Anuran richness and occurrence relative to
urbanisation on the Swan Coastal Plain,
Western Australia
Thesis submitted for the Honours Degree in Environmental Science,
Murdoch University

Student: Jai Thomas BSc Biology
Supervisor: Dr Joe Fontaine

Submitted 28 October 2013

Litoria adelaidensis, Lake Joondalup. Photo: Jai Thomas

Declaration
I declare this thesis is my own account of my research, and contains as its main
content work that has not been previously submitted for a degree at any tertiary
educational institution.

…………………….…..………
Jai Thomas

Word Count
Introduction

3,960

Methods

4,065

Results

1,087

Discussion

2,907

Total (including Abstract)

12,327

ii

Abstract

Anurans are an important component of ecosystems, as they contribute to the transfer of energy
between aquatic and terrestrial habitat and act as predators, prey, and herbivores. However, even
though urbanisation is acknowledged as a threat to 50% of Australia’s endangered anurans, there
is little published research on anurans in urban patches in Australia compared to those in
undisturbed habitat. This type of research may prove vital to the management of biodiversity
within the Perth region, which is currently the fastest growing capital city in Australia, and
existing urban remnants may become increasingly important to conservation. The aim of this
thesis is to investigate the influence of a modified landscape on anuran occupancy and species
richness, incorporating analyses to account for variations in detection probability amongst
species within wetlands on the Swan Coastal Plain in Western Australia. Temperature was found
to exert a consistent effect on the detection of all species. The observed influence of surveydependent variables on species detection can aid the design of future surveys of the study
species. Occupancy amongst species was best predicted by combinations of road cover and
residential area. Interestingly, residential area showed a positive relationship with occurrence,
which is most likely due to the changes in hydroperiod that occur within urban wetlands. Species
richness was best predicted by both residential and wetland area. Several species were
encountered very infrequently during the survey period, which may indicate that these species
are limited in their distribution along the Swan Coastal Plain. Projected climate change predicts
the loss of surface water groundwater expressions in some areas, which may pose a threat to the
local existence of these species. Overall, the findings of this study may inform the future
management of anurans within the Swan coastal Plain, and highlights the potential for wetlands
to contribute to the protection of biodiversity in an increasingly degraded environment.
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Introduction

Using a field-based study of anurans combined with a series of statistical modelling techniques,
this thesis examines the effects of urbanisation on anuran communities within the Swan Coastal
Plain bioregion of Western Australia. The following chapter introduces global and local issues
which formed the basis for this research. The decline of amphibians worldwide is considered,
followed by discussion of the mechanisms by which urbanisation has, both directly and
indirectly, posed a serious threat to anuran persistence within developed and developing areas.
While many factors have been implicated in driving anuran decline in urban areas, this thesis
focuses on landscape-scale effects and therefore, the chapter primarily focuses on these. Finally,
the need for further research examining anuran population persistence in urban areas is examined
in relation to existing published research in both Australia and the Perth region study area.

1.1

Urbanisation

Urbanisation and the associated intensification of landuse are accelerating worldwide, with
profound consequences for ecosystems (McKinney 2006; Hamer and McDonnell 2008). The
process of urbanisation is related to an increase in human population and the associated
development of land to better facilitate the needs of the human population (Forman 2008). The
clearing of native vegetation and the creation of new land cover can alter the physical, chemical
and ecological characteristics of an environment, which can in turn result in changes to existing
floral and faunal communities and alter the types, frequency and intensity of disturbance regimes
(McDonnell and Pickett 1993; Kinzig and Grove 2001). For example, artificial land cover such
as roads increases contaminant runoff into watercourses and wetlands (Paul and Meyer 2001),
the loss or alteration of riparian and aquatic vegetation cover can make an environment
unsuitable for ecologically important flora and fauna (Skelly et al. 2002; Thurgate and Pechmann
2007), and, through the implementation of stormwater systems and diversion of water for public
use, the inundation of watercourses can be marginally to substantially distorted (Hogan and
Walbridge 2007).

1.2

Amphibian declines

Anurans constitute a significant component of many ecosystems, acting as prey, predators and
herbivores (Blaustein et al. 1994; Gibbons et al 2006). Evidence suggests that due to their
biphasic life- history, many anuran species play a vital part in the transfer of energy between
aquatic and terrestrial ecosystems (Burton and Likens 1975). Therefore, anuran declines could
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have a drastic effect on the populations of other species, as well as the many ecosystems that
they inhabit (Stebbins and Cohen 1995).
On a global scale, nearly 50% of all critically endangered terrestrial vertebrates are anurans
(IUCN 2013). A number of causes have been proposed for the unusually high level of decline
amongst anurans, including the introduction of exotic species (Mahony 1999), disease (Daszak et
al. 2003; Muths et al. 2003), pollution (Blaustein et al. 1994; Schiesari et al. 2007), and altered
hydrological regimes (Hamer and McDonnell 2008). Many anurans are dependent on the
availability of freshwater to complete their life cycle (deMaynadier and Hunter 2000). This
vulnerability has become an increasing threat to their persistence, as human exploitation of
freshwater resources is ever-increasing and extensive. For example, in 2010 – 2011, 71,796
gigalitres of freshwater was extracted and used within Australia (ABS 2012).

Groundwater extraction and surface diversion alter hydrology. Altered hydrology, resulting in
habitat loss or modification, is likely to be the largest and most significant documented driver
implicated in the decline of anuran species (Homan et al. 2004; Porej et al. 2004; Herrmann et al.
2005; Skidds et al. 2007; Hamer and McDonnell 2008). These changes can have both direct
effects on habitat availability for reproduction, foraging and refuge (Hamer and McDonnell
2008), and indirect effects on anuran populations by hindering dispersal and gene flow via the
fragmentation of linkage habitat (Cushman 2006).

Amphibians are considered to be among those most at risk to the impacts of urbanisation (Hamer
and McDonnell 2008). The encroachment of urbanisation into native habitat has been known to
introduce or exacerbate each of the above factors associated with amphibian decline, thus
impeding the viability of anuran populations (Paul and Meyer, 2001; Bee and Swanson 2007;
Hamer and McDonnell 2008; St-Amour et al. 2008). Approximately 88% of threatened
amphibians worldwide and 50% of those within Australia are impacted by urbanisation, making
this one of the primary factors threatening their continued existence (Hazel 2003; Baillie et al.
2004; Stuart et al. 2004).

1.3

Landscape scale impacts of urbanisation

1.3.1

Loss and degradation of vegetation

The process of urbanisation has the potential to reduce the extent or change the composition of
vegetation within and surrounding water bodies used by anurans (Hamer and McDonnell 2008).
The need for both aquatic and terrestrial habitat means that the degradation or loss of either
habitat or the connectivity between them can have dire consequences for amphibian populations
2

(Semlitsch 2000). Due to their biphasic life history, which dictates a dependence on both aquatic
and terrestrial habitats, amphibians appear to be particularly vulnerable to habitat change
(deMaynadier and Hunter 2000; Semlitsch 2000; Houlahan and Findlay 2003; Cushman 2006).
However, as detailed in the following paragraphs, their dependence on aquatic and terrestrial
habitat stems not only from an aquatic larval stage but also due to a need of a combination of
habitats used for foraging, shelter, and reproduction.

Aquatic vegetation
Altering the structural composition of water body vegetation can impact anurans by decreasing
the usability of habitat for refuge, food availability, and reproduction. Aquatic vegetation is
important to some anurans as it provides refugia for larvae as well as adults during breeding
periods (Morgan and Buttemer 1996; Baber and Babbitt 2004). In an experiment using wading
pools Baber and Babbitt (2004) demonstrated that habitat complexity due to aquatic vegetation
decreased the number of eastern narrow-mouth toad (Gastrophryne carolinensis) tadpoles
consumed by eastern mosquitofish (Gambusia holbrooki). Aquatic vegetation has also been
demonstrated to provide important oviposition sites for species that attach their egg masses to
structures (Egan and Paton 2004). Shulse et al. (2012) found that total anuran metamorph
production as well as species richness was greatest at wetlands with aquatic vegetation
(submerged and emergent) which they suggested was due to decreased predation and increased
oviposition. In addition, studies by Hazell et al. (2004) and Hartel et al. (2007) found that the
occurrence of some anurans, as well as species richness, was higher in ponds with high
vegetation cover. However, these findings are not considered a general rule across the literature.
For example, a study by Knutson et al. (2004) reported negative associations between multispecies reproductive success and increased emergent vegetation, and another conducted by Porej
and Hetherington (2005) found no relationship between species richness and emergent
vegetation cover. This contrast in results is most likely due to variations between species’
toleration to predation, water temperature preference and need for structures to attach egg masses
to.

Terrestrial vegetation
Although anurans are primarily associated with aquatic environments, terrestrial areas
surrounding wetlands are also important to post metamorphic anurans as they provide habitat for
dispersal, foraging and shelter (deMaynadier and Hunter 1999). Several studies have reported
positive associations between anuran abundance, species richness and occurrence, and the
amount of forest surrounding wetlands (upland habitat) and breeding ponds (Homan et al. 2004;
Porej et al. 2004; Herrmann et al. 2005; Skidds et al. 2007). For example, a study by Skidds et al.
3

(2007) recorded a positive association between the area of upland forest within a one kilometre
radius of breeding ponds, and egg mass counts (an index of population size) of the wood frog
Rana sylvatica. Further evidence for the importance of terrestrial habitats to anurans arises from
a study by Price et al. (2005), which demonstrated that variables associated with larger
geographic scales (500 m and 3000 m from breeding ponds) predicted the occurrence of several
anuran species more effectively than local scale variables measured within 100 m of wetlands.
As the persistence of meta-populations rely on the continuing recolonisation of locally extinct or
declining populations (Price et al. 2005), large areas of forest are likely most important to
metapopulation species because they facilitate dispersal. However, much depends on species
movement patterns, and species such as the western chorus frog (Pseudacris triseriata), whose
occurrence was best predicted by habitat variables measured within a 500m radius (Price et al.
2004) and is known to remain proximate (<100m) to breeding sites, is likely to remain sensitive
to vegetation changes immediately surrounding wetlands (Kramer 1974).

