. 145-157. Environment Australia, Canberra.

OUTHRED, R., LAINSON, R., LAMB, R. & OUTHRED, D. (1985). A floristic survey of Ku-ring-
gai Chase National Park. Cunninghamia 1, 313-338.

PARKER, H. W. (1940). Australasian frogs of the family Leptodactylidae. Novitates
Zoologicae 42, 1-106.

PARRIS, K. M. (2001). Distribution, habitat requirements and conservation of the cascade
treefrog (Litoria pearsoniana, Anura: Hylidae). Biological Conservation 99, 285-
292.

PARRIS, K. M. (2002). The distribution and habitat requirements of the great barred frog
(Mixophyes fasciolatus). Wildlife Research 29, 469-474.

PEARSALL, J. (2002). The concise Oxford English dictionary, 10", revised edition. Oxford
University Press, Oxford.

PEETERS, E. T. H. M. & GARDENIERS, J. J. P. (1998). Logistic regression as a tool for
defining habitat requirements of two common gammarids. Freshwater Biology 39,
605-615.

PENGILLEY, R. K. (1973). Breeding biology of some species of Pseudophryne (Anura:
Leptodactylidae) of the Southern Highlands, New South Wales. Australian Zoologist
18, 15-30.

PETERSON, M. A. & DENNO, R. F. (1997). The influence of intraspecific variation in

dispersal strategies on the genetic structure of planthopper populations. Evolution
51, 1189-1206. ‘

POSSINGHAM, H., NADOLNY, C., CATTERALL, C. & TRAIL, B. (1995). Position statement on
vegetation clearance. Bulletin of the Ecological Society of Australia 25, 3-5.

243



Literature cited

POSTLE, A., MAJER, J. & BELL, D. (1991). A survey of selected soil and litter invertebrate
species from the northern jarrah (Eucalyptus marginata) forest of Western Australia,
with particular reference to soil-type, stratum, seasonality and the conservation of
forest fauna. In Conservation of Australia’s forest fauna (ed. D. Lunney), pp. 193-
204. The Royal Zoological Society of New South Wales, Mosman.

PRIMACK, R. B. (2002). Essentials of conservation biology, 3" edition. Sinauer Associates,
Sunderland, Massachusetts.

PROPER, S. M. & AUSTIN, M. P. (1990). Habitat peculiarity as a cause of rarity in Eucalyptus
paliformis. Australian Journal of Ecology 16, 189-205.

PULLIAM, H. R. & CARACO, T. (1984). Living in groups: is there an optimal group size? In
Behavioural ecology: an evolutionary approach (eds. J. R. Krebs and N. B. Davies),
pp. 122-147. Blackwell Scientific Publications, Oxford.

PURVES, W. K., ORIANS, G. H. & HELLER, H. C. (1995). Life, the science of biology, 4"
edition. Sinauer, Massachusetts.

RECHER, H. F. (1991). The conservation and management of eucalypt forest birds: resource
requirements for nesting and foraging. In Conservation of Australia’s forest fauna
(ed. D. Lunney), pp. 25-34. The Royal Zoological Society of New South Wales,
Mosman.

RECHER, H. F. & LM, L. (1990). A review of current ideas of the extinction and
management of Australia's terrestrial vertebrate fauna. In Australian ecosystems: 200
years of utilisation, degradation and reconstruction (eds. D. A. Saunders, A. J. M.
Hopkins and R. A. How), pp. 287-301. Surrey Beatty & Son, Chipping Norton.

RECSEL J. (1996). The eastern owl frog. In Threatened frogs of New South Wales: habitats,
status and conservation (ed. H. Ehmann), pp. 56-65. Published by the Frog and
Tadpole Study Group of NSW Inc, PO Box A2405, Sydney South 2000.

REID, L. M. & DUNNE, T. (1984). Sediment production from forest road surfaces. Water
Resources Research 20, 1753-1761.

RELYEA, R. A. (2001). Morphological and behavioural plasticity of larval anurans in
response to different predators. Ecology 82, 523-540.

