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Abstract 

             

Many species are threatened by rapidly changing climate and amphibians may be particularly 

vulnerable. As ectotherms, all aspects of amphibian physiology and life history are directly or 

indirectly influenced by temperature and moisture. For amphibian conservation, a clear 

priority is to investigate impacts of climate change on key environmental parameters within 

breeding habitats, as well as the ecology of threatened species. This information is vital for 

assessing species vulnerability to climate change and informing conservation efforts.  

 

Wallum frogs are species that are restricted to naturally acidic, oligotrophic coastal wetlands 

of eastern Australia. There is a paucity of ecological data on wallum frogs and their breeding 

habitats however climate change predictions suggest they are likely to be exposed to changes 

in the timing and intensity of precipitation, and increases in temperature. Consequently, the 

aim of this study was to enhance our understanding of the bioclimatic conditions of 

threatened wallum frogs at a landscape scale. This information was then used to assess 

climate change vulnerability for these wallum associated frog species, particularly the 

threatened wallum sedge frog (Litoria olongburensis). This study determined environmental 

factors influencing reproductive behaviours of L. olongburensis, namely calling phenology 

and breeding effort. Also, the impacts of fire on wallum frog ecology and morphology were 

assessed, as their habitat is exposed to regular and intense fires, which are predicted to 

increase in frequency and/or severity in the future. 

 

Survey transects were placed in protected areas in coastal wallum wetlands of eastern 

Australia in four latitudinal clusters covering the current latitudinal distributional range of L. 

olongburensis. Although study site locations targeted L. olongburensis, data on two 

additional co-occurring threatened acid frog species (L. freycineti and Crinia tinnula) with 

broader distributions are also presented. Four wetland transects were established within each 

latitudinal cluster and surveyed monthly from August 2009 to July 2011 for adult and 

juvenile frogs, and from August 2009 to March 2011 for tadpoles and aquatic predators. 

Habitat characteristics were also measured, including wetland hydroperiod (timing and 

duration of wetland inundation), and water chemistry. Weather characteristics were recorded 

during surveys and obtained from Bureau of Meteorology weather stations. During monthly 

night time surveys, changes in monthly colour morph frequencies of L. olongburensis were 
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recorded. Frogs were categorised as green, brown, or partial green based on the dominant 

dorsal colour. Point intercept vegetation sampling was used to quantify the proportion of 

green and brown vegetation available at each transect. 

 

As a result of substantial variation in precipitation, the timing of breeding and the patterns of 

tadpole and predator abundance varied considerably between the dry and wet year, with 

impacts varying along a wetland hydroperiod gradient. Litoria olongburensis displayed 

flexible breeding strategies in response to highly variable and unpredictable weather 

conditions and the timing of breeding was strongly associated with wetland hydroperiod. 

Litoria olongburensis also displayed a relatively short time to hatching and metamorphosis, 

and appeared to concentrate breeding efforts during the predator free period at the beginning 

of wetland inundation. Hydroperiod also influenced tadpole and predator assemblages, and 

hence reproductive output. The adaptations to variable hydroperiods exhibited by L. 

olongburensis may facilitate a capacity to adapt quickly to changes in frequency and 

predictability of annual precipitation due to climate change, which may also apply to other 

temporary wetland breeding amphibians.  The data also support the conservation action of 

preserving a wide variety of wetland hydroperiods within a landscape matrix for temporary 

wetland breeding metapopulations. 

 

Calling phenology of L. olongburensis varied spatially and temporally within and among 

latitudinal clusters. Detectability of frogs varied among months, transects, and along a 

latitudinal cline, and also with the type of survey conducted (visual vs. acoustic). Although 

air temperature was a strong predictor for the onset of the calling season (early spring), the 

peaks in calling abundances were most strongly driven by monthly accumulated rainfall. The 

calling season started in early spring (September/October) at most sites with patterns 

relatively consistent among transects within latitudinal clusters. However, the duration of the 

calling season varied among latitudinal clusters along the species distributional range, 

becoming narrower moving south. Latitudinal variation in calling was likely a reflection of 

clinal variation in weather patterns. This study is the first to quantify a latitudinal trend in 

calling phenology in a single amphibian species along their distributional range.  

 

Fires altered the thermal properties of wallum frog habitats by increasing substrate 

temperature and widening daily temperature ranges. Visual encounter surveys revealed 

different short and long-term responses to fire in L. olongburensis, L. freycineti, and Crinia 
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tinnula. Acid frog populations did not suffer adversely from moderate intensity fires, as 

suitable refuges, including standing water, were available. All species were present shortly 

after fire with subsequent successful reproduction occurring once wetlands were sufficiently 

inundated. Time since fire was a strong predictor of landscape scale differences in average 

relative abundance of acid frogs, yet the relationships varied among species. This highlighted 

the importance of assessing community-wide responses to fire at the landscape scale. The 

dynamic and adaptive responses observed within acid frog populations demonstrated 

substantial resilience to fire processes in these fire prone environments.  

 

Litoria olongburensis populations also displayed morphological adaptations to fire. Spatial 

variation in colour morph frequencies occurred over L. olongburensis distributional range and 

over smaller geographical distances and was correlated with time since fire and vegetation 

colour. Gradual changes in colour morph frequencies revealed a seasonal pattern; however, 

more abrupt and dramatic morph frequency changes were seen following a large scale habitat 

disturbance event (fire). Although not quantified, population level change in colour morphs 

appeared to track spectral changes in vegetation colour post fire at recently fire impacted 

sites. However, despite correlations with habitat colouration and population scale morph 

frequencies, there was no evidence for whole colour background colour matching in L. 

olongburensis at an individual level. Although phenotypic changes post anthropogenic 

disturbance have been documented previously, this study was the first to report a dramatic 

change in population level colour morph frequencies following a natural disturbance event 

(fire) in a vertebrate species. As climate change predictions for L. olongburensis habitats are 

for increased intensity and frequency of fire, population responses observed in this study may 

be important pre-adaptations to climate change, as camouflage is an important predator 

avoidance strategy. 

 

The flexible breeding phenology, relatively fast hatching time and time-to-metamorphosis, 

and resilience to fire suggest that L. olongburensis has overall high resilience and adaptive 

capacity to climate change. Breeding in temporary waterbodies, or at times of the year when 

predators are absent (or numbers reduced), as observed for L. olongburensis, is an adaptive 

strategy for successful reproduction in unpredictable and temporary habitats. The long calling 

window and flexibility of calling also suggest inherent resilience to variable weather 

conditions. However, climate change exposure and hence population responses may vary 

with latitudinal distribution. To reduce climate change exposure we must first and foremost 
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reduce greenhouse gas emissions to slow down the impacts of climate change. Failing that, to 

enhance adaptive capacity a variety of wetlands with varying hydroperiods should be 

available for acid frog species, increasing connectivity between metapopulations. Although 

acid frogs displayed resilience to fire, management should still aim to burn within the 

recommended fire return interval (5 – 10 years) and provide a mosaic of successional stages 

to maintain preferred or required habitat features. 
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1.0 General introduction and research aims 

             

 

1.1 General introduction 

 

Global climate change is affecting species composition, physiology and morphology and is 

one of the most serious threats to global biodiversity (Root et al. 2003, Thomas et al. 2004, 

Malcolm et al. 2006, Parmesan 2006). Amphibians are ectotherms, and all aspects of their life 

history are strongly influenced by external environmental conditions, notably temperature 

and moisture (Ovaska 1997, Donnelly and Crump 1998, Carey and Alexander 2003, Corn 

2005). Thus, amphibians represent a group of organisms that may be highly susceptible to the 

effects of rapid climate change. Amphibians can be impacted by climate change on multiple 

levels: directly through physiological and ecological pathways, and indirectly through habitat 

alteration and disease (Parmesan 2006, Lips et al. 2008, McMenamin et al. 2008, Blaustein et 

al. 2010). Consequently, climate change has been implicated as causing high rates of decline 

in many amphibian populations (Carey and Alexander 2003, Reading 2007, Wake 2007, 

McMenamin et al. 2008) and serves to exacerbate ongoing pervasive impacts (e.g. habitat 

loss and fragmentation) that already threaten amphibian communities (Brook et al. 2008).  

 

For amphibian conservation, a clear priority is to identify impacts of climate change on the 

ecology of threatened species, as well as impacts on their breeding habitats (Paton and 

Crouch 2002; Shoo et al. 2011). Furthermore, standardising species climate change 

vulnerability assessments using a global unified framework facilitates environmental 

management that is guided by sensible prioritisation of species relative vulnerability 

(Carvalho et al. 2010; Williams et al. 2008). Assessing vulnerability of species to climate 

change requires information on their exposure (i.e. the regional climate change and 

microhabitat buffering) and their relative sensitivity to environmental changes (Williams et 

al. 2008; Duarte et al. 2012). Understanding species sensitivity to climate change is a 

function of their vulnerability and adaptive capacity, which requires information on ecology, 

physiology, and genetic diversity (Parmesan 2006; Williams et al. 2008; Carvalho et al. 

2010). As such, this thesis contributes to our understanding of the overall framework of 
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species climate change vulnerability assessment (sensu Williams et al. 2008). This is 

achieved by applying this model to assess the vulnerability of wallum restricted frog species, 

with a focus on the wallum sedge frog Litoria olongburensis. 

 

Freshwater coastal foredune swamps, lagoon systems and associated vegetation communities 

occurring on low nutrient sandy soils of eastern Australia are critical habitats for the survival 

of ‘acid’ or ‘wallum’ frogs (Ingram and Corben 1975, Kikkawa et al. 1979, Ingram and 

McDonald 1993). These coastal habitats are typically referred to as ‘wallum’ and vegetation 

communities include Banksia heathland, scrub land, Melaleuca swamp, sedgeland and 

woodland (Griffith et al. 2003) and are of global significance as RAMSAR sites (Meyer et al. 

2006). Wallum habitats occur predominantly between Shoalwater Bay in Queensland and 

Newcastle in New South Wales, Australia (Griffith et al. 2003). The acidic swamps and 

lagoons (pH < 6.0) in coastal wallum provide essential breeding habitats for this unique 

group of frogs. Fire is a common occurrence within these wallum habitats and plays an 

integral part in maintaining vegetation communities (Specht 1981, Griffith et al. 2003, 

Griffith et al. 2008). 

 

This study set out to increase our understanding of the habitat requirements and bioclimatic 

conditions affecting the wallum sedge frog L. olongburensis in the temporary wallum 

wetlands of eastern Australia. Additional species L. freycineti and Crinia tinnula were also 

considered as all three species are representatives of a unique group of anurans known as acid 

frogs, adapted to breeding in low pH waters, and are keystone species in the wallum wetlands 

of eastern Australia (Ingram and Corben 1975, Kikkawa et al. 1979). Litoria olongburensis, 

L. freycineti and C. tinnula are listed as Vulnerable species under the Queensland Nature 

Conservation Act 1992 and by the International Union for the Conservation of Nature (IUCN 

2013 Red List). Litoria olongburensis is also listed as Vulnerable under the Commonwealth 

Environment Protection and Biodiversity Conservation Act 1999. Both L. olongburensis and 

C. tinnula are listed as Vulnerable under the NSW Threatened Species Conservation Act 

1995. All species are threatened with continued habitat destruction, fragmentation, and 

degradation through changes to hydrological regimes, increased nutrients or sediments (e.g. 

storm water, sewage, agricultural runoff), weed invasion, inappropriate fire regimes, 

competition from invading frog species and predation from introduced fish (Ingram and 

Corben 1975, Gillespie and Hero 1999, Hines et al. 1999, Komak and Crossland 2000). 
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When designing effective management protocols, information about the ecology of a species 

provides a considerable advantage. However, the biology of acid frogs is poorly understood 

and there is limited literature on habitat use and breeding biology (Liem 1974, Ingram and 

Corben 1975, Liem and Ingram 1977, Ehmann 1997, Lewis and Goldingay 2005, Hines and 

Meyer 2011, Shuker and Hero 2012). More information on the breeding ecology of wallum 

frogs and their abundance throughout their distributional range is required, especially to 

inform management and climate change vulnerability assessment. Consequently, this study 

fills the gaps in information about how the abundance and reproductive success of acid frogs, 

and L. olongburensis in particular, relates to the complex interplay between biotic and abiotic 

parameters.  Specifically, the thesis assesses acid frog ecology in relation to management 

processes, climate change, wetland characteristics (e.g. hydrology and water chemistry) and 

fire regimes as well as biotic factors such as potential predators and competitors 

 

During this study, exposure of acid frogs to climate change was assessed by sourcing regional 

climate change literature across the latitudinal range of the focal species, L. olongburensis, as 

well as gathering data from microhabitats in the field. In accordance with the requirements to 

evaluate the resilience of species to climate change (Parmesan 2006; Williams et al. 2008) the 

chapters of this thesis examined a number of poorly understood elements of acid frog 

ecology.  Specifically, the current study examined aspects of L. olongburensis reproductive 

ecology (breeding phenology; Chapter 2 & 3), relationships between activity patterns and 

weather patterns (Chapter 3), and the responses to natural fire events (Chapter 4 & 5). 

Furthermore, the study assessed biotic and abiotic interactions at two critical life stages: 

adults and tadpoles (Chapter 2 & 3).  

 

1.2 Thesis aims and structure 

 

The overall aim of this thesis was to examine the landscape ecology and bioclimatic 

conditions of the wallum sedge frog (L. olongburensis) in coastal wallum wetlands of eastern 

Australia, in order to assess its vulnerability to climate change. To achieve this aim, a 

unique/systematic study design was utilised, where survey sites were located in latitudinal 

clusters across the current latitudinal distribution of L. olongburensis. Data from amphibian 

surveys at these study sites were utilised to examine relationships between weather and 

wetland hydrology and the effects on the abundance and reproductive ecology of L. 

olongburensis (Chapter 2 & 3). Additionally, the response of L. olongburensis and other 
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wallum frogs to a large scale habitat disturbance (fire) on their ecology (Chapter 4) and 

morphology (Chapter 5) was assessed.  

 

Specifically, the thesis aims to: 

 

 Quantify the impacts of wetland hydrology on abundance and seasonality of L. 

olongburensis aquatic larvae, as well as predatory fish and carnivorous aquatic 

invertebrates (Chapter 2). Chapter 2 details the overriding importance of hydroperiod 

on breeding phenology, and how flexible breeding may translate to a high adaptive 

capacity of L. olongburensis to climate change. 

 

 Examine the variation in the phenology (timing and duration), intensity (relative 

abundance), and detectability of calling in L. olongburensis over varying 

environmental conditions and across the species latitudinal range (Chapter 3). A key 

outcome is the latitudinal variation found in calling phenology and it association with 

latitudinal patterns of long-term climate trends. Chapter 3 also discusses the variation 

in detectability of frogs among monthly environmental variables, transects, and along 

a latitudinal cline, and also with the type of survey conducted (visual vs. acoustic). 

 

 Quantify the effects of fire and increasing time after fire upon not only L. 

olongburensis, but also on C. tinnula and L. freycineti abundances and reproductive 

success and discussed how adaptations to fire may lead to high resilience to future 

climate change (Chapter 4).  However, a caveat arising from these findings is that 

extreme events may still offer a substantial threat to amphibian survival and remain to 

be quantified. 

 

 Examine the morphological adaptation of L. olongburensis to an extreme natural 

habitat disturbance event (unexpected wildfire event) in their fire prone wallum 

habitat (Chapter 5). Data suggest the importance of fire as a potential selective agent 

for maintaining population level colour polymorphism. As well as colour change post 

fire, patterns of colour morph variation across the entire range of L. olongburensis 
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over different spatial and temporal scales were quantified, as well as the associations 

with vegetation colouration (i.e. the lack of background colour matching). 

 

 Chapter 6 summarises the implications of the results from Chapters 2 – 5 for wallum 

frog climate changes vulnerability assessment and highlights key future research 

directions.  
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2.0 Resilience to climate change: complex relationships between wetland 

hydroperiod, larval amphibians, and aquatic predators in sub-tropical 

acidic coastal wetlands. 

             

 

2.1 Introduction 

 

Many species are threatened by rapidly altering environments caused by global climate 

change (Hughes 2000, Thomas et al. 2004). To design appropriate adaptive management of 

climate change impacts for a species, it is first essential to assess their vulnerability to climate 

change (Williams et al. 2008, Duarte et al. 2012). This requires information on a species’ 

ecology, physiology, and genetics, as well as their likely exposure to any changes (Parmesan 

2006, Williams et al. 2008). Amphibians may be highly susceptible to the effects of rapid 

climate change, as temperature and moisture influence most aspects of their life-history, 

physiology and reproduction (Ovaska 1997, Donnelly and Crump 1998, Carey and Alexander 

2003). Consequently, population declines in several amphibian species have been attributed 

to climate change driven habitat change (Carey and Alexander 2003, McMenamin et al. 

2008).  

 

Many amphibians utilise temporary breeding habitats as they can offer high rates of primary 

productivity and provide an environment with reduced pressure from aquatic predation and 

competition (Wilbur 1987, Semlitsch 2000, Pitt et al. 2012). The duration and seasonality of 

standing water in these wetlands is referred to as the hydroperiod, which can vary greatly 

among wetlands and years (Jakob et al. 2003, Griffith et al. 2008). Hydroperiod variation can 

influence aquatic larval stages and thus reproductive output (Pechmann et al. 1989, Morin et 

al. 1990, Richter et al. 2003) and is considered to be pivotal in driving amphibian responses 

to climate change (Blaustein et al. 2010). Critically, temporary wetland breeders bear the risk 

of complete reproductive failure if waterbodies desiccate before larval metamorphosis occurs 

(Semlitsch and Wilbur 1988, Rowe and Dunson 1995, Lane and Mahony 2002). Strategies to 

cope with the unpredictability of temporary ponds relative to their date of filling involve 

mostly plasticity in the onset of breeding and larval period, or selection of wetlands with 
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suitable hydroperiods (Diaz-Paniagua 1992, Jakob et al. 2003). Furthermore, tadpole 

developmental plasticity can improve chances of survival in rapidly drying waterbodies 

(Leips et al. 2000, Morey and Reznick 2004). Possessing adaptations to variable 

hydroperiods may therefore improve a species’ resilience to climate change (Semlitsch 2000, 

Williams et al. 2008). 

 

Wetland hydroperiod is also an important abiotic factor for structuring community 

composition and reproductive success of other wetland fauna (Wilbur 1987, Snodgrass et al. 

2000, Babbit et al. 2003, Waterkeyn et al. 2008). In turn, many aquatic fauna, particularly 

predatory fish and carnivorous aquatic invertebrates, are important in structuring tadpole 

abundance, distribution, and assemblages (Wilbur 1987, Morin et al. 1990, Hecnar and 

McLoskey 1997, Hero and Magnusson 1998, Gillespie and Hero 1999). Predators are 

generally more abundant and grow to a larger size in wetlands with longer hydroperiods 

(Skelly 1996, Babbit et al. 2003). However, where fish are completely excluded from highly 

ephemeral or isolated wetlands, these may be replaced by invertebrate predators across the 

entire hydroperiod gradient (Wilbur 1987, Babbit et al. 2003).  

 

Relationships between predator diversity and amphibian populations are not consistent, with 

negative (Skelly 1996, Hecnar and McLoskey 1997), positive (Babbit et al. 2003), and 

neutral (Babbit et al. 2003) correlations documented. Many amphibian species evade or 

minimise predation by breeding in fish free waterbodies, or at times of the year when 

predators are absent or numbers reduced (Morin et al. 1990, Hero et al. 2001, Richter-Boix et 

al. 2006). Predation effects in temporary waterbodies may be absent or reduced in the early 

periods of inundation, but may increase over time as hydroperiod increases (Wilbur 1987, 

Richter-Boix et al. 2006). Furthermore, some tadpoles have evolved anti-predator strategies 

to allow them to co-exist with predators, such as unpalatability and chemically mediated 

predator avoidance (Kats et al. 1988, Hero et al. 2001). 

 

The relative impacts of predation, competition, water chemistry and hydroperiod on 

amphibian reproductive success are not likely to act in isolation but in a complex relationship 

that is species and wetland specific (Wilbur 1987, Rowe and Dunson 1993, Waterkeyn et al. 

2008). This study aimed to examine these relationships in naturally acidic, oligotrophic 

coastal wetland communities of eastern Australia, and to apply this to inform climate change 

vulnerability assessments for associated amphibian species.  
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The climate of eastern Australia is described as sub-tropical with hot, wet, and humid 

summers followed by dryer, cooler winters (Colls and Whitaker 2001, Stern et al. 2004). The 

timing and amount of rainfall in any given season is unpredictable, resulting in variation in 

annual hydroperiods (Chiew and McMahon 2002, Griffith et al. 2008). Changes in water 

level and hydroperiod are likely to be pivotal for amphibian reproductive success, and 

structure predator assemblages in these wetlands (Babbit et al. 2003, Babbit 2005). Climate 

change predictions for eastern Australia include a general increase in temperatures and 

decrease in rainfall, leading to prolonged drought (Cai et al. 2005, CSIRO 2007, Hennessy et 

al. 2007). However, during wet seasons, rainfall events will be more intense, leading to 

longer hydroperiods and more flooding events (CSIRO 2007). Both increased occurrence of 

drought and flood will impact on the suitability of breeding habitats, with direct implications 

for aquatic amphibian larvae. Additionally, sea level rise may present a threat to wetlands 

closest to the coast by greatly increasing salinity levels thus reducing viability of wetlands for 

maintaining frog populations (Hennessy et al. 2007).  

 

For amphibian conservation, a clear priority is to investigate impacts of climate change on 

key environmental parameters, such as hydrological conditions at breeding sites or seasonal 

temperature cues, as well as the ecology of threatened species (Shoo et al. 2011). Assessing 

how threatened amphibians within temporary breeding habitats respond to variable and 

unpredictable weather conditions will provide insight into their adaptive capacity and 

resilience to climate change (Williams et al. 2008). Herein, the environmental factors 

influencing reproductive effort of the vulnerable wallum sedge frog (Litoria olongburensis) 

are examined. Litoria olongburensis is listed as Vulnerable under all national and state 

conservation legislation throughout its entire distribution range. The abundance and 

seasonality of L. olongburensis aquatic larvae were quantified over different spatial and 

temporal scales in order to (i) examine the influence of biotic and abiotic wetland 

characteristics on reproductive effort, and (ii) assess temporal and spatial patterns in 

reproductive phenology throughout the species latitudinal range. As there is limited or only 

general knowledge pertaining to the reproductive ecology of this species (Lewis and 

Goldingay 2005, Hines and Meyer 2011, Lowe and Hero 2012, Shuker and Hero 2012), this 

information is vital for assessing their sensitivity and vulnerability to climate change. 
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2.2 Methods 

 

2.2.1 Study sites  

 

Survey transects were located in coastal wallum wetlands of eastern Australia in four 

latitudinal clusters across the known latitudinal distribution of L. olongburensis (Fig. 2.1). 

Past and present distribution of L. olongburensis was used to identify suitable survey 

locations. Historical records were sourced from the Australian Museum, Queensland 

Museum, South Australian Museum, Environmental Protection Agency/Queensland Parks 

and Wildlife Service WildNet database, New South Wales Office of Environment and 

Heritage Wildlife Atlas database, and amphibian recovery plans (Meyer et al. 2006). The 

latitudinal clusters were located in mainland protected areas in Queensland: Great Sandy 

National Park (NP; Cooloola section), Beerburrum Scientific Area 1 and Mooloolah River 

NP; and in New South Wales: Yuraygir NP, and Tyagarah Nature Reserve (Fig. 2.1). Once 

latitudinal sites were identified, a one kilometre grid was randomly placed over each cluster 

area at a 45° angle to the coastline, to minimise any bias associated with wetland selection 

and to capture the vegetation gradient from the coastline. Due to a lack of an obvious 

vegetation gradient at sites not directly adjacent to coastline (Cooloola and Sunshine Coast), 

grid lines were placed running north to south at these sites. These grid lines were then walked 

to locate wetlands to be used for surveys in each cluster. Once four wetlands within each 

latitudinal cluster were located, 250 m transects were established in each wetland, crossing 

the waterbodies from edge to edge where possible (where necessary: shorter transects were 

placed in smaller wetlands with a minimum length of 150 m), and each was marked at 50 m 

intervals. Replicate transects were spaced by at least 500 m, where these were not separated 

by natural landscape topography, such as ancient dune lines, to maintain statistical and spatial 

independence. A total of 16 independent wetland transects were surveyed over a two year 

period: four within each latitudinal cluster (Fig. 2.1). Wetlands within a cluster were sampled 

consecutively to reduce temporal survey bias.  
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Figure 2.1: Historical occurrence records of L. olongburensis along the east coast of 

Australia, and study site latitudinal clusters (degrees South). Four transects were placed 

within each latitudinal cluster (transect codes provided to the left of the arrows). Map of 

Australia shows enlarged area. 
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2.2.2 Biotic surveys 

 

Tadpoles, predatory fish, and carnivorous aquatic invertebrates (hereafter invertebrates) were 

sampled diurnally (between 0900 and 1700) along each transect monthly from August 2009 

to March 2011. Sampling used a hand held dip-net (net area = 379.2 cm
2
), sweeping in open 

standing water along the entire length of each transect midline. Standardisation of sampling 

in wallum wetlands was very difficult as the wetlands are densely vegetated making the 

microhabitat highly complex and also highly variable between sites. Additionally, differing 

water depth between sites and months made standardising even more difficult. Although the 

dip-net was able to capture the entire water column most of the time, when the water was 

deeper, only the upper stratum of the water column was sampled. Thus, to ensure the highest 

success rate of capture, dip-netting occurred along the entire transect length when water was 

available. The predominant aim was to examine variation in tadpole abundance over time at a 

transect level, and compare trends between sites, rather than abundance. However, 

comparison between sites, particularly those with similar microhabitat structure, may still 

provide useful preliminary results and is thus retained in the thesis with the aforementioned 

limitations in mind. 

 

Litoria olongburensis tadpoles were categorised into three size classes: small tadpoles in 

early Gosner stages (stage < 25; approx. total length < 15mm), medium tadpoles (approx. TL 

15-30 mm), and large tadpoles (approx. TL > 30 mm). Size class was used to identify recent 

reproductive events and separate tadpole cohorts. Other tadpoles caught were classified to 

species level, and included other acid frog species such as the wallum froglet Crinia tinnula. 

Fish were identified to species level, and aquatic invertebrates were identified to family, 

suborder, and genus where possible. All dip-net captures were released following 

identification. 