Anurans that are forced to exist in terrestrial environments degraded by urbanisation and
agriculture may also suffer additional costs. For example, a study by Maerz et al. (2005)
investigating plant community changes in old-fields invaded by Japanese knot weed (Fallopia
japonica) discovered a difference in the foraging success of green frogs (Rana clamitans)
between invaded and non-invaded areas. The authors postulated that changes to vegetation
structure and composition as a result of invasion by Japanese knot weed was sufficient to reduce
arthropod abundance and, as a consequence, green frog foraging opportunities (Maerz et al.
2005). Additionally, Rothermel and Semlitsch (2002) demonstrated that degraded habitats (oldfields) posed a greater obstacle to the dispersal of American toads (Bufo americanus) between
habitat patches than forested areas, decreasing the likelihood that neighbouring populations in
this fragmented landscape may receive dispersing individuals.

1.3.2 Hydroperiod
Wetland hydrology may be altered via intensive groundwater use, stormwater diversion
management, the filling or draining of wetlands, or an increase in surface runoff into catchments
(Ehrenfeld 2000; Paul and Meyer 2001; Allan 2004; Hogan and Walbridge 2007). As such, it is
one aspect of wetlands and streams which may be most affected by the encroachment of
urbanisation. In particular, urbanisation can impact the hydroperiod (length of time during
which a waterbody retains water) of a wetland or stream through changes to the frequency of
inundation, timing of inundation, duration of wet periods or the quantity of water flow (Kentula
et al. 2004; Hamer and McDonnell 2008). By extension, this may also alter the seasonal or
continuous inhabitants of a waterbody, such as fish (Kentula et al. 2004). In its most extreme
4

manifestation, the alteration of a wetland’s hydroperiod can result in the permanency of
previously ephemeral wetlands, or vice versa (Kentula et al. 2004; Hogan and Walbridge 2007).
In particular, stormwater management has been shown to increase the likelihood of complete
water loss within affected waterbodies, as water that would otherwise enter the wetland is
diverted to stormwater retention facilities or directly into streams (Hogan and Walbridge 2007).
A similar situation occurs in the Perth region of Western Australia, whereby water is diverted
from large groundwater aquifers which feed a number of permanent and ephemeral wetlands
(Horwitz et al. 2009). The implication of these alterations may then be a change within the
species composition of anurans which are able to inhabit the altered wetland (e.g. Bamford and
Huang 2009).

The hydrological characteristics within waterbodies determine the persistence of nearly all
anuran species. The response of anuran species to alterations in waterbody hydroperiod is
strongly varied and divergent within urban and suburban populations (Hamer and McDonnell
2008). Overall, a modification to hydroperiod is recognised to be highly influential to the
community composition of anurans within urban areas (Wellborn et al. 1996; Rubbo and
Kiesecker 2005; Price et al. 2006; Werner et al. 2007). Ruddo and Kiesecker (2005) suggest that
the apparent influence of waterbody hydroperiod on the distribution of amphibians in urban areas
is likely due to the variation in life histories between species, and the presence of predatory fish
in permanent wetlands. Oregon is one such environment that exemplifies the impact of
urbanisation on wetland hydroperiod, and additionally the alteration of species composition
within these wetlands. For example, Kentula (2004) observed a shift from several large, shallow,
ephemeral wetlands to smaller, deeper and more permanent wetlands. These wetlands were also
more likely to contain predatory fish populations. Following the urbanisation of wetland habitats,
Pearl et al. (2005) noted a decline amongst amphibian species with shorter larval periods, while
species with longer larval periods persisted, such as the bullfrog Rana catesbeiana.

The decline or persistence of anuran species following the encroachment of urbanisation into
wetland habitats is purportedly connected to the reproductive success of these species. Hamer
and McDonnell (2008) suggest that in wetlands whose hydroperiod is shortened by stormwater
divergence management, species with longer larval stages may not have time to metamorphose
before the wetland dries out. Furthermore, they also suggest that those individuals that do reach
metamorphosis may still desiccate if they are not able to move to suitable, moist habitat. In
contrast, waterbodies which experience increased surface runoff may be subjected to more
frequent floods of higher magnitude, leading to the erosion of banks, removal of woody debris,
and disturbance to aquatic vegetation (Ehrenfeld 2000; Paul and Meyer 2001; Allan 2004). This
5

in turn leads to the removal of shelter and breeding sites used by both juveniles and adult
anurans, who may also face the risk of becoming flushed downstream by intensified flow rates
following periods of heavy rain (Willson and Dorcas 2003).

1.3.3 Fragmentation and isolation
Landscape modification as a result of urbanisation and agricultural land usage often not only
reduces habitat area and remnant habitat quality, but also contributes to the fragmentation of
natural environments (Wang and Moskovits 2001; Wade et al. 2003). Fragmentation leads to the
creation of many small patches with reduced connectivity, often separated in an urban context by
a matrix of inhospitable roads, homes, and commercial developments (Wilcove et al. 1986).
Anthropogenic land cover has been shown to act as a partial or complete barrier to dispersing
amphibians (Cushman 2006).

It is widely accepted that urban features such as roads and buildings influence the abundance and
distribution of anurans, presumably due to their function as a barrier to species movement
between habitats and thereby also decreasing the foraging, shelter and breeding habitat available
to insular urban populations (e.g. Gibbs 1998; deMaynadier and Hunter 2000). Urban land cover
may result in a decrease in canopy cover, a variable often shown to be important to dispersing
anurans (Birchfield and Deters 2005). Road density and reduced canopy closure have both been
found to impose a negative effect on the emigration of the North American wood frog Rana
sylvatica (deMaynadier and Hunter 1999; Findlay et al. 2001). Similar findings have been
presented from non-urban environments, showing that forest-dependent amphibians actively
avoid areas with an open canopy (Rothermel and Semlitsch 2002; Rothermel 2004). Baughman
and Todd (2007) suggest this avoidance is an adaptive response to the threat of predation or
desiccation. However, the movement of anurans amongst urban landscapes is yet to be
thoroughly examined on a global scale, and so the reason behind their dispersal is largely
speculative (but see Birchfield and Deters 2005; Husté et al. 2006).

Features which increase both the fragmentation of natural habitat and the isolation of remnant
patches may therefore strongly influence the movement of individuals and genes across a
landscape (Lande 1988). This is particularly important to anuran species which exist as
metapopulations (e.g. Gulve 1994). A study by Reh and Seitz (1990) found that populations of
Rana temporaria separated by highways within Germany suffered reduced heterozygosity and
polymorphism within populations, and showed high genetic differentiation between populations.
The presence of roads and railways imposed a significant (p = 0.03) barrier effect upon gene
flow and genetic diversity (Reh and Seitz 1990). Similarly, Telles et al. (2007) found that genetic
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differentiation at the landscape scale between populations of Physalaemus cuvieri was larger
than would be expected in a continuous landscape, while gene flow was absent between two
populations within highly developed urban areas. As illustrated by these studies, the
fragmentation and consequential isolation of natural habitat can have detrimental impacts to the
genetic dynamics of insular populations. Populations isolated over time are increasingly
vulnerable to the effects of inbreeding and genetic drift, and therefore susceptible to
environmental and demographic stochasticity, especially if population size is sufficiently
decreased (Frankham 1996).

Roads are one feature of an urban landscape which have received high levels of attention
throughout the literature in respect to their influence on anuran dispersal. Although a number of
studies have demonstrated their role as a barrier to dispersal (e.g. deMaynadier and Hunter
2000), studies also suggest that they may impact the distribution and abundance of anuran
species via direct mortality from traffic. Fahrig et al. (1995) suggests that a recent increase in
traffic may be contributing to the worldwide decline of anuran populations, especially those
within highly populated areas. The study found the abundance and density of anurans to decrease
with increasing traffic intensity, and the proportion of dead anurans to increase with increasing
traffic intensity. This proposed mortality may affect urban populations in two ways. Increased
mortality may lead to reduced population size, increasing the effects of insularity and therefore
increasing the susceptibility of a population to demographic and environmental stochasticity
(Wilcox and Murphy 1985; Schoener and Spiller 1992; Frankham 1996). Additionally, it can
increase the barrier effect of roads, further isolating populations and increasing the risk of local
extinction, while also decreasing the possibility of recolonisation (Gulve 1994; Lande 1988).

1.4

Extent and Distribution of Anuran Research in Urban Australia

While a majority of the research outlined in previous sections comes from other continents
(primarily North America), Australian work has at a minimum touched on most mechanisms of
anuran decline. Anuran declines have been well documented in Australia, examining factors
such as invasive species interactions (Gillespie 2001; Hamer et al. 2002; Knapp and Matthews
2000), disease (Laurance et al. 1996; Berger et al. 1999; McDonald et al. 2005), the broader
ecological traits of declining species (Mahony 1996; Murray and Hose 2005), and even its
relationship with high interest topics such as global warming (Laurance and William 2008).
However, many declines have occurred within relatively unmodified habitat, and therefore the
study of frogs within urban landscapes in Australia is, at present, poorly represented in the
literature (Hazell 2003). A search of the scientific literature conducted using the database ‘Web
of Science’ and the search terms ‘amphibian’, ‘urbanisation’ and ‘Australia’ returned a list of
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only ten papers. This is surprising, considering that habitat modification has been identified as a
key threatening process for 50% of Australia’s threatened anuran species (Hero and Morrison
2004). Furthermore, of the ten papers listed none had been conducted in the south-west region of
the country, which is an area that now contains the fastest growing city in Australia (ABS 2013).

1.4.1

The Swan Coastal Plain

Perth is located within the Swan Coastal Plain (SCP) Interim Bioregion of Australia, and lies
within an international biodiversity hotspot (DotE 2013). The Perth region is home to nearly
80% of Western Australia’s human population, and has lost as much as 70% of the natural
wetlands which once occurred as a result of infilling or drainage to create land for agricultural
use and urban development (Davis and Froend 1999). As of June 2012, Perth’s population stood
at 1.9 million people following an annual increase of 65,400 people (3.6%), making this the
fastest growing city in Australia (ABS 2013). A majority of growth is occurring outwards (ABS
2013), contributing to urban sprawl through the outer fringing suburbs and forcing the
encroachment of artificial land cover into remnant native habitats.