RELYEA, R. A. & HOVERMAN, J. T. (2003). The impact of larval predators and competitors
on the morphology and fitness of juvenile treefrogs. Oecologia 134, 596-604.

REMMERT, H. (1982). Wie gross miissen Naturschutzgebiete sein? Seevdgel 3, 115-120.

RICHARDS, S., SINSCH, U. & ALFORD, R. (1994), Radio tracking. In Measuring and
monitoring biological diversity. Standard methods for amphibians. (eds. W. R.
Heyer, M. A. Donnelly, R. W. McDiarmid, L. C. Hayek and M. S. Foster), pp. 154-
158. Smithsonian, Washington D.C.

ROBERTS, D. J. (1981). Terrestrial breeding in the Australian leptodactylid frog
Myobatrachus gouldii (Gray). Australian Wildlife Research 8, 451-462.

ROBERTS, D. J. (1984). Terrestrial egg deposition and direct development in Arenophryne
rotunda Tyler: a Myobatrachid frog from coastal sand dunes at Shark Bay, Western
Australia. Australian Wildlife Research 11, 191-200.

ROBERTS, D. J. & MAXSON, L. R. (1989). A molecular perspective on relationships of
Australian Pseudophryne (Anura: Myobatrachidae). Systematic Zoology 38, 154-
165.

ROBERTSON, J. G. M. (1986). Female choice, male strategies and the role of vocalizations in
the Australian frog Uperoleia rugosa. Animal Behaviour 34, 773-784.

244



Literature cited

ROITHMAIR, M. E. (1994). Male territoriality and female mate selection in the dart-poison
frog Epipedobates trivittatus (Dendrobatidae, Anura). Copeia 1994, 107-115.

ROSE, A. B. (1974). Gut contents of some amphibians and reptiles. Herpetofauna 7, 4-8.

ROSE, S. M. (1960). A feedback mechanism of growth control in tadpoles. Ecology 41, 188-
199.

Ross, E. C. (1908). Notes on the genus Pseudophryne. Australian Naturalist 1, 145-148.

SARKAR, S. (1996). Ecological theory and anuran declines. Bioscience 46, 199-207.

SCHEINER, S. M. (1993). Plasticity as a selective trait: reply to Via. American Naturalist 142,
371-373.

SCHLESINGER, C. A. & SHINE, R. (1994). Choosing a rock: perspectives of a bush-rock
collector and a saxicolous lizard. Biological Conservation 67, 49-56.

ScHUR, B. (1990). Western Australia's biggest nature conservation problem: land clearing in
the south west. Land Water Research News 5, 6-9.

SEMLITSCH, R. D. (1993). Adaptive genetic variation in growth and development of the
hybridogenetic Rana esculenta complex. Evolution 47, 1805-1819.

SEMLITSCH, R. D. & BODIE, J. R. (2003). Biological criteria for buffer zones around
wetlands and riparian habitats for amphibians and reptiles. Conservation Biology 17,
1219-1228.

SEMLITSCH, R, D. & REYER, H.-U. (1992). Performance of tadpoles from the hybridogenetic
Rana esculenta complex: interactions with pond drying and interspecific
competition. Evolution 46, 665-676.

SEMLITSCH, R. D. & SCHMIEDEHAUSEN, S. (1994). Parental contributions to variation in
hatchling size and its relationship to growth and metamorphosis in tadpoles of Rana
lessonae and Rana esculenta. Copeia 1994, 406-412.

SEVERINI, C., TiTA, B. & BOLLE, P. (1992). Pumiliotoxin B-like alkaloid in extracts of the
skin of the Australian myobatrachid frog, Pseudophryne coriacea: effects on blood
pressure and heart of the rabbit. Archives Internationales de Pharmacodynamie et de
Therapie 317, 56-66.

SHAW, G. & NODDER, F. P. (1795). Naturalist's Miscellany. printed for Nodder & Co.,
London.