 

The presence of small tadpoles was assumed to be an indication of a recent reproductive 

event. Reproductive success was defined as the presence of at least one metamorph either 

during monthly dip-netting or during night-time visual encounter surveys (detailed in 

Chapter 3 – Methods). Minimum developmental period (time-to-metamorphosis or larval 

period) was defined as the number of days between the presence of the first tadpoles and 

observations of the first metamorph. Thus, immediate egg deposition post inundation was 

assumed. 
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2.2.3 Abiotic data 

 

Environmental temperatures were recorded using an iButton™ temperature data logger 

attached to the southern side of a suitable tree or shrub (avoiding direct sunlight) in the 

middle of each transect to obtain ambient air temperature at a height similar to the perching 

height of L. olongburensis on sedges (~1 m above the water). A second temperature logger, 

placed at the deepest location along each transect, recorded water temperature. Temperature 

loggers were set to record hourly. Additionally, air and water temperatures were recorded 

with a calibrated thermometer at the beginning and end of each survey. Daily rainfall data 

were sourced from Australian Bureau of Meteorology weather stations proximal (all less than 

15km) to each site, as well as in situ observations at the beginning of each survey. Daily solar 

exposure data, as the total amount of solar energy falling on a horizontal surface for the day 

(MJ/m
2
), were sourced from meteorological stations.  

 

Monthly water salinity (total dissolved salts; TDS), pH, and temperature were recorded just 

below the water surface using a TPS Aqua-CPA Conductivity-TDS-pH-Temperature Meter 

(version 1.2; Queensland, Australia) at each 50 m marker along each transect line, dependent 

on the occurrence of standing water. Calibration of pH probes occurred between each site, 

with a two point calibration curve using pH standards 4.0 and 6.88. Salinity probes were 

calibrated using TDS standards of 2.00 ppK and milli-q water (0 ppK). Water depth and 

water chemistry measurements were averaged across all sampling points for each transect 

every month prior to analysis. Monthly water depth was measured (to the nearest 0.1 cm) at 

each 50 meter marker within each transect. The maximum monthly water depth at each site 

was used in analyses, ensuring the same marker was used each month for the two years. 

Water temperature data were also utilised to detect the presence or absence of water in a 

waterbody, due to the differences in trace signatures occurring upon pond desiccation 

(calculated from the differences between water and air temperature recordings). 

 

2.2.4 Data analysis 

 

For both abiotic and biotic analyses, a correlation matrix of all explanatory variables was 

inspected for evidence of collinearity using Spearman’s Rank correlation. A correlation 

coefficient of |r| > 0.7 was chosen to identify pairs of highly correlated variables (sensu 
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Garden et al. 2010). Pairwise plots of the relationships between the retained explanatory 

variables and the response variables were inspected to ascertain the strength of the 

relationships and if they were linear.  

 

Differences in weather and wetland parameters (annual rainfall, number of rain days, average 

monthly maximum and minimum temperatures, solar exposure, hydroperiod, and water 

depth) were assessed by independent t-tests between the two survey years: ‘wet’ (August 

2009 to July 2010) and ‘dry’ (August 2010 to July 2011). This was done to achieve an 

understanding of large scale variation in weather patterns between a wet and dry year. 

 

Poisson Generalised Additive Mixed Effects Models (GAMMs) fitted by maximum 

likelihood were used to model the response variable ‘monthly changes in maximum water 

depth’ at each wetland with environmental explanatory variables. The explanatory variables 

were rainfall one month prior to survey, average monthly maximum temperature, average 

monthly minimum temperature, and average monthly solar exposure. Random effects of 

transect and latitude as well as an auto-correlation structure were included in the models 

(AR1 – autoregressive model of order 1) to account for spatial and temporal auto-correlation, 

respectively. Because of an expected lag in response of water depth to environmental 

variables (Griffith et al. 2008) the explanatory variables were lagged by one month in the 

analyses. Sixteen candidate models included models with each single explanatory variable 

and all additive variable combinations. Similar GAMMs were developed to model monthly 

changes in pH (Gaussian distribution) and total dissolved salts (TDS; Poisson distribution) at 

each wetland with the environmental explanatory variables of water depth and water 

temperature, also with random effects of site and latitude and an AR1 structure. Three 

candidate models for each response variable (pH or TDS) included models with each single 

explanatory variable and the paired variable combination.  

 

Generalised Additive Models (GAMs) were developed to model site variation in average pH 

against wetland hydroperiod, maximum depth, and average water temperature, with a random 

effect of latitude. Similar GAMs were used to assess site variation in average TDS against 

wetland hydroperiod, maximum depth, and wetland distance to coast. Seven candidate 

models were developed each for TDS and pH including models with each single explanatory 

variable and all additive variable combinations. 
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Poisson GAMMs fitted by maximum likelihood were also used to model reproductive effort 

for L olongburensis (monthly tadpole relative abundance – square root transformed due to 

outliers) against the environmental explanatory variables: average monthly minimum 

temperature, rainfall one month prior to the survey, and water depth. In a separate analysis, 

biotic explanatory variables were modelled against the same response variable to assess the 

influence of predators and potential competitor tadpole species (Crinia tinnula). Thus, this 

analysis included abundance of fish (square root transformed due to outliers), abundance of 

invertebrates, and abundance of C. tinnula tadpoles. For both analyses, candidate models 

included each single explanatory variable and all additive variable combinations. This 

resulted in seven abiotic candidate models, and seven biotic models. Random effects of 

transect and latitude were included in the models, as well as an auto-correlation structure 

(AR1) to account for temporal auto-correlation. Models with and without the auto-correlation 

structure were then compared using Akaike’s Information Criterion (AIC; Akaike 1973). 

Models including temporal auto-correlation structures performed better and were thus 

included in the final analyses. 

 

For each analysis the models were ranked according to their small-sample AIC (AICC) and 

the best approximating models, where ΔAICC < 4, are presented (Hurvich and Tsai 1989, 

Burnham and Anderson 2002). Because of uncertainty in some of the final model selection, a 

model averaging approach was applied and variables were ranked according to their relative 

overall importance by summing the Akaike weight (wi) from all top model combinations 

where each of the variables occurred (Burnham and Anderson 2002). Statistical analyses 

were conducted using R 2.14.0 statistical software (R Development Core Team 2012) using 

the MuMIn (Barton 2012) and mgcv (Wood 2012) packages.  

 

2.3 Results  

 

2.3.1 Environmental data and hydroperiod 

 

The timing and duration of wetland inundation varied among transects and between years, 

with sites experiencing substantial differences in precipitation between years (t30 = -16.648, p 

< 0.001; see Table 2.1). The first sampling year (August 2009 – July 2010) received below 

average annual rainfall (1375 mm) and the second year of sampling (August 2010 – July 

2011) received above average annual rainfall (2324 mm; Table 2.1). Henceforth, the first 
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survey year is referred to as ‘dry’ and the second survey year as ‘wet’, and ‘annual’ refers to 

the period from August-July.  

 

The wet year had significantly more rain days (average = 185 days) than the dry year 

(average = 141 days; t30 = -6.610, p <0.001). Average annual solar exposure (t30 = 16.718, p 

< 0.001) and average monthly maximum temperatures (t30 = 4.988, p <0.001) were 

significantly higher during the dry survey year, yet mean minimum temperatures were similar 

(t30 = 0.643, p = 0.525; Table 2.1). During the wet year, wetlands had significantly longer 

hydroperiods (t30 = -4.137, p < 0.001; Table 2.1) and earlier dates of inundation. This was 

demonstrated by 14 of 16 transects desiccating completely in the dry year, and only three 

during the wet year. During the dry year, four transects (Y1, T1, T4, and T2) experienced 

multiple hydroperiods, where the wetlands filled, dried and then filled again. The first 

hydroperiods at transects T1, T4, and T2 lasted for approximately one month, and at site Y1 

for approximately two months. Multiple hydroperiods were caused by large amounts of 

rainfall in November 2009, which was not followed by sufficient rainfall until 

February/March 2010 (Fig. 2.2c&d). Maximum water depth did not differ significantly 

between years (t30 = 0.643, p=0.157), although it was deeper in the wet season for most sites. 
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Table 2.1. Some abiotic variables for each transect over the course of the survey, summarised 

by wet and dry year. Hydroperiod is the number of months in a year that a wetland contained 

water. Dry year = Aug 2009 -July 2010, wet year = Aug 2010 – July 2011. Average annual 

rain is the long term average from Bureau of Meteorology weather stations. 

 

 
 

Rain total 

(mm) 

Average 

annual 

rain (mm) 

Hydroperiod  

(out of 12 

moths) 

Maximum 

water depth 

(cm) 

Solar exposure 

(MJ/m
2
 monthly 

average) 

Latitude Transect 
Dry 

year 

Wet 

year 
 

Dry 

year 

Wet 

year 

Dry 

year 

Wet 

year 

Dry 

year 

Wet 

year 

-26.01 

C1 1240 2158 1453 7 12 53 55.2 21.54 19.07 

C2 1240 2158 1453 10 12 18.5 100 21.54 19.07 

C3 1240 2158 1453 8 12 15.4 21.9 21.54 19.07 

C4 1240 2158 1453 0 7 0 30 21.54 19.07 

-26.79 

B1 1361 2331 1451 7 12 19.8 20.5 20.56 18.49 

B2 1361 2331 1451 6 12 26 26 20.56 18.49 

M1 1131 2464 1460 5 11 28.5 30.4 21.53 18.41 

M2 1131 2464 1460 6 12 25 29 21.53 18.41 

-28.61 

T1 1690 2330 1879 10 12 39.5 44.5 20.95 18.46 

T2 1690 2330 1879 10 12 21.3 24.5 20.95 18.46 

T3 1690 2330 1879 7 11 13.4 18 20.95 18.46 

T4 1690 2330 1879 9 12 30 30 20.95 18.46 

-29.84 

Y1 1316 2412 1349 10 12 23.8 31 20.69 18.70 

Y2 1316 2412 1349 11 12 52 53 20.69 18.70 

Y3 1316 2412 1349 12 12 32 40 20.69 18.70 

Y4 1316 2412 1349 12 12 72.1 88 20.69 18.70 

Average 
 

1373 2324 1534 8.1 11.6 29.4 40.1 21.06 18.67 
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Figure 2.2. Monthly accumulated rainfall (open circles), and maximum water depth (closed 

circles) measured at approximately one month intervals at one selected wetland transect from 

each of the four latitudinal clusters. Sampling intervals were identified by the month in which 

they predominantly occurred. Graphs are ordered from most northern to most southern sites, 

a) Cooloola (latitude = -26.01), b) Sunshine Coast (latitude = -26.79), c) Tyagarah (latitude = 

-28.61), and d) Yuraygir (latitude = -29.84).   
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For monthly changes in water depth, only two candidate GAMMs had ΔAICC < 4 and 

included the variables ‘monthly accumulated rainfall’, ‘minimum temperature’, and ‘solar 

exposure’ (Table 2.2). Monthly rainfall and minimum temperature had positive influences on 

monthly changes in water depth, whereas solar exposure had a negative effect on water depth 

(Table 2.3). Parameter estimates revealed that rainfall was the strongest driver of change to 

water depth, compared with minimum temperature and solar exposure. The amount of 

monthly rainfall required to raise water level ranged from 139.6 – 173.3 mm with an average 

of 158 mm across all waterbodies. 

 

The best candidate GAMMs (ΔAICC < 4) for change in both monthly TDS and pH contained 

water depth and water temperature (Table 2.2). There was strong evidence for a negative 

influence of monthly water depth on monthly TDS, however there was little evidence of an 

effect of monthly water temperature as the confidence intervals for the parameter estimates 

included zero (Table 2.3). Only water depth had weak evidence for an effect on monthly 

variation in pH (Table 2.3). On a spatial scale, average TDS was negatively influenced by 

distance to coast, and there was little evidence for an effect of hydroperiod or maximum 

water depth (Table 2.4). None of the spatial wetland characteristics tested had strong 

influences on site differences in average pH (Table 2.4).  
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Table 2.2. Best approximating models (i.e. ΔAICC < 4) of monthly changes in a) water 

depth, b) salinity (TDS), and c) pH, with abiotic predictor variables across all 16 transects. 

 

Model AICc ΔAICC w 

a) Water depth    

Min temperature + Monthly rain 285.5 0 0.68 

Min temperature + Monthly rain + Solar exposure 287.4 1.91 0.26 

b) TDS    

Water depth 147.9 0 0.87 

Water depth + Water temperature 151.6 3.72 0.14 

c) pH    

Water depth -768.0 0 0.60 

Water depth + Water temperature -766.0 2.02 0.22 

Water temperature -765.6 2.45 0.18 
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Table 2.3. Parameter estimates of the effects of environmental variables on monthly changes 

in a) water depth, b) salinity (TDS), and c) pH. Estimates were derived from model 

averaging, therefore variables are ranked by their relative variable importance. 

 

Parameter Estimate SE Confidence interval Relative 

importance 

a) Water depth     

(Intercept) 5.211 0.216 (4.788, 5.633)  

Monthly rain (mm) 0.001 0.0001 (0.0007, 0.001) 1 

Minimum temperature (°C) 0.011 0.011 (-0.011, 0.033) 1 

Solar exposure (MJ/m
2
) -0.021 0.008 (-0.037, -0.005) 0.28 

b) TDS - Salinity     

(Intercept) 4.447 0.129 (4.195, 4.699)  

Water depth (cm) -0.012 0.001 (-0.015, -0.009) 1 

Water temperature (°C) -0.004 0.004 (-0.011, 0.003) 0.14 

c) pH     

(Intercept) 1.426 0.031 (1.365, 1.486)  

Water depth (cm) -0.0004 0.0002 (-0.001, -0.0001) 0.82 

Water temperature (°C) -0.0002 0.001 (-0.002, 0.001) 0.40 
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Table 2.4. Model averaged parameter estimates for the relationship between abiotic wetland 

characteristics and the spatial variation in a) average salinity (TDS), and b) average pH. 

Estimates were derived from model averaging, therefore variables are ranked by their relative 

variable importance. 

 

Parameter Estimate SE Confidence interval Relative 

importance 

a) TDS - Salinity     

(Intercept) 60.818 33.155 (-7.075, 128.711)  

Distance to coast (km) -4.434 1.182 (-6.955, -1.914) 1 

Hydroperiod 2.475 1.286 (-0.302, 5.251) 0.59 

Maximum water depth (cm) -0.219 0.222 (-0.702, 0.263) 0.10 

b) pH     

(Intercept) 3.546 1.182 (1.128, 5.964)  

Maximum water depth (cm) 0.011 0.006 (-0.001, 0.023) 0.58 

Hydroperiod 0.042 0.035 (-0.033, 0.117) 0.30 

Average water temperature (°C) 0.030 0.115 (-0.208, 0.268) 0.15 
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2.3.2 Tadpoles 

 

Litoria olongburensis tadpoles were exposed to variable hydroperiods, which led to variation 

in tadpole abundance and recruitment among ponds and between years. The peak in 

reproductive effort (i.e. tadpole peak) differed between years (approximately four months 

later during the dry year) and was predominantly associated with timing of pond inundation 

(Fig. 2.3). During the dry year, wetland inundation occurred late in the season, and small 

tadpoles were captured soon thereafter indicating reproduction late in the breeding period 

(January – March 2010; Fig. 2.3).  Larval development time was calculated based on data 

collected during the dryer year, as the peak in small tadpoles post inundation was more 

pronounced, thereby providing a more accurate estimation of time of reproduction. The 

shortest calculation from inundation-to-tadpoles was 10 days. During the wet year, wetlands 

were already hydrated early in the season and small tadpoles were mostly captured in 

November 2010, earlier in the breeding season (Fig. 2.3). The only exception was for one 

highly ephemeral wetland (C4) which did not become inundated, and thus did not contain 

tadpoles, until January 2011. The number of tadpoles caught was lower in the wet year 

compared to the dry year for wetlands with longer hydroperiods; whereas tadpole numbers 

were higher in the wet year in sites with shorter hydroperiods and sites without fish (or with 

low overall fish numbers; Table 2.5). Counts of metamorphs were higher in the wet year at all 

transects except T2, and no metamorphs were recorded at C3 and M2 (Table 2.5). Although 

metamorph observations followed trends expected by hydrology/predation models, they were 

relatively uncommon and variable among sites, suggesting monthly surveys may not be a 

reliable measure of reproductive success for L. olongburensis. From the monthly data the 

minimum number of days till metamorphosis, from most northerly to most southerly latitude, 

were: 55 – 75 days (C1 – C4), 56 – 86 days (B1 – B2 & M1 – M2), 65 – 70 days (T1 – T4), 

and 62 – 94 days (Y1 – Y4). This suggests that a minimum of 2 – 3 months of wetland 

inundation was required for metamorphosis, assuming egg deposition coincided with initial 

pond inundation.  
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Figure 2.3 (continues over next pages). Monthly change in tadpole captures and size classes 

(dark bars, small tadpoles; grey bars, medium tadpoles; white bars, large tadpoles). Solid 

lines with open circles are fish, and solid lines with closed circles are carnivorous aquatic 

invertebrates. Dashed lines represent maximum water depth. Asterisks denote first 

metamorph observations for the breeding period. Note: M1 October, no size class recorded; 

M2 January, no dip-netting occurred. Fish captures in Jan 2011 at Y3 = 322. Scale varies 

among transects as graphs display trends in the data. 

0 

20 

40 

60 

0 

100 

200 

300 

A S O N D J F M A M J J A S O N D J F M 

C1 

0 

50 

100 

150 

0 

5 

10 

15 

A S O N D J F M A M J J A S O N D J F M 

C2 

0 

5 

10 

15 

20 

25 

0 

1 

2 

3 

4 

5 

6 

7 

A S O N D J F M A M J J A S O N D J F M 

C3 

0 

5 

10 

15 

20 

25 

30 

35 

0 

1 

2 

3 

4 

5 

6 

A S O N D J F M A M J J A S O N D J F M 

Month Aug 2009 - March 2011 

C4 

M
o
n

th
ly

 w
ater D

ep
th

 (cm
), #

 F
ish

, #
 In

v
erteb

rates 

N
u

m
b

er
 o

f 
ta

d
p

o
le

s 
ca

p
tu

re
d

 



Chapter 2 – Tadpoles, hydrology, and climate change 

27 

 

 
Figure 2.3 (cont.). Monthly change in tadpole captures and size classes (dark bars, small 

tadpoles; grey bars, medium tadpoles; white bars, large tadpoles). Solid lines with open 

circles are fish, and solid lines with closed circles are carnivorous aquatic invertebrates. 

Dashed lines represent maximum water depth. Asterisks denote first metamorph observations 

for the breeding period. Note: M1 October, no size class recorded; M2 January, no dip-

netting occurred. Fish captures in Jan 2011 at Y3 = 322. Scale varies among transects as 

graphs display trends in the data. 
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Figure 2.3 (cont.). Monthly change in tadpole captures and size classes (dark bars, small 

tadpoles; grey bars, medium tadpoles; white bars, large tadpoles). Solid lines with open 

circles are fish, and solid lines with closed circles are carnivorous aquatic invertebrates. 

Dashed lines represent maximum water depth. Asterisks denote first metamorph observations 

for the breeding period. Note: M1 October, no size class recorded; M2 January, no dip-

netting occurred. Fish captures in Jan 2011 at Y3 = 322. Scale varies among transects as 

graphs display trends in the data. 
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Figure 2.3 (cont.). Monthly change in tadpole captures and size classes (dark bars, small 

tadpoles; grey bars, medium tadpoles; white bars, large tadpoles). Solid lines with open 

circles are fish, and solid lines with closed circles are carnivorous aquatic invertebrates. 

Dashed lines represent maximum water depth. Asterisks denote first metamorph observations 

for the breeding period. Note: M1 October, no size class recorded; M2 January, no dip-

netting occurred. Fish captures in Jan 2011 at Y3 = 322. Scale varies among transects as 

graphs display trends in the data.  
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Table 2.5. Number of captures of tadpoles (Tad), fish, and carnivorous aquatic invertebrates 

(Invert) at each transect during the dry year and the wet year. Differences (Δ) reflect changes 

from wet year to dry year. Rows are sorted by wetland hydroperiod (months with water/20 

months) from most temporary to most permanent. 

 

Transect 

(hydroperiod 

out of 20) 

# Tad 

dry 

year 

# Tad 

wet 

year 

Δ Tad  # Fish 

dry 

year 

# Fish 

wet 

year 

Δ Fish  # Invert 

dry year 

# Invert 

wet year 

Δ Invert  

C4 (3) 0 6 6 0 0 No Fish 0 52 52 

M1 (12) 100 159 59 3 27 24 25 125 100 

T3 (14) 8 69 61 0 0 No Fish 87 83 -4 

B2 (14) 41 46 5 0 0 No Fish 6 29 23 

M2 (14) 68 13 -55 44 81 37 18 60 42 

B1 (15) 196 43 -153 25 85 60 14 39 25 

C1 (15) 351 263 -88 47 116 69 46 110 64 

C3 (16) 4 14 10 0 0 No Fish 26 56 30 

T4 (17) 135 16 -119 177 197 20 115 109 -6 

C2, (17) 10 27 17 14 4 -10 15 4 -11 

Y1 (18) 67 36 -31 4 160 156 30 56 26 

T2 (18) 192 19 -173 4 38 34 104 59 -45 

T1 (18) 166 65 -101 176 184 8 65 83 18 

Y2 (19) 34 2 -32 241 632 391 135 41 -94 

Y3 (20) 20 3 -17 394 949 555 75 59 -16 

Y4 (20) 0 0 / 195 213 18 20 4 -16 
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Three candidate GAMM models of abiotic effects on tadpole monthly relative abundance had 

ΔAICC < 4 and only contained the lagged variables temperature and monthly rainfall (Table 

2.6). However, there was little evidence for a strong effect of these abiotic explanatory 

variables, as the confidence intervals for the parameter estimates included zero (Table 2.7). In 

the analyses with biotic variables, there was high model uncertainty (4 out of 7 models with 

ΔAICC < 4) and only C. tinnula tadpoles exhibited a strong positive relationship with L. 

olongburensis tadpoles (Table 2.6 & 2.7). There was little evidence for a strong effect of 

monthly abundances of fish and invertebrates on monthly changes in L. olongburensis 

tadpoles (Table 2.7). 
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Table 2.6. Best approximating models (i.e. ΔAICC < 4) of monthly changes in relative 

abundances of Litoria olongburensis tadpoles and, a) monthly abiotic variables, and b) 

monthly biotic variables across all 16 transects. 

 

Model AICc ΔAICC w 

a) Abiotic    

Monthly min temperature (prior) 563.2 0 0.718 

Monthly min temperature (prior) + Monthly rainfall 566.0 2.75 0.182 

b) Biotic    

# C. tinnula tadpoles 584.6 0 0.75 

# C. tinnula tadpoles + # Fish 587.7 3.09 0.16 

# Invertebrates 590.5 5.87 0.04 

# C. tinnula tadpoles + # Invertebrates 591.5 6.96 0.02 

 

 

Table 2.7. Parameter estimates of the effects of a) abiotic and b) biotic explanatory variables 

on monthly changes in relative abundances of Litoria olongburensis tadpoles. Estimates were 

derived from model averaging, therefore variables are ranked by their relative variable 

importance. 

 

Parameter Estimate SE Confidence 

interval 

Relative variable 

importance 

a) Abiotic     

(Intercept) -1.560 0.542 (-2.629,-0.491)  

Monthly min temperature (prior) 0.126 0.027 (0.073, 0.180) 0.99 

Monthly rainfall (mm) 0.001 0.001 (-0.001, 0.001) 0.20 

a) Biotic     

(Intercept) 0.170 0.257 (-0.335, 0.674)  

# C. tinnula tadpoles  0.185 0.034 (0.118, 0.252) 0.75 

# Fish  -0.008 0.038 (-0.082, 0.067) 0.16 

# Invertebrates 0.011 0.008 (-0.005, 0.028) 0.15 
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2.3.3 Aquatic predators  

 

A variety of predatory fish and carnivorous aquatic invertebrates (hereafter invertebrates) 

were captured throughout the study and varied among sites (Table 2.8). Two native fish 

species were caught including the native firetail gudgeon (Hypseleotris galii) and Oxleyan 

pygmy perch (Nannoperca oxleyana; Table 2.8). The non-native invasive eastern 

mosquitofish (Gambusia holbrooki) was captured only during the wet year (February and 

March 2011) at transect M2. Fish numbers were generally higher in ponds with longer 

hydroperiods (Spearman rank correlation = 0.738) and four sites were fish free throughout the 

study period (sites C4, C3, T3, B2). Invertebrates were distributed throughout all ponds 

(Table 2.8). These most frequently included dragonfly larvae (Anisoptera), mayfly larvae 

(Zygoptera), water scorpions (Belostomatidae), and crayfish from two genera 

(Tenuibranchiurus and Cherax; Table 2.8). 
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Table 2.8. Total numbers of predatory fish and carnivorous aquatic invertebrates captured across all sites. Blank cells indicate no captures. FT = 

firetail gudgeon (Hypseleotris galii), OP = Oxleyan pygmy perch (Nannoperca oxleyana), and EM = eastern mosquitofish (Gambusia 

holbrooki). 

  Fish Carnivorous aquatic invertebrates 

Latitude Transect FT OP EM Zygoptera Anisoptera Cherax sp. Tenuibranchiurus sp. Belostomatidae 

-26.01 

C1 155 8  18 43 20  56 

C2 18   

 

15  

 C3    1 27 54 

 C4   20 29 

  

4 

-26.79 

B1 78 32  1 7 6 137 26 

B2   20 8 13 

 

4 

M1 30  9 16 78 43 46 

M2 132 2 35 4 52 13 11 6 

-28.61 

T1 352   14 24 31 

 

66 

T2 41  4 30 130 3 6 

T3   7 8 85 4 56 

T4 372  32 19 87 1 71 

-29.84 

Y1 90 74  18 27 5 1 28 

Y2 742 131 11 29 20  33 

Y3 1190 153  23 69  29 

Y4 396 12 1 2 8  1 
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Within each site, the wet year total fish captures were either equal to or higher than captures 

in the dry year (Table 2.5). The only exception was for transect C2, where fish numbers were 

higher in the dry year; however this may be due to extremely high water levels in the wet 

year at C2 reducing detection of fish. Total invertebrate abundances were generally higher in 

the wet year, except for transects with longer hydroperiods (Table 2.5), although a trend was 

less clear. On a spatial scale, GAMMs revealed higher fish captures in wetlands with longer 

hydroperiods, and higher invertebrate captures in smaller wetlands (Table 2.9 & 2.10). 

 

Unlike tadpole numbers, which increased within days or weeks of wetland inundation, fish 

numbers increased at a much slower rate (months; Fig. 2.3). This general trend was also 

evident for invertebrates, however, in some instances, invertebrate numbers responded more 

rapidly (Fig. 2.3).  
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Table 2.9. Best approximating models (i.e. ΔAICC < 4) of spatial variation in a) fish, and b) 

invertebrate captures with abiotic variables across all 16 transects. 

 

Model AICc ΔAICC w 

a) Fish    

Hydroperiod 237.0 0 0.42 

Hydroperiod + Area 238.2 1.21 0.23 

Hydroperiod + Area + Depth 239.3 2.28 0.12 

Hydroperiod + Depth 240.6 3.63 0.07 

Area + Depth 240.8 3.83 0.06 

b) Invertebrates    

Area 177.6 0 0.40 

Hydroperiod + Area 177.8 0.22 0.36 

Area + depth 180.7 3.15 0.08 

 

Table 2.10. Parameter estimates of the effects of abiotic variables on spatial variation in a) 

fish and b) invertebrate captures. Estimates were derived from model averaging, therefore 

variables are ranked by their relative variable importance. 