A total of 81 anuran species are found within Western Australia. Of these, three species
(Geocrinia alba, Geocrinia vitellina and Spicospina flammocaerulea) from the south west of the
state are believed to be of conservation concern (Roberts et al. 1999). Fortunately, these species
do not occur within urban areas. However, at this stage few studies have examined the
distribution of anurans along the SCP (and a majority of the studies which have been conducted
in this region exist as grey literature; e.g. How et al. 1996; WAM and WANC 1997; Davis et al.
2008; Bamford and Huang 2009), and only one has considered the effect of urbanisation (How
and Dell 2000).

Fifteen species have been recorded historically within the SCP (How and Dell 1993). However,
studies over the last 20 years have recorded between nine (Bamford and Huang 2009) and 11
species (How et al. 1996), with a maximum of seven species found within a particular site (How
et al. 1996; How and Dell 2000; Bamford and Huang 2009). A number of studies have observed
a greater diversity of anurans on the eastern side of the SCP (which contains older geomorphic
units) compared to the west (Storr et al. 1978; Harvey et al. 1997; How et al. 1996; Bamford and
Huang 2009). Several authors have suggested a local decline in at least four species, including
Heleioporus albopunctatus, Heleioporus psammophilus, Heleioporus barycragus and
Neobatrachus pelobatiodes (Davis et al. 2008). Based on published literature, Heleioporus
psammophilus and Neobatrachus pelobatiodes have been recorded from only one site (Berry
2001; How and Dell 2000), and the records for both H. barycragus and H. albopunctatus are
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suspected to have come from individuals occasionally dispersing from the Darling Scarp
(Bamford and Huang 2009).

How and Dell (2000) detected no relationship between the size of remnant bushland and anuran
species richness, however few of the sites within this study contained wetlands. Furthermore,
Bamford and Huang (2009) detected a relationship between water permanency and aquatic
vegetation, and the presence of several species including Litoria moorei, Litoria adelaidensis
and Limnodynastes dorsalis. Crinia glauerti was consistently present in areas with riparian
vegetation and seasonal inundation, whereas Heleioporus eyrei was detected at equal proportions
within both sites with and without water and aquatic vegetation.

1.5

Why study anurans of the Perth region?

The development and subsequent habitat degradation which has occurred within other Australian
cities and around the world has highlighted a need to further understand how urbanisation
impacts sensitive ecosystems and its vertebrate fauna. Compared to other major cities within
Australia, Perth is relatively young, and in an earlier stage of development (Hahs et al. 2009).
Authors such as Smallbone et al. (2011) have identified the need for more research within areas
experiencing early stages of urbanisation, in order to better understand the response of anuran
species to a changing environment. Therefore, an opportunity exists in the Swan Coastal Plain to
study wetland ecosystems that have been exposed to urbanisation at varying spatial and temporal
scales, and determine factors which are likely to influence the occurrence of anuran species as
well as community structure. Furthermore, Perth is in a stage of rapid growth (ABS 2013), and
having already lost a majority of its natural wetlands (Davis and Froend 1999) it is likely that
this information can be used to inform the future conservation management of its remnant
habitat.

9

1.6

Research aims

The aim of this thesis is to investigate how urbanisation, on a landscape scale, has influenced
anuran species and communities within the Swan Coastal Plain. As nearly all anurans within this
region are associated with wetland habitats, study areas consist of wetlands of varying size,
hydroperiod and degree of urbanisation. By doing this work, it is hoped that the data presented
may better inform management strategies for the long term preservation of wetland ecosystems
within both south west Western Australia and other areas faced with conserving wetland
habitats within urban areas. Furthermore, it is hoped that this thesis may identify at- risk species
within altered environments, and assist in the prioritisation of wetlands across the Swan Coastal
Plain by better understanding the conditions that should be maintained for the continued
occurrence of anuran species. Specifically, this study aims to:

a) Investigate the extent to which anuran detection is influenced by climactic and surveydependent variables (and aid future survey design efforts locally)
b) Examine the relationship between anurans and urbanisation by modelling individual
species occurrence and anuran species richness within the Swan Coastal Plain against a
number of environmental variables related to urbanisation, including residential area,
road density, and habitat availability, and
c) Provide insight into the application of these findings to manage anuran populations in the
Perth region.
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2
2.1

Methods

Study Area

The Swan Coastal Plain (SCP) bioregion is situated along the south west coast of Western
Australia. It is a relatively narrow (20 km wide), low lying coastal plain, that extends from
Dunsborough in the south to Jurien in the north (Gibson et al 1994), and is bordered by the
Darling Range to the east, and the Indian Ocean to the west (Figure 2.1; Davis and Froend 1999;
Davis et al. 2008). The SCP experiences a Mediterranean climate, which consists of cool, wet
winters and hot dry summers (How and Dell 2000). Total annual rainfall varies between 600 and
1000 mm, and most occurs between May and September (How and Dell 2000; Mitchell et al.
2003). Precipitation is highest at the base of the Darling Scarp south of Pinjarra (>1000 mm) and
drops to approximately 700 mm north of Yanchep (Gibson et al 1994).

The region is composed of five major geomorphological elements (McArthur and Bettenay
1960; Churchward and McArthur 1980), which run parallel to the coastline and represent the
interplay between dune formation during glacial maxima and fluvial deposits from the Darling
scarp over long periods (How and Dell 2000; Neville and Orange 2005). At the base of the
Darling Scarp, to the east, is the Ridge Hill Shelf (Seddon 1972). The Ridge Hill Shelf is
Pleistocene in origin and was born of alluvial deposits and old beach sands (Gibson et al. 1994).
Abutting the Ridge Hill Shelf to the west is the Pinjarra Plain, which is of Pleistocene to
Holocene age and was formed by alluvial deposits flowing down via river systems from the
Darling Scarp (Gibson et al. 1994). As a result, the Ridge Hill Shelf and Pinjarra Plain contain
soils which are relatively fertile, and much of this land has been cleared for agricultural land use
(Gibson et al. 1994).

Adjacent to the Pinjarra Plain are the Bassendean and Spearwood Dune Systems, both also of
Pleistocene age (McArthur and Bettenay 1960; Heddle et al. 1980; Gibson et al. 1994). The
Bassendean dune system is made up of a sequence of low lying hills rising to 110 m above sea
level in the north, to near- sea level in the south (Gibson et al. 1994; Balla 1994). The slightly
younger aeolian- born Spearwood dune system rises to 100 m above sea level, but is more
uniform in relief than the Bassendean dune system (Gibson et al. 1994). The Spearwood dune
system is comprised of two subdivisions; the Karrakatta unit of deep yellow sands, and the
Cottesloe unit of thinner sands on Tamala limestone (Churchward and McArthur 1980). Situated
between the Indian Ocean and the Spearwood dune system is the relatively narrow Quindalup
dune system (Seddon 1972). The Quindalup dune system is the youngest of the dunes, and
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consists of calcareous sands formed during the Holocene period (Seddon 1972; Semeniuk et al.
1989). This dune system rises to 40 m in height and extends to 1-3 km in width (Seddon 1972).
Prior to European settlement, as much as a quarter of the SCP’s land area was covered by
wetlands (Balla 1994; Hill 1996; Mitchell et al. 2003). Wetlands in Western Australia have been
defined as “areas of seasonally, intermittently or permanently waterlogged soils or inundated
land, whether natural or otherwise fresh or saline” (Wetlands Advisory Committee, 1977). Of the
wetlands that have been mapped, two percent are lakes (permanently inundated basins), 40% are
damplands (basins with seasonally waterlogged soils), and 50% are sumplands or swamps
(seasonally inundated basins) (Semeniuk 1987). Additionally, a small (25 1138 ha) strip of land
adjacent to the Darling Scarp, which consists of seasonally waterlogged and inundated flats (due
to hard and impervious clay layers) known as palusplains and floodplains, also occurs (Semeniuk
1987). As a result of urbanisation and agriculture, greater than 70% of the wetlands that once
existed on the SCP have been filled, drained, mined for peat or clay, or cleared of vegetation
(Balla 1994).

Wetland water levels along the SCP reach their maximum in spring (September to October) and
their minimum in autumn (April to May) (Balla 1994). Many wetlands on the SCP are fed by
both rainfall and ground water from unconfined aquifers (Townley et al. 1993). There are two
major groundwater systems that underlie the SCP in Perth; the Gnangara mound, which occurs
north of the Swan River and provides a large proportion of Perth’s public water, and the
Jandakot Mound, which occurs south of the River (WAPC and WRC 2001). Historically, up to
fifty percent of Perth’s water use has been supplied by groundwater (WAPC and WRC 2001).
Because groundwater is very close to the surface in the Jandakot mound, many wetlands are
interconnected during peak wet periods of the year. In contrast, the Gnangara mound occurs at
greater depths and thus wetlands tend to exhibit naturally lower connectivity (Balla 1994).

The distribution of vegetation communities within the SCP is determined by climate, soil
structure, nutrient content, and water table depth with at least 30 discrete vegetation communities
identified (16 wetland associated; Gibson et al 1994, Heddle et al. 1980; Cresswell &
Bridgewater 1985; Groom et al. 2001). Broadly, upland habitat of the dune systems consists of a
vegetation community dominated by Banksia woodland and intermittent Eucalyptus and
Allocasuarina stands, with a diverse understorey of low shrubs and perennial non-woody plants
(Groom et al. 2001). The lower wetland habitats are most often surrounded by Banksia littoralis
and Melaleuca sp., with a variable understorey of species belonging to the Cyperaceae,
Juncaceae and Myrtaceae families (Semeniuk et al. 1990). Overall, native vegetation cover in the
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Swan Coastal Plain bioregion has decreased by as much as 60% (DotE 2012) with recent change
largely due to urbanisation close to the coast north and south of the Perth city centre. Land
conversion has disproportionately included vast areas of wetland habitat drained and filled to
create land suitable for residential areas (Davis and Froend 1999). Moreover, riparian and upland
vegetation that surrounds prevailing wetlands are often cleared for landscaping, to facilitate
recreational activity (Davis and Froend 1999). In the mid—1990s, Hill et al. (1996) estimated
that as little as 17% of the wetlands between Wedge Island and Mandurah remained with their
native vegetation completely intact, and that value certainly has continued to decline in the
subsequent ~15+ years (Government of Western Australia 2007; DotE 2012).