SHAW, M. W. (1995). Simulation of population expansion and spatial pattern when
individual dispersal distributions do not decline exponentially with distance.
Proceedings of the Royal Society of London. Series B: Biological Sciences 259, 243-
248.

SHI, Y.-B. & ISHIZUYA-OKA, A. (1996). Biphasic intestinal development in amphibians:
embryogenesis and remodelling during metamorphosis. Current Topics in
Developmental Biology 32, 205-235.

SHIELDS, W. M. (1983). Optimal inbreeding and the evolution of philopatry. In The ecology
of animal movement (eds. 1. R. Swingland and P. J. Greenwood), pp. 132-159.
Clarendon Press, Oxford. ,

SHINE, R. & FITZGERALD, M. (1989). Conservation and reproduction of an endangered
species: the broad-headed snake, Hoplocaphalus bungaroides (Elapidae). Australian
Zoologist 25, 65-67.

SINCLAIR, D. F. (1985). On tests of spatial randomness using mean nearest neighbour
distance. Ecology 66, 1084-1085.

SINscH, U. (1987). Migratory behaviour of the toad Bufo bufo within its home range and
after displacement. In 4t4 Ordinary General Meeting SEH Nijmegen (eds. J. Van

245



Literature cited

Gelder, H. Strijbosch and P. J. M. Bergers), pp. 361-364. Faculty of Science,
Nijmegen.

SINScH, U. (1990). Migration and orientation in anuran amphibians. Ethology, Ecology &
Evolution 2, 65-79.

SIVERTSEN, D. (1994). The native vegetation crisis in the wheat belt of New South Wales.
Search 25, 5-8.

SIVERTSEN, D. (1995). Habitat loss - its nature and efffects (including case studies from New
South Wales). In Conserving biodiversity: threats and solutions (eds. R. Bradstock,
T. Auld, D. A. Keith, Kingsford, D. Lunney and D. Sivertsen), pp. 29-42. Surrey
Beatty & Sons, Sydney.

SMITH, B. P., TYLER, M. J., KANEKO, T., GARAFFO, H. M., SPANDE, T. F. & DALY, J. W.
(2002). Evidence for biosynthesis of pseudophrynamine alkaloids by an Australian
myobatrachid frog (Pseudophryne) and for sequestration of dietry pumiliotoxins.
Journal of Natural Products 65, 439-447.

SmiITH, D. C. (1987). Adult recruitment in chorus frogs: effects of size and date at
metamorphosis. Ecology 68, 344-350.

SMITH-GILL, S. G. & BERVEN, K. A. (1979). Predicting amphibian metamorphosis.
American Naturalist 113, 563-585.

SOFTLY, A. & NAIRN, M. E. (1975). A newly reported toxic Australian frog (genus
Heleioporus). Medical Journal of Australia 1, 560-561.

SOULE, M. E., ALBERTS, A. C. & BOLGER, D. T. (1992). The effects of habitat fragmentation
on chaparral plants and vertebrates. Oikos 63, 39-47.

SPEARE, R. (2000). Getting the jump! on amphibian disease. In Conference and workshop
compendium, pp 1-65. Rainforest CRC, Cairns, QLD.

SPECHT, R. L., SPECHT, A., WHELAN, M. B. & HEGARTY, E. E. (1995). Conservation atlas of
plant communities in Australia. Centre for Coastal Management and Southern Cross
University Press, Lismore.

SPEIGHT, J. G. (1998). Landform. In Australian soil and land survey field handbook (eds. R.
C. McDonald, R. F. Isbell, J. G. Speight, J. Walker and M. S. Hopkins), pp. 9-57.
Australian Collaborative Land Evaluation Program, CSIRO Land and Water,
Canberra.

SPIELER, M. & LINSENMAIR, K. E. (1998). Migration patterns and diurnal use of shelter in a
ranid frog of a West African savannah: a telemetric study. Amphibia - Reptilia 19,
43-64.