 

Parameter Estimate SE Confidence interval Relative 

importance 

a) Fish      

(Intercept) -565.796 490.831 (-1586.96, 455.36)  

Hydroperiod 48.759 21.349 (2.882, 94.637) 0.84 

Area (km2) -3.849 2.854 (-9.819, 2.121) 0.47 

Maximum water depth (cm) 6.580 6.806 (-7.568, 20.729) 0.31 

b) Invertebrates      

(Intercept) 97.258 67.388 (-40.964, 235.480)  

Area (km2) -0.892 0.322 (-1.581, -0.203) 0.93 

Hydroperiod 5.448 3.308 (-1.684, 12.579) 0.45 

Maximum water depth (cm) -0.019 1.133 (-2.372, 2.335) 0.19 
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2.4 Discussion 

 

Litoria olongburensis displayed breeding flexibility in response to highly variable and 

unpredictable weather conditions, particularly rapid changes in frequency and timing of 

precipitation. The potential ability to delay breeding until hydrological conditions were 

suitable, and relatively short time to hatching and metamorphosis (minimum approx. 2 – 3 

months) may be adaptive strategies that assist L. olongburensis in dealing with desiccation of 

temporary wetlands and changes in short-term hydrology. Similar strategies have been found 

in other temporary pond breeders (Morin et al. 1990, Diaz-Paniagua 1992, Griffiths 1997, 

Jakob et al. 2003). These adaptations also suggest that L. olongburensis may have the 

capacity to adapt quickly to changes in frequency and predictability of annual precipitation 

due to climate change. Species that are currently adapted to similar temporary breeding 

habitats may also have inherent resilience to climate change. 

 

Climate change predictions for the study area that are most likely to influence amphibian 

breeding are changes to the timing and intensity of precipitation, as this will cause wetlands 

to experienced altered hydroperiods (Cai et al. 2005, CSIRO 2007, Hennessy et al. 2007, 

Brooks 2009). The importance of wetland hydroperiod has previously been demonstrated as 

critical to amphibian reproductive success (Baldwin et al. 2006, Karraker and Gibbs 2009) 

but is of greater significance for species dependent on ephemeral waterbodies compared to 

those using permanent ponds (Rowe and Dunson 1995, Lemckert 2010, Segev et al. 2010). 

The timing and duration of wetland inundation strongly influenced the timing of breeding in 

L. olongburensis (i.e. detection of first tadpole cohort in a season), and hydroperiod was 

structured by rainfall patterns and historical weather conditions. The substantial differences in 

precipitation between the ‘dry’ and ‘wet’ years observed during this study resulted in earlier 

wetland inundation in the wet year and hence earlier breeding (late spring: October and 

November); whereas breeding was delayed until late summer (February and March) in the 

dry year, as the majority of wetlands (14 of 16) did not become inundated until later in the 

breeding season. The ability to respond rapidly to wetland inundation has previously been 

reported as an important factor affecting activity in ephemeral environments (Segev et al. 

2010).  The two more permanent wetlands that were sufficiently inundated early in the dry 

year contained tadpoles in late spring; suggesting that L. olongburensis will breed within the 

thermal window of the breeding season as soon as the wetlands are sufficiently hydrated to 

sustain larvae until metamorphosis. However, if wetlands are not sufficiently hydrated at the 
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start of the breeding season (thermal window), then L. olongburensis has the capacity to 

delay breeding until suitable hydrological conditions are available. This breeding flexibility 

may give them increased capacity to adapt to predicted climate change impacts for the study 

area. This conclusion is supported by recent work that identified flexible breeding and the 

ability to utilise created habitat as important climate change resilience indicators (Wassens et 

al. 2013). 

 

The impacts of variation in precipitation, patterns of tadpole and predator abundance between 

the dry and wet year, also varied along a wetland hydroperiod gradient. Frogs that bred in 

wetlands with the shortest hydroperiods and/or wetlands with no or low concentrations of fish 

may have benefitted from larger amounts of rainfall, as tadpole numbers were generally 

higher in the wet year for these wetlands. Conversely, frogs breeding in wetlands with longer 

hydroperiods may have benefited from decreased rainfall, as tadpole captures were generally 

higher in the dry year, potentially attributed to increased fish concentrations in the wet year. 

Although the trends in tadpole and fish captures are compelling, the success rate of capture 

was likely highly variable between years due to large differences in water depth, and 

potential dispersal of tadpoles throughout a larger wetland in the wet year. Thus, differential 

catchability likely explains some of the variation in tadpole numbers between wet and dry 

years; however, the data still suggest that other factors may have contributed, such as 

increased predation. The impacts of increased or decreased rainfall were wetland specific and 

based primarily on wetland hydroperiod, supporting the assertion of the importance of 

hydroperiod structuring aquatic communities, in a complex relationship that varies among 

waterbodies (Wilbur 1987, Babbit 2005, Waterkeyn et al. 2008). Data also suggest that 

wetlands isolated from fish, either due to distance from a fish source or due to unsuitable 

hydrological conditions, represent optimal breeding conditions during wet years. Both of 

these outcomes support the conservation action of preserving a wide variety of wetland 

hydroperiods within a landscape matrix (Semlitsch 2000, Jakob et al. 2003, Shoo et al. 2011).  

 

Breeding in L. olongburensis occurred rapidly following the first substantial wetland 

inundations during the breeding period, evident by the capture of hatchling tadpoles present 

within days – weeks after inundation of previously dry wetlands. In wetlands that were dry at 

the start of the breeding season, tadpole abundances increased rapidly following sufficient 

inundation. The abundance of aquatic predators however increased at a much slower rate 

(months). Conversely, in wetlands already inundated at the start of the breeding season, 
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tadpole numbers were generally lower, particularly where aquatic predators were already 

present, or in high numbers. Litoria olongburensis concentrated breeding efforts during the 

predator free period at the beginning of wetland inundation. These findings corroborate the 

general pattern of breeding and tadpoles entering ponds early in community development that 

appears to be advantageous, as high abundances of predators are not yet established (Smith 

1983, Morin et al. 1990, Segev et al. 2010).  

 

Amphibians use anti-predator avoidance strategies to escape predation by  fish (Hero et al. 

2001). Breeding in temporary waterbodies, or at times of the year when predators are absent 

(or numbers reduced), as observed for L. olongburensis, is an adaptive strategy for successful 

reproduction in unpredictable and temporary habitats (Wilbur 1987, Morin et al. 1990, Segev 

et al. 2010). The presence of non-native predator species can also have negative 

consequences for native frogs (Gillespie and Hero 1999, Komak and Crossland 2000, Hamer 

et al. 2002). The capture of the invasive eastern mosquitofish (Gambusia holbrooki) was 

associated with low tadpole captures during the same period (at transect M2), suggesting a 

negative effect; however, more replication and experimentation is required to adequately 

determine a relationship, as this species was only captured from a single site. Increased 

frequency or intensity of flooding may allow non-native predatory fish species to invade 

ephemeral ponds, as was evident with the capture of G. holbrooki at transect M2 only during 

the wet year. 

 

Fish were absent at four transects, and increased in abundance with increasing hydroperiod at 

other sites. Despite this, no significant relationship between total fish captures and total L. 

olongburensis tadpole captures was found either spatially or temporally. Aquatic 

invertebrates were distributed across all sites, with no correlations between any spatial 

wetland characteristics; however, there was a weak positive relationship between tadpole 

abundance and invertebrate abundance. Similar results were reported by Babbit et al. (2003), 

who found no effect of fish abundance or richness on amphibians, and found positive 

correlations between amphibian and invertebrate richness and abundance in temporary lentic 

habitats of southern New Hampshire, USA. Amphibians and invertebrates may be responding 

similarly to differences in abiotic and other productivity related factors in wallum wetlands of 

eastern Australia, following the patterns observed by Babbit et al. (2003).  
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Rapid larval metamorphosis is another adaptive strategy for temporary wetland breeders 

(Rowe and Dunson 1995, Leips et al. 2000, Morey and Reznick 2004), and L. olongburensis 

tadpoles, on average, metamorphosed within 2 – 3 months from the detection of hatchling 

tadpoles. In the absence of regular and prolonged precipitation, four wetlands experienced 

multiple annual hydroperiods, where they filled, dried, and then filled again. No tadpoles 

were captured at sites with initial hydroperiods of only one month; but one site with a 

hydroperiod of two months (Y1) showed successful reproduction had occurred. However, the 

relatively low numbers of tadpoles at this site during this period, compared to those in the 

second, longer hydroperiod, suggests lower reproductive effort. While this pattern was only 

detected at a single site, it provides initial evidence of rapid metamorphosis in L. 

olongburensis to reduce tadpole mortality from premature pond desiccation by concentrating 

egg laying during optimal hydrological conditions (Loman 1999). Thus, the data suggest an 

inundation of one month is unlikely to provided sufficient time for metamorphosis of L. 

olongburensis larvae, whereas two months or more appears to be sufficient. One highly 

ephemeral wetland (C4) did not fill at all during the dry year, and had relatively low tadpole 

numbers in the wet year. Although this wetland may be too dry to sustain high levels of 

reproductive success in most years, in wet years it represents an additional suitable fish free 

breeding habitat, albeit infrequently. In some more permanent wetlands, large tadpoles were 

caught throughout the winter months, suggesting overwintering. This was possibly as a 

consequence of the late breeding in the dry year, with tadpoles taking advantage of 

permanent waterbodies by extending their larval period through to the following spring 

(Rowe and Dunson 1995, Lane and Mahony 2002). These outcomes again support the need to 

provide temporary wetland breeding habitat heterogeneity with regard to variable 

hydroperiods (Jakob et al. 2003, Shoo et al. 2011). 

 

The spatial and temporal variation in wetland hydroperiod due to differences in the timing 

and amount of precipitation is consistent with previous findings (Griffith et al. 2008) and 

highlights that the timing and patterns of future rainfall events is likely to become 

increasingly important under future climate change scenarios, particularly for seasonal 

breeders (Walls et al. 2013a). Although rainfall was the strongest driver for the filling of 

wallum wetlands, the rate of desiccation and post rainfall conditions may be equally 

important for larval survival (Semlitsch and Wilbur 1988, Skelly 1996, Leips et al. 2000). 

During the dry year, wetlands experienced higher levels of solar exposure, less rain days and 

higher monthly maximum temperatures. The combined effects of high solar exposure and 
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temperatures most likely resulted in higher rates of evaporation in the dry year increasing 

rates of wetland desiccation. While solar exposure has previously been reported as an 

important positive predictor of amphibian presence in some habitats (Lemckert 2010), the 

relationship with amphibians in ephemeral ponds may be more complex given that this may 

be associated with reduced hydroperiod. Thus, wetlands that will be most vulnerable to the 

drying effects of climate change will be those which desiccate most rapidly (Cai et al. 2005), 

generally those that are shallower or smaller. 

 

Competition with other species can also influence species abundance (Pehek 1995, Griffiths 

1997). Abundances of both L. olongburensis and C. tinnula tadpoles were highest at 

intermediate hydroperiods, and abundances of both species were positively correlated. This is 

consistent with the assertion that wetlands with intermediate hydroperiods are utilised by 

more species than those with hydroperiods at the either extreme end of the hydroperiod 

continuum (Heyer et al. 1975, Wilbur 1984, Semlitsch 2000, Cayuela et al. 2012). This 

suggests that these species were not limited by competition with each other. This is not 

unexpected as relatively few species occupy this niche habitat (acidic, oligotrophic coastal 

wetlands), thus competition is likely to be reduced or absent compared to either more species 

rich or highly utilised habitats (Ingram and Corben 1975).  

 

Water salinity (TDS) increased and pH decreased, with decreasing monthly water depth at 

any one wetland; however this relationship was relatively weak for pH. This result was not 

unexpected, as fluctuations in pH measurements during the study period were more stable 

(approx. 1 pH point) than changes in TDS (up to 261 ppm). Some authors have shown that 

changes in water chemistry and water depth trigger early metamorphosis (Morey and Reznick 

2004, Waterkeyn et al. 2008). Change in water depth is likely to be an overriding factor 

influencing metamorphosis, given the relative importance of water depth from the analyses, 

but future studies in a controlled environment would be required to clarify how L. 

olongburensis tadpoles respond to changes in water chemistry. Despite the associations with 

water chemistry and monthly water depth, maximum water depth did not explain spatial 

differences in average pH or TDS among wetlands. Instead, distance to the ocean was a 

stronger predictor of wetland TDS. Thus, predicted changes in sea level with climate change 

may substantially increase salinity of wetlands closest to the ocean (Hennessy et al. 2007, 
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Hobday and Lough 2011), and this may have severe consequences on the persistence on 

amphibian inhabitants (Waterkeyn et al. 2008). 

 

Based on the long-term rainfall averages from the Australian Bureau of Meteorology, the 

wallum wetlands surveyed during this study experienced unusually wet conditions, not 

unusually dry conditions, as data from the dry year were a closer approximation of an average 

rainfall year (although still dryer that average). In turn, we might assume the ideal 

hydroperiod for L. olongburensis reproduction would be based on the annual average rainfall, 

which would be hydroperiods slightly longer than hydroperiods experienced during our dry 

year. However, Walls et al. (2013a) highlight the importance of considering the timing and 

pattern of rainfall events and not simply total annual rainfall, as this may become increasingly 

important in driving amphibian responses to future changes in climate. With predicted future 

reductions in precipitation and increases in evapotranspiration with climate change, frogs are 

more likely to experience drier conditions in the future (Cai et al. 2005, Walls et al. 2013a, 

Mac Nally et al. 2009). In wetlands with shorter hydroperiods, dryer conditions will increase 

rates of tadpole mortality when rates of desiccation are too fast for tadpoles to successfully 

metamorphose (Semlitsch and Wilbur 1988, Rowe and Dunson 1995). Therefore, prolonged 

periods of low rainfall will likely be the greatest limiting threat to reproductive success, 

particularly prolonged dry periods, where populations may not be able to demonstrate 

resistance or resilience (Semlitsch and Wilbur 1988, Rowe and Dunson 1995, Wassens et al. 

2013). However, in more semi-permanent wetlands, advantages of shorter hydroperiods are a 

reduction in abundance and size of aquatic predators, particularly fish (Semlitsch 2000, 

Babbit 2005, Relyea 2007). Predicted increases in extreme floods, may lead to increased 

predation, or the invasion of native and non-native fish species. Invasion by non-native fish is 

more likely to be a problem for sites in close proximity to urbanisation and hence an invasive 

fish source (Rubbo and Kiesecker 2005).  

 

Although climate change brings with it a suite of potentially harmful habitat alterations for 

temporary wetlands of eastern Australia, our study suggests that L. olongburensis have 

capacity to rapidly adapt to these changes. The adaptive characteristics outlined in this paper 

provide L. olongburensis with increased resilience during variable environmental conditions 

and assist in population recovery following prolonged drought (Shoo et al. 2011, Wassens et 

al. 2013). As the consequences of climate change will be wetland specific, the preservation of 
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neighbouring wetlands with varying hydroperiods, provides a parsimonious landscape 

approach to conservation (Griffiths 1997, Semlitsch 2000, Jakob et al. 2003). This would be 

further enhanced by ensuring wetlands have varying degrees of isolation from fish sources, 

particularly non-native fish species. If L. olongburensis populations have access to a range of 

wetland hydroperiods throughout the landscape, their current adaptations will further 

facilitate adaptive responses of populations and increased resilience to future climate change. 

The outcomes for this species may also be applied to other temporary pond breeding species 

that occupy fragmented remnant wetlands (Richter-Boix et al. 2006). Other species that are 

currently adapted to breeding in wetlands with a variety of hydroperiods may also have 

inherent resilience to climate change, although metapopulations would require access to a 

variety of hydroperiods to increase their adaptive capacity (Karraker and Gibbs 2009, Shoo et 

al. 2011, Walls et al. 2013b). 
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3.0 Calling phenology and detectability of a temporary wetland breeding 

amphibian (Litoria olongburensis) along a latitudinal cline in eastern 

Australia 

             

3.1 Introduction 

 

The timing and duration of amphibian reproduction is highly variable and strongly dependent 

on environmental factors (Richter et al. 2003; Chapter 2). Temperature (Duellman and Trueb 

1994, Reading 1998), precipitation (Duellman and Trueb 1994, Jensen et al. 2003), and pond 

hydroperiod (the length of time and seasonality of water presence; Pechmann et al. 1989, 

Jakob et al. 2003, Della Rocca et al. 2005) are critical factors influencing the phenology of 

anuran calling. The timing and intensity of anuran calling is also influenced by barometric 

pressure, light intensity, humidity, and wind speed (Bellis 1962, Henzi et al. 1995, Oseen and 

Wassersug 2002, Steelman and Dorcas 2010). Generally, a combination of climatic variables 

serve as cues for reproductive activity, such as synergistic effects between environmental 

temperature and rainfall and the current state of pond inundation (Oseen and Wassersug 

2002, Richter-Boix et al. 2006, Steelman and Dorcas 2010). In some species, reproductive 

activity and life history traits can also vary along their latitudinal or altitudinal gradients 

(Morrison and Hero 2003, Lemckert and Mahony 2008). 

 

Many investigators and managers utilise call surveys to document the presence of a species 

(Paton and Crouch 2002); however, the ability to detect a species will depend on 

environmental, behavioural, and temporal influences (MacKenzie et al. 2002). Complications 

in associating anuran calling with environmental variables can arise when species exhibit 

specific climatic thresholds for the onset of calling (Oseen and Wassersug 2002, Steelman 

and Dorcas 2010), or require optimal hydrological conditions to coincide with climatic 

factors (Richter-Boix et al. 2006). For example, temperature may no longer be a strong 

predictor of calling once the initial temperature threshold for the season has been reached (i.e. 

once the breeding season at a particular site has begun). Thereafter, other factors, namely 

rainfall or humidity, may become more important variables (Oseen and Wassersug 2002, 

Steelman and Dorcas 2010). Inter-annual variability in environmental parameters, 
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particularly rainfall and hydrology, can further influence anuran calling patterns (Marsh 

2000). Thus, it is important to analyse multiple environmental variables concurrently to best 

predict anuran calling (Oseen and Wassersug 2002, Steelman and Dorcas 2010). However, 

because some amphibians are flexible in their response to different climatic conditions each 

year (Marsh 2000; Chapter 2), isolating key explanatory variables can be challenging. 

 

Male calling varies temporally in many species; however inter and intra-specific variation can 

also occur among geographical localities at multiple scales (Oseen and Wassersug 2002, 

Morrison and Hero 2003, Wells 2007, Lemckert and Mahony 2008). Amphibians in different 

climatic zones can have different breeding strategies due to differences in predictability of 

environmental factors (e.g. temperate/high altitudes vs. tropical/subtropical lowlands; Brooke 

et al. 2000, Oseen and Wassersug 2002). For example, in most temperate zones, breeding of 

amphibians is cyclic or seasonal, and increasing spring or early summer temperatures appears 

to be important for the initiation of male calling (Reading 1998). However, since most 

tropical amphibian species are capable of breeding throughout the year, rainfall appears to be 

the most important factor affecting timing of reproduction, providing sites for oviposition 

(Duellman and Trueb 1994, Donnelly and Crump 1998). 

 

Intraspecific variation in breeding activity can vary along latitudinal or altitudinal gradients 

due to clinal variation in specific meteorological factors and environmental triggers 

(Jørgensen 1992, Duellman and Trueb 1994, Morrison and Hero 2003, Hartel et al. 2007, 

Semlitsch 2008, Canavero et al. 2009). For example, Lemckert and Mahony (2008) document 

variation in calling season length between northern and southern populations of some 

Australian frog species. However, to date, no studies have quantified variation in amphibian 

breeding phenology along the entire latitudinal distribution gradient for a single species. 

Intraspecific studies on birds have found both increasing latitude and altitude to be negatively 

related to breeding-season length (Ricklefs 1969). Variations in calling activity can also 

occur within localities on other landscape functions such as a hydrological gradient (Richter-

Boix et al. 2006). For example, in Mediterranean anuran species, those using permanent 

ponds have a breeding peak that is related to temperature, whereas reproductive success in 

ephemeral pond breeders is determined by rainfall pulses (Richter-Boix et al. 2006).  

 

The wallum sedge frog (Litoria olongburensis) is distributed in coastal wallum wetlands 

along the east coast of Australia along a latitudinal cline. Males call in most months of the 
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year but are likely to display seasonality in calling intensity/activity (Lemckert and Mahony 

2008, Hines and Meyer 2011). They breed in wetlands that periodically dry out which are 

strongly influenced by the timing and amount of spring and summer rainfall (Griffith et al. 

2008; Chapter 2). The risk of reproductive failure for L. olongburensis depends on both the 

delay or lack of annual rainfall and the length of hydroperiod (see Chapter 2). Although a 

lack of rainfall can lead to complete reproductive failure from early wetland desiccation, 

unusually wet years can lead to extended wetland hydroperiod, which may increase 

concentrations of aquatic predators (see Chapter 2). Thus, the peak in intensity of calling 

should occur when breeding conditions are most suitable. 

 

Temporarily flooded wetlands in wallum habitats of mid-eastern Australia can be 

characterised by the length of hydroperiod and unpredictable dates of inundation, due to 

variability in the timing and amount of annual rainfall for the region (Chiew and McMahon 

2002, Griffith et al. 2008). The climate is sub-tropical with hot, wet, and humid summers 

followed by dryer, cooler winters (Colls and Whitaker 2001, Stern et al. 2004). Although the 

largest amount of rainfall occurs in summer; the timing and duration of rainfall is still highly 

variable (Chiew and McMahon 2002, Griffith et al. 2008). Climate change predictions for the 

area include overall increased temperatures and general decrease in rainfall, leading to 

prolonged drought (Cai et al. 2005, CSIRO 2007, Hennessy et al. 2007). However, during 

wet seasons, rainfall events will be more intense, leading to more severe flooding (CSIRO 

2007). Wallum associated anurans may have adaptive responses to the variable and 

unpredictable nature of key environmental parameters (see Chapter 2). Variation in calling 

phenology has not yet been assessed in wallum associated frog species. 

 

This chapter aims to assess variation in the phenology (timing and duration), intensity 

(relative abundance), and detectability of calling in L. olongburensis over the species 

latitudinal range. Environmental predictor variables influencing calling activity and 

abundance were examined based on acoustic surveys, as well as their impact on seasonal 

activity patterns based on visual surveys. This will improve our understanding of breeding 

phenology in subtropical frogs, but it also provides pertinent information for developing 

management strategies for the conservation of this vulnerable species (Paton and Crouch 

2002). Specifically, data on peak calling periods and their association with climatic variables 

will allow managers to target surveys during optimal weather conditions to increase L. 

olongburensis detection probability (Paton and Crouch 2002). The documentation of how 
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variations in weather patterns influence calling phenology is crucial for the interpretation of 

the effects of climatic change on amphibian populations (Beebee 1995, Blaustein et al. 2001, 

Beebee 2002, Blaustein et al. 2002, Stenseth et al. 2002). Identification of breeding responses 

to key climatic variables are crucial for the assessment of species capacity for adaptation to 

climate change (Williams et al. 2008). 

 

3.2 Methods 

 

3.2.1 Study sites 

 

See Chapter 2 – Methods – Study sites for details on study site selection and transect 

establishment. 

 

3.2.2 Amphibian surveys 

 

Amphibian surveys were conducted monthly, from August 2009 to July 2011, to record 

changes in acoustic relative abundance and visual relative abundance over a wide range of 

environmental conditions. Acoustic surveys were conducted on transects at 50 m intervals, 

and the total number of frogs calling < 10 m from the observer were recorded over five 

minutes. Visual encounter surveys for frogs were employed along each transect and 

standardised at 10 minutes along each 50 m interval (Heyer et al. 1994). All surveys 

commenced at least 30 minutes after sunset using high powered head torches, and transects 

were walked slowly to locate frogs within one metre either side of the transect midline. 

Wetlands within a cluster were sampled consecutively. Two transects were surveyed each 

night, with the order rotated each month to remove temporal effects of time-of-survey. 

Litoria olongburensis size classes were classified based on snout-urostyle length (SUL) as: 

juvenile (SUL < 16 mm), sub-adult (16 – 20 mm SUL), and adult (SUL > 20 mm; sensu 

Lewis and Goldingay 2005). 
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3.2.3 Abiotic data - see Chapter 2 

 

To quantify the influence of environmental conditions on amphibian activity, a variety of 

environmental factors known to be associated with amphibian activity were measured.  Air 

and water temperatures were recorded with a calibrated thermometer at the beginning and 

end of each survey. Daily rainfall data were sourced from Australian Bureau of Meteorology 

weather stations proximal (< 15 km) to each site, as well as in situ observations during each 

survey. Long-term average monthly rainfall and temperature data were also sourced from the 

Australian Bureau of Meteorology (data from 1981 – 2011). The hydroperiod of a wetland 

was defined as the number of months the wetland held water over the survey period (out of 

24 months). Additionally, two temperature data loggers (iButton™) were placed at each 

transect to record environmental temperatures. One temperature logger was attached to the 

southern side of a suitable tree/shrub in the middle of each transect to obtain ambient air 

temperature at a height similar to the perching height of L. olongburensis on sedges (~1 m 

above the water). The second temperature logger recorded water temperatures at the deepest 

location along each transect. Loggers were set to record temperature every hour.  

 

Additional to rain and temperature, night-light (1-4) and wind speed (0-4) were recorded at 

the beginning and end of each survey (Table 3.1). Also, humidity (% rh), barometric pressure 

(hPa) and wind speed (m/s) were measured with a Kestrel 3500 Pocket weather meter (not 

available in the first three surveys in QLD, and first two in NSW). 

 

 

 

Table 3.1 – Categories for night light and wind speed during each survey. 

 

Category 0 1 2 3 4 

Night light N/A Very dark – no 

moon with cloud 

Dark ¼ moon or 

moon with heavy 

cloud 

Detail of 

surrounding 

vegetation seen 

Bright, at least ½ 

moon, little to no 

cloud 

Wind speed Calm Light leaves 

rustle 

Moderate moves 

small branches, 

Strong, moves 

largest branches 

Impedes progress 
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3.2.4 Data analysis 

 

Statistical analyses were undertaken separately on the number of L. olongburensis detected a) 

acoustically, and b) visually along each transect each month. The acoustic count response 

variable was calculated by adding the total number of frogs heard calling within 10 m of each 

marker for each transect. For calling presence/absence analyses, any frogs heard calling 

during the survey at any distance within the wetland were used for analysis. The visual count 

response variable was obtained by totalling the number of adult frogs observed along each 

transect within 1 m of the transect midline each month.  