Figure 2.1

Interim Bioregions of Australia (IBRA; Version 7), showing the Swan Coastal Plain,
Western Australia.
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2.2

Study species

A total of 15 anuran species from seven genera and three families (Hylidae, Limnodynastidae
and Myobratrachidae) have been recorded historically from within the Swan Coastal Plain
(Appendix 1; How and Dell 2000). Of the 15 species, ten are extant and present across much of
the SCP and associated with wetlands (Bamford and Huang 2009; Tyler and Doughty 2009). Of
the remaining five, two species (Helioporus psammophilus and Neobatrachus pelobatiodes are
known from just one site each (Berry 2001, How and Dell 2000). Historical records of H.
barycragus and H. albopunctatus recorded north of the Swan River are considered to have been
vagrants from the Darling Scarp (Jarrah forest species; Bamford and Huang 2009). An additional
species (Myobatrachus gouldii) is associated with Banksia Eucalypt woodlands (Bush et al.
2010), and due to the emphasis on wetland habitats in this study, an examination of occupancy
was not within the scope of this thesis.

In general, frogs of the Swan Coastal Plain begin calling in April, and most have finished by
September – October. Species of the Heleioporus and Neobatrachus genus begin calling in April
and finish in May- June (Main 1965). Other species call for up to six to nine months of the year,
such as Crinia insignifera, Litoria adelaidensis and Litoria moorei, and one (Crinia glauerti) has
been observed to call all year round after rainfall, except during summer (Main 1965). With one
exception (M. gouldii), all species require access to permanent or seasonal wetlands in order to
reproduce (Main 1965; Appendix 1). Six species (Helioporus psammophilus, H. albopunctatus,
H. barycragus, H. eyrei, Neobatrachus pelobatiodes and Pseudophryne guentheri) rely on
seasonally inundated wetlands for breeding (Bamford and Huang 2009). Excluding N.
pelobatiodes, these species lay their eggs in burrows within seasonal wetlands, and larvae begin
to develop before inundation (Main 1965). Other species, such as Limnodynastes dorsalis lay
their eggs within inundated waterbodies (Bamford and Huang 2009). The long larval period of
this species (approximately 160 days) requires near permanent inundation in order to survive to
metamorphosis (Main 1965). Species also vary in their preference of water depth; Litoria sp. and
Limnodynastes dorsalis require more permanent, deeper waterbodies, as they lay their eggs in a
large mass around and attached to emergent vegetation (Main 1967; Tyler and Doughty 2009). In
contrast, Crinia species predominantly inhabit areas of shallow water, often with emergent
vegetation, where their eggs are either scattered through the shallow water, or laid on the bottom
of shallow pools (Main 1965; Tyler and Doughty 2009).

Other facets of their biology, such as longevity, site fidelity and dispersal habits, have not been
widely studied. However, Bamford and Huang (2009) propose that vagility varies between
species, and as a rule Crinia species may have limited dispersal abilities compared to larger
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species, such as Limnodynastes dorsalis and Heleioporus eyrei which have been observed to
move between wetland and woodland habitats in breeding/ non breeding seasons (Bamford
1986).

2.3

Site selection protocol

Due to the breeding- season dependency on wetland habitat of most anuran species in the region,
a total of 30 wetland sites were used in this study (Figure 2.2; Appendix 2). The number of
wetland sites was maximised in order to obtain a sample of wetlands representative of the SCP
system. Sampling sites were initially adapted from a previous study by Davis et al. (1993), which
examined aquatic invertebrate species diversity within 40 wetlands along the Swan Coastal Plain
which were considered representative of the broader population of wetlands. Starting with these
40 wetlands, a series of site selection criteria were applied:
a) Wetlands were located a minimum of 1 kilometre apart to allow for the measurement of
landscape- scale environmental variables,
b) Sites were spread (relatively) evenly across the Swan Coastal Plain, and
c) Sites sampled a range of wetland sizes and distance from the urban core (Perth CBD)
The chosen wetlands (n = 30) were spread across 90 km, from Gingin in the north, to Byford in
the south (Figure 2.2) and included 12 of the 40 wetlands listed by Davis et al (1993). Sampled
wetlands captured a range of wetland types, including two palusplains, four damplands, nine
lakes and 15 sumplands (Appendix 2).

Because wetlands varied in size by several orders of magnitude and also contained a range of
habitat types, sub-sites (or ‘sampling points’) were established using visual imagery from Google
Earth®. Depending on the size of the wetland and accessibility, between two and eight sampling
points were chosen that were at least 100 metres from each other, and evenly distributed around
the edge of the wetland in order to incorporate habitat variation at each location. Using this
method, a total of 115 sampling points were surveyed during the study period.

2.4

Survey protocol

Anuran surveys were conducted nightly from 10 June to 21 August 2013. They started
approximately a half hour following sunset, and were completed by 1:00am the following
morning. Each wetland was surveyed a total of four times; repeated surveys increase the
likelihood that true absence is recorded and not periods of inactivity (DEWHA 2010). A
combination of call surveys and opportunistic visual encounters were used to determine the
presence or absence of anuran species at the 30 wetlands. Combination methods allow the
surveyor to maximise the probability of detecting a species because it allows them to detect more
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than one behavioural state (DEWHA 2010). Call surveys take advantage of the breeding strategy
of anuran species, whereby males gather at wetlands and vocalize to establish territories and
attract females (Wells and Schwartz 2006). Each species has a unique call which allows them to
be easily identified by surveyors (Zimmerman 1994).

At each sampling point, a five minute call survey was conducted to identify species that were
audible within the area. While there is some debate over the optimal duration for anuran call
surveys (Crouch and Paton 2002), research by Shirose et al. (1997) suggests that surveys longer
than three minutes seldom result in the detection of species not already heard. In addition to the
call surveys, the time walking to and from sampling points was spent on visual searches for
anurans which may not have been heard calling. Total time spent searching was recorded as a
measure of survey effort for use in the analysis. Species were recorded as present if they were
heard or seen at the survey point and absent if they were not detected. This allowed the use of
data within both occupancy and species richness models.

2.4.1 Detection covariates
Several abiotic variables such as wind velocity, temperature, relative humidity, barometric
pressure, precipitation and time of survey are known to influence anuran calling behaviour
(Oseen and Wassersug 2002; Dorcas et al. 2009). To account for variation in calling behaviour,
the aforementioned variables were recorded at each sampling point during call surveys. A
Kestral 4500 pocket weather tracker was used to record meteorological variables (wind,
temperature, and relative humidity, and barometric pressure) at the start of each survey for the
purpose of using these survey-specific detection covariates in analyses. Precipitation data were
gathered from the Australian Bureau of Meteorology (BoM) public database. The nearest
weather station to each site that had 48 hours (from 9:00am the previous day to 9:00 am the
following morning) of rainfall data was used. In addition, time spent on visual searches was
recorded as a measure of survey effort. As the analysis was conducted at the site level and not
the sampling point level, the mean value of variables at sampling points within each site was
calculated for each of the four nights that they were visited.
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Figure 2.2

Wetland sites sampled in this study. NAM = Lake Nambung South, BIN = Bindiar Lake, LCH
= Loch McNess, WL = Wilgarup Lake, BUL = Bulls Brook Reserve, MP = Melaleuca Park, AL =
Lake Adams, HRS = Hawkins Road Swamp, JOON = Lake Joondalup, BAD = Badgerup Lake,
SNKE = Snake Swamp, GOO = Lake Goolelal, EMU = Emu Swamp, STAR = Star Swamp, BCS
= Big Carine Swamp, GWE = Lake Gwelup, HL = Herdsman Lake, PL = Perry Lakes South,
PINEY = Piney Lake, HRWR = Hume Road Wildlife Reserve, ML = Manning Lake, BIB = Bibra
Lake, HDS – Harrisdale Swamp, MGS = Market Garden Swamp, TBS = Twin Bartram Swamp,
SBS = Shirley Balla Swamp, FD – Forrestdale Lake, LMB = Lake Mount Brown, SPEC =
Spectacles North, BW = Brickwood Reserve.

2.5

Site covariates
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ArcMap 10.1 (ESRI 2012) was used to calculate four landscape variables at four spatial extents
(250 m, 500 m, 750 m and 1000 m) around sampling points. Doing this enabled evaluation of
the relevant spatial scales at which variables might influence anuran distribution and abundance
(Pellet et al. 2004). Further, as the vagility of each species likely varies, the spatial scale of
effect for each variable may be different between species (Price et al. 2005). Consistent with
previous work analysing landscape effects on anurans (Mazerolle 2005; Pillsbury and Miller
2008; Hamer and Parris 2011), spatial scales were limited to 1000 m. This also served to
maximise the number of wetlands available to be surveyed in this study without spatial overlap.

Four landscape metrics were quantified, two relating to urban development and two reflecting
anuran habitat availability. Metrics were first calculated within circular buffers surrounding each
sampling point within a wetland at each of the spatial scales mentioned above, and then used to
calculate a mean value to represent each wetland. Roads are a common element of urban
environments, and have been shown to influence anuran distribution by impacting on dispersal
and direct mortality (Andrews et al. 2008). Total road length (in metres) within circular buffers
around each sampling point (and at each of the four spatial scales) was quantified using the GIS
layer ‘Landgate Roads’ (Government of Western Australia 2011). Residential area per m2 was
calculated within buffers using the GIS layer ‘DAFWA landuse’ (Government of Western
Australia 2011), as it was considered to be a reliable representation of artificial land cover within
the area surveyed. Water permanency at a site (surface water at a site = 1 vs no surface water at a
site = 0) was also recorded during the survey period. However, it was found to be highly
correlated with residential area and was therefore omitted from analyses.