SQUIRES, J. R., ANDERSON, S. H. & OAKLEAF, R. (1993). Home range size and habitat-use
patterns of nesting prairie falcons near oil developments in northeastern Wyoming.
Journal of Field Ornithology 64, 1-10.

STATE OF THE ENVIRONMENT ADVISORY COUNCIL. (1996). Australia State of the
Environment 1996. CSIRO, Collingwood.

STAUBER, A. (1999). Geographic variation in Pseudophryne australis (Anura:
Myobatrachidae): Morphological and genetic differences. Unpublished Hons.
thesis, University of Technology, Sydney.

STEARNS, S. C. (1989). The evolutionary significance of phenotypic plasticity. Bioscience
39, 436-445.

STEARNS, S. C. (1992). The evolution of life histories. Oxford University Press, Oxford.

246



Literature cited

STEARNS, S. C. & KOELLA, J. C. (1986). The evolution of phenotypic plasticity in life-
history traits: predictions of reaction norms for age and size at maturity. Evolution
40, 893-913.

STEINMETZ, H. (ed). (1982). Farm implement and machinery multilingual illustrated
dictionary, 4" edition. Stainmetz, Betzdorf.

STEINWASCHER, K. & TRAVIS, J. (1983). Influence of food quality and quantity on early
larval growth of two anurans. Copeia 1983, 238-242.

STUART, S. N., CHANSON, J. S., COX, N. A., YOUNG, B. E., RODRIGUES, A. S. L., FISHMAN,
D.L. & WALLER, R. W. (2004). Status and trends of amphibian declines and
extinctions worldwide. Science 306, 1783-1786.

SULLIVAN, B. K., RYAN, M. J. & VERRELL, P. A. (1995). Female choice and mating system
structure. In Amphibian biology, Vol.2: Social behaviour (eds. H. Heatwole and B.
K. Sullivan), pp. 469-517. Surrey Beatty & Sons, Sydney.

TEJEDO, M. & REQUES, R. (1994). Plasticity in metamorphic traits of natterjack tadpoles: the
interactive effects of density and pond duration. Oikos 71, 295-304.

TEeVIS, L. (1966). Unsuccessful breeding by desert toads (Bufo punctatus) at the limit of their
ecological tolerance. Ecology 47, 766-775.

THOMAS, J. R. & BENSON, D. H. (1985a). Vegetation survey of Ku-ring-gai Chase National
Park. Royal Botanical Gardens, Sydney.

THOMAS, J. R. & BENSON, D. H. (1985b). Vegetation survey of Muogamarra Nature
Reserve. Royal Botanical Gardens, Sydney.

THOMPSON, J. D. (1991). Phenotypic plasticity as a component of evolutionary change.
Trends in Ecology and Evolution 6, 246-249.

THUMM, K. (1997a). The red-crowned toadlet, Pseudophryne australis: microhabitat profile,
life history, management issues and survey techniques. Unpublished report.

THUMM, K. (1997b). Case study - Bushfire management and the red-crowned toadlet. In On
the brink. Your bush, their habitat, our Act. Is the Threatened Species Conservation
Act working? (ed. H. Webb), pp. 78-84. Nature Conservation Council of NSW Inc.,
University of Sydney, Sydney.

THUMM, K. (2004). The role of bet-hedging in the life history strategy of the red-crowned
toadlet, Pseudophryne australis (Gray, 1835)(Anura: Myobatrachidae). PhD thesis,
The University of Newcastle.

THUMM, K. & MAHONY, M. J. (1996). The red-crowned toadlet. In Threatened frogs of New
South Wales: habitats, status and conservation (ed. H. Ehmann), pp. 124-134.
Published by the Frog and Tadpole Study Group of NSW Inc, PO Box A2405,
Sydney South 2000.

THUMM, K. & MAHONY, M. J. (1999). Loss and degradation of red-crowned toadlet habitat
in the Sydney region. In Declines and disappearances of Australian frogs (ed. A.
Campbell), pp. 99-108. Environment Australia, Canberra.