 

Explanatory variables included abiotic parameters outlined previously, as well as rainfall 24 

hrs, 7 days, and 30 days prior to the survey. Air temperature was used in analyses as L. 

olongburensis calls from elevated perches and not in water. A correlation matrix of all 

explanatory variables was inspected for evidence of collinearity using Spearman’s Rank 

correlation. A correlation coefficient of |r| > 0.7 was chosen to identify pairs of highly 

correlated variables (sensu Garden et al. 2010). No explanatory variables were highly 

correlated and were thus all retained for subsequent analyses. Pairwise plots of the 

relationships between the retained explanatory variables and the response variables were 

inspected to ascertain the strength of the relationships and if they were linear. 

 

Poisson Generalised Additive Mixed Models (GAMMs) fitted by maximum likelihood were 

developed to model monthly changes in acoustic relative abundance and visual relative 

abundance with the aforementioned environmental predictor variables. Each response 

variable (‘visual relative abundance’ and ‘calling relative abundance’) was analysed in two 

separate candidate model sets. The first model set contained the explanatory variables air 

temperature, rainfall 24 hrs, 7 days, and 30 days prior to the survey, and wind speed (N = 

384). The second model set included the same environmental variables but with the addition 

of humidity and barometric pressure and with the first three months of data omitted due to 

missing values (N = 336). All models included random effects of site and latitude as well as 

an autoregressive structure of order 1 (AR1) to account for temporal auto-correlation. Models 

with and without auto-correlation structures were compared using Akaike’s Information 

Criterion (AIC; Akaike 1973). Models including auto-correlation structures performed better, 

and were thus included in all analyses. For analyses without humidity and barometric 
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pressure, 31 candidate models included models with each single explanatory variable and 

each additive variable combination. For analyses with humidity and barometric pressure, 116 

candidate models included models with each single explanatory variable and each additive 

variable combination. 

 

Binomial Generalised Additive Models (GAMs) with a logit link function were used to 

model presence/absence (1/0) of calling at all sites with environmental predictor variables. As 

with previous analyses, one model set included air temperature, rainfall 24 hrs, 7 days, and 30 

days prior to the survey, and wind speed. Another model set included the same variables with 

the addition of humidity and barometric pressure, with the first three months of data omitted 

due to missing values. For analyses without humidity and barometric pressure, 31 candidate 

models included models with each single explanatory variable and each additive variable 

combination. For analyses with humidity and barometric pressure, 116 candidate models 

included models with each single explanatory variable and each additive variable 

combination.  

 

The environmental parameters with the most evidence for an effect on presence of calling 

were further assessed for predictive purposes. To calculate the probability of hearing a frog 

calling in relation to an environmental parameter, the equation is: 

 

Px = )(

)(

110

110

exp1

exp
X

X

 

where: 

βi = parameters; 

Xi = explanatory variable, i.e. the edge index, patch size and distance 

to extensive forest; 

exp = exponential; and 

Px = the probability of an event occurring. 

 

3.2.5 Model selection and averaging 

 

The models were ranked according to their small-sample AIC (AICC) and the best 

approximating models,  where ΔAICC < 4, are presented (Hurvich and Tsai 1989, Burnham 
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and Anderson 2002). Because of uncertainty in some of the final model selections, a model 

averaging approach was applied and variables were ranked according to their relative overall 

importance by summing the Akaike weight (wi) from all top model combinations where each 

of the variables occurred (Burnham and Anderson 2002). Statistical analyses were conducted 

using R 2.14.0 statistical software (R Development Core Team 2012) using the glmmML 

(Broström 2012) and nlme (Pinheiro and Bates 2012) packages. Package MuMIn (Barton 

2012) was used for model averaging. 

 

3.3 Results 

 

3.3.1 Environmental data 

 

The timing and duration of wetland inundation varied among transects and between years, 

with sites experiencing substantial differences in precipitation between years (see Chapter 2 – 

Results: Environmental data and hydroperiod – Table 2.1). The first sampling year (August 

2009 – July 2010) received below average annual rainfall and the second year of sampling 

(August 2010 – July 2011) received above average annual rainfall (from 690 to 1096 mm 

difference between years; Table 2.1). Henceforth, the first survey year is referred to as ‘dry’ 

and the second survey year as ‘wet’, and ‘annual’ referrers to the period from August-July. 

The largest amount of rainfall in the wet year occurred in the months October – November; 

however, significant rainfall was substantially delayed in the dry year occurring within the 

months February – April (Table 2.1).  

 

Long-term monthly average maximum temperatures varied among latitudinal clusters and 

were higher in northern latitudes compared with southern latitudes (Fig. 3.1 A). There was no 

discernible trend, however, in average minimum temperatures among latitudinal clusters (Fig. 

3.1.B) . The seasonality of long term monthly average rainfall showed a clear trend with 

latitude, becoming increasingly seasonal with increasing latitude (Fig. 3.2). Minimum and 

maximum 9 pm air temperatures experienced across all sites ranged between 4 – 28.75°C 

(Appendix 4). Monthly environmental variables are summarised for each site in Appendix 3. 
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Figure 3.1. Long-term monthly mean A) maximum, and B) minimum mean temperatures 

(from 1981-2011) at Australian Bureau of Meteorology weather stations proximal to each 

latitudinal cluster. Weather stations represent latitudinal clusters: Cooloola: closed circles; 

Sunshine Coast: open circles; Tygarah: closed squares; Yuraygir: open squares (sites from 

north to south).  
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Figure 3.2. Long-term monthly average rainfall (from 1981-2011) at Australian Bureau of 

Meteorology weather stations proximal to each latitudinal cluster. Graphs are ordered from 

most northerly to most southerly site: A) Cooloola, 26.01°S; B) Sunshine Coast, 26.79°S; C) 

Tyagarah, 28.61°S; D) Yuraygir, 29.84°S.  Note: increasing seasonality moving south.  
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3.3.2 Calling phenology and patterns 

 

Litoria olongburensis displayed seasonal calling patterns. On average, males began 

vocalising in Sept/Oct (Spring), varying with latitude and hydrological conditions (Fig. 3.3, 

Table 3.2), which was sometimes months before wetlands were inundated. Peaks in calling 

varied among sites and along the hydroperiod gradient and coincided with substantial pond 

inundation from high amounts of rainfall (Table 3.2). Data for calling peaks is indicative 

only, as actual peaks may have been missed between monthly surveys. 

 

Calling phenology was similar among transects within a latitudinal cluster, but there were 

differences among latitudes. Calling was influenced by latitude in that populations had a 

shorter duration of the calling season (number of months frogs were heard calling) in 

southern latitudes, i.e. further away from the equator (Fig. 3.3, 3.4). For example, frogs in the 

most northerly study sites (Cooloola NP) were heard calling almost all year round, whereas 

frogs in the most southern sites (Yuraygir NP) only called between September and March 

(Fig. 3.3).  
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Figure 3.3. Relative abundance of calling L. olongburensis each month at all transects 

ordered into the four latitudinal clusters. Graphs are ordered from north to south; A) Cooloola 

(latitude = -26.01), B) Sunshine Coast (-26.79), C) Tyagarah NR (-28.61), and D) Yuraygir 

NP (-29.84). Note: narrowing of the duration of calling season moving south. Dashed lines 

are monthly accumulated rainfall. Solid lines are each transect. Scales vary as graphs display 

trends.  
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Table 3.2. Summary of dry and wet year data for peak calling months and peak rainfall 

months (average month in brackets). Hydroperiod = number of months wetland held water 

out of 24 months. F = full - i.e water present before start of breeding season. Rows are 

ordered by hydroperiod length, i.e. most ephemeral wetlands towards the top of the table and 

permanent wetlands at the bottom. Years represented by 09, 10 and 11 (2009, 2010 & 2011). 

 

Site: 

(hydroperiod) 

Inundation 

dry year 

Peak calling 

month dry year 

Inundation 

wet year 

Peak calling 

month wet year 

Peak rainfall 

dry year 

Peak rainfall 

wet year 

C4 (7) No water Mar -10 Jan – 11 Jan – 11  Feb-Apr – 10 Oct – 10 

 

M1 (16) Apr – 10 May – 10 Sep – 10 Sept – 10  Mar-May – 10  Nov – 10 

 

T3 (18) Feb – 10  Feb – 10 Oct – 10 Oct – 10 Nov – 09 

& Feb – 10 

Oct – 10 

B2 (18) Mar – 10 Mar – 10  F Oct – 10 Mar-May – 10 Nov – 10 

 

M2 (18) Mar – 10 Mar – 10 F Sept – 10 Mar-May – 10 Nov – 10 

 

B1 (19) Mar – 10  Mar – 10 F Oct – 10 Mar-May – 10 Nov – 10 

 

C1 (19) Mar – 10 Mar – 10  F Oct – 10 Feb-Apr – 10 Oct – 10 

  

C3 (20) Feb – 10 Jan – 10 F Oct – 10 Feb-Apr – 10 Oct – 10 

 

T4 (21) Nov – 09 

& Feb – 10 

Feb – 10 F Oct – 10 Nov – 09 

& Feb – 10 

Oct – 10 

C2, (21) Mar – 10 March – 10 F Oct – 10 Feb-Apr – 10 Oct – 10 

 

Y1 (22) Nov – 09 

& Jan – 10 

Nov – 09 F Nov – 10 Nov – 09 

Feb-Mar – 10 

Oct – 10 

T2 (22) Jan – 10  Nov – 09         

& Feb – 10 

F Oct & Dec – 10 Nov – 09 

& Feb – 10 

Oct – 10 

T1 (22) Nov – 09 

& Jan – 10 

Feb – 10 F Oct – 10 Nov – 09 

& Feb – 10 

Oct – 10 

Y2 (23) Nov – 10 Nov – 09 F Nov – 10  

& Jan – 11 

Nov – 09 & 

Feb-Mar – 10 

Oct – 10 

Y3 (24) F Nov – 09 F Nov – 10 Nov – 09 & 

Feb-Mar – 10 

Oct – 10  

Y4 (24) F Nov – 09 F No peak Nov – 09 & 

Feb-Mar – 10 

Oct - 10 
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Figure 3.4. The duration of the calling season (number of months heard calling out of 12) 

across the latitudinal range of L. olongburensis in year 1 (crosses) and year 2 (circles). 

Regression lines represent year 1 (dashed line; r
2
 = 0.459) and year 2 (solid line; r

2
 = 0.430). 

Transect C4 in year 1 removed as this highly ephemeral wetland was not inundated, thus no 

breeding occurred. 
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3.3.3 Relative abundance of calling males 

 

Monthly changes in the relative abundance of calling males were best explained by three 

candidate GAMMs (ΔAICC < 4). Predictor variables included; rain 24 hrs, 7 days and 30 

days prior to the survey, and wind speed (Table 3.3). Monthly rainfall was the most important 

predictor variable, followed by 24 hour rain, both with a positive impact on calling 

abundances (Table 3.4). There was little evidence for a strong effect of weekly rainfall or 

wind speed, as the confidence intervals for the parameter estimate included zero (Table 3.4). 

GAMM model sets including barometric pressure (hPa) and humidity (%rh) had higher 

model uncertainty, with 10 models with ΔAICC < 4 (Table 3.3). These models revealed 

strong evidence for a positive effect of humidity, temperature and monthly accumulated rain 

on calling abundance (Table 3.4). All other variables had no evidence for a strong effect as 

the confidence intervals for their parameter estimates included zero (Table 3.4). 
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Table 3.3. Best approximating models (i.e. ΔAICC < 4) of L. olongburensis monthly calling 

male counts with climatic predictor variables a) without humidity (Hum) and barometric 

pressure (Baro), and b) with humidity and barometric pressure for all transects. Rain 30 and 

Rain 7 = accumulated rainfall 30 and 7 days prior to the survey. Rain 24 = accumulated 

rainfall 24 hours prior to the survey. Temp = air temperature on the night of the survey. Note: 

monthly rainfall (Rain 30) appears in all models. 

 

Model AICc ΔAICC weight 

a) Acoustic counts     

Rain30 + Rain7 + Rain24 1618.9 0 0.55 

Rain30 + Rain7 + Rain24 + Wind 

speed 

1621.0 2.11 0.19 

Rain30 + Rain24 1621.2 2.35 0.17 

b) Acoustic counts with humidity 

and barometric pressure  

   

Rain 30 + Rain 7 + Rain24 + Baro 1355.1 0 0.18 

Rain 30 + Rain24 + Baro 1355.2 0.10 0.17 

Rain 30 + Rain 7 + Rain24  1355.8 0.75 0.12 

Rain 30 + Rain 7  1357.1 2.03 0.06 

Rain 30 + Rain 7 + Rain24 + Baro + 

Temp 

1357.3 2.23 0.06 

Rain 30 + Rain24 + Baro + Temp 1357.4 2.32 0.06 

Rain 30 + Rain24 + Temp + Wind 

speed 

1357.8 2.68 0.05 

Rain 30 + Rain24 + Rain 7 + Wind 

speed 

1357.8 2.72 0.05 

Rain 30 + Rain24  1358.1 3.00 0.04 

Rain 30 + Temp + Hum 1358.5 3.44 0.03 

  



Chapter 3 – Calling phenology and detectability 

66 

 

Table 3.4. Model averaged coefficients of monthly calling male counts of L. olongburensis, 

with climatic predictor variables at all transects. Variables for each analysis are ordered by 

their relative variable importance. 

 

Parameter Estimate SE Confidence interval Relative 

importance 

a) Acoustic counts     

(Intercept) 0.072 0.206 -0.331, 0.476  

Rain 30 days prior (mm) 0.003 0.001 0.002, 0.004 1 

Rain 24 hrs prior (mm) 0.012 0.006 0.001, 0.023 1 

Rain 7 days prior (mm) 0.002 0.002 -0.151, 0.005 0.81 

Wind speed (m/s) 0.002 0.137 -0.267, 0.272 0.21 

b) Acoustic counts with 

humidity and barometric 

pressure  

    

(Intercept) 17.776 22.49

1 

-26.305, 61.857  

Rain 30 days prior (mm) 0.002 0.000

6 

0.001, 0.003 1 

Rain 24 hrs prior (mm) 0.008 0.006 -0.004, 0.021 0.84 

Barometric pressure (hPa) -0.333 0.018 -0.069, 0.002 0.54 

Rain 7 days prior (mm) 0.001 0.002 -0.002, 0.005 0.54 

Wind speed (m/s) -0.044 0.142 -0.322, 0.234 0.29 

Air temperature (°C) 0.119 0.027 0.065, 0.172 0.19 

Humidity (%rh) 0.048 0.011 0.027, 0.070 0.11 

 

  



Chapter 3 – Calling phenology and detectability 

67 

 

3.3.4 Visual relative abundance  

 

Visual observations of frogs based on presence-absence at each site revealed that the 

detectability of frogs approximated 1, as frogs were detected almost every month from visual 

surveys (with the exception of the highly ephemeral site C4; Appendix 3.1). Therefore, 

regardless of environmental parameters at each site, frogs were always detected and sites 

were always occupied. However, visual relative abundance of adult L. olongburensis was 

highly variable from one month to the next, and there were higher levels of model uncertainty 

compared with analyses of calling abundances (Table 3.5). Eight candidate Poisson GAMMs 

of abiotic effects on monthly visual adult abundances had ΔAICC < 4 and all predictor 

variables were represented in the top competing models (Table 3.5). However, only 

temperature and wind speed had strong evidence for a positive and negative effect on adult 

abundance, respectively (Table 3.6). Analyses which also included barometric pressure (hPa) 

and humidity (%rh) resulted in 11 candidate models with ΔAICC < 2, and 21 candidate 

models with ΔAICC < 4, indicating again high model uncertainty (Table 3.5). There was only 

evidence for a positive effect of temperature and a negative effect of wind on adult visual 

abundances (Table 3.6). There was some evidence for a positive effect of humidity on visual 

abundance (Table 3.6). There was little evidence for a strong effect of all other predictor 

variables on monthly changes in L. olongburensis visual abundance, as the confidence 

intervals for the parameter estimates included zero (Table 3.6). Overall, parameter estimates 

were less precise for visual counts than for acoustic counts, suggesting a generally poor fit for 

models of visual abundances.  
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Table 3.5. Best approximating models (i.e. ΔAICC < 4) of L. olongburensis visual monthly 

counts with climatic predictor variables a) excluding humidity (Hum) and barometric 

pressure (Baro), and b) including humidity and barometric pressure for all transects. Rain 30 

and Rain 7 = accumulated rainfall 30 and 7 days prior to the survey. Rain 24 = accumulated 

rainfall 24 hours prior to the survey. Temp = air temperature on the night of the survey. 

Visual counts have high model uncertainty, and due to the high number of models with 

ΔAICC <4, only models with ΔAICC <2 are displayed for models including humidity and 

barometric pressure. 

Model AICc ΔAICC weight 

a) Visual counts     

Temp + Wind 1029.6 0 0.293 

Temp + Rain 30 + Wind 1030.7 1.13 0.166 

Temp + Rain 24 + Wind 1030.9 1.38 0.147 

Temp + Rain 30 + Rain 24+ Wind 1031.5 1.98 0.109 

Temp + Rain 7 + Wind 1031.8 2.25 0.095 

Temp + Rain 24 + Rain 7 + Wind  1031.9 2.29 0.093 

Temp + Rain 30 + Rain 24+ Rain 7 + 

Wind 

1033.2 3.62 0.048 

Temp + Rain 30 + Rain 7+ Wind 1033.2 3.65 0.047 

b) Visual counts with humidity and 

barometric pressure 

   

Rain 7 + Hum + Baro+ Wind 845.0 0 0.07 

Rain 30 + Hum + Temp + Wind 845.4 0.47 0.06 

Hum + Temp + Wind 845.5 0.57 0.05 

Rain 7 + Hum + Temp + Wind 845.6 0.66 0.05 

Rain 7 + Hum + Temp + Wind + Baro 845.8 0.83 0.05 

Rain 7 + Hum + Rain 30 + Wind + Baro 846.0 1.05 0.04 

Hum + Rain 30 + Wind + Baro 846.1 1.12 0.04 

Rain 7 + Hum + Temp + Wind + Rain24 846.4 1.44 0.04 

Temp + Hum + Rain 30 + Wind + Baro 846.7 1.69 0.03 

Rain 7 + Hum + Temp + Wind + Rain 30 846.9 1.91 0.03 

Rain 30 + Wind + Baro 846.9 1.92 0.03 



Chapter 3 – Calling phenology and detectability 

69 

 

 

Table 3.6. Model averaged coefficients of monthly visual counts of L. olongburensis, with 

climatic predictor variables at all transects. Variables for each analysis are ordered by their 

relative importance. 

 

Parameter Estimate SE Confidence 

interval 

Relative 

importance 

a) Visual counts     

(Intercept) 2.360 0.291 1.789, 2.931  

Air temperature (°C) 0.051 0.009 0.034, 0068 1 

Wind speed (m/s) -0.461 0.064 -0.586, -0.337 1 

Rain 30 days prior (mm) -0.0004 0.0003 -0.001, 00002 0.30 

Rain 24 hrs prior (mm) 0.003 0.005 -0.006, 0.012 0.39 

Rain 7 days prior (mm) -0.002 0.001 -0.004, 0.001 0.21 

b) Visual counts with humidity and 

barometric pressure 

    

(Intercept) 8.322 8.524 -8.385, 25.028  

Wind speed (m/s) -0.396 0.071 -0.534, -0.257 1 

Humidity (%rh) 0.009 0.005 -0.001, 0.018 0.73 

Air temperature (°C) 0.046 0.010 0.026, 0.066 0.65 

Barometric pressure (hPa) -0.010 0.008 -0.027, 0.006 0.57 

Rain 7 days prior (mm) -0.002 0.001 -0.004, 0.0008 0.55 

Rain 30 days prior (mm) -0.0003 0.0003 -0.001, 0.0003 0.47 

Rain 24 hrs prior (mm) 0.002 0.005 -0.008, 0.013 0.34 
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3.3.5 Calling presence/absence data 

 

Thirteen candidate Binomial GAMMs of abiotic effects on monthly presence/absence of 

calling had ΔAICC < 4 and contained all five environmental variables tested (Table 3.7). Only 

temperature had strong evidence for a positive effect on the presence of calling frogs (Table 

3.8). For analyses including barometric pressure and humidity, 18 candidate Binomial 

GAMMs had ΔAICC < 4 and contained all seven environmental variables (Table 3.7). Upon 

examining parameter estimates, only temperature and barometric pressure had strong 

evidence for a positive and negative effect, respectively, on the presence of calling frogs 

(Table 3.8). There was little evidence for an effect of all other parameters on 

presence/absence of calling as their confidence intervals passed through zero (Table 3.8). 

 

As air temperature on the night on the survey was the strongest predictor variable for 

presence/absence of calling, it was plotted in a logistic regression using the R package MASS 

(Fig. 3.5; Venables and Ripley 2002).  The night time temperature at which there was a 50% 

probability of hearing a frog calling was calculated at 17°C. The temperature at which there 

was an 80% probability of hearing a frog calling was calculated at 21.7°C. 
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Table 3.7. Best approximating models (i.e. ΔAICC < 2) of L. olongburensis calling 

presence/absence with climatic predictor variables a) without humidity (Hum) and barometric 

pressure (Baro), and b) with humidity and barometric pressure for all transects. Rain 30 and 

Rain 7 = accumulated rainfall 30 and 7 days prior to the survey. Rain 24 = accumulated 

rainfall 24 hours prior to the survey. Temp = air temperature on the night of the survey. Due 

to the high number of models with ΔAICC <4, only models with ΔAICC <2 are displayed. 

 

Model AICc ΔAICC w 

a) Calling presence    

Temp + Rain 30 390.1 0 0.18 

Temp + Rain 7 390.9 0.72 0.13 

Temp  390.9 0.75 0.13 

Temp + Rain 30 + Rain7 391.6 1.44 0.09 

Temp + Rain 30 + Wind speed 392.0 1.87 0.07 

b) Calling presence with humidity and 

barometric pressure 

   

Temp + Baro + Rain 30 + Hum 327.3 0 0.13 

Temp + Baro + Rain 30 327.8 0.42 0.10 

Temp + Baro + Hum 328.4 1.06 0.08 

Temp + Baro + Rain 7 + Hum 329.1 1.82 0.05 

Temp + Baro + Rain 7 + Rain 30 + Hum 329.2 1.85 0.05 

Temp + Baro + Rain 7 + Rain 30 329.3 1.99 0.05 
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Table 3.8. Model averaged coefficients of L. olongburensis calling presence/absence, with 

climatic predictor variables at all transects. Variables for each analysis are ordered by their 

relative importance. Only temperature and barometric pressure showed evidence for effects 

on calling presence. 

 

Parameter Estimate SE Confidence 

interval 

Relative 

importanc

e 

a) Calling presence     

(Intercept) -4.855 0.528 -5.894, -3.816  

Air temperature (°C) 0.278 0.030 0.219, 0.337 1 

Rain 30 days prior (mm) 0.002 0.001 -0.001, 0.004 0.53 

Rain 7 days prior (mm) 0.005 0.004 -0.004, 0.013 0.40 

Wind speed (m/s) -0.086 0.180 -0.439, 0.267 0.25 

Rain 24 hrs prior (mm) 0.001 0.015 -0.028, 0.030 0.23 

b) Calling presence with humidity 

and barometric pressure 

    

(Intercept) 76.487 27.753 21.891, 131.083  

Air temperature (°C) 0.268 0.035 0.199, 0.337 1 

Barometric pressure (hPa) -0.081 0.027 -0.135, -0.028 1 

Rain 30 days prior (mm) 0.002 0.001 -0.0003, 0.004 0.63 

Humidity (%rh) 0.025 0.016 -0.006, 0.056 0.57 

Rain 7 days prior (mm) 0.002 0.005 -0.007, 0.012 0.29 

Rain 24 hrs prior (mm) -0.006 0.017 -0.039, 0.026 0.26 

Wind speed (m/s) 0.023 0.202 -0.376, 0.421 0.25 
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Figure 3.5. Logistic regression plot of presence/absence (1/0) of calling L. olongburensis 

against air temperature (°C) on the night of the survey. Solid central line is the regression line 

and the outer lines are the 95% confidence intervals. Space between the two curves shows the 

site variation between the predicted values. 
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3.4 Discussion 

 

A dynamic system of temporal and spatial variation in calling phenology is described for a 

temporary wetland breeding frog species, Litoria olongburensis, restricted to wallum 

wetlands of eastern Australia. Detectability of frogs varied among months, transects, and 

along a latitudinal cline, and also with the type of survey conducted (visual vs. acoustic). 

Although air temperature was a strong predictor for the onset of the calling season, the peaks 

in calling abundances were most strongly driven by monthly accumulated rainfall. The 

calling season started in early spring (September/October) at most sites with patterns 

relatively consistent among transects within latitudinal clusters. However, the duration of the 

calling season varied among latitudinal clusters along the species distributional range, 

becoming narrower when moving south. Latitudinal variation in calling duration was likely a 

reflection of clinal variation in long-term climatic patterns (Angilletta et al. 2004, Canavero 

et al. 2009). 

 

3.4.1 Phenology and latitudinal variation 

 

Litoria olongburensis calling period occurred over a broad climatic window (> 6 months), the 

duration of which varied along a latitudinal cline. This long calling season may increase their 

chance of capturing the rainfall peak within that window, which for the study area can occur 

any time from late spring to early autumn (Chiew and McMahon 2002, Griffith et al. 2008). 

Indeed, calling peaks were highly responsive to peaks in rainfall, which, together with the 

long calling season duration, are adaptive response to climatic unpredictability and temporary 

wetland breeding (Wilbur 1987, Jakob et al. 2003, Richter-Boix et al. 2006, Vignoli et al. 

2007; Chapter 2). Populations in southern latitudes had a shorter calling season compared 

with populations in northern latitudes, a trend also evident in some Australian frog species in 

New South Wales (Lemckert and Mahony 2008). Whereas males called almost all year round 

in some of the northern sites (closer to the equator), males were rarely heard for more than six 

months per year in most southern sites. To the best of my knowledge, no other studies have 

identified a latitudinal cline in amphibian breeding phenology along the complete latitudinal 

range of a single species with a multiple year data set. Most studies have focused on 

altitudinal variation (Anderson 1967, Elmberg 1991, Ryser 1996), with few studies assessing 

latitudinal trends of breeding phenology (Morrison and Hero 2003, Lemckert and Mahony 

2008). This is possibly because climatic variation is not as extreme along a latitudinal 
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gradient compared with altitudinal gradients (Morrison and Hero 2003). Also, most studies 

assess interspecific variation in breeding biology (Eikenaar et al. 2012), and rarely the intra-

specific variation among latitudes. 