Upland habitat often disappears following urban encroachment (Dodd and Smith 2003). As it has
been shown to influence the occupancy of anuran species in other studies (deMaynadier and
Hunter 1999), upland habitat per m2 surrounding each sampling point was measured using the
GIS layer ‘RemVeg’ (DAFWA 2012). Finally, wetland area per m2 was measured using the GIS
layer ‘Geomorphic Wetlands’ (Government of Western Australia 2011). This was used in favour
of wetland size as it incorporates neighbouring wetlands which may become connected to study
sites over wetter months of the year, and therefore leads to a better estimate of wetland habitat
available to anurans at each sampling point.

2.6

Data analysis

2.6.1 Single-Season Site Occupancy Model
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Anurans are ectothermic, and as such their behaviour (calling and foraging) is influenced by a
number of physical variables such as temperature (Gibbons and Bennett 1974), barometric
pressure (FitzGerald and Bider 1974; Obert 1976; Bauch and Grosse 1989), wind (Henzi et al.
1995), humidity (Bellis 1962) and rainfall (Gibbons and Bennett 1974). As a result, surveying in
conditions that are not favourable to levels of activity that enable their detection may lead to a
species being recorded as absent when it actually is present but undetected (Bridges and Dorcas
2000). Because of this, analytical methods that are capable of modelling the effect of site
specific covariates on occurrence (e.g. residential area) while accounting for the effect of survey
specific covariates (e.g. temperature) on the detection process should be used (Bailey and
Nichols 2010).

In this study, the statistical model first proposed by Mackenzie et al. (2002) referred to as the
Single-season Site Occupancy Model (SSSOM), was used to account for imperfect detection.
This analysis was conducted using the package ‘unmarked’ (Fiske and Chandler 2011) in the
freely available statistical program R (R Development Core Team 2008). Several assumptions
need to be met when using this model (MacKenzie and Kendall 2002):

1. The species of interest occupied the site for the entire duration of the survey period; no
emigration, immigration, extinction or colonisation of sites is possible,
2. Species were not misidentified, and
3. Detection of a species at one site is independent of the detection of that species at all
other sites (MacKenzie and Kendall 2002).

There was no reason to conclude that this study was in breach of any of the above assumptions.
Given the short timeframe over which sampling occurred, it is highly unlikely that local
extinctions or colonisations took place during this time. The author has approximately ten years’
experience in anuran research and identification, which was aided by reference to pre-recorded
audio of anurans from the Perth region to confirm call identity (Roberts 2005), and the
consultation of anuran field guides (Tyler and Doughty 2009). Furthermore, independence of
detection between sites was addressed by sampling wetlands which were a minimum of one
kilometre apart. It was therefore unlikely that an individual would disperse between sites during
the course of the sampling period.

Data Analysis Process
Of the nine species detected during the study, five species had sufficient numbers of detection to
permit detailed analyses. Prior to analysis, detection and site variables were standardised by
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subtracting the mean from each value and dividing it by the standard deviation (‘centering’).
Standardisation helps numerical optimisation algorithms find the correct parameter estimate
(Donovan and Hines 2007). Prior to inclusion in models, detection variables were evaluated for
collinearity using pairwise scatterplots, Pearson’s correlation coefficients, and a variance
inflation factor (VIF), whereby variables with a correlation coefficient <-0.5 or >0.5 and a VIF
>3 were not included in models with the covariates that they correlated with (Zuur et al. 2009).
Once no collinearity between detection variables was confirmed, variables were combined in
global model in the absence of site-specific covariates. In order to find the best sub-set of
detection covariates, a process of backwards elimination was employed whereby all detection
variables were included in the model, and the variable with the least significant p-value was
dropped from the model until all variables were significant (Quinn and Keogh 2009). An alpha
level of 0.05 was applied across all analyses.

Within covariates, the relevant spatial scale at which to consider species occupancy needed to be
determined (multiple measures of the same covariate would not be included within the same
model). To determine the most relevant scale for inclusion in further analyses, the scale at which
each site-specific covariate had the greatest influence for each species was visually assessed
using box plots (Appendix 3). The variables at their most influential spatial scale for a particular
species were then assessed for collinearity as above, and placed in models that contained a
maximum of two site-specific covariates as well as the detection covariates identified in the
previous process. Road length and remnant vegetation showed a strong correlation with each
other (r2 = -0.5), however, as the variance inflation factor was less than 3, these variables were not
separated in the models. This approach was used due to a relatively small sample size (30
wetlands), in order to avoid over- parameterisation as advised by Donovan and Hines (2007). To
assess model fit and check for overdispersion, the function ‘mf.gof.test’ in the R package
‘AICmodavg’ (Mazerolle 2006) was used with 500 bootstrapped samples to compute the
MacKenzie and Bailey Goodness of Fit Test for Single Season Occupancy Models (MBGOF;
MacKenzie and Bailey 2002). Overdispersion refers to a scenario whereby the mean and
variance are not equal (Burnham and Anderson 2002). This is estimated by an overdispersion
parameter (c-hat), where overdispersion is indicated if c-hat >1 (Burnham and Anderson 2002).
The MBGOF is usually conducted on the global model (model including all covariates), however
due to the small sample size a global model was not included in the candidate model set. As a
result, MBGOF’s were conducted on all models with two site-specific covariates and the
smallest c-hat value was used to correct for overdispersion as is discussed below (Burnham and
Anderson 2002).
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Model selection was conducted using Akaike Information Criterion (AICc) corrected for small
sample sizes (Hurvich and Tsai 1993) and associated measures such as ∆AIC and AICwt . AIC is
a measure of goodness of fit and model complexity, whereby the ‘best’ (lowest) score is given to
the model that provides the maximum fit for the smallest number of predictor variables
(Burnham and Anderson 2002). ∆AIC is a measure of the relative strength of a model compared
to the model with the best AIC value (Burnham and Anderson 2002). Burnham and Anderson
(2002) suggest that ∆AIC’s < 2 indicate substantial evidence, values between 4-7 suggest
considerably less support and values >10 indicate that the model is highly unlikely. AICwt is
interpreted as the probability that a model is the best among those within the candidate model
set, referred to as the model weight (Burnham and Anderson 2002).

In cases where the c-hat value was substantially greater than 1, i.e. >1.5, the variance-covariance
matrix was multiplied by c-hat and Quasi AICc values (quasi-likelihood information criteria
(QAICc)) were used during the model selection process instead of AICc (Burnham and
Anderson 2002). In cases of overdispersion, standard errors were also inflated by a factor of √chat following MacKenzie and Bailey (2002).

Modelling results are presented as tables of models with their relative support given the data and
parameter estimates (with their 95% confidence intervals) are reported from top models.
Confidence intervals not overalapping zero were considered statistically significant in relation to
inferring effects of species detection or wetland occupancy.
2.6.2 Species richness
To examine the relationship of observed species richness at each wetland with urban- related
landscape variables, a multiple linear regression was conducted. Explanatory variables (as with
individual species occupancy models) included (i) residential area ‘Resid’, (ii) area of remnant
vegetation ‘RemVeg’, (iii) road length ‘Road’, and (iv) wetland area ‘Wet’. The spatial scale for
each landscape variable to include in the candidate models was chosen using a sequence of
simple regressions. The spatial scale of each variable which showed the highest correlation
coefficient (r2) with species richness was selected.

Normality was assessed visually using QQ plots. The Breusch-Pagan test for non-constant error
variance was used to assess heteroscedasticity, and Cook’s distance was used to determine the
influence of individual observations. Collinearity among explanatory variables was evaluated
using pairwise scatterplots, correlation coefficients, and a variance inflation factor (VIF). Visual
and statistical tests confirmed that assumptions for normality, heteroscedasticity and
independence were met. Models encompassed all available subsets containing a maximum of
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two landscape variables, and the best model was selected using Akaike’s Information Criterion
corrected for small sample size (AICc, Burnam and Anderson 2002) using the R package ‘AICc
modavg’ (Mazerolle 2006).
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3
3.1

Results

Goodness of Fit testing

The McKenzie and Bailey Goodness of Fit (MBGOF) test was conducted on a selection of
sub-global models for each species. The MBGOF test for the selected sub-global models did
not suggest poor fit (p > 0.05) for Crinia insignifera, Heleioporus eyrei, Litoria adelaidensis
and Litoria moorei, and the c-hat was approximately equal to 1 for these species. Although
the p-value for Limnodynastes dorsalis was greater than 0.05, the c-hat value was 1.6, which
suggested overdispersion. To address this, the methods previously described were followed
and Quasi AICc was used.

While there was sufficient data to model the occupancy of Crinia glauerti, the MBGOF test
suggested that the model was unsuitable (P<0.05, χ2 = 64.54, c-hat >4). Because of this, no
further analysis was conducted on Crinia glauerti.

3.2

Detection

There was sufficient data to model the effect of survey-specific covariates on the probability
of detection for five of the nine frog species recorded during the study (Table 3.1). Out of all
the survey-specific covariates, temperature was most frequently included in the best model to
explain variation in the detection probability of all five species (Table 3.2; Table 3.3).
Temperature, which had a positive effect, also imposed the greatest influence on the
likelihood of detection within the models (Figure 3.1). Beta coefficients for temperature were
positive and their 95% confidence intervals did not overlap zero, which suggests that the
effect of temperature is significant.