THUMM, K. & MAHONY, M. J. (2002a). Hatching dynamics and bet-hedging in a temperate
frog Pseudophryne australis (Anura: Myobatrachidae). Amphibia - Reptilia 23, 433-
444,

THuMM, K. & MAHONY, M. J. (2002b). Evidence for continuous iteroparity in a temperate-
zone frog, the red-crowned toadlet, Pseudophryne australis (Anura:
Myobatrachidae). Australian Journal of Zoology 50, 151-167.

247



Literature cited

THUMM, K. & MAHONY, M. J. (2005). Is variable egg size the proximate cause of diversified
bet-hedging in the hatching dynamics of the red-crowned toadlet (Pseudophryne
australis) (Anura: Myobatrachidae)? Herpetologica 61, 9-19.

TaumMM, K. & MAHONY, M. I. (2006). The effect of waterlevel reduction on the red-crowned
toadlet Pseudophryne australis (Anura; Myobatrachidae): Bet-hedging or predictive
plasticity? Amphibia - Reptilia 27, 1-16.

TOWERTON, A. & LEMCKERT, F. (2001). A note on two predation events of the giant
burrowing frog, Heleioporus australiacus. Herpetofauna 31, 34-35.

TrAVIS, J. (1981). Control of larval growth variation in a population of Pseudacris triseriata
(Anura: Hylidae). Evolution 35, 423-432.

TrAVIS, J. (1983). Variation in development patterns of larval anurans in temporary ponds.
L. Persistent variation within a Hyla gratiosa population. Evolution 37, 496-512.

TROMBULAK, S. C. & FrISsgLL, C. A. (2000). Review of ecological effects of roads on
terrestrial and aquatic communities. Conservation Biology 14, 18-30.

TYLER, M. J. (1976). Frogs. Collins, Sydney.

TYLER, M. J. (1994). Australian frogs - a natural history. Reed, Chatswood.

TYLER, M. I. (1997). The action plan for Australian frogs. Wildlife Australia, a branch of
Environment Australia, Commonwealth Department of Environment, Sport and
Territories, Endangered Species Program, Action Plan, Canberra.

UPITIS, A. L. (1980). An integrated study of tracks in Ku-ring-gai Chase National Park with
implications for management. Macquarie University. Unpublished report.

VAN BUSKIRK, J., MCCOLLUM, S. A. & WERNER, E. (1997). Natural selection for
environmentally induced phenotypes in tadpoles. Evolution 51, 1983-1992.

V14, S. (1993). Adaptive phenotypic plasticity: target or by-product of selection in a variable
environment. American Naturalist 142, 352-365.

Via, S. & LANDE, R. (1985). Genotype-environment interaction and the evolution of
phenotypic plasticity. Evolution 39, 505-522.

Vos, C. C. & CHARDON, J. P. (1998). Effects of habitat fragmentation and road density on
the distribution pattern of the moor frog Rana arvalis. Journal of Applied Ecology
35, 44-56.

WAKE, D. B. (1991). Declining amphibian populations. Science (Wash. DC) 253, 860.

WALKER, J. & HOPKINS, M. S. (1998). Vegetation. In Australian soil and land survey field
handbook (eds. R. C. McDonald, R. F. Isbell, J. G. Speight, J. Walker and M. S.
Hopkins), pp. 58-86. Australian Collaborative Land Evaluation Program, CSIRO
Land and Water, Canberra.

WASSERSUG, R. J. (1997). Where the tadpole meets the world - observations and
speculations on biomechanical and biochemical factors that influence
metamorphosis in anurans. American Zoologist 37, 124-136.

WATSON, G. F. & MARTIN, A. A. (1973). Life history, larval morphology and relationships
of Australian leptodactylid frogs. Transactions of the Royal Society of South
Australia 97, 33-45.

WEBB, G. A. (1981). Geographical distribution of reptiles and amphibians in the Southern
Eden Forestry Region. Forestry Commission of New South Wales. Unpublished
report.