 

Variation in calling phenology along the latitudinal gradient was likely best explained by 

clinal variation in temperature and precipitation (Angilletta et al. 2004, Hartel et al. 2007, 

Canavero et al. 2009). Canavero et al. (2009) found that patterns of temperature seasonality 

were stronger at higher latitudes in study sites in Brazil and Uruguay, whereas seasonality in 

precipitation was weaker. Conversely, in this study the patterns of rainfall became more 

seasonal with increasing latitude along the L. olongburensis distributional range; however, 

there was no noticeable latitudinal trend in temperature seasonality patterns. There was, 

however, a decrease in mean maximum monthly temperatures with increasing latitude. The 

variation in maximum temperatures and changes in rainfall seasonality noted in this study 

could influence calling seasonality (Canavero et al. 2009). Thus, the shorter calling season in 

southern populations of L. olongburensis may have been a reflection of cooler conditions 

and/or of greater seasonality and predictability of rainfall in southern latitudes. Weak 

associations between direct effects of weather and population seasonality in other studies 

suggests that other variables, such as the strength of biotic interactions, could also be 

involved (Angilletta et al. 2004, Canavero et al. 2009). Latitudinal variation in calling 

phenology observed in this study may also be related to latitudinal variation in life history 

traits (Hemelaar 1988, Morrison and Hero 2003, Leskovar et al. 2006, Oromi et al. 2012), or 

latitudinal variation in hormone concentrations (Eikenaar et al. 2012), as well as myriad 

habitat characteristics (Angilletta et al. 2004). Although Lowe and Hero (2012) found a 

significant effect of latitude on body length and sexual size dimorphism in L. olongburensis, 

there did not appear to be a latitudinal trend (see Appendix 1 for paper). More samples would 

be required along the distributional range to increase our understanding of any latitudinal 

variation in life history traits in L. olongburensis (Lowe and Hero 2012). 

 

3.4.2 Detectability and environmental correlates of activity 

 

Calling survey data and their relationship with weather data were used to develop predictive 

models to improve detection probability of L. olongburensis during calling surveys. This is 

an applied management outcome as managers require this information to develop appropriate 

threatened species management plans and to optimise surveys (Paton and Crouch 2002, 
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Wintle et al. 2004). Detectability of L. olongburensis varied between visual and acoustic 

surveys. Whereas the probability of detecting adult frogs during visual surveys approached 

100% all year round (except for the most ephemeral transect “C4”), the ability to detect frogs 

acoustically was not as reliable. Often, many frogs would be seen (i.e. >100 adults) along a 

transect within a given night without any vocalisations being heard. Thus, calling surveys 

alone may fail to detect the presence of frogs, and underestimate the abundances. The use of 

one survey technique over another depends on the objectives of a given survey. Data suggest 

that visual surveys are more appropriate for measuring abundance; whereas acoustic surveys 

are beneficial for initial surveys or if the objective is to ascertain presence alone. To 

maximise detectability, acoustic surveys should be undertaken in conjunction with visual 

surveys, and ideally during optimal weather conditions. The data suggest that to have a 50% 

or greater chance of detecting at least one L. olongburensis calling, surveys should be 

undertaken when night time air temperature is equal to or greater than 17°C.  To have an 80% 

chance of hearing frogs calling, surveys should be undertaken when temperatures are equal to 

or greater than 21.7°C. Additional to appropriate thermal conditions, substantial accumulated 

rainfall should have occurred within one month before any survey, at least within one week, 

and low barometric pressure and low wind speed are preferable. Surveys should also be 

targeted to occur between October – March, as this period represented the general peak 

calling season for L. olongburensis, but only after substantial rainfall events. In years with 

early summer rainfall, detectability will be earlier in the season, thus surveys should occur 

earlier in the season. In years with late summer rainfall, calling can occur until May, thus 

surveys should occur, or continue, later in the season to ensure sufficient effort for detection. 

The duration of the calling season decreased with increasing latitude; thus the ability to detect 

calling frogs also declines with increasing latitude. Therefore, additional care should be taken 

to target surveys in peak times for southern populations, as the duration of their calling period 

is shorter.  

 

Although frogs were detected visually during almost all surveys, relative abundance was still 

highly variable from one month to the next, and patterns were not readily apparent. However, 

warm nights and nights with low wind had statistically higher visual relative abundances. 

Amphibian abundances are commonly quite temporally variable (Berven 1990, Alford and 

Richards 1999, Trenham et al. 2003), and visual abundances observed in L. olongburensis 

were no exception. Patterns of calling abundance were easier to discern compared with visual 

patterns and overall, parameter estimates were less precise for visual counts than for calling 
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counts, suggesting a generally poor fit for models of visual abundances. This is most likely 

due to the high energy requirements of calling due to its association with reproduction (Wells 

and Taigen 1989), and hence the probability of detecting high numbers of calling frogs was 

strongly tied to appropriate weather conditions.  

 

Temperature and rainfall are often the most important factors controlling the timing and 

duration of amphibian breeding cycles (Duellman and Trueb 1994, Richter et al. 2003, 

Eikenaar et al. 2012). Although rainfall influenced calling abundances, temperature was the 

strongest predictor for the presence of calling L. olongburensis males. Thus, the onset of the 

calling season is likely driven by a temperature cue, which may be reflective of 

gametogenesis (Beebee 1995). Reproductive cycles in amphibians are subject to hormonal 

controls of gonad maturation, which, with genetic limitation, respond to environmental 

variables and produce certain patterns (Rastogi 1980, Duellman and Trueb 1994, Oseen and 

Wassersug 2002). Oogenesis and spermatogenesis in temperate amphibians are dependent on 

seasonal temperature regimes (Beebee 1995). For example, although regulation of the 

testicular cycle in the temperate frog R. temporaria depends on an endogenous trigger, it 

appears that temperature plays a permissive role (Rastogi 1980). This may also be the case 

for the onset of the calling season in L. olongburensis males. 

 

The month in which peak calling occurred varied between the two survey years: due to large 

differences in rainfall between wet and dry years. Calling peaks in the dry year occurred 

mostly in late summer/early autumn, whereas calling peaks in the wet year occurred in late 

spring. These differences in calling phenology were reflective of very late season rainfall in 

the dry year, and early season rainfall in the wet year (see Chapter 2). The variation in calling 

peaks matched the peaks in reproductive output documented in Chapter 2, which was 

strongly linked to rainfall and wetland hydroperiod. The date of reproduction, based on the 

presence of early stage tadpoles, varied among years with reproduction occurring later in the 

dry year (late summer/early autumn), but much earlier the wet year (early summer; Chapter 

2). Although the peaks in calling were associated with reproductive peaks, the actual 

beginning of the calling season occurred a few months earlier, once temperatures were 

appropriate to initiate the onset of the calling season. Thus, although males began vocalising 

early, reproduction, based on the presence of early stage tadpoles, did not occur until 

hydrological conditions of wetlands were appropriate for larval development (see Chapter 2). 

The flexible reproductive strategies of L. olongburensis are consistent with adaptations to 
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temporary and unpredictable breeding habitats and are requirements for improving 

reproductive success rates in the wild (Wilbur 1987, Jakob et al. 2003, Richter-Boix et al. 

2006, Vignoli et al. 2007; Chapter 2). 

 

3.4.3 Climate change 

 

Data on reproductive ecology are vital for assessing species vulnerability to climate change 

(Williams et al. 2008). An important step is to identify the likely exposure of a species to 

regional climate change. The climate change exposure for the east coast of Australia is 

increased temperatures and increased intensity and frequency of extreme weather events such 

as flooding and drought (Cai et al. 2005, CSIRO 2007, Hennessy et al. 2007). There may, 

however, be latitudinal variation in specific climate change predictions, as globally 

temperatures are rising more rapidly at mid- to high-latitudes, compared with lower latitudes 

(IPCC 2007). Consequently, organisms living at higher latitudes appear to be affected 

disproportionately by climate change (Root et al. 2003, Parmesan 2006, 2007). The 

latitudinal variation in calling phenology of L. olongburensis linked with latitudinal variation 

in weather patterns implies that populations may be exposed to different climate change 

impacts, and may have different responses. Increases in temperature will lead to a longer 

duration of the calling period, which will predominantly impact southern populations and 

may lead to a replication of northern patterns in the southern populations (Walpole et al. 

2012). A longer calling window may increase the resilience of southern populations to 

climate change. As northern populations were heard calling almost all year round, the 

impacts of increases in temperature will not be as pronounced for northern populations; 

however, northern populations may be more exposed to increased intensity of flooding and 

drought. As habitat fragmentation will limit movement away from suboptimal climatic 

conditions, L. olongburensis populations must adapt to climate changes. 

 

This study is the first to quantify a latitudinal trend in calling phenology in a single 

amphibian species along their distributional range. Although latitude had an effect on the 

duration of the calling season, rainfall and pond hydroperiod are still strong drivers of 

breeding peaks (Chapter 2). The long calling window and flexibility of calling in temporary 

wetland breeders such as L. olongburensis suggests that they may have increased resilience to 

climate change. However, there may be variation in the response to climate change of 

northern populations compared with southern populations, as climate change exposure may 
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vary with latitude. Future studies should focus on movement and dispersal capabilities at the 

local scale to improve our predictions of climate change vulnerability (Williams et al. 2008). 

Additionally, studies of variation in life history and reproductive biology will enhance our 

understanding of latitudinal variation of reproductive biology in vertebrates/ectotherms 

(Williams et al. 2008).  
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4.1 Introduction  

 

Knowledge of amphibian responses to fire is generally limited (Friend 1993; De Maynadier 

and Hunter Jr. 1995; Russell et al. 1999; Pilliod et al. 2003), and responses are varied, with 

positive (Kirkland et al. 1996; Hossack and Corn 2007), negative (Bamford 1992; Driscoll 

and Roberts 1997; Papp and Papp 2000), and neutral (Bamford 1992; Ford et al. 1999; 

Moseley et al. 2003; Lemckert et al. 2004; Andersen et al. 2005; Hossack and Corn 2007) 

population responses documented. These disparate responses likely reflect differences in fire 

regimes and sampling methodologies in different studies, and varying adaptations of species 

that have evolved under different environmental conditions and fire regimes (Whelan 2002; 

Pilliod et al. 2003; Westgate et al. 2012). Furthermore, sensitivity to fire can vary among 

different life stages, but also depends on fire regime parameters, such as timing, intensity, 

duration, and extent (Friend 1993; Pilliod et al. 2003; Andersen et al. 2005; Westgate et al. 

2012).  

 

Fires affect amphibian populations either directly, during the combustion phase; or indirectly, 

due to changes in habitat structure and ecosystem function (Russell et al. 1999; Pilliod et al. 

2003; Schurbon and Fauth 2003). Fires can create short- and long-term habitat alterations by 

affecting habitat moisture and temperature, vegetation structure, and wetland hydroperiod and 

chemistry (Brown and Podger 1982; Schurbon and Fauth 2003; Penman et al. 2006). 

Although terrestrial life stages may be more vulnerable to the initial stages of fire, long-term 

alterations to wetland hydrology may threaten the survival of aquatic stages (Pilliod et al. 

2003). Apart from species-specific sensitivities, amphibians are generally considered to be 

resilient to fire (Friend 1993; Ford et al. 1999; Russell et al. 1999; Bradstock 2008 ; Westgate 

et al. 2012). However, high intensity fires, such as peat fires, that reduce amounts of suitable 

refuge (Brown and Podger 1982; Pilliod et al. 2003), could lead to higher mortality. This has 

been noted in some reptiles, where higher levels of mortality occurred during late season fires 

compared with early season fires in a tropical savanna (Griffiths and Christian 1996). Late 

season fires were of a higher intensity and reduced the availability of tree canopy refuges for 

lizards. As with reptiles, intensity and timing of fires are probably the most important factors 

influencing amphibian responses but there are little data to support this (Andersen et al. 

2005). Fire return interval may also be an important factor influencing overall amphibian 

occupancy (Westgate et al. 2012), but remaines largely unexplored. Additionally, Grafe et al. 

(2002) demonstrated that juvenile reed frogs (Hyperolius nitidulus) responded to playbacks 
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of the sound of fire by fleeing in the direction of protective cover. By and large, there is an 

overwhelming gap in our understanding of amphibian responses to differing fire regimes 

(Driscoll and Lindenmayer 2010). 

 

The majority of empirical work on amphibian responses to fire derives from studies on North 

American temperate pond breeding species, while sub-tropical environments are particularly 

under-represented (Gardner et al. 2007). Ecological processes in North American temperate 

forests are not easily applied to Australian coastal heath habitats (wallum), where frequent 

fires play an integral part in maintaining vegetation communities (Specht 1981; Griffith et al. 

2003; Griffith et al. 2008; Westgate et al. 2012). Despite these adaptations, wallum wetlands 

are still vulnerable to intense peat fires, particularly after prolonged drought that can cause 

major shifts in vegetation species composition (Brown and Podger 1982). Wallum wetlands 

are also inhabited by a discrete ecological group of frogs known as acid frogs that are capable 

of breeding in the low pH waters common to wallum wetlands (Ingram and Corben 1975; 

Kikkawa et al. 1979). Little is known of their short- and long-term responses to fire, however 

it is expected that acid frog habitat specialists maintain certain behavioural and physiological 

adaptations to survive in habitats that are frequently burned (Kikkawa et al. 1979; Main 

1981; Specht 1981; Friend 1993; Griffith et al. 2008; Westgate et al. 2012).  

 

Alterations to current fire regimes are expected for many ecosystems as a result of 

modifications to historical land uses and climate change (Williams et al. 2001; Hennessy et 

al. 2005; Westerling et al. 2006). Specifically, the number of days with very high and 

extreme fire danger is predicted to increase, leading to more frequent and more severe fires 

(Hennessy et al. 2005). These projections underscore the need for an improved understanding 

of species responses to fire, and any possible adaptations in fire-prone environments (Pilliod 

et al. 2003; Bury 2004). 

 

Fire is an important disturbance event in Australian landscapes, yet our understanding of 

amphibian responses to fire in Australia is limited (Bamford 1992; Lemckert et al. 2004; 

Andersen et al. 2005; Westgate et al. 2012). Furthermore, no studies were found that 

specifically investigated coastal wallum communities. Wallum habitats of eastern Australia 

are found on coastal plains and dunes in fire prove habitats and commonly occur on low 

nutrient sediments (Griffith et al. 2003). Wallum vegetation communities typically include 
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Banksia heathland, scrub land, Melaleuca swamp, sedgeland and woodland (Griffith et al. 

2003) of global significance as RAMSAR sites (Meyer et al. 2006). 

 

This study quantifies the effects of an unplanned fire on post-fire acid frog abundances and 

reproduction in wallum wetlands of eastern Australia. Additionally, the impacts of long-term 

fire history and wetland characteristics on spatial variation in acid frog abundances are 

assessed at a landscape scale. Long-Term Ecological Research sites established to monitor 

threatened wallum dependant acid frog species were used in this study, with a focus on the 

vulnerable wallum sedge frog Litoria olongburensis. Data on two additional threatened acid 

frogs, the wallum froglet (Crinia tinnula) and the wallum rocket frog (L. freycineti) are also 

presented. It would be advantageous for populations to respond adaptively so as to avoid 

population declines (Kikkawa et al. 1979; Main 1981), thus we predicted generally high 

resilience to fire. Furthermore, as current information indicates that fire in general has little 

direct effect on most amphibians and reptiles (Russell et al. 1999), we predicted that fire may 

have a low direct impact on acid frogs, with indirect and longer-term impacts having a greater 

effect on abundance and reproduction. 

 

4.2 Methods 

 

4.2.1 Study species 

 

Litoria olongburensis is recognised as a Vulnerable species under all Australian national and 

state conservation legislation throughout its entire distribution, whereas L. freycineti and C. 

tinnula are only recognised as Vulnerable under some legislation, and have been deemed as 

Insufficiently Known in others. All species are listed as Vulnerable by the International 

Union for the Conservation of Nature (IUCN 2012). Little is known of either the ecology of 

acid frogs or their response to fire (Lewis and Goldingay 2005). Specifically, there is a dearth 

of information about how abundance and reproductive success (tadpoles progressing to 

metamorphosis) relates to management and disturbance processes, such as changes in 

hydrology, fire regimes, and pond characteristics.  

 

4.2.2 Study sites  

 

See Chapter 2 – Methods – Study sites and Chapter 2 - Fig 2.1 for details 
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Although study site locations targeted L. olongburensis, data on two additional co-occurring 

threatened acid frog species: L. freycineti and C. tinnula are also presented. These two 

species occupy the same distributional range as L. olongburensis, but also extend to south of 

Sydney (Meyer et al. 2006).  

 

On the evening of the 12th September 2009 (Spring), a wildfire of unknown origin burnt a 

large proportion of natural vegetation in Mooloolah River NP (70% of park, which included 

the majority of the wallum wetlands) affecting two transects within this latitudinal cluster 

(M1 and M2; Queensland Parks and Wildlife Service Fire Report 2009, Report ID 

7157MRT001/2009/W2). The Fire Report for Mooloolah River NP also noted “the main 

heath plain burnt hot with a solid wall of flame moving south from a motorway backburn, 

despite conditions cooling down 1-2 hours after night fall”. Transect M1 was located in wet 

heathland interspersed with large areas of sedgeland, and transect M2 was located in 

Melaleuca quinquenervia wetland with sedge and Blechnum fern understory. Two unburnt 

transects located in comparable habitat (wet wallum heathland and sedgeland) at the same 

latitudinal cluster, in the nearby Beerburrum Scientific Area 1 (B1 and B2), were used for 

graphical comparison of monthly variation in L. olongburensis relative abundances between 

fire affected and non-fire affected transects.  

 

4.2.3 Amphibian surveys  

 

See Chapter 3 – Methods – Amphibian surveys for details on amphibian surveys 

See Chapter 2 – Methods – Biotic surveys for details on tadpole surveys. 

 

4.2.4 Environmental data 

 

Air and water temperatures were recorded with a calibrated thermometer at the beginning and 

end of each survey. Daily rainfall data were sourced from Australian Bureau of Meteorology 

weather stations proximal (< 15 km) to each site, as well as in situ observations during each 

survey. Monthly water depth was measured (to the nearest 0.1 cm) at each 50 meter marker 

within each transect using a tape measure. The hydroperiod of a wetland was defined as the 

number of months the wetland held water over the survey period (out of 24 months). Data on 

time since last fire for all 16 sites (i.e. all clusters) were obtained by communicating with 
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relevant National Park authorities. Additionally, two temperature data loggers (iButton™) 

were placed at each transect to record environmental temperatures, and were able to record 

temperatures during the fire. One temperature logger was attached to the southern side of a 

suitable tree/shrub in the middle of each transect to obtain ambient air temperature at a height 

similar to the perching height of L. olongburensis on sedges (~1 m above the water). The 

second temperature logger recorded water temperatures at the deepest location along each 

transect. Loggers were set to record temperature every hour.  

 

4.2.5 Data analysis 

 

Statistical analyses were undertaken separately on a) temporal, and b) spatial data sets. 

Firstly, associations between monthly weather and relative frog abundance at fire impacted 

transects were analysed for L. olongburensis. As the fire was unplanned and therefore not 

replicated across all sites, only the fire impacted latitudinal cluster was used to test temporal 

variation in relative abundance. Due to low monthly counts of L. freycineti, and C. tinnula, 

analyses of change in monthly relative abundance could not be conducted for these species. 

Secondly, the relationships between spatial variation in relative abundances and spatial 

variation in habitat characteristics across all 16 transects were analysed for each species, 

allowing for analyses over a larger geographical scale.  

 

For analyses of monthly variation in L. olongburensis relative abundance, the response 

variables were the total number of adult L. olongburensis detected a) acoustically and b) 

visually along fire impacted transects (M1 and M2) each month. The acoustic count response 

variable was obtained by adding the total number of frogs heard calling within 10 m of each 

marker for each transect. The visual count response variable was obtained by totalling the 

number of adults observed within 1 m of the transect midline each month. 

 

A correlation matrix of all explanatory variables was inspected for evidence of collinearity 

using Spearman’s Rank correlation. A correlation coefficient of |r| > 0.7 was chosen to 

identify pairs of highly correlated variables (sensu Garden et al. 2010). No explanatory 

variables were highly correlated and were thus all retained. Pairwise plots of the relationships 

between the retained explanatory variables and the response variables were inspected to 

ascertain the strength of the relationships and if they were linear. Generalised Least Squares 

models (GLS) of monthly acoustic and visual relative abundance at burnt transects (M1 and 
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M2), fitted by maximum likelihood, were then developed. The resultant four explanatory 

variables included 1) air temperature at the night of each monthly survey, 2) rainfall seven 

days prior to each survey, 3) rainfall one month (30 days) prior to each survey, and 4) rainfall 

24 hours prior to each survey. Fourteen candidate models included all possible additive 

nested models, excluding the global model due to low sample size. An auto-correlation 

structure was included into the models (AR1 – autoregressive model of order 1) to account 

for temporal auto-correlation. Models with and without the auto-correlation structure were 

then compared using Akaike’s Information Criterion (AIC; Akaike 1973). Models including 

temporal auto-correlation structures performed better and were thus included in analyses.  

 

For analyses of spatial variation in overall relative abundance, the average monthly visual 

adult abundance at each transect was calculated for each species (L. olongburensis, L. 

freycineti, and C. tinnula; see Appendix 5 for data). Here, the total number of adults seen on 

each transect was divided by 24 (the total number of monthly surveys), and then standardised 

to the shortest transect length of 150 m. Poisson Generalised Linear Mixed Effects Models 

were used to model resultant average relative abundance against the explanatory variables: 

time since fire, hydroperiod (months with water), and water depth, nested by latitudinal 

cluster (Appendix 5). Six candidate models included models with each single explanatory 

variable and all paired additive variable combinations. Average counts were multiplied by 10 

for L. olongburensis and 100 for L. freycineti, and C. tinnula to make them integers, required 

for Poisson GLMM’s. The models were ranked according to their small-sample AIC (AICC) 

and the best approximating models where ΔAICC < 2 are presented (Hurvich and Tsai 1989; 

Burnham and Anderson 2002). Statistical analyses were conducted using R 2.14.0 statistical 

software (R Development Core Team 2011) using the glmmML (Broström 2012), nlme 

(Pinheiro and Bates 2012), and MuMIn packages (Barton 2012). 

 

4.3 Results 

 

4.3.1 Environmental data 

 

Most of the above ground vegetation, apart from trees and remaining stems of shrubs, was 

removed following the fire. Despite this, all fire affected wetland transects still contained 

some water or at least moist substrates. Temperature readings before, during and after the fire 
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events were retrieved from both air and water temperature loggers at M2 (Fig. 4.1. A & B), 

but data could only be retrieved for water temperature at M1 (Fig. 4.1. C), as the air logger 

was destroyed during the fire. Air temperature spiked at 57.5°C and water temperatures 

increased to 14.5 and 17.5°C during the fire (Fig. 4.1). Maximum water temperatures also 

increased after the fire (Fig. 4.1. B & C), suggesting a reduction in thermal buffering by 

vegetation post fire. A reduction in water level, due to wetland desiccation, likely also 

contributed to the change in temperature profile post fire. The change in the air temperature 

trace observed following the fire (Fig 4.1 A) was due to the logger having fallen off the tree it 

was attached to, thus only the temperature recordings up to the time of the fire are 

representative of air temperature. However, this provided a demonstration of the temperature 

disparity at differing heights above ground. Maximum substrate surface temperatures after 

the fire were higher in burnt areas (M1, M2) than unburnt areas (B1, B2) of comparable 

habitat (Fig. 4.2).  An analysis of variance showed a significant main effect difference 

between maximum temperatures before and after the fire (F1,84 = 94.15, p < 0.001), but not 

between burnt and unburnt sites (F1,84 = 0.02, p = 0.880). There was a significant interactive 

effect between whether the site was burnt or not and the increase in temperature post burn 

(F1,84 = 7.12, p < 0.001; Fig. 4.2). 
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Figure 4.1. Hourly air temperature (A) and water/substrate temperatures (B,C) before, during 

and after fire events at M1 (C) and M2 (A,B) frog monitoring transects at Mooloolah River 

NP. Fire event denoted by arrow. Note: air logger (A) dropped off the tree after fire.  
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Figure 4.2. Comparison of maximum water/substrate temperature of burnt (M1, M2: solid 

lines) and unburnt (B1, B2: dashed lines) transects, and ambient maximum air temperature 

from nearby Australian Bureau of Meteorology weather station (BOM). Fire event denoted 

by arrow. Note the increase in substrate temperature above ambient at M1 post-fire, whereas 

M2 remained buffered by trees. 
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4.3.2 Monthly relative abundance and breeding activity 

 

Relative abundance of L. olongburensis was highly variable from one month to the next at 

burnt (M1 and M2) and unburnt (B1 and B2) transects in the same latitudinal cluster (Fig. 

4.3). The high variability of visual counts between months, even within seasons, and the 

small amount of pre-fire data makes it difficult to detect population trends. Despite this, adult 

abundances appeared to follow similar trends at both burnt and unburnt transects in this 

latitudinal cluster; although burnt transects appeared to have overall higher relative 

abundance (Fig. 4.3). While a slight decrease in frog relative abundance was observed post 

fire (October 2009), the weather conditions during the October 2009 surveys were unusually 

cold and dry, which may have impacted upon amphibian activity and hence detection. A 

similar drop in frog counts observed in unburnt transects supports the argument that the 

decline was not a response to fire, but to local weather conditions (Fig 4.3). Litoria 

olongburensis relative abundances at burnt sites increased thereafter (Fig. 4.3).  

 

 

 

 

Figure 4.3. Monthly counts of adult Litoria olongburensis for burnt sites (solid lines) and 

unburnt sites (dashed lines) sites in the same latitudinal cluster, and air temperature during 

surveys. Fire event denoted by arrow only occurred at M1 and M2. 
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For monthly changes in relative calling abundance, the best approximating GLS models (i.e. 

ΔAICC < 2) only contained the predictor variable ‘air temperature’ for both transects (Table 

4.1). This suggests that temperature was the most important predictor variable for acoustic 

relative abundance, with a positive impact on calling frogs at both transects (Table 4.2). For 

monthly changes in visual relative abundance, there was high model uncertainty with 

environmental predictors, where there were four competing models with ΔAICC < 2 for both 

transects (Table 4.1). There was little evidence that any of the predictor variables adequately 

predicted monthly visual relative abundances, as all predictors had confidence intervals 

containing zero. Overall, coefficient estimates were less precise for visual counts than for 

acoustic counts (based on fit, SE etc.), suggesting a generally poor fit for models of visual 

relative abundance.  

 

Table 4.1. Best approximating models (i.e. ΔAICC < 2) of L. olongburensis visual and 

acoustic relative abundance with climatic predictor variables for both burnt transects (M1 and 

M2).  

 

Model AICc ΔAICC w 

M1: Acoustic relative abundance    

Air temperature 145.5 0 0.50 

M1: Visual relative abundance    

Air temperature + Rain (24 h prior) 216.2 0 0.21 

Air temperature 216.3 0.09 0.20 

Rain (24 h prior) 216.7 0.48 0.17 

Rain (30 days prior) 217.8 1.57 0.10 

M2: Acoustic relative abundance    

Air temperature 102.4 0 0.44 

M2: Visual relative abundance    

Rain (24 h prior) 207.5 0 0.24 

Rain (7 days prior) 208.4 0.84 0.16 

Air temperature 208.6 1.02 0.15 

Rain (30 days prior) 208.6 1.05 0.14 
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Table 4.2. Parameter estimates of monthly acoustic and visual relative abundance of L. 

olongburensis, with climatic predictor variables for both burnt transects (M1 and M2). 