Date of survey was included in the top detection model for both Limnodynastes dorsalis and
Litoria moorei, and had a positive influence on detection whereby detection probability
increased as the survey period progressed. Barometric pressure, which also imposed a positive
influence within detection models, was included in the best model for Litoria adelaidensis
and Limnodynastes dorsalis. Survey effort (time spent searching between call surveys) was
included in the top model for both Litoria moorei and Heleioporus eyrei, but was no longer
significant in the model for L. moorei once site (occupancy) variables were introduced. As
with other survey variables, survey effort had a positive influence on detection probability.
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Table 3.1

Detection frequencies for the nine species identified during this study.
Species

Detections

Sites

Modelled

Crinia georgiana

17

5

No

Crinia glauerti

44

12

No

Crinia insignifera

78

22

Yes

Heleioporus eyrei

45

20

Yes

Litoria adelaidensis

65

23

Yes

Litoria moorei

36

19

Yes

Lymnodynastes dorsalis

54

21

Yes

Neobatrachus pelobatiodes

4

1

No

Pseudophryne guentheri

3

2

No

(b)

expected detection probability

expected detection probability

(a)

temperature (standardised)

temperature (standardised)

expected detection probability

(c)

barometric pressure (standardised)

Figure 3.1

Predicted relationships and 95% confidence intervals between the predicted
probability of detection by (a) Crinia insignifera and (b) Litoria adelaidensis and
temperature, and (c) L. adelaidensis and barometric pressure.
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3.3

Occupancy

The species that were present at the greatest number of sites were Litoria adelaidensis (23),
Crinia insignifera (22), and Limnodynastes dorsalis (21). Neobatrachus pelobatiodes
occupied the least number of sites, being only found at one site (Lake Nambung South),
followed by Pseudophryne guentheri (two) and Crinia Georgiana (four) (Table 3.1).

There was sufficient data to model the occupancy of five of the nine species that were
recorded. The scales at which landscape variables had the greatest predictive power on
occupancy varied between species and the variables themselves (Table 3.2; Table 3.3).
Residential area was consistently suggested to have the greatest influence on occupancy
within a 750 m radius for all species except H. eyrei, which showed the greatest influence
within a 250 m radius.

Residential area ranked in the top model for all species except H. eyrei. Interestingly, it
showed a positive effect on occupancy in all of these models; however, it was only significant
for C. insignifera and L. adelaidensis (confidence intervals did not overlap zero; Figure 3.2).
The top model for C. insignifera and L. adelaidensis also included the road length at the scale
of 250 m, which had a significant, negative influence on occupancy probability. Wetland area
was included in the top ranked model for both L. moorei and H. eyrei. Remnant vegetation
was not included in the top ranked model for any species. However, it was in the confidence
set of models for H. eyrei.
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Table 3.2

Top models for the effect of urban- related landscape variables on the occupancy of
the five anurans species which were analysed and species richness using Akaike’s
Information Criterion for small sample size (AICc), and Quasi AICc for
Limnodynastes dorsalis. K = number of parameters, LL = log likelihood, psi =
occupancy probability, and p = detection probability. Landscape variables include
residential area = resid (m2), road length = road (m), wetland area = wet (m2), and area
of remnant vegetation = remveg (m2). Detection variables include temperature = temp
(°C), barometric pressure = baro (hpa), date, and time spent on visual searches = effort
(min). Variables which were significant in the model are shown in bold.
AICc

∆AICc

AICcwt

K

LL

79.18

0.00

0.92

5

-33.34

111.60

0.00

0.60

6

-47.97

psi(resid750m + wet250m)p(date + temp + effort)

105.73

0.00

0.39

7

-43.32

psi(wet250m)p(date + temp + effort)

106.98

1.25

0.21

6

-45.66

psi(resid750m)p(date + temp + baro)

87.19

0.00

0.42

7

-34.05

psirResid750m + wet750m)p(date + temp + baro)

89.09

1.90

0.16

8

-33.12

psi(.)p(date + temp + baro)

89.17

1.97

0.16

6

-36.76

psi(road1km + wet250m)p(temp + effort)

123.43

0.00

0.27

6

-53.89

psi(remveg500m + wet250m)p(temp + effort)

123.60

0.17

0.25

6

-53.97

psi(resid250m + wet250m)p(temp + effort)

124.10

0.67

0.19

6

-54.23

psi(wet250m)p(temp + effort)

124.38

0.95

0.17

5

-55.94

Top Models
Crinia insignifera
psi(resid750m + road250m)p(temp)

Litoria adelaidensis
psi(resid750m + road250m)p(temp + baro)

Litoria moorei

Limnodynastes dorsalis

Heleioporus eyrei

Species richness
Richness ~ Resid750m + Wet500m

115.04

0

0.95

4

-52.72
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Table 3.3

Model coefficient (β), standards error (SE), and upper and lower confidence intervals
(CI) for the top model identified for each species. Bolded values represent coefficients
that had 95% confidence intervals that did not overlap with zero.
Top Model Covariates

β

SE

Upper CI

Lower CI

Crinia insignifera
Temp
Resid750m
Road250m

1.41
2.32
-2.26

0.429
1.039
0.942

2.25084
4.35644
-0.41368

0.56916
0.28356
-4.10632

Heleioporus eyrei
Temp
Effort
Road1km
Wet250m

1.251
0.96
-12.2
-25.6

0.307
0.276
48.9
79

1.85272
1.50096
83.644
129.24

0.64928
0.41904
-108.044
-180.44

Limnodynastes dorsalis
Date
Temp
Baro
Resid750m

0.801
0.949
0.611
1.52

0.43974
0.59472
0.44352
0.79002

1.66289
2.114651
1.480299
3.068439

-0.06089
-0.21665
-0.2583
-0.02844

Litoria adelaidensis
Temp
Baro
Resid750m
Road250m

1.91
1.52
3.12
-1.95

0.477
0.429
1.578
0.898

2.84492
2.36084
6.21288
-0.18992

0.97508
0.67916
0.02712
-3.71008

Litoria moorei
Date
Temp
Effort
Resid750
Wet250

0.973
1.53
0.628
1.43
2.06

0.349
0.479
0.335
0.858
2.348

1.65704
2.46884
1.2846
3.11168
6.66208

0.28896
0.59116
-0.0286
-0.25168
-2.54208
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(a)

expected detection probability

expected detection probability

(b)

road within 250 m radius (m2)

residential area within 750 m radius (m2)

(d)

expected detection probability

expected detection probability

(c)

residential area within 750 m radius (m2)

Figure 3.2

road within 250 m radius (m2)

Predicted relationships and 95% confidence intervals between the predicted
probability of occupancy by (a) Crinia insignifera and residential area, (b) Crinia
insignifera and road, (c) Litoria adelaidensis and residential area, and (d) Litoria
adelaidensis and road.
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3.4

Species Richness

Nine species were recorded during the course of this study (Table 3.1). Of the species that
have been historically recorded within the Swan Coastal Plain, four were not observed during
this study. These included Heleioporus albopunctatus, H.barycragus, H.psammophilus,
H.inornatus and Myobatrachus gouldii. The greatest number of species recorded at a single
site was seven, observed at Bibra Lake, Lake Nambung South, and Spectacles North (Figure
3.3). In contrast, no species were recorded at either Wilgarup Lake or Bindiar Lake.

The spatial scale that showed the strongest relationship with species richness amongst
landscape variables was different for each measure (i.e. road length = 250 m, wetland area =
500 m, residential area = 750 m, remnant vegetation = 1 km). In particular, wetland area was
significant at all spatial scales, but showed the strongest relationship at 500 m. These
variables were used to produce the set of sub-models for analysis. Based on AICc values, the
best multiple regression model for species richness included residential area (at 750 m) and
wetland area (at 500 m) (Table 3.2; Table 3.3; Figure 3.4). No other model within the
candidate set had a ∆AICc < 2.
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Figure 3.3

Species richness at each of the 30 wetland sites sampled, overlayed with residential
area (red). Sites with higher levels of species richness are labelled in dark green. NAM
= Lake Nambung South, BIN = Bindiar Lake, LCH = Loch McNess, WL = Wilgarup
Lake, BUL = Bulls Brook Reserve, MP = Melaleuca Park, AL = Lake Adams, HRS =
Hawkins Road Swamp, JOON = Lake Joondalup, BAD = Badgerup Lake, SNKE =
Snake Swamp, GOO = Lake Goolelal, EMU = Emu Swamp, STAR = Star Swamp,
BCS = Big Carine Swamp, GWE = Lake Gwelup, HL = Herdsman Lake, PL = Perry
Lakes South, PINEY = Piney Lake, HRWR = Hume Road Wildlife Reserve, ML =
Manning Lake, BIB = Bibra Lake, HDS – Harrisdale Swamp, MGS = Market Garden
Swamp, TBS = Twin Bartram Swamp, SBS = Shirley Balla Swamp, FD – Forrestdale
Lake, LMB = Lake Mount Brown, SPEC = Spectacles North, BW = Brickwood
Reserve.
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residual species richness

(a)

residual residential area within 750m

residual species richness

(b)

residual wetland area within 500m

Figure 3.4

Partial regression plots for the two explanatory variables included in the model for
anuran species richness. (a) residential area within 750m; (b) wetland area within
500m. Vertical axis represents residuals from OLS regression of species richness
against all explanatory variables except the one labelled. Horizontal axis represents
residuals from OLS regression of labelled explanatory variables against remaining
predictor.
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4
4.1

Discussion

Detection

Understanding detection is important as many anuran species are only conspicuous under
particular weather conditions or active during certain times of the year (Mazerolle et al. 2007)
hindering straight-forward monitoring of populations. Furthermore, detectability can also be
influenced by survey effort, and the experience of observers (Heyer et al. 1994; Bailey et al.
2004). Thus, efforts made to evaluate the effect of the aforementioned factors can greatly
increase the precision of occupancy estimates as well as aid the design and timing of future
surveys, and contribute vital information to land managers needing high quality, unbiased
data for decision making.

The most important detection variable across all species for detection was temperature.
Temperature was included in the top model for all of the five species (significantly different
from zero in four species) for which sufficient data were available, with higher detection rates
at higher temperatures. Previous studies have also identified temperature as an effect on
calling activity of anuran species and, by extension, their detection probability (MacKenzie et
al. 2002; Pellet and Schmidt 2005; Schmidt 2005; Weir et al. 2005; Kirlin et al. 2006).
Anurans are ectothermic, and as such the temperature of their environment is known to
influence their activity (Rowley and Alford 2010) and calling behaviour (Schmidt 2005;
Kirlin et al. 2006). Within the context of cool season surveys, nights with cloud cover, and
thus higher temperatures, will have greater anuran activity.