WEBB, G. A. (1983). Diet in a herpetofaunal community on the Hawkesbury Sandstone
formation in the Sydney Area. Herpetofauna 14, 87-91.

248



Literature cited

WEBB, G. A. (1987). A note on the distribution and diet of the giant burrowing frog,
Heleioporus australiacus (Shaw and Nodder 1795) (Anura: Myobatrachidae).
Herpetofauna 17, 20-21.

WEBB, G. A. (1991). The effects of logging on populations of small ground-dwelling
vertebrates in montane eucalypt forest in south eastern New South Wales.
Unpublished M.Sc. thesis, Australian National University, Canberra.

WEBB, G. A. (1993). Significance of the giant burrowing frog (Heleioporus australiacus) in
Bombaderry Creek Reserve. New South Wales National Parks and Wildlife Service.
Unpublished report.

WERNER, E. (1986). Amphibian metamorphosis: growth rate, predation risk, and the optimal
size at transformation. American Naturalist 128, 319-341.

WHITE, G. C. & GARROTT, R. A. (1990). Analysis of wildlife radio-tracking data. Academic
Press, Sydney.

WHITE, R. E. (1987). Introduction to the principles and practice of soil science, 2™ edition.
Blackwell Science, Oxford.

WIEGAND, T., REVILLA, E. & MOLONEY, K. A. (2005). Effects of habitat loss and
fragmentation on population dynamics. Conservation Biology 19, 108-121.

WIENS, J. A. (1976). Population responses to patchy environments. Annual Review of
Ecology and Systematics 7, 81-120.

WILBUR, H. M. (1977). Interactions of food level and population density in Rana sylvatica.
Ecology 58, 206-209.

WILBUR, H. M. (1984). Complex life cycles and community organization in amphibians. In
A new ecology: novel approaches to interactive systems (eds. P. W. Price, C. N.
Schlobodchikoff and W. S. Gaud), pp. 195-224. Wiley, New York.

WILBUR, H. M. (1987). Regulation of structure in complex systems: experimental temporary
pond communities, Ecology 68, 1437-1452.

WILBUR, H. M. & COLLINS, J. P. (1973). Ecological aspects of amphibian metamorphosis.
Science 182, 1305-1314.

WILCOVE, D. S., ROTHSTEIN, D., DUBOW, J., PHILLIPS, A. & L0s0S, E. (1998). Quantifying
threats to imperiled species in the United States. Bioscience 48, 607-615.

WILLIAMS, D. D. (1987). The ecology of temporary waters. Croon Helm, London.

WILSON, E. Q. (1975). Sociobiology: the new synthesis. Belknap Press, Cambridge.

WILSON, E. O. (1989). Threats to biodiversity. Scientific American 261, 108-116.

WOODRUFF, D.S. (1972). The evolutionary significance of hybrid zones in Pseudophryne
(Anura: Leptodactylidae). PhD thesis, University of Melbourne.

WOODRUFF, D. S. (1978). Hybridization between two species of Pseudophryne (Anura:
Leptodactylidae) in the Sydney Basin, Australia. Proceedings of the Linnean Society
of New South Wales 102, 131-147.

WOODWARD, B. D..(1987b). Intetractions between Woodhouse's Toad tadpoles (Bufo
woodhousii) of mixed sizes. Copeia 1987, 380-386.

WOODWARD, F. 1. (1987a). Climate and plant distribution. Cambridge University Press,
Cambridge.

YOUNG, K. R. (1994). Roads and the environmental degradation of tropical montane forests.
Conservation Biology 8, 972-976.

ZAR, J. H. (1996). Biostatistical analysis, 3™ edition. Prentice - Hall, Sydney.

ZUG, G.R. & Zua, P.B. (1979). The marine toad, Bufo marinus: a natural history resume of
native populations. Smithsonian Contributions to Zoology 284, 1-58.

249



	Title page
	Acknowledgements
	Table of contents
	List of figures
	List of tables
	List of abbreviations
	Abstract
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Appendix
	Literature cited