Parameters were estimated using model averaging based on Akaike weights (w) for visual 

relative abundances at both transects due to the large number of competing models. 

 

Parameter 

 

Estimate SE Confidence Interval 

M1: Acoustic relative abundance    

Intercept -6.835 3.654 -13.997, 0.326 

Air temperature 0.670 0.194 0.290, 1.049 

M1: Visual relative abundance    

Intercept 15.384 18.390 -21.854, 52.622 

Rain (24 h prior) -0.961 0.547 -2.097, 0.175 

Air temperature 1.540 0.882 -0.290, 3.370 

Rain (30 days prior) 0.028 0.026 -0.025, 0.083 

M2: Acoustic relative abundance    

Intercept -1.852 1.322 -4.444, 0.740 

Air temperature 0.163 0.069 0.028, 0.299 

M2: Visual relative abundance    

Intercept 20.470 7.937 4.063, 39.382 

Air temperature 0.204 0.686 -1.219, 1.627 

Rain (7 days prior) -0.021 0.040 -0.104, 0.063 

Rain (24 h prior) -0.498 0.486 -1.506, 0.510 

Rain (30 days prior) -0.005 0.022 -0.050, 0.039 
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Both transects (M1 and M2) dried up following the fire for six months but L. olongburensis 

and C. tinnula calling persisted throughout the dry period (Fig. 4.4). Tadpoles of all species 

were captured once ponds were inundated with sufficient water (Fig. 4.4), peaking near 

inundation onset. However, no L. freycineti tadpoles were caught at M2 throughout the study. 

Peak metamorph and/or juvenile counts followed 2 – 4 months after tadpoles for all species at 

M1 but only for L. olongburensis at M2 (Fig. 4.4). This suggests successful reproduction at 

both burnt transects for L. olongburensis, but only transect M1 for C. tinnula and L. 

freycineti. 
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Figure 4.4. Current and next page: Monthly counts of adults (solid lines), calling individuals 

(dashed lines) and tadpoles (solid bars) of Litoria olongburensis, L. freycineti, and Crinia 

tinnula at two fire affected wetland sites (M1 and M2) at Mooloolah River NP. Water depth 

(dotted lines) is also included to demonstrate pond desiccation. Asterisks denote peak 

metamorph and/or juvenile counts. Arrow indicates fire occurrence between the September 

and October 2009 surveys (12th September 2009). Note: no dip-netting at M2 for Jan 2011. 
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Figure 4.4 (cont.). Current and previous page: Monthly counts of adults (solid lines), calling 

individuals (dashed lines) and tadpoles (solid bars) of Litoria olongburensis, L. freycineti, 

and Crinia tinnula at two fire affected wetland sites (M1 and M2) at Mooloolah River NP. 

Water depth (dotted lines) is also included to demonstrate pond desiccation. Asterisks denote 

peak metamorph and/or juvenile counts. Arrow indicates fire occurrence between the 

September and October 2009 surveys (12th September 2009). Note: no dip-netting at M2 for 

Jan 2011. 
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4.3.3 Spatial variation in abundances and wetland characteristics 

 

Across all 16 wetland transects, time since fire ranged from 1 to 25 years and had variable 

relationships with the average abundance of the three acid frog species (Fig. 4.5). When 

viewed in isolation, time since fire had a weak positive influence on average L. olongburensis 

adult abundance (r = 0.423, p = 0.102, n = 16), and C. tinnula abundance (r = 0.188, p = 

0.485, n = 16), and a negative influence on  L. freycineti abundance (r = -0.792, p < 0.001, n 

= 16; Fig. 4.5). For GLMM analyses of spatial variation in average relative abundances, there 

was only one best approximating model (i.e. ΔAICC < 2) for each species (Table 4.3). For L. 

olongburensis, higher average relative abundance was associated with shallower wetlands 

and wetlands with longer hydroperiods, and there was no evidence for an effect of time since 

fire (Table 4.4). Time since fire had a positive influence on C. tinnula relative abundance, 

and more frogs were associated with ponds with shorter hydroperiods (Table 4.4). 

Conversely, time since fire had a negative influence on L. freycineti relative abundance 

(Table 4.4). Litoria freycineti was less common than the other species in all survey months 

limiting the statistical power.  
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Figure 4.5. Relationships between time since fire and average adult counts per 150m of 

transect for Litoria olongburensis (A), Crinia tinnula (B), and L. freycineti (C) at all wetland 

sites 
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Table 4.3. Best approximating models (i.e. ΔAICC < 2) of a) L. olongburensis, b) L. 

freycineti, and c) C. tinnula average adult visual relative abundances, with environmental 

predictor variables across all 16 transects. 

 

 

 

 

 

 

 

 

 

  

Table 4.4. Parameter estimates for the best approximating models of a) Litoria 

olongburensis, b) C. tinnula, and c) L. freycineti visual adult relative abundances with 

environmental predictor variables across all 16 transects. 

 

 

 

 

 

 

 

 

 

 

  

Model AICC ΔAICC w 

a) L. olongburensis    

Months with water + Max water depth
 

1101.8 0 0.99 

b) C. tinnula    

Time since fire + Months with water
 

383.3 0 0.99 

c) L. freycineti    

Time since fire  90.5 0 0.69 

Parameter Estimate SE Confidence 

Interval 

a) L. olongburensis    

Intercept 1.049 0.320 (0.422, 1.676) 

Months with water 0.241 0.013 (0.215, 0.267) 

Maximum water depth -0.018 0.001 (-0.021, -0.016) 

b) C. tinnula    

Intercept 2.102 0.935 (0.270, 3.934) 

Time since fire
 

0.237 0.029 (0.179, 0.293) 

Months with water -0.037 0.017 (-0.120, -0.052) 

c) L. freycineti    

Intercept 3.584 0.581 (2.461, 4.826) 

Time since fire -0.162 0.030 (-0.220, -0.103) 
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4.4 Discussion 

 

Acid frog populations surveyed during this study (Litoria olongburensis, L. freycineti and 

Crinia tinnula) did not appear to suffer adversely from at least moderate intensity fires, as 

suitable refuges were available post fire, including standing water. All species were present 

shortly after fire and successful reproduction occurred at the fire-impacted wetlands once 

they were sufficiently inundated to sustain tadpoles until metamorphosis (Fig. 4.4). These 

observations suggest that these frogs are highly adaptable and able to breed in radically fire-

altered environments, and thus have high resilience to at least moderate intensity fire, 

confirming previous assertions by other authors more broadly (Friend 1993; Ford et al. 1999; 

Russell et al. 1999; Bradstock 2008; Westgate et al. 2012). However very severe fires, such 

as peat fires, are still likely to have a negative impact on acid frog abundance, as they 

completely strip vegetation, and leave large amounts of ash, thereby reducing the amount of 

suitable refuge (Brown and Podger 1982; Pilliod et al. 2003; Hines pers. comm.). 

Furthermore, they may affect some species more than others, depending on life history traits 

(Westgate et al. 2012). Projected increases in drought frequency due to climate change, and 

thus increased likelihood of intense (peat) fires, suggests a precautionary approach to wallum 

fire management. Prescribed burning should be undertaken during wetter periods to ensure 

water is present in wallum wetlands (Watson 2001), and when rainfall is likely to follow but 

this is difficult to predict. This will increase the availability of refuges and reduce mortality. 

Although no substantial population declines were observed post fire, the high variability of 

monthly counts makes it difficult to present any sound conclusions of population level 

impacts.  

 

Post-fire habitat alterations include changes to vegetation structure and density, increased 

solar radiation and water temperatures, and changes to hydroperiod and nutrient cycling 

(Gillon 1983; Bamford 1992; Pilliod et al. 2003; Schurbon and Fauth 2003; Hossack and 

Corn 2008). Fires in this study dramatically altered thermal properties of the wetlands, not 

only during the fire itself but also prolonged microclimatic changes to substrate temperatures 

in the weeks and months following (Fig. 2 & 3). The maximum air temperature recorded 

during the fire (57.5°C) was much greater than commonly experienced environmental 

temperatures, and any exposed frogs were not likely to have survived the combustion phase 

(Penman et al. 2006). Conversely, maximum water temperatures (14.5 and 17.5°C) during 

the fire were substantially lower than air temperature, suggesting that if frogs were able find 
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suitable shelter in water, they would have survived the short-term temperature increases. It 

must be noted, however, that maximum temperatures recorded during the fire are likely to be 

underrepresented as loggers were only recording every hour. Medium-term impacts (weeks – 

months) at burnt sites included exposure to higher daily maximum temperatures and thus 

wider daily temperature ranges compared to unburnt sites (Fig. 4.2). This is most likely due 

to the substantial loss of previously dense vegetation cover. While not quantified in this 

study, the removal of vegetation is a common occurrence post fire, particularly during hot 

fires (Bamford 1992). The exposure to higher temperatures and solar radiation, can increase 

the rate of evaporation, reducing thermal buffering, and can result in premature wetland 

desiccation (Gillon 1983; Bamford 1992; Pilliod et al. 2003; Schurbon and Fauth 2003).  

 

Short-term fire impacts are not likely to have caused a significant population decline, as large 

numbers of moist microhabitat refugia were available, supporting previous studies (Driscoll 

and Roberts 1997; Russell et al. 1999; Bradstock 2008). Refugia including crayfish burrows, 

standing water and wet substrates, and elevated root systems and mounds, are all likely to 

have buffered (greatly reduced) the direct impacts of the fires (Pilliod et al. 2003). On 

occasion, frogs were observed utilising/emerging from these refugia post-fire. Other studies 

have observed amphibians retreating to underground burrows/refuges when seeking 

protection from burning (Main 1981; Bamford 1992; Friend 1993; Driscoll and Roberts 

1997). Medium-term post-fire impacts are more likely to have presented a greater threat to 

survival, particularly from the removal of vegetation cover (Bamford 1992). A reduction in 

cover can lead to increased vulnerability to desiccation, predation (due to changes to 

microhabitat structure/availability), and physiological stress (Pilliod et al. 2003), and inhibit 

movement and colonisation (Friend 1993; Whelan 2002).  

 

Time since fire was a strong predictor of landscape scale differences in average relative 

abundance of acid frogs, yet the relationships varied among species (Fig. 4.6). Wetland 

characteristics such as hydroperiod and water depth also influenced spatial variation in 

abundance for some species. More recently burnt wetlands had lower overall abundance of L. 

olongburensis, as suggested previously by Lewis and Goldingay (2005). Additionally, 

shallower wetlands and wetlands with relatively longer hydroperiods were associated with 

higher L. olongburensis abundance. Crinia tinnula abundance was higher in less recently 

burnt sites and in wetlands with shorter hydroperiods. Conversely, higher abundance of L. 

freycineti was found in more recently burnt wetlands. Although long unburnt locations had 
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higher average counts of L. olongburensis and C. tinnula, fire is unlikely to be a requirement 

for their persistence; but also not necessarily deleterious, as their short-term responses 

demonstrated successful reproduction for two seasons following the fire. However, as L. 

freycineti abundance was strongly associated with more recently burnt sites, this species may 

be more dependent on fire to maintain suitable habitat. Increased sample sizes and number of 

sites are required to strengthen our understanding of the relationships between fire history 

and abundance of acid frog species, particularly for L. freycineti. However, despite the low 

sample sizes, these data are some of the first to examine fire responses of acid frogs and 

many other studies also rely on such opportunistic comparisons. 

 

Water availability was a strong driver of landscape scale differences in amphibian abundance. 

Changes to wetland hydrology have clear consequences for aquatic biota, and impacts on 

amphibian larvae can be beneficial or harmful (Babbit et al. 2003; Pilliod et al. 2003). A 

reduction in hydroperiod can be beneficial for larval amphibians, by reducing aquatic 

predators, but can also be deleterious, particularly when waterbodies dry at a rate that exceeds 

tadpole development (Skelly 1996; Babbit et al. 2003). Wetlands in this study desiccated in 

the weeks after the fire and post fire effects may have accelerated a decrease in soil moisture 

(by reducing vegetation cover and increasing evaporation), thereby leading to premature 

desiccation. Rainfall in the months following the fires was low (<140mm within three months 

after the fire), which was likely to have further exacerbated the effects of pond desiccation. 

Thus, the timing of fire is of vital importance and can determine whether the impacts on 

amphibian populations are harmful or beneficial, by interacting critically with the stage of 

aquatic larvae (Main 1981). The fire in this study occurred before the breeding season had 

begun, thus, again greatly reducing the impact. However, it must be noted that if fires had 

occurred shortly after a breeding event or later in the breeding season, they may have had a 

negative effect on aquatic larvae/reproductive success, leading to premature desiccation and 

thus tadpole mortality. 

 

Although fire history may influence the overall abundance of acid frog species, other habitat 

features and community dynamics may also be important (such as competition, predation, 

and habitat heterogeneity). For example, competition and disturbance both lead to exclusion 

and loss of diversity, but coexistence can theoretically occur in multispecies communities at 

some intermediate disturbance level (Fakheran et al. 2010; Westgate et al. 2012). Thus, an 

intermediate fire regime may serve to maintain successful populations of the three acid frog 
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species. The results presented here suggest an ideal fire interval would be between 5-10 

years, and no longer than 15 years for L. freycineti (Fig. 4.5). This time frame is consistent 

with recommendations for fires in coastal heath with an interval of 8 – 12 years, with a 

maximum interval of 20 years to maintain overall biodiversity (Watson 2001). Furthermore, 

results for L. freycineti are consistent with Westgate et al. (2012), who found higher 

occupancy of L. freycineti in locations with short maximum fire return intervals near Jervis 

Bay, southeastern Australia. A mosaic of successional stages may also benefit acid frog 

communities by maintaining preferred or required habitat features (De Maynadier and Hunter 

Jr. 1995; Richards et al. 1999; Russell et al. 1999; Whelan 2002; Schurbon and Fauth 2003). 

However, care must be taken to ensure appropriate spatial and temporal scales of fire 

management are implemented (Bradstock et al. 2005; Parr and Andersen 2006; Westgate et 

al. 2012).  

 

Due to the dependence of acid frogs on fire-affected wallum wetlands, it is not surprising that 

frog numbers were not adversely affected. Unfortunately, because the fires occurred early in 

the study, only two months of survey data were collected prior to the fire. This precluded the 

formulation of conclusive statements about changes in overall abundance or population size. 

However, these data show successful reproduction by all species once wetlands were 

sufficiently inundated to sustain tadpoles until metamorphosis. This study highlights the 

value of researching the impacts of fire on not just single threatened species, but also 

threatened communities. Furthermore, the timing and intensity of prescribed burning for park 

management and the creation of habitat heterogeneity are key considerations to aid in 

maintaining biodiversity in wallum wetlands, as noted previously (Kikkawa et al. 1979; Main 

1981; Specht 1981). The adaptations of acid frogs to fire may suggest a relatively high 

resilience to future climate change, however future studies on the impacts of the intensity, 

timing and fire return intervals are required. 
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5.0 The frogs are greener on the other side of the fire: colour polyphenism 

in a fire-prone landscape 

             

 

5.1 Introduction 

 

An organism’s ability to achieve crypsis, via background colour or pattern matching, is an 

important adaptive strategy for predator avoidance (Tordoff 1980, Cook 1986, Morey 1990, 

Cooper and Allan 1994, Merilaita et al. 1999, Palma and Steneck 2001, Croshaw 2005). 

When the environment is temporally and/or spatially heterogeneous, many species display 

colour or pattern polymorphism, where two or more discrete or gradual colour morphs 

coexist in a population (Jones et al. 1977, Hoffman and Blouin 2000, Roulin 2004). Variation 

in colour morph frequencies in population may be maintained in part by sexual selection 

(opposing selection on colour patterns in males and females; King and King 1991, Roulin and 

Bize 2007), ontogenetic colour variation (Hoffman and Blouin 2000), natural selection (in the 

context of environmental variation and predation; Grant 1999, Summers et al. 2003), 

phenotypic plasticity (Hochkirch et al. 2008, Clarke and Schluter 2011), and individual 

colour change (Wente and Phillips 2003, Noor et al. 2008). 

 

A wide variety of organisms display fixed chromatic phenotypes within or between 

populations: including birds (Galeotti et al. 2003, Roulin 2004), amphibians (Hoffman and 

Blouin 2000, Bell and Zamudio 2012), insects (Grant 1999, Karlsson et al. 2008), fish 

(Barlow et al. 1990), crustaceans (Palma and Steneck 2001), and snails (Jones et al. 1977, 

Cook 1986). These individuals are generally unable to change their colour, suggesting genetic 

determination early in development (Toledo and Haddad 2009). An equally diverse group of 

organisms are able to generate different phenotypes, either set by environmental cues during 

their ontogeny (phenotypic plasticity; Palma and Steneck 2001, Leimar 2005); or by 

individual, and occasionally reversible, colour change (Moran 1992, Hanlon et al. 1999, 

Wente and Phillips 2003, Hochkirch et al. 2008, Noor et al. 2008). The latter can be 

described as polyphenism, which allows an individual to generate different phenotypes, for 

example by colour change (Hanlon et al. 1999, Toledo and Haddad 2009). Polyphenism may 



Chapter 5 – Colour polymorphism 

 

113 

 

be a more appropriate term to describe colour change than polymorphism, as the latter 

implies a stronger genetic element for each particular appearance/phenotype (Hanlon et al. 

1999). 

 

Population level colour morph frequencies can vary seasonally as well as geographically in 

response to seasonal and spatial differences in substrate colour or pattern, and differences in 

microhabitat use by individuals and functional groups (Cook 1986, Kemp and Jones 2001, 

Palma and Steneck 2001, Sugimoto 2002, Wente and Phillips 2003, Hayashi and Chiba 2004, 

Wente and Phillips 2005b, Hochkirch et al. 2008, Noor et al. 2008). For example, Toledo and 

Haddad (2009) observed a seasonal polyphenism in the Brazilian tree frog, Hypsiboas 

prasinus, where the pattern of green and brown colour morph frequencies overlapped with 

the frequency of green and brown leaves in this species habitat. They found that the peak of 

leaf fall preceded the peak of brown morphs and the peak of green leaf flushing preceded the 

peak of green morphs. Not all studies have found correlations with substrate colouration, or 

agree with factors that determine differences in colour morph frequencies, and different 

selective factors are likely to operate in different geographic regions and/or at different times 

of the year, as well as different underlying mechanisms (Jones et al. 1977, Gray 1983, 

Gorman 1986, Houston et al. 2007). 

 

Stochastic environmental disturbance events can lead to abrupt changes in habitat structure, 

pattern, and/or colour, usually at a faster rate than regular seasonal changes, and hence 

require quicker responses from populations (Price et al. 2003, Hendry et al. 2008, Candolin 

2009, Schwartz and Hendry 2010). Abrupt changes in phenotype can be particularly common 

following these disturbance events (Burtt 1951, Hendry et al. 2008). Populations that survive 

initial habitat changes are often those whose individuals can quickly adjust their phenotype to 

the new conditions (Price et al. 2003, Candolin 2009). Studies of how natural populations 

respond to these stochastic disturbance events are of interest not only from theoretical and 

evolutionary viewpoints, but also from the more applied perspective of conservation 

(Karlsson et al. 2008). However, few studies have examined changes in colour morph 

frequencies in response to natural environmental disturbances particularly in response to fire 

(Burtt 1951, Karlsson et al. 2008), and no studies have examined this response in amphibians. 

 

Many anuran amphibians represent excellent model organisms for studying the evolution and 

maintenance of colour polymorphism. Some species exhibit striking colour or pattern 
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polymorphisms in both sexes within natural populations, as well as seasonal shifts in colour 

morph frequencies (Hoffman and Blouin 2000, Wente and Phillips 2003, Croshaw 2005, 

Toledo and Haddad 2009, Bell and Zamudio 2012). Furthermore, many species can change 

their dorsal coloration rapidly (seconds to hours; Pyburn 1961), or over longer time periods 

(days to weeks; Wente and Phillips 2003, Toledo and Haddad 2009). The wallum sedge frog, 

Litoria olongburensis, of eastern Australia, is known to be polymorphic for dorsal 

colouration, with the predominant dorsal colouration ranging from grey-brown to bright 

green (Liem and Ingram 1977, Barker et al. 1995, Lowe and Hero 2012). There is no 

evidence for sexual dimorphism of dorsal colouration (Lowe and Hero 2012; see Appendix 1 

for paper), and it is unknown whether individuals can change colour, or the extent of 

population level colour polymorphism. Herein, patterns of colour morph variation were 

quantified across the entire range of L. olongburensis over different spatial and temporal 

scales in order to i) assess the potential influence of environmental covariates on colour 

morph frequencies at the micro and macro scales, ii) determine the time-frame of 

environmental influences, and iii) identify likely mechanisms that contribute to maintenance 

of colour morph variation in this species. 

 

5.2 Materials and Methods  

 

5.2.1 Study sites  

 

To examine temporal and geographic differences in colour morph frequencies, L. 

olongburensis dorsal colourations were recorded monthly over two years at 16 transects in 

coastal wallum wetlands of eastern Australia.  

 

See Chapter 2 – Methods – Study sites and Fig 2.1 for details of study site setup. 

 

5.2.2 Amphibian surveys 

 

Monthly night-time surveys were conducted from September 2009 to July 2011 to record 

changes in monthly colour morph frequencies and to encompass a wide range of 

environmental conditions. Visual encounter surveys for frogs were employed along each 

transect and standardised at 10 minutes per 50 meter interval (Heyer et al. 1994). All surveys 

commenced at least 30 minutes after sunset using high powered head torches, and transects 
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were walked slowly to locate frogs within one metre either side of the transect midline. 

Wetlands within a cluster were sampled consecutively to avoid temporal effects. Two 

transects were surveyed each night, with the order rotated each month to remove any 

temporal effects of time-of-survey/night. Frogs were categorized as green or brown based on 

the dominant (i.e. <50%) dorsal colour as observed by KL. A third category of partial green 

included any frogs that had approximately equal proportions of green and brown dorsal 

coloration. Litoria olongburensis size classes were classified based on approximate snout-

urostyle length (SUL) as: juvenile (SUL < 16 mm), sub-adult (16 – 20 mm SUL), and adult 

(SUL > 20 mm; sensu Lewis and Goldingay 2005). 

 

5.2.3 Environmental and vegetation data 

 

Air and water temperature were recorded with a calibrated thermometer at the beginning and 

end of each survey. Daily rainfall and temperature data were sourced from Australian Bureau 

of Meteorology weather stations proximal (< 15 km) to each site, as well as in situ 

observations during each survey. Monthly water depth was measured (to the nearest 0.1 cm) 

at each 50 meter marker within each transect using a tape measure. Time since fire data were 

obtained by communicating with relevant National Park authorities.  

 

Point intercept vegetation sampling was used to quantify the proportion of green and brown 

vegetation available at each transect, sampled once only between March and July 2011. A 2 

m length of dowel (6 mm diameter) was placed vertically at 2 m intervals along each transect, 

30 cm from the midline, on alternating sides of the transect midline. The number of strikes 

from brown and green vegetation was recorded and used to calculate the proportion of green 

and brown vegetation at each transect.  

 

5.2.4 Phenotype matching 

 

To ascertain whether frogs exhibited phenotype matching, the colour of the substrate 

(categorised as green or brown) that frogs were perched on was recorded during night-time 

visual encounter surveys between November 2010 and July 2011. A minimum of three 

phenotype matching surveys were conducted at each site, and only surveys with more than 10 

frogs were used in analyses. Thus, due to consistently low sample sizes, one transect (C4) 

could not be included in phenotype matching analyses. The proportions of frogs matching 
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their substrate were similar between transects, thus the data from colour matching surveys 

were pooled. A chi-square
 
contingency test was performed on absolute numbers to compare 

the observed data with that which would be expected if frogs were colour matching. 

 

5.2.5 Data analysis 

 

Prior to regression modelling a correlation matrix of all explanatory variables was inspected 

for evidence of collinearity using Spearman’s Rank correlation. A correlation coefficient of |r| 

> 0.7 was chosen to identify pairs of highly correlated variables (sensu Garden et al. 2010). 

Pairwise plots of the relationships between the retained explanatory variables and the 

response variables were inspected to ascertain the strength of the relationships and if they 

were linear. Temporal and spatial variation in colour morph frequencies were analysed 

separately (descriptions follow).  

 

The monthly proportions of green frogs at each transect were calculated by dividing the total 

number of green frogs by the total number of frogs observed on each monthly survey. 

Generalised Additive Mixed Models (GAMMs) were used to model the change in monthly 

proportions of green frogs with environmental predictor variables: ‘average monthly 

minimum temperature (lagged by one month)’, ‘rainfall one month prior to the survey’, and 

‘water depth’. Models were fitted by maximum likelihood and had quasibinomial 

distributions, which are used for overdispersed data. Random effects of transect and latitude 

were included into the models, as well as and an auto-correlation structure (autoregressive 

model of order 1, AR1) to account for temporal auto-correlation. Models with and without 

the auto-correlation structure were then compared using Akaike’s Information Criterion 

(AIC; Akaike 1973). Models including the temporal autocorrelation structure performed 

better, and were thus used for analysis. Seven candidate models included models with each 

single explanatory variable and each additive variable combination. Transects excluded from 

this analysis were M1 and M2, because the fire they experienced during the study could be a 

confounding factor.  Additionally, only monthly surveys with more than 10 frogs observed 

were included in the analysis, thus transect C4 was removed due to consistently low frog 

counts over the survey period. 

 

To analyse spatial variation in colour morph frequencies among transects, the overall 

proportions of green frogs at each transect were calculated by dividing the total number of 
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green frogs by the total number of frogs observed over the entire study period for each 

transect. This was repeated for each colour class and size class. Spearman’s Rank correlation 

analyses were used to describe the relationships between the average proportion of green 

adult frogs, green juveniles, and green sub-adults. Binomial Generalized Linear Mixed 

Models (GLMMs) were used to describe the relationships between the response variable 

‘overall proportion of green frogs’, and predictor variables, ‘time since fire (years)’, and 

‘proportion of green vegetation’. Due to the strong correlation between the proportion of 

green vegetation and time since fire (r = -0.730, p = 0.001, n = 16), both variables could not 

be included together in GLMM analyses. Thus each variable was analysed separately, with a 

random effect of latitude, and AIC values were compared. Due to the low incidence of partial 

green frogs (<2% overall), they were excluded from these analyses, allowing for the 

incorporation of a binomial distribution in the model due to the now binary nature of 

response variable (brown or green frog). 