Barometric pressure had a positive effect on the probability of detection for Litoria
adelaidensis. A fall in barometric pressure is associated with imminent rainfall (Oseen and
Wassersug 2002), and consequently, an increase in barometric pressure indicates fine
weather. Oseen and Wassersug (2002) found that the calling of the spring peeper (Pseudacris
crucifer) was associated with a drop in barometric pressure. However, the early- season
calling of green frogs (Rana clamitans) was consistent with findings in this study, and were
instead associated with high barometric pressure. Rain has been shown to interfere with the
transmission of calls in some species, such as the Arizona toad (Bufo microscaphus; Dorcas
and Foltz 1991). It is therefore possible that L. adelaidensis was more likely to call during
periods of high barometric pressure, in an attempt to avoid acoustic interference from rainfall.
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Date (progression through the winter season) had a significant effect on detection probability
of Litoria moorei but not the other four species analysed. This relationship is most likely
attributed to the breeding phenology of L. moorei, as it has been observed to breed
predominantly during spring (Main 1965). Therefore, as the survey period progressed towards
the end of winter, more individuals of this species were heard calling, and more were sighted
during opportunistic encounters close to waterbodies. Similar studies where call surveys have
been used have also observed a seasonal effect on detection probability (e.g. Schmidt 2005;
Weir et al. 2005; Gooch et al. 2006; Kirlin et al. 2006).

There was a significant, positive relationship between survey effort and detection probability
for Heleioporus eyrei. Mazerolle et al. (2005) found a similar relationship between search
effort and the detection probability of Rana clamitans. H. eyrei is a relatively large and
conspicuous species of anuran, which was detected via visual encounters more often than it
was heard. As survey effort was a measure of time spent searching for anurans, this
relationship is not surprising. These findings illustrate the importance of mixed-method
approach to surveying anurans.

Rain is frequently reported to influence the calling behaviour of anuran species (Duellman
and Lizana 1994; Bevier 1997; Schmidt 2005; Kirlin et al. 2006). However, an association
between precipitation and detection probability was not observed for the five common species
considered in this study. This may be consistent with the observed relationship between
barometric pressure and detection, whereby anurans may avoid calling during rain to avoid
acoustic interference. Furthermore, the nearest weather stations were often several kilometres
from the study site, and therefore the spatial scale may have been too great to detect a
relationship between precipitation and detection probability at the scale of the individual
wetland sites.

Aspects of climate at the scale of the survey (temperature, barometric pressure) as well as
phenology (time of season) combined with survey effort to have consistent and statistically
significant effects on anuran detectability. These results underscore the need to carefully
design and execute monitoring of anuran populations; otherwise, data are likely to be biased
and likely not sufficiently robust for decision making concerning anuran conservation
(MacKenzie et al. 2002; Pollock et al. 2002; Weir et al. 2005).
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4.2

Species occupancy and richness

4.2.1 Road length
Several studies have reported a negative effect of road density on anuran species richness
(Findlay et al. 2000) and occupancy at wetlands (Vos and Chardon 1998). Further, Carr and
Fahrig (2001) and Fahrig et al. (1995) have documented a negative relationship between
traffic density and anuran relative abundance. In this study, species richness was not related to
road density but three of the five individual species did respond negatively. Road density was
a significant predictor variable in occupancy models for Litoria adelaidensis and Crinia
insignifera within a spatial scale of 250 metres, and was included in the top model at the
spatial scale of 1 kilometre (but was not statistically significant) for Heleioporus eyrei. A
similar study by Eigenbord et al. (2009) observed that the abundance of the spring peeper
(Pseudacris crucifer), American toad (Bufo americanus) and grey tree frog (Hyla versicolor)
decreased in ponds within 250 m of roads. Eigenbord et al. (2009) also showed two other
species displayed a threshold effect of between 600 m and 2400 m to road density. A
difference in the effect of road density and the spatial scale over which the effect occurs
between species is likely to be related to their vagility (Carr and Fahrig 2001).

Jaeger et al. (2005) suggest three main pathways through which roads impact on wildlife:
through direct mortality, as barriers to dispersal, or through a decrease in habitat quality and
availability. Direct mortality as a mechanism has been argued by studies such as Fahrig et al.
(1995), Hels and Buchwald (2001) and Gibbs and Shriber (2005), which have suggested an
association between road mortality and amphibian population declines. This may in part
explain the influence of road length on occupancy for the three species responding negatively
in the present study. However, in order to confidently propose this causal relationship one
would require data on traffic density and anuran road mortality, which were not available.

Further studies have found roads to exist as barriers to dispersal (Reh and Seitz 1990;
Johansson et al. 2005). This poses a particular threat to species which exist as a
metapopulation, as areas which suffer a local extinction are far less likely to be replenished by
an adjacent population (Gulve 1994). Litoria adelaidensis, a member of the arboreal Hylidae
family, primarily occurs within reed habitat growing in association with the margins of
wetlands (Main 1965). It is therefore conceivable that members of this species are reluctant to
disperse across road cover and that roads do therefore pose a barrier to their dispersal. Crinia
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insignifera are slightly more terrestrial in nature (Main 1965), but due to their small size may
not be expected to have an aptitude for large-scale dispersal (low dispersal ability was
observed in the south-western Australian species Geocrinia alba and Geocrinia vitellina,
which are of similar size; Driscoll 1997). While this may therefore be reason to consider roads
as a barrier to dispersal for these species, it generates further hypotheses. In order to
understand if roads do present a barrier to dispersal, additional research is required to
understand the movement habits of both L. adelaidensis and C. insignifera so that it may be
determined whether roads are a barrier as a result of mortality or avoidance.

Finally, it should be considered that if roads do not act as a barrier to the movement of L.
adelaidensis and C. insignifera, then it is possible that the negative relationship observed may
be a reflection of habitat loss (Jaeger et al. 2005). In this study, road length and remnant
vegetation were correlated with each other, providing strong support for this hypothesis.
Houlahan and Findlay (2003) also found road density to correlate strongly with declines in
native vegetation cover. For this reason, it is possible that road length better represents
habitat availability than remnant vegetation, instead showing habitat ‘unavailability’. As
previously stated, further information regarding the movement patterns of both C. insignifera
and L. adelaidensis is required to determine which of these mechanisms is most important, or
whether all three mechanisms are working together to have a cumulative effect on occupancy.

4.2.2 Residential area
Residential area within 750 metres appeared in the top model for species richness, and four of
the five species where data were sufficient for analysis. Surprisingly, the effect of residential
area was positive. However, it was only significant for two species (Litoria adelaidensis and
Crinia insignifera) and species richness. A majority of studies that have investigated the
relationship between urbanisation and anuran species richness, abundance or occurrence have
observed a negative effect (Rubbo and Kiesecker 2005; Gagne and Fahrig 2007; Pillsbury and
Miller 2008).

The positive association observed between residential area and the occurrence of several
species and species richness is unlikely to be a direct effect of increased residential area, but
instead may represent an indirect effect related to changes in hydrology that occurs with
urbanisation with wetlands acquiring a greater degree of permanency (Ehrenfeld 2000).
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During preliminary data analysis, the presence of surface water at a wetland site was found to
be highly correlated with residential area, and was subsequently removed from analyses.
Studies such as Rubbo and Kiesecker (2005) have observed a similar positive relationship
between urban density and an increase in wetland permanency. It is therefore not surprising
that urbanisation is known to affect the amounts, sources, and flow rates of water into
wetlands (Ehrenfeld 2000). Furthermore, hydroperiod (duration of water permanency) has
been noted to have both positive and negative effects on species richness as well as the
occurrence of several anuran species (Rubbo and Kiesecker 2005; Pillsbury and Miller 2008).
For instance, a study by Snodgrass et al. (2000) conducted in South Carolina found a positive
relationship between amphibian species richness and hydroperiod. Similarly, Pillsbury and
Miller (2008) observed that four species within their study preferred temporary wetlands over
permanent wetlands also exhibited the strongest negative response to a measure of
urbanisation, whereas two species (Rana catesbeiana and Acris crepitans ) that were least
effected by urbanisation preferred wetlands with a longer hydroperiod.
Wellborn et al. (1996) suggests that the length of the larval period best predicts the occurrence
of aquatic species along a hydroperiod gradient (e.g. short larval period – ephemeral wetland,
long larval period – permanent wetland). This theory is consistent with the findings in this
study, as all species where residential area appeared in the top model have relatively long
larval periods (where information is available). Furthermore, a report by Bamford and Huang
(2009) conducted within the northern half of the current study area found that all four species
(L. moorei, L. adelaidensis, L. dorsalis and C. insignifera) predominantly occurred at
wetlands with near permanent or permanent water availability. Although H. eyrei has a long
larval phase, residential area did not occur in the top model for this species. Bamford and
Huang (2009) found H. eyrei was present at an equal number of both wet and dry wetland
sites. They suggest that this is because it is a relatively long lived species, and therefore
populations are able to persist at wetlands which do not receive regular annual inundation. In
contrast, the two species for which residential area was significant in the top model (L.
adelaidensis and C. insignifera) are both relatively small anurans, which Bamford and Huang
(2009) suggest are prone to desiccation, and due to their size require mesic conditions. As a
result, these species were more likely to show a preference for near permanent- permanent
wetlands.
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4.2.3 Wetland area
Wetland area had a significant effect on anuran species richness within the study area. This
effect was constant at all spatial scales, but was strongest at 500 m and therefore this was the
spatial scale included in the model. Previous studies have also found wetland size to exert a
positive influence on the species richness of anurans (Babbit and Tanner 2000). In contrast, a
study of vertebrate species richness in remnant patches of bushland by How and Dell (2000)
within the study area did not find a relationship between habitat area and anuran species
richness, but note that this is likely due to the lack of wetlands included within sampled
remnants.

This study did not measure wetland area per se, but the area of wetland within the circular
buffers around sampling points. At times this included neighbouring wetlands, and could
account for the strong relationship as it considered the possibility for connectivity between
wetlands. Due to field observations, the strong relationship between wetland size and species
richness is considered to be largely due to habitat heterogeneity (Rosenzweig 1995; Tews et
al. 2004). For example, Bibra Lake, which had one of the highest species richness values (n =
7), also represents most of the habitat types required by the study species. The sampling
points within the wetland both occurred within sedges/ aquatic vegetation, woodland, and
shallow water with emergent vegetation, and had areas subjected to various levels of
inundation. Therefore, it was able to accommodate a wider set of anuran species than sites
such as Emu Swamp and Hawkins Road Swamp, which were both dominated by one habitat
type. However, the results of the effect of wetland size on species richness should be
interpreted with caution, as the effect of survey effort was not accounted for in this model. For
instance, larger wetlands had a larger number of sampling points.

4.2.4 Infrequently encountered species
Several species, including Neobatrachus pelobatiodes, Pseudophryne guentheri and Crinia
georgiana were encountered comparatively little within the survey period. While they were
not frequently encountered, they all have relatively large geographic distributions (Tyler and
Doughty 2009) and none are currently considered to be at risk under IUCN guidelines, the
Wildlife Conservation Act 1950, or DPaW Priority listing. How and Dell (2000) and Davis et
al. (2008) both suggest that the range of N. pelobatiodes may be decreasing. In contrast,
Bamford and Huang (2009) suggest that it may instead have the potential for future
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expansion. Therefore, further research may be required to clarify the range extent of
infrequently detected species within the Swan Coastal Plain.

4.3

Conclusion

Through the measurement of a number of climate and survey- dependent variables, this study
found that the most influential factor on the probability of anuran detection on the Swan
Coastal Plain is temperature. Furthermore, as it appears that at least some of the study species
may refrain from calling during rainfall, survey efficiency can be maximised by avoiding
particularly cold and rainy nights during breeding periods. The chances of detecting all
anurans present at a site can be increased by the use of opportunistic searches in combination
with call surveys, as it was shown that these searches often encountered anuran species which
were seen but not heard (observed for species where survey effort influenced detection).

This study also identified a set of landscape variables related to urbanisation that appear to
exert an influence on both the occupancy of various anuran species within the study area and
species richness. These findings demonstrate the importance of measuring landscape-scale
variables at a number of spatial scales, as the scale of largest impact will differ both between
variables and amongst species. Road length was observed to have a negative effect on the
occurrence of three species, two of which showed an affect within as little as 250 m. Further
research may prove useful in identifying the mechanisms behind the observed effect, in order
to determine whether roads contribute to individual mortality, if they present a barrier to
dispersal, or if this relationship represents an inverse of habitat availability. However, as it
appears that roads may impact the occupancy of some anurans if located within 250 m of
wetlands, this information may be used when planning future infrastructure around wetland
environments.

This study suggests that changes to hydrology as a result of urbanisation play an important
role in determining species richness and the occurrence of anuran species within urban
wetlands (Rubbo and Kiesecker 2005; Pillsbury and Miller 2008). Due to the diversity in the
habitat requirements of anurans along the Swan Coastal Plain (Main 1965; Tyler and Doughty
2009), wetlands that exhibit varying levels of inundation should be given a high priority for
conservation. By maintaining a hydroperiod gradient, it is possible to accommodate species

38

with different larval periods. However, future climate predictions forecast that climate change
may lead to the complete loss of surface expressions of groundwater in some places, and
increases in others (Kauhanen et al. 2011). Because of this, there is a chance that the
distribution of many anurans will shift, and importantly, anurans which are limited in their
distribution and rely on the presence of shallow water may become locally extinct. For this
reason, future research is recommended to examine the distribution and ecology of
infrequently encountered species, in order to anticipate the nature of impacts associated with
predicted change. In these situations, wetlands within highly modified environments may,
when correctly managed, serve as reservoirs for susceptible species and should be managed
accordingly.
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Appendix 1

The biology and life-history traits of anuran species of the Swan Coastal Plain (data from Main 1965; Bamford and Huang 2009; Tyler and
Doughty 2009).

Species

Calling Period

Oviposition Site

Larval
Period
(Days)

Breeding Environment

Dispersal ability

Approximate
Age at
Maturity
(Years)

Approximate
Lifespan
(Years)

Crinia georgiana

July to October

Eggs are scattered or
loose in shallow water

35-45

Shallow waters associated with
near-permanent and permanent
wetlands

Limited dispersal
away from wetlands

1-2

4

Crinia glauerti

Throughout the
year after rain,
except summer

Eggs are scattered or
loose in shallow water

>100

Shallow waters with emergent
vegetation around permanent or
seasonal wetlands

Possible dispersal
through terrestrial
environments

<1

2-3

Crinia insignifera

April to
September

Eggs laid singly on
bottom

90-150

Shallow waters with emergent
vegetation around permanent or
seasonal wetlands

Possible dispersal
through terrestrial
environments

<1

3-4

Heleioporus
albopunctatus

April and May

Eggs laid in a burrow
exposed to seasonal
flooding

>100

Seasonal wetlands or along the
margins of permanent wetlands that
experience a predictable early
winter rise in water level

up to 2km

2

>5

Heleioporus
barycragus

April and May

Eggs laid in a burrow
exposed to seasonal
flooding

>100

Banks of watercourses with strong
seasonal flow

Unknown, possibly
similar to H.eyrei

2

>5

Heleioporus eyrei

April to June

Eggs laid in a burrow
exposed to seasonal
flooding

>120

Seasonal wetlands or along the
margins of permanent wetlands that
experience a predictable early
winter rise in water level

up to 3km from
wetlands

2

>5
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Species

Calling Period

Oviposition Site

Larval
Period
(Days)

Breeding Environment

Dispersal ability

Approximate
Age at
Maturity
(Years)

Approximate
Lifespan
(Years)

Heleioporus
psammophilus

April and May

Eggs laid in a burrow
exposed to seasonal
flooding

>100

Seasonal wetlands or along the
margins of permanent wetlands that
experience a predictable early
winter rise in water level

Unknown, possibly
similar to H.eyrei

2

>5

Limnodynastes
dorsalis

June to
September

laid in a foam mass
amongest flooded
vegetation

160

Permanent and seasonal wetlands

Juvenile dispersal
(juveniles observed
several kilometres
from breeding sites
(Bamford 1986))

3

>5

Litoria
adelaidensis

June to
February the
following year

Laid in water attached to
vegetation

Unknown

Permanent and seasonal wetlands
with emergent vegetation

Observed up to
1km from nearest
wetland

1

Unknown

Litoria moorei

August to
January the
Following year

mass attached to aquatic
vegetation

Unknownmetamorphs
emerge from
Summer April

Wide range of wetlands including
garden ponds

Probably <1km

2

>5

Neobatrachus
pelobatiodes

April to June

Laid in shallow water

Unknown

Temporary waters on clay

Unknown

2

>5

Pseudophryne
guentheri

May and June

laid in a tunnel dug in
damp soil in areas of
seasonal inundation

42

Margins of wetlands and other
areas subjected to seasonal flooding

Limited

Unknown

Unknown
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Appendix 2

Site characteristics of each of the 30 wetlands sites surveyed in this study; latitude and
longitude, area (m2), wetland type, and the number of sampling points for that
wetland.

Site

Latitude

Longitude

Area (ha)

Classification

Sampling points

Lake Adams

-31.701101

115.820688

89.90

Dampland

3

Badgerup Lake

-31.778959

115.842146

23.67

Sumpland

4

Big Carine Swamp

-31.853690

115.786311

24.84

Sumpland

4

Bibra Lake

-32.094593

115.826779

188.62

Lake

6

Bindiar Lake

-31.454254

115.75746

37.67

Dampland

4

Bulls Brook Reserve

-31.626117

116.016091

51.63

Palusplain

3

Brickwood Reserve

-32.230665

116.001737

40.52

Palusplain

3

Emu Swamp

-31.845289

115.880159

2.44

Sumpland

3

Forrestdale Lake

-32.161613

115.937426

221.92

Lake

6

Lake Goolelal

-31.813592

115.815333

73.82

Lake

4

Lake Gwelup

-31.878327

115.791809

34.76

Lake

4

Harrisdale Swamp

-32.112433

115.927331

22.812

Sumpland

4

Herdsman Lake

-31.921398

115.805647

359.06

Lake

7

Hawkins Road Swamp

-31.725533

115.853235

6.21

Sumpland

3

Hume Road Wildlife
Reserve

-32.059392

115.959592

3.81

Dampland

2

Lake Joondalup

-31.758242

115.791669

610.70

Lake

8

Loch McNess

-31.543497

115.679681

210.40

Lake

4

Lake Mount Brown

-32.173427

115.790303

15.55

Sumpland

3

Market Garden Swamp

-32.124393

115.778976

45.77

Sumpland

4

Manning Lake

-32.093000

115.771696

14.93

Lake

4

Melaleuca Park Wetland

-31.671464

115.904118

19.19

Sumpland

3

Lake Nambung South

-31.434235

115.888424

23.29

Sumpland

5

Piney Lake

-32.050150

115.8389

15.98

Sumpland

3

Perry Lakes South

-31.945379

115.785832

6.88

Lake

3

Shirley Balla Swamp

-32.152909

115.879468

19.38

Sumpland

3

Snake Swamp

-31.799357

115.864401

14.68

Dampland

3

Spectacles North

-32.218726

115.838609

132.04

Sumpland

4

Star Swamp

-31.855103

115.758478

3.10

Sumpland

3

Twin Bartram Swamp

-32.141874

115.854603

12.21

Sumpland

3

Wilgarup Lake

-31.574114

115.69221

15.61

Sumpland

2
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Appendix 3

Box plots used to assess the scale at which each landscape variables exerted the strongest influence on anuran occupancy.
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Appendix 4

Frogs of the Swan Coastal Plain, as observed in this study.

1

2

3

4

5

6

Plate 1
1. Crinia Georgiana, Bullsbrook
2. Crinia Georgiana, Bullsbrook
3. Crinia insignifera, Lake Mount Brown

4. Crinia glauerti, Lake Goolelal
5. Heleioporus eyrei, Twin Bartram Swamp
6. Limnodynastes dorsalis, Herdsman Lake
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7

8

9

10

Plate 2
7. Litoria adelaidensis, Lake Joondalup
8. Litoria moorei, Herdsman Lake

9. Neobatrachus pelobatiodes, Lake Nambung South
10. Pseudophryne guentheri, Brickwood Reserve
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