 

All models were ranked according to their small-sample AIC (AICC) and the best 

approximating models where ΔAICC < 4 are presented (Hurvich and Tsai 1989, Burnham and 

Anderson 2002). Because of uncertainty in some of the final model selection, a model 

averaging approach was applied and variables were ranked according to their overall relative 

importance by summing the Akaike weight (wi) from all top model combinations where the 

variable occurred (Burnham and Anderson 2002). Statistical analyses were conducted using 

R 2.14.0 statistical software (R Development Core Team 2012) using the MuMIn (Barton 

2012) and mgcv (Wood 2012) packages. Package MuMIn (Barton 2012) was used for model 

averaging. 

 

5.3 Results 

 

5.3.1 Temporal variation in colour morphs 

 

Litoria olongburensis colour morph frequencies varied monthly at each transect, 

predominantly displaying a seasonal pattern (Fig. 5.1). The proportion of green frogs tended 

to increase during the spring and summer months, and decrease during the autumn and winter 

months (vice versa for brown frogs), and this pattern was repeated in the second year (Fig. 

5.1). The best candidate GAMM for change in monthly colour morph frequencies contained 

monthly minimum temperature and monthly rainfall (Table 5.1). Poisson GAMMs revealed 
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that monthly proportions of green frogs were most strongly positively correlated with 

monthly minimum temperature, followed by monthly rainfall (Table 5.2). There was little 

evidence of an effect of water depth, as the confidence intervals passed through zero (Table 

5.2). 

 

During the study a fire impacted two transects within the same latitudinal cluster (M1 and 

M2) between the September and October surveys in 2009 (Fig 5.1C; see Chapter 4: Methods 

– Study sites for further description of fire). Surveys in October 2009 (i.e. two weeks after the 

fire events) at both transects recorded an increase in the proportion of frogs with brown 

dorsal colouration, followed two months later by an abrupt increase in the proportion of green 

frogs (Fig. 5.1C). This pattern was similar among size classes. Two unburnt sites in the same 

latitudinal cluster (B1 and B2) provide a comparison (Fig. 5.1C), where the abrupt changes 

did not occur. 
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Figure 5.1. Monthly proportion of Litoria olongburensis with green dorsal colouration at 

each latitudinal cluster over two years. Average monthly minimum temperature (°C; dashed 

lines) for the month prior is displayed on the secondary vertical axis. Graphs are ordered by 

latitude from south (A) to north (D) and represent: A, Wooli (Latitude -29.84); B, Tyagarah 

(Latitude -28.61); C, Sunshine Coast (Latitude -26.79); D, Great Sandy NP (Latitude -26.01). 

Only surveys with > 10 frogs are displayed (except M1 and M2 in October, <10 but > 5 

frogs). Fires occurred at M1 and M2 between the September and October 2009 surveys, 

indicated by an arrow on graph C.  
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Table 5.1. Best approximating models (i.e. ΔAICC < 4) of monthly changes in the proportion 

of green frogs with environmental predictor variables at all transects. 

 

Model  AICC ΔAICC weight 

Min temperature + Monthly rain 453.2 0 0.87 

Min temperature + Monthly rain + Max water depth  457.1 3.98 0.12 

 

 

 

 

 

Table 5.2. Model averaged coefficient of the effects of environmental parameters on monthly 

changes in colour morph. Monthly temperature and monthly rainfall were the only variables 

with strong evidence of an effect on monthly change in colour morph frequency.  

 

Parameter Estimate SE Confidence interval Relative variable 

importance 

(Intercept) -2.623 0.397 (-3.400, -1.846)   

Min temperature (°C) 0.049 0.016 (0.018,0.080) 0.99 

Monthly rain (mm) 0.001 0.0004 (0.0001, 0.002) 0.99 

Max water depth (cm) -0.007 0.005 (-0.016, 0.002) 0.12 
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5.3.2 Spatial variation in colour morphs 

 

The overall proportion of different colour morphs varied among transects (Fig. 5.2). Green, 

brown, and intermediate colour morphs were recorded on all transects, with the overall 

proportion of green morphs varying between 5.58 and 49.13% among transects (Fig. 5.2). 

Overall, brown dorsal colouration dominated across all transects (80.49%), followed by green 

(17.59%), and partial green dorsal colour (1.92%). The overall proportion of green adults 

were positively correlated with the proportion of green juveniles (r = 0.920, p < 0.001, n = 

16) and sub-adults (r = 0.825, p < 0.001, n = 16) at each transect.  

 

The proportion of green vegetation at each transect varied from 41 – 82% (average = 49.66%) 

and was positively correlated with the overall proportion of green frogs (r = 0.547, p < 0.028; 

Table 5.3b). Time since fire at each transect varied from 1 – 26 years and was strongly 

negatively correlated with the overall proportion of green frogs (r = -0.894, p < 0.001, n = 16; 

Table 5.3a). In other words, higher overall proportions of green frogs were observed at 

transects that experienced fires most recently, and had more green vegetation. When 

incorporating latitude as a random effect in GLMMs, ‘time since fire’ and ‘vegetation colour’ 

were still strong predictors of overall proportion of green frogs (Table 5.3). The AICc value 

for the model with ‘time since fire’ was 69.71, and for ‘proportion of green vegetation’ was 

83.22, suggesting that the model with ‘time since fire’ was a better fit for the data. 
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Figure 5.2. Variation in overall proportions of different colour morphs of Litoria 

olongburensis across the 16 transects. Black bar, brown morph; white bar, green morph; 

striped bar, partial green morph. Transects are ordered by time since fire, transects with the 

most recent fires are on the left. Numbers above bars indicate approximate time since fire in 

years.   
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Table 5.3. Summary results of the effects of transect parameters on overall colour morph 

frequency. Results are from the separate GLMM analyses of a) ‘time since fire’, and b) 

‘green vegetation (%)’. Time since fire had a stronger effect on spatial variation in colour 

morph frequencies than vegetation colour. 

 

Parameter  Estimate SE z Pr (>|z|) 

a) Fire     

Intercept  -0.571 0.211 -2.706 0.007 

Time since fire (years) -0.100 0.013 -7.596 < 0.001 

b) Vegetation     

Intercept  -4.998 0.825 -6.057 < 0.001 

Green vegetation (%) 0.063 0.016 3.865 < 0.001 
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5.3.3 Phenotype matching  

 

There was no evidence for whole colour background substrate matching in wild L. 

olongburensis populations (Fig. 5.3). If frogs were capable of phenotype matching, green 

frogs would have been observed most frequently on green vegetation, and brown frogs on 

brown vegetation. The 2 x 2 contingency table revealed that the percentage of frogs on green 

or brown vegetation did not differ by frog colour Χ
2
(1, N = 4218) = 13.7, p < 0.001. On 

average, frogs did not match the colour of the vegetation they were perched on (only 32.01% 

of the time). In fact, in most instances, frogs were observed on vegetation that did not match 

their dorsal colouration: on many occasions bright green frogs were found perched on 

blackened burnt sticks at fire impacted sites, appearing conspicuous even at a distance. On 

average, frogs were perched most frequently on green vegetation (74.49%) over brown 

vegetation (25.51%), regardless of dorsal colouration (Fig. 5.3). A summary table of spatial 

data and colour matching surveys is displayed in Appendix 6. 

 

 

 

 

 

 

 

 

 

Figure 5.3. The proportion of Litoria olongburensis matching their substrate colour. Light 

bars, green frogs; dark bars, brown frogs. Frogs were most commonly observed on green 

vegetation over brown vegetation regardless of dorsal colour.  
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5.4 Discussion  

 

A dynamic system of spatial and temporal variation in population level colour morph 

frequencies is described in a wallum restricted frog species, Litoria olongburensis. Spatial 

variation occurred over the species range and over smaller geographical distances. Time since 

fire and vegetation colour were strong predictors of spatial variation in overall colour morph 

frequencies. Temporal variation displayed a seasonal pattern, with gradual changes in morph 

frequencies noted. More abrupt and dramatic morph frequency changes were seen following 

a large scale habitat disturbance event (fire). Although not quantified, population level 

morphological change appeared to track spectral changes in vegetation colour post fire. 

However, despite correlations with habitat colouration and population scale morph 

frequencies, there was no evidence for whole colour background colour matching in L. 

olongburensis at an individual level. Although phenotypic changes post anthropogenic 

disturbance have been documented previously (Hendry et al. 2008, Candolin 2009, Schwartz 

and Hendry 2010), this study is the first to report a dramatic change in population level 

colour morph frequencies following a natural disturbance event (fire) in a vertebrate species. 

 

Environments are rarely homogenous in time and space, and individuals of a species are 

rarely identical within or among habitats (Edelaar et al. 2008). Habitat colour varied among 

sites and was correlated with spatial variation in frog colour morph frequencies. Sites with 

higher relative proportions of green vegetation had higher overall proportions of green 

morphs, and vice versa for brown morphs. Variation in habitat colouration may also explain 

the seasonal fluctuations in colour morph frequencies, as suggested by correlations between 

Hypsiboas prasinus colour, and leaf fall and leaf flushing (Toledo and Haddad 2009), and 

other studies (Jameson and Pequegnat 1971, Sugimoto 2002, Wente and Phillips 2003). 

Although temporal changes in habitat colour were not quantified in this study, positive 

correlations were found between changes in monthly proportion of green frogs and lagged 

monthly rainfall and temperature, two variables which could influence vegetation growth 

(Griffith et al. 2008). Thus, seasonal changes in their heathland vegetation colour may be 

acting to maintain subtle seasonal variation in colour morph frequencies in L. olongburensis 

(Friend 1993, Griffith et al. 2008).  

 

Although population level colour morph variation is intriguing in its own right, the most 

surprising aspect of this study was the more abrupt and dramatic colour changes recorded 
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post fire, at the most recently fire impacted transects. Abrupt changes in phenotypes can be 

particularly common following extreme environmental disturbances (Burtt 1951, Hendry et 

al. 2008, Candolin 2009, Schwartz and Hendry 2010). Fires can lead to large scale removal of 

vegetation, and hence abrupt and extreme changes to spectral habitat/microhabitat 

characteristics (Friend 1993, Riano et al. 2002, Whelan 2002). Specifically, fires often 

remove dry/dead (brown) vegetation and promote fresh growth (bright green) in fire tolerant 

plants in the weeks – months post fire (Friend 1993, Riano et al. 2002, Griffith et al. 2008). 

Although not quantified, frog colours appeared to track these post fire large scale spectral 

changes. As brown vegetation was removed by fire, the vegetation growing back post fire 

was almost exclusively bright green, and the abrupt increase in proportion of green frogs 

reflected this change. 

 

The impacts of habitat changes, whether gradual or extreme, are likely to alter selection 

pressures for certain (morphological) traits. Also, slight variations in vegetation communities 

and differences in fire disturbance histories result in different selective pressures at different 

sites (Whelan 2002). Continuously changing selection pressures can lead to the evolution and 

maintenance of different morph frequencies within and among populations (Savage and 

Emerson 1970, Price et al. 2003). Thus, spatial and temporal variation in colour morph 

frequencies observed in L. olongburensis may be a result of different selection pressures at 

different sites and at different times. We noted during monthly surveys that the fire events 

substantially altered the habitat structurally as well as spectrally. Not only would these habitat 

alterations have resulted in immediate changes in selection pressures, but the changes are also 

likely to continue to impact population level phenotypic variation, thus leading to longer term 

altered selection pressures between sites. The fire disturbance events would have markedly 

changed the selection for different colour morphs for a period of time until the vegetation 

returned to pre-fire colouration. Rates of vegetation growth will also vary among sites, and 

can take many years, thus leading to site differences in selective forces. 

 

The ultimate causes and maintenance of variable coloration may be related to the purpose of 

camouflage or crypsis (Tordoff 1980, Merilaita et al. 1999, Wente and Phillips 2005a, 

Houston et al. 2007). Crypsis can be defined as the resemblance of an animal with a part of 

the environment/habitat especially as viewed by a predator and is generally understood as the 

major function of colour change (Jameson and Pequegnat 1971, Toledo and Haddad 2009). 

Although fires are likely to be the underlying ecological process structuring spectral habitat 
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characteristics, frogs were most likely responding to changes in habitat colour per se, which 

is an indirect effect of fire. However, although there were correlations with habitat colour and 

L. olongburensis colour at a populations scale, there was no evidence for whole colour 

substrate colour matching at an individual scale. A variety of factors are likely to play a role 

in successful concealment from predators, such as relative proportion and distribution of 

patches in a habitat, as well as behaviour of predators searching for their prey (Houston et al. 

2007). Thus more information is required to determine the level at which selective pressures 

are acting, both in wild and controlled systems. 

 

The absence of substrate colour matching by L. olongburensis does not necessarily preclude 

the possibility that background substrate matching plays a role in predator avoidance. For 

example, different aspects to colouration, such as brightness and reflectance may operate 

differently under different conditions to achieve crypsis (Stegen et al. 2004, Wente and 

Phillips 2005a, Toledo and Haddad 2009). Colour matching may be a more important 

strategy employed during daylight hours, thus selection for colour may be acting during the 

day, a hypothesis that would require further investigation, as surveys were conducted at night. 

Also, background matching alone may not optimize camouflage and a range of other predator 

avoidance strategies (not necessarily mutually exclusive) may be important, notably 

disruptive coloration (Cuthill et al. 2005, Merilaita and Lind 2005, Toledo and Haddad 2009). 

Litoria olongburensis possesses pronounced lateral streaking (obvious lateral lines), which 

may serve as disruptive patterning and thus play a role in camouflage, particularly when the 

frogs are viewed laterally, most likely by snake predators (Liem and Ingram 1977, Toledo 

and Haddad 2009, Lowe and Hero 2012). The vertical nature of patterning in sedgeland 

habitats, coupled with the vertical position of L. olongburensis on sedges, and colour 

polymorphism, are all likely to play a role in crypsis.  

 

In heterogeneous habitats, where both the degree of crypsis of a given coloration and the 

probability of encountering a predator may vary spatially, decreasing the probability of 

detection by a predator is a more complicated task than in homogenous habitats (Merilaita et 

al. 1999, Houston et al. 2007). In heterogeneous habitats, the occurrence of multiple morphs 

may enhance population survival, particularly when the proportions of colour morphs are 

similar to available substrate colours (Houston et al. 2007). L. olongburensis habitat was 

complex with respect to colouration, but had overall higher proportions of brown frogs (with 

the exception of sites affected by fire). Our data would suggest that in an increasingly 
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heterogeneous habitat (increasing with years since fire), brown colouration offers the best 

chance of escaping detection via crypsis; however green colouration offers the best chance of 

escaping detection when the habitat is more homogenous (i.e. bright green vegetation after 

recent fire events; Merilaita et al. 1999).  

 

In temporally heterogeneous habitats plasticity is likely to be adaptive and disturbed 

populations often display increased levels of plasticity (Crispo et al. 2010). The abrupt 

changes in population level colour morphs post fire may be explained by individual colour 

change, responding to altered habitat colouration. If individual frogs were changing colour 

(following fire), then the data also suggest reversible colour change may occur in this system, 

such as those reported in Pseudacris regilla (Wente and Phillips 2003). Additionally, 

juveniles and sub-adults displayed similar patterns in temporal change in colour morph 

frequencies, suggesting that the colour change response to fire was similar among terrestrial 

life stages. Future studies should attempt to establish the ability and/or extent of colour 

change as well as any form of differential migration, habitat selection or behavioural 

differences between colour morphs. 

 

Fire is likely to have played a significant role in L. olongburensis evolutionary history as it is 

common in the heathlands they inhabit, and in fact an integral part of all heathland 

ecosystems (Kikkawa et al. 1979). The specific nature of relatively frequent fires in these 

habitats may be providing strong selective forces for the maintenance of either green morphs 

or a colour change ability itself. Alternatively, the more subtle seasonal changes in morph 

frequencies, potentially associated with seasonal changes in vegetation colour, may be a pre-

adaptation for large scale habitat change brought about by fire (Price et al. 2003). As fires are 

a common occurrence in the heathland habitats occupied by L. olongburensis, it would be 

advantageous for populations to respond adaptively so as to avoid population declines 

(Hendry et al. 2008, Schwartz and Hendry 2010, Lowe et al. in press). The data lead to an 

interesting supposition, where habitat disturbance (fire), which may have lead to abrupt 

morphological change, may have allowed for the evolution and maintenance of phenotypic 

plasticity (Price et al. 2003, Hochkirch et al. 2008). As climate change predictions for L. 

olongburensis habitats are for increased intensity and frequency of fire (Hennessy et al. 

2005), population responses observed in this study may be important pre-adaptations to 

climate change. Determining the extent individual level colour change requires further 

investigation and would be the obvious next step for future research.  
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6.0 Synopsis: Implications of Climate Change 

             

 

Species vulnerability to climate change is a function of both exposure, that is the degree to 

which an organism, habitat or process is exposed to change, and the relative sensitivity it has 

to the change (Carvalho et al. 2010; Williams et al. 2008). The direct exposure that wallum 

frogs will have to climate change will be an overall increase in temperatures and an increase 

in frequency and intensity of extreme precipitation, notably drought and flood, as well as 

changes to seasonality and predictability of weather parameters (Cai et al. 2005, CSIRO 

2007, Hennessy et al. 2007). This will lead to indirect impacts on habitat characteristics such 

as changes to wetland hydroperiod, and wetland disturbance from more frequent and intense 

wildfires (Hennessy et al. 2005). 

 

This study assessed sensitivity of Litoria olongburensis to climate change by addressing 

specific aspects of their resilience and adaptive capacity, namely reproductive ecology at 

multiple scales (local and landscape; larval and adult), and ecological and morphological 

response to wildfire. The onset of the calling season of L. olongburensis was regulated by 

temperature, thus increases in temperature will impact calling phenology, e.g. calling earlier 

in the season; however populations in southern latitudes will be more affected by temperature 

rise (Chapter 3). The dates of reproduction and peaks in calling abundance followed 

substantial rainfall events leading to pond filling (Chapter 2 & 3). Thus, changes to rainfall 

patterns as a result of climate change may significantly impact reproductive success and 

population persistence, by altering wetland hydroperiod. Litoria olongburensis also exhibited 

resilience to short- and long-term fire impacts in their abundance, reproductive ecology, and 

morphology (Chapter 4 & 5). This may translate to L. olongburensis, and perhaps also other 

wallum frogs, having the capacity to adapt to predicted increases in fire frequency.  

 

The flexible breeding phenology, relatively fast hatching time and time-to-metamorphosis, 

and resilience to fire suggest that L. olongburensis has overall high resilience and adaptive 

capacity to climate change. Breeding in ephemeral wetlands, or at times of the year when 

predators were absent (or numbers reduced), was likely an adaptive strategy of L. 
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olongburensis for successful reproduction in temporary breeding habitats. The long calling 

window and flexibility of calling also suggest an inherent adaptive capacity to variable 

weather conditions. Due to the clinal variation in weather patterns (max temp and rainfall 

seasonality) along the species latitudinal range, there was also latitudinal variation in the 

onset and duration of the calling season. Thus, climate change exposure and hence population 

responses will vary with latitude.  

 

Wetland hydroperiod was one of the most important variables structuring the timing of 

reproduction in L. olongburensis. Litoria olongburensis plastic reproductive strategy is 

possibly an adaptation to unpredictable temporary breeding habitats and allowed them to 

adjust their breeding period to respond to rainfall episodes. Changes to annual rainfall 

patterns will significantly impact wetland hydroperiods and hence reproductive output, by 

influencing predatory assemblages and abundances. More severe drought will drastically 

reduce reproductive output in highly ephemeral wetlands, and limit reproduction over many 

years. However, reduced rainfall can be beneficial for wetlands with longer hydroperiods, by 

removing predatory fish species. Conversely, increased intensity of rainfall events and 

subsequent flooding will not only increase predator abundances, but allow predators to 

invade normally fish free wetlands, again reducing reproductive output. Permanently fish free 

wetlands, however, will benefit from increased rainfall by having an increased hydroperiod. 

 

To reduce acid frog vulnerability to climate change, we must mitigate factors contributing to 

climate change exposure and species sensitivity. Firstly, reducing greenhouse gas emissions 

is critical to slow down the impacts of climate change (Pounds et al. 2006; Shoo et al. 2011). 

Failing that, to enhance species adaptive capacity, a variety of wetlands with varying 

hydroperiods should be available for acid frog species, by increasing habitat heterogeneity 

and connectivity between populations (Shoo et al. 2011; Jakob et al. 2003). Thus, reducing 

land clearing is a clear requirement to maintain connectivity among populations. Although 

acid frogs displayed resilience to fire, management should still aim to burn within the 

recommended fire return interval (5 – 10 years) and provide a mosaic of successional stages 

to maintain preferred or required habitat features (Richards et al. 1999, Watson 2001, Whelan 

2002). 

 

The current study highlighted important aspect of acid frog ecology, but more information is 

required to fully assess their vulnerability to climate change. As acids frogs are restricted to 
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fragmented remnant wallum habitats, large scale movement away from suboptimal climatic 

conditions will not be possible. However, understanding movement and dispersal capabilities 

throughout a metapopulation matrix (Simpkins et al. 2013), and habitat preference (Shuker 

and Hero 2012) of L. olongburensis may improve our capacity to mitigate climate change 

impacts and improve species resilience (aid in appropriately distributing wetlands). Secondly, 

more information on population viability, genetics, and non-breeding habitat requirements for 

any of the acid frog species is required (Meyer et al. 2006, Williams et al. 2008). 

Understanding how the species physiologically respond to changing environmental 

temperatures, such as thermal tolerances, will allow us to predict vulnerability to changing 

temperatures (Williams et al., 2008). Crinia tinnula, and L. freycineti also display resilience 

to fire; however more information on their breeding ecology is required for thorough climate 

change vulnerability assessment of those species. Saline inundation of wetlands due to sea 

level rise may pose the greatest threat to existing populations within close proximity to coasts 

or saline rivers, by increasing salinity levels too high to sustain amphibian populations 

(Hennessy et al. 2007). Future research should assess the effects of salt water on reproductive 

success of acid frog species, particularly the persistence of tadpoles in saline waters. 

Reducing anthropogenic influences (urban encroachment) will also likely improve amphibian 

reproductive success by reducing the impact of invasive species and altered hydroperiods 

(Rubbo and Kiesecker, 2005, Meyer et al., 2006). 
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Introduction 

 

Sexual dimorphism describes intraspecific differences in size, shape or other traits between 

males and females. One of the most common secondary sexual dimorphisms of anuran 

amphibians is a disparity in size, with adult females commonly exceeding adult males in 

body size (Howard 1981; Lee 2001; Monnet and Cherry 2002; McGarrity and Johnson 2009). 

Fecundity selection is proposed to be the driving force behind female-biased sexual size 

dimorphism (SSD; Darwin 1871), as clutch size and/or egg and subsequently offspring size 

increase with increasing female body size (Shine 1979; Kupfer 2007; Wells 2007). Selection 

may not only favor larger females, but also small males, as demonstrated in L. xanthomera 

and L. chloris, where smaller males used less energy when calling, had increased chorus 

tenure, and were more successful than larger males (Morrison et al. 2001). Sexual differences 

in growth, maturation, population age structure, and life history have also been suggested as 

possible driving forces behind SSD in some species (Shine 1979; Howard 1981; Monnet and 

Cherry 2002). 

 

Many amphibians exhibit sexual differences in morphology or coloration that allow males 

and females to be readily distinguished (Hoffman and Blouin 2000; Wells 2007). An example 

of a secondary sexual characteristic of anurans is the presence of male vocal sacs, used to 

create advertisement calls to females during breeding events (Ryan 1991). Additionally, 

males of many anuran species develop nuptial pads, which are predominantly located on the 

inner surface of the thumb and are used for gripping a female during amplexus, and during 

male-male competition (Duellman and Trueb 1994). Nuptial pads are generally more 

developed in aquatic-breeding species (where males need to maintain a strong grip on 

females in rapidly flowing waters), and in species which engage in aggressive male-male 

encounters (Duellman and Trueb 1994). As nuptial pads are usually densely pigmented with 

melanin, and thus easily observed, they are commonly used to determine the sex of 

amphibians in the field (Duellman and Trueb 1994; Greene and Funk 2009). Additionally, 

some species display intersexual differences in forelimb size, allowing males to retain a firm 

grip on the female in amplexus (Lee 2001). Occasionally, males and females possess obvious 

differences in body coloration, which also facilitates sex identification (Hoffman and Blouin 

2000). However, for some species, there are no obvious size or color differences and no 

nuptial pads, making identification of sex difficult. 
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FIG. 1. Brown (A) and green (B) color morphs of Litoria olongburensis. 

 

 

The wallum sedge frog, Litoria olongburensis, is a small (~25 mm) hylid restricted to coastal 

swamps of eastern Australia (Ingram and Corben 1975; Barker et al. 1995; Cogger 1995). 

The species is listed as vulnerable under the Commonwealth Environmental Protection and 

Biodiversity Conservation Act 1999, Queensland Nature Conservation Act 1992, New South 

Wales Threatened Species Conservation Act 1995, and by the International Union for the 

Conservation of Nature (IUCN 2010). L. olongburensis is known to be polymorphic for 

dorsal coloration, including grey-brown, beige or bright green, occasionally with dark 

flecking (Liem and Ingram 1977; Barker et al. 1995; Fig. 1). However, little is known of the 

color and morphological differences between the sexes and field sex identification in this 

species can be difficult, predominantly due to their small size. Identification of sexes is 

essential to determine different habitat use, population sex ratios, and for captive husbandry. 

We examined sexually dimorphic characteristics of museum specimens and wild populations 
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of L. olongburensis to expand our knowledge on the morphology of the species and sex 

identification in the field. We hypothesize that females will have a larger body length than 

males, and males will have proportionately larger forearms. Also, we hypothesize that males 

possess secondary sexual characteristics for field identification all year round, such as nuptial 

pads, vocal sacs, and different coloration to females. The results from this study may also 

assist with our understanding of sexual dimorphism and color polymorphism in congeneric 

species. 

 

Materials and Methods 

 

Male (N = 40) and female (N = 62) Litoria olongburensis held in the Queensland Museum 

(QM) and originally collected from throughout their distribution in Queensland and New 

South Wales (NSW), were examined. Snout-urostyle length (SUL), right tibia length (TL) 

and forearm length (FL) were measured with vernier calipers to the nearest 0.1 mm. Frogs 

were sexed by inspection of nuptial pads, vocal sac slits under the tongue, and gonads. The 

numbers of eggs of four preserved females were counted and the mean egg diameter (MED) 

of ten eggs per female was measured with digital vernier calipers. This was recorded to fill a 

gap in our knowledge of fecundity in this species and may be used in future comparisons with 

congeners. Eggs of some females had been previously removed and kept aside, and others 

still remained within the female’s abdomen. Thus, egg numbers may be underestimated due 

to possible loss of eggs during preservation. As color is greatly affected by preservation, no 

dorsal color analysis was undertaken on museum specimens. 

 

Measurements of male (N = 94) and female (N = 82) L. olongburensis in wild populations 

were recorded in Queensland: Great Sandy National Park (Cooloola section; N = 73), 

Beerburrum Scientific Area 1 and Mooloolah River NP (N = 53); and from NSW: Yuraygir 

NP (N = 33) and Tyagarah Nature Reserve (N = 37). These locations represent the presumed 

current range of the species and were utilized as four latitudes in analyses (see Fig. 2.1). The 

four latitudes used in decimal degrees were 26.01, 26.78, 28.61, and 29.85 (Datum: WGS 

84). Frogs were measured in March, April and November, 2010. Up to 20 frogs first observed 

at each site were caught and the SUL was measured as described above. The presence of 

nuptial pads, vocal sacs, and skin folds, as well as coloration of the dorsum, thigh, and throat, 

was recorded. Frogs were categorized as green or brown based on the dominant dorsal color 

as observed by KL. A third category of partial green included any frogs that had 
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approximately equal proportions of green and brown dorsal coloration. Males were identified 

by the presence of nuptial pads (where discernible), vocal sacs, and/or folds in the throat skin. 

Females were identified by the presence of thick, granular throat skin (opaque in males), and 

a lack of nuptial pads. Additionally, any metamorphs observed were measured to ascertain 

size at metamorphosis. Frogs were captured using small plastic bags and were released 

following measurements. Bags were not re-used, and aquatic equipment was treated with 

Virkon (fungicide) between sites to prevent disease transmission. 

 

For museum frogs, linear regression analyses were used to analyze the relationships between 

SUL, TL and FL. For both museum and wild frogs we developed a Generalised Linear 

Model, using a Gaussian family of SUL, with the explanatory variables sex and origin (wild 

or museum) as fixed factors. For wild frogs, we again used Generalised Linear Modelling, 

using a Gaussian family. The response variable was SUL, with the explanatory variable sex 

as a fixed factor, and latitude as a covariate. We also examined data to detect whether a 

latitudinal trend existed with SUL or SSD. Data were analyzed using PASW Statistics 18, 

Release Version 18.0.0 (SPSS, Inc., 2009, Chicago, IL, www.spss.com) and the statistical 

significance was set at α = 0.05. 

 

Results 

 

Both museum and wild (all latitudes) frogs displayed female biased SSD. Snout-urostyle 

length for each sex overlapped up to 28.7 mm, with all individuals greater than 28.7 mm 

being female. Female SUL (range = 20.0–34.1 mm, mean = 26.7, N = 144), was significantly 

larger than males (range = 19.3–28.7 mm, mean = 24.2 mm, N = 134; Wald Χ2 = 78.98, P = 

< 0.001, Fig. 2). Origin (wild or museum) had a significant effect on SUL (Wald Χ2 = 14.94, 

P < 0.001). There was no significant interaction between origin and sex (Wald Χ2 = 0.25, P = 

0.614; Fig. 2).  Female TL (range = 11.2–18.4 mm, mean = 14.8) was also found to be 

significantly larger than male TL (range = 7.2–16.0, mean = 12.7; P = < 0.001); as was 

female FL (range = 3.9–6.8 mm, mean = 5.1) compared to male FL (range = 2.4–5.8 mm, 

mean = 4.6; P = < 0.01). Snout-urostyle length and TL of museum frogs were highly 

correlated (P < 0.001, r
2
 = 0.797), as were SUL and FL (P < 0.001, r

2
 = 0.641). Additionally, 

male and female FL and TL relative to SUL did not differ significantly (P = 0.466, P = 0.382, 

respectively). Thus, only SUL was recorded for frogs measured in the wild. For wild 

measured frogs, SUL was significantly affected by sex (Wald Χ2 = 4.26, P = 0.039) and 
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latitude (Wald Χ2 =  15.98, P < 0.001).There was no significant interaction between sex and 

latitude (Wald Χ2 = 2.85, P = 0.091; Fig. 3). Although latitude had a significant effect, there 

did not appear to be a latitudinal cline in SUL or SSD.  

 

 

 

FIG. 2. Box plot of snout-urostyle length measurements of male (N = 134, grey bars) and 

female (N = 144, white bars) L. olongburensis taken from museum specimens (N = 102) and 

wild populations (N = 176). Significant female biased sexual size dimorphism was detected 

(P < 0.001), with no significant interaction between origin and sex (P = 0.614). 
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FIG. 3. Box plot of snout-urostyle length of wild male (N = 102, grey bars) and female (N = 

94, white bars) L. olongburensis from four latitudes across the distributional range of the 

species (C, N = 73; MB, N = 53, T, N = 37, W, N = 33). Significant female biased sexual size 

dimorphism was detected (P = 0.039), with no significant interaction between origin and sex 

(P = 0.091). 
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The smallest male with discernible nuptial pads on the inner side of the thumb had a SUL of 

20.4 mm, and most males (93.2%) larger than this possessed nuptial pads (Fig. 4). Nuptial 

pad pigmentation was greater in the breeding periods, and occasionally indiscernible outside 

these periods. The average number of eggs from preserved females was 121 (range 75–160), 

and average MED was 1.03 mm (range 0.9–1.2 mm). The smallest size at metamorphosis 

recorded in the wild was 13.8 mm.  

 

 

 

 

 

 

 

FIG. 4. Ventral surfaces of the hands of (A) a representative male L. olongburenesis,showing 

the pigmented nuptial pad on the inner surface of the thumb, and (B) a representative female 

hand for comparison. Photos are of preserved specimens from the Queensland Museum 

(Male,  QMJ34282; Female, QMJ81483). 

 

  

A B 
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The coloration of males and females was highly variable and there were no distinguishing 

color patterns for either sex (Fig. 5). For all wild frogs, dorsal coloration was measured as 

brown (48.3%), green (40.1%), and partial green (11.6%). The majority of frogs with green 

dorsal coloration were female (60.0%). Dark flecking on the dorsal surface was uncommon 

(four individuals). Throat color was either green (52.9%) or white/beige and the majority of 

frogs with green throats were female (60.04%). The largest proportion of measured frogs 

contained at least some blue thigh coloration (femoral streak) (59%), which was more 

common in frogs with green dorsal coloration (83.1%) than brown dorsal coloration (33%); 

and was present in both males (61.2%) and females (56.4%). However, thigh color was 

highly variable, including blue, orange, and brown; and combinations such as: 

blue/purple/orange, blue/brown/orange, blue/orange, blue/brown, brown/orange, 

orange/purple, and brown/purple.  

 

 

  

FIG. 5. The proportion of different color morphs of male (N = 93) and female (N =79) L. 

olongburensis. Black bar, brown morph; white bar, green morph; striped bar, partial green 

morph. 
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Discussion 

 

The larger size of females (compared to males) found in Litoria olongburensis is consistent 

with the general trend in anurans (Shine 1979; Monnet and Cherry 2002). For field 

identification, nuptial pads and vocal sacs present in males, and the size disparity between the 

sexes are the best tools for sex identification. However, it must be noted that nuptial pads 

may be indiscernible outside the breeding periods, with differences in throat morphology 

becoming a more useful identification tool. Both sexes exhibited similar body coloration, thus 

coloration is a poor measure for sex identification. Although there were significant 

differences in SUL and SSD at different latitudes, we did not detect any latitudinal cline in 

SUL or SSD. Greater replication or more samples from along the latitudinal distribution of 

the species would offer more information on any latitudinal cline. 

 

While the selective pressures leading to SSD may be clear in some species, it may not be so 

obvious in others, as many selective processes mentioned in the introduction, such as 

fecundity selection, sexual selection and differences in life history, may occur in the same 

taxon (Shine 1989; Monnet and Cherry 2002). Whether there is a higher fecundity in larger 

females, differences in life history strategies, or selection for smaller males in L. 

olongburensis is unknown and would require further investigation. 

 

Occasionally, male body size exceeds that of female body size, particularly in species with 

aggressive male encounters (Shine 1979). However, this is not true for most small species of 

the family Hylidae (Wells 2007), which includes L. olongburensis. Aggressive male–male 

encounters were observed in this species and appeared to be a defense of calling sites, with 

vocalizing males attempting to dislodge other males from a high position (KL pers. obs.). 

However, it is unclear whether physical combats influence male reproductive success in this 

species, as no females were observed near the fighting males on these occasions. 

 

Nuptial pads and vocal sacs were a useful characteristic for identifying males in the field. 

Although not quantified, we had the impression that nuptial pads were darker at the start of 

the breeding season. Thus, to reduce the frequency of misidentification, sex identification 

should occur at the beginning of the breeding season, when nuptial pad pigmentation is 

heightened. During the non-breeding period, when nuptial pads were indistinct, males could 
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be identified based on faint vocal sac inflation creases or folds visible on the throat. Also, the 

two inner vocal sac openings were frequently visible through the outer surface of the throat. 

Whereas males had rather smooth and sometimes opaque skin on the throat, female throat 

skin was much more granular in texture and appearance. Positive identification of females 

may also be heightened during the breeding season, when eggs are more easily detected, 

however, outside this period, size and throat morphology are better tools for sex 

identification. 

 

The majority of L. olongburensis in the wild had brown, or grey-brown, dorsal coloration, 

with a large subset having green dorsal coloration, and a small proportion with both. 

Although the majority of green frogs were female, there was no significant sexual color 

dimorphism in L. olongburensis. Juveniles with green dorsal coloration were occasionally 

observed, however, the degree of ontogenetic shift in color is unclear. Green dorsal coloration 

is most likely to appear after metamorphosis, but whether dorsal coloration is genetically 

programmed or environmentally determined, or both, remains to be examined. The majority 

of live specimens had some blue coloration in the thigh, characteristic of the species, but 

thigh coloration was highly variable, and the blue was distinctly absent in some individuals. 

Striking thigh coloration is thought to act as a possible anti-predator mechanism, serving to 

confuse an attacking predator or warn predators of the presence of toxins (Toledo and 

Haddad 2009). Although not quantified, field observations indicated that particularly bright 

dorsal and thigh coloration may be more prominent in females. 

 

Color or pattern polymorphism has been described in many amphibians (Hoffman and Blouin 

2000; Wente and Phillips 2003) and is, in some cases, due to females selecting for brightly 

colored males (Chunco et al. 2007; Roulin and Bize 2007; Todd and Davis 2007). However, 

many anuran amphibians exhibit fixed color or pattern polymorphisms in both sexes within 

natural populations, and some species exhibit seasonal color change (Hoffman and Blouin 

2000; Wente and Phillips 2003; Croshaw 2005; Wente and Phillips 2005). Color 

polymorphism may be particularly advantageous in an environment consisting of spectrally 

heterogeneous microhabitats, and presumably makes it difficult for predators to form a 

reliable search image, which is more advantageous when individuals select microhabitats 

matching their pattern (Morey 1990; Zug et al. 2001). Indeed, L. olongburensis inhabits 

heterogeneous brown and green sedgeland microhabitats, and future studies should aim to 
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determine whether individuals select microhabitats to match their dorsal coloration, and the 

extent of genetic and/or environmental influence on color polymorphism.  

 

Disruptive coloration and patterning can also be an important component of crypsis, as 

blotches, stripes, bands or spots break up the general outline of an individual (Merilaita and 

Lind 2005; Toledo and Haddad 2009). This may make it difficult to detect the whole animal, 

especially against a background containing a mixture of color (Zug et al. 2001). Litoria 

olongburensis possesses a dark brown loreal streak from eye to nostril, as well as a brown 

and ventrally cream streak from behind the eye to halfway down the flank (Liem and Ingram 

1977). These pronounced lateral stripes may aid in breaking up the lines of the body, which 

may be especially suitable in the preferred sedgeland habitat of L. olongburensis (Lewis and 

Goldingay 2005). Although the closely related L. fallax possesses similar lateral streaking, it 

is less pronounced. The increased intensity of lateral streaking in L. olongburensis may be 

due to a more specialized requirement for sedgelands, whereas L. fallax is a more generalist 

species.  

 

We have presented data which adds to our knowledge of morphology and sexual dimorphism 

of L. olongburensis. It is unclear what selective pressures may be acting to maintain different 

color morphs or sexual size dimorphism in L. olongburensis and it is likely that multiple 

factors may act synergistically.  
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Appendix 2 – Transect Co-ordinates 

 
Transect Transect length 

(m) 

GPS start 

Latitude 

GPS start 

Longitude 

GPS end 

Latitude 

GPS end 

Longitude 

C1 200 -26.008051° 153.054098° -26.009387° 153.054349° 

C2 250 -26.002992° 153.050389° -26.000886° 153.050904° 

C3 250 -26.048582° 153.040627° -26.046457° 153.039956° 

C4 150 -25.980981° 153.069609° -25.980652° 153.068114° 

B1 250 -26.722034° 153.084309° -26.721441° 153.085845° 

B2 150 -26.719355° 153.103268° -26.719040° 153.105524° 

M1 250 -26.860148° 153.001085° -26.860287° 152.998524° 

M2 250 -26.862278° 152.991504° -26.862428° 152.990019° 

T1 250 -28.606359° 153.566200° -28.604288° 153.565283° 

T2 250 -28.606423° 153.567464° -28.604339° 153.566587° 

T3 250 -28.620836° 153.571213° -28.619270° 153.570225° 

T4 250 -28.619635° 153.573324° -28.617509° 153.572462° 

Y1 250 -29.843627° 153.261276° -29.844484° 153.263674° 

Y2 250 -29.846873° 153.257835° -29.848646° 153.258801° 

Y3 200 -29.842663° 153.267468° -29.843997° 153.268360° 

Y4 250 -29.840396° 153.272782° -29.840906° 153.275706° 

 

Note: Datum = WGS84. C1-4 in Cooloola National Park; B1-2 in Beerburrum Scientific 

Area, and M1-2 at Mooloolah River NP, each within the Sunshine Coast latitudinal cluster; 

T1-4 in Tyagarah Nature Reserve; and Y1-4 in Yuraygir NP. 
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Appendix 3.1 – Summary data for Great Sandy National Park (Cooloola) 

 

Adult visual counts Calling counts 

      

Month C1 C2 C3 C4 C1 C2 C3 C4 

Ave night 

temp (°C) 

7 day rainfall 

(mm) 

30 day 

rainfall (mm) 

Humidity 

Ave (%) 

Barometric 

Ave (hPa) 

Ave 

Wind 

A 24 4 0 0 0 1 0 0 8.2 0 5.4 

  

0.13 

S 15 1 56 2 1 2 0 0 15.3 0 0.8 

  

0.5 

O 43 26 2 3 2 2 0 0 10.525 0 33.7 

  

0 

N 7 1 59 1 1 0 0 0 20.075 0 28.1 73.7 1016.2 0.25 

D 8 2 63 1 2 5 1 0 22.05 19.6 21.3 81.8 1011.2 0.75 

J 70 6 37 0 7 14 3 1 24.925 32.6 67.3 86.5 1011.8 0.75 

F 75 31 13 0 9 6 2 0 22.8 78 163.2 88.8 1003.7 1.13 

M 120 36 9 1 27 26 1 6 22.675 131.2 187 96.1 1006.4 1.13 

A 12 7 53 0 5 3 0 0 19.85 16.8 304.8 90.2 1014.2 0 

M 40 6 48 0 0 0 0 0 16.975 22 212.4 83.7 1016.6 0.13 

J 28 4 61 0 1 0 0 0 15.575 59.6 129.2 92.6 1010.2 0.69 

J 53 0 16 1 1 0 0 0 13.425 3.6 140.2 90.1 1018.8 0.56 

A 31 1 0 0 2 0 0 0 7.275 18.4 57.8 78.0 1013.2 0 

S 67 7 65 2 8 2 0 0 16.8 0.4 88.6 82.5 1015.6 1.06 

O 120 6 39 1 23 1 2 0 17.075 9.4 205 88.9 1017.1 0.44 

N 84 5 43 3 14 3 2 0 17.575 37.6 165 86.1 1013.4 0.94 

D 126 12 22 0 7 6 6 2 22.275 54.4 109.2 92.8 1007.4 0.31 

J 32 22 21 6 17 4 9 6 22.375 141 643.2 97.6 1001.8 1.88 

F 8 17 49 3 6 3 0 4 24.825 13 465.4 90.6 1011.9 0 

M 7 2 42 4 6 0 2 4 22.9 17.4 96.8 97.4 1008.9 1.25 

A 2 2 31 0 0 0 0 0 20.725 19.4 104.2 75.7 1017.5 1.75 

M 9 0 75 1 0 0 0 0 16.4 32 158.2 79.6 1010.6 1.13 

J 24 2 22 1 0 0 0 0 14.35 28.4 174 85.9 1012.1 0.13 

J 13 3 21 0 0 0 0 0 12.925 9.2 26.8 85.4 1018.1 0.5 

 



Appendices 

 

154 

 

Appendix 3.2 – Summary data for Sunshine Coast 

 

Adult visual counts Calling counts 

      

Month B1 B2 M1 M2 B1 B2 M1 M2 

Ave night 

temp (°C) 

7 day rainfall 

(mm) 

30 day 

rainfall (mm) 

Humidity 

Ave (%) 

Barometric 

Ave (hPa) 

Ave 

Wind 

A 0 0 1 13 0 0 0 0 8.6 1.8 4.8 

  

0 

S 12 10 10 14 3 0 3 0 19.55 0 6 

  

1.5 

O 1 0 3 6 0 0 0 0 14.65 0 27.4 

  

0 

N 23 22 18 21 2 0 2 1 19.85 98 96.4 69.7 1021.25 1 

D 16 4 27 71 11 3 7 1 21.7 10.6 26.2 83.55 1012.9 1 

J 23 7 22 55 3 2 3 1 25.15 58.6 88.8 90.1 1013.25 0 

F 4 1 32 33 9 2 8 2 22.75 30 74.6 92.5 1011.6 1 

M 10 1 55 8 20 17 5 7 22.85 20.6 170.6 83.9 1018.45 1.5 

A 11 4 44 34 0 0 5 0 21.1 5.8 401.2 92.55 1018.6 0 

M 15 3 47 28 0 0 10 0 20.9 46.8 184.4 98.45 1017.15 0.25 

J 2 1 28 31 0 0 0 0 10.45 24.4 47.2 91.55 1010.8 0 

J 0 0 0 3 0 0 0 0 6.8 10.6 33 87.75 1023.95 0.5 

A 0 0 29 30 0 0 1 0 15.2 0.2 78.8 89.1 1016.4 0 

S 7 8 38 8 12 4 17 6 20.25 35 75 98.85 1016.1 0 

O 15 5 71 18 13 9 7 3 18.95 26.8 93.2 92.9 1014.6 0.25 

N 15 9 37 6 3 7 13 1 18.35 0.6 222.6 92.05 1014.7 0.5 

D 21 5 34 5 5 9 14 1 23.9 130.2 207.8 87.55 1015.5 2 

J 20 13 29 7 6 11 11 2 22.75 25.8 754.6 92.45 1004.9 0.75 

F 17 8 36 14 0 0 13 3 22.8 10.8 476.2 95.75 1013.8 2 

M 14 5 45 10 0 0 12 0 21.85 64.8 328.6 85.05 1014.8 0.5 

A 54 12 30 5 0 0 0 0 20.4 7 129.2 80.25 1020.95 1.5 

M 54 13 89 33 0 0 0 0 16.2 9.4 230.2 90.25 1016.3 0 

J 35 5 50 29 0 0 0 0 13.25 8.4 83.6 86.6 1015.7 0 

J 11 1 25 18 0 0 0 0 12.25 13.6 36.8 94.35 1020.35 0.5 
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Appendix 3.3 – Summary data for Tyagarah Nature Reserve 

 

Adult visual counts Calling counts 

      

Month T1 T2 T3 T4 T1 T2 T3 T4 

Ave night 

temp (°C) 

7 day rainfall 

(mm) 

30 day 

rainfall (mm) 

Humidity 

Ave (%) 

Barometric 

Ave (hPa) 

Ave 

Wind 

A 109 28 10 21 0 0 0 0 10.03 0 71.2 

  

0 

S 114 51 10 77 2 0 0 0 9.45 9.4 14.6 

  

0 

O 145 186 2 0 0 1 0 0 16.81 16.6 31.2 57.10 1007.29 0.25 

N 116 193 12 10 6 5 0 3 21.19 5.6 204.6 83.44 1008.20 0.88 

D 68 184 15 48 7 2 1 0 20.53 2.8 31.2 92.34 1015.45 0.00 

J 136 168 4 28 1 3 0 0 20.95 5.6 182.4 78.60 1007.10 0.25 

F 28 67 1 20 19 5 3 25 22.98 12.1 344.2 97.51 1009.96 0.13 

M 30 70 2 0 0 0 0 0 20.45 66.2 262.8 82.68 1023.13 0.13 

A 101 198 18 27 0 0 0 0 22.80 3.7 120 90.69 1011.63 0.25 

M 84 99 46 38 0 0 0 0 14.73 2.2 116.4 84.81 1016.64 0 

J 88 121 39 32 0 0 0 0 12.54 19.0 131.6 87.90 1021.41 0 

J 18 15 10 11 0 0 0 0 8.31 0 97.2 84.08 1023.31 0 

A 22 1 32 18 0 0 0 0 9.81 43.5 195.6 81.14 1018.09 0.19 

S 156 181 38 59 1 0 0 2 14.54 1.3 24 76.80 1017.28 0.00 

O 96 188 31 31 30 9 4 16 15.45 25.2 531.6 84.25 1021.50 0.13 

N 114 87 23 34 7 7 0 4 19.19 2.0 68 91.26 1013.73 0.44 

D 28 47 34 30 26 12 4 12 20.55 89.8 281 96.68 1016.83 1.19 

J 59 125 28 50 1 0 1 5 20.58 68.0 412.4 80.26 1008.76 0.38 

F 40 95 29 54 0 0 3 7 23.53 46.1 141.8 88.30 1013.25 0.38 

M 67 110 29 45 1 0 0 1 23.06 35.8 131.4 99.36 1004.28 0.13 

A 56 121 66 33 0 0 0 0 18.74 33.5 197.4 99.28 1018.74 0.06 

M 85 70 82 49 0 0 0 0 13.68 0.0 220.4 89.41 1026.66 0.13 

J 8 2 74 17 0 0 0 0 12.64 47.6 171 80.01 1010.50 0.38 

J 87 79 30 6 0 0 0 0 13.39 0.0 37.4 85.18 1027.04 1.31 
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Appendix 3.4 – Summary data for Yuraygir National Park 

 

Adult visual counts Calling counts 

      

Month Y1 Y2 Y3 Y4 Y1 Y2 Y3 Y4 

Ave night 

temp (°C) 

7 day rainfall 

(mm) 

30 day 

rainfall (mm) 

Humidity 

Ave (%) 

Barometric 

Ave (hPa) 

Ave 

Wind 

A 6 4 30 0 0 0 0 0 11.05 0 45.8 

  

0 

S 1 4 99 17 0 0 1 0 9.90 20 27.6 

  

0 

O 24 0 81 5 0 0 0 0 17.41 1.6 11.4 63.86 1017.18 0.75 

N 53 11 103 20 30 19 42 4 19.50 61.8 333 86.63 1009.55 0 

D 31 7 7 1 1 0 0 1 22.75 6.6 43.8 79.23 1018.54 1.56 

J 44 15 159 20 2 0 0 0 21.06 1 109.2 87.35 1006.70 0.19 

F 7 4 131 5 2 0 1 0 24.30 85.6 151.8 87.20 1008.79 1.13 

M 7 0 22 2 2 1 0 1 21.15 43.2 185.8 82.08 1029.18 1.88 

A 29 10 112 21 0 0 0 0 16.30 0 66.4 82.44 1020.09 0.13 

M 2 0 11 2 0 0 0 0 11.94 1 97.4 68.96 1016.29 0.94 

J 9 3 18 10 0 0 0 0 12.16 6.4 162 90.71 1029.13 0.25 

J 0 0 5 2 0 0 0 0 9.51 25 48.6 80.65 1021.21 0.69 

A 9 1 4 3 2 0 0 0 13.58 45.8 115.6 66.91 1011.95 0.88 

S 43 13 144 29 3 0 6 1 15.28 3 29.8 86.45 1012.95 0.13 

O 12 1 123 13 0 0 1 0 11.76 32 459.4 67.68 1014.43 0.94 

N 24 3 151 18 6 1 9 1 20.74 12.2 136.2 89.63 1012.08 1.88 

D 22 4 113 13 0 0 0 0 16.49 16.8 110.2 83.21 1009.78 0.19 

J 25 3 31 3 3 4 3 1 22.85 23.4 322.6 73.48 1013.89 1.44 

F 23 5 58 7 2 0 0 0 19.24 149.6 237.6 86.44 1018.69 1.38 

M 35 4 129 24 0 0 0 0 21.64 8.4 89.8 91.45 1011.21 0.19 

A 28 5 31 16 0 0 0 0 16.64 50 238.2 96.23 1018.34 1.31 

M 2 5 41 2 0 0 0 0 10.65 7 251 84.16 1027.51 0.13 

J 3 2 2 1 0 0 0 0 9.64 165.8 387.2 88.45 1011.29 0.38 

J 17 2 0 3 0 0 0 0 10.53 38 105.6 77.38 1013.80 0.88 
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Appendix 4 – Maximum and minimum temperatures over the study period 

 

Transect Min (°C) Max (°C) Date min Date max Min at 9pm (°C) Max at 9pm (°C) 

C1 2 41 28/09/2009 18/01/2010 9 25.5 

C2 2 36.5 28/09/2009 18/01/2010 8 26 

C3 0 39.5 28/09/2009 18/01/2010 5 25 

C4 1 39 28/09/2009 18/01/2010 7.5 26 

B1 0.5 41.5 17/10/2009 29/01/2010 4 26.25 

B2 1 43 28/09/2009 6/02/2010 5.5 26.25 

M1 9 48 12/11/2009 18/01/2010 12.5 26 

M2 4.5 43.5 1/09/2009 22/12/2009 10 27 

T1 3 49 28/09/2009 5/12/2009 7.5 25 

T2 -0.5 40.5 28/09/2009 17/11/09 & 

28/01/10 

4 25.75 

T3 2.5 41.5 28/09/2009 27/11/2009 7.5 25.25 

T4 0.5 34.5 28/09/2009 20/01/2010 6 25.75 

Y1 1.5 42 8/10/2009 15/02/2010 6 24 

Y2 5 35 17/10/2009 23/02/2010 9.5 24.25 

Y3 5.5 39 12/09/2009 29/11/2009 10.5 24.125 

Y4 3.7 37.5 17/10/2009 29/11/2009 6 28.75 

Note: temperatures are from ambient air temperature data loggers within each transect. 

Although care was taken to place loggers in suitable shaded locations, extremely high 

temperature may be due to sun exposure, thus 9pm temperatures are more comparable. 
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Appendix 5 – Average frogs and wetland characteristics  

 

Average number of adult frogs observed per 150m of transect over 24 months, and wetland characteristics used in fire analyses. 

 

Latitude 

(°South) 

Transect Time since 

fire (years) 

Hydroperiod 

(months/24) 

Max water 

depth (cm) 

Average number of adult frogs per 150m of transect 

      L. olongburensis C. tinnula L. freycineti 

-26.01 C1 15 19 55.6 31.81 0.59 0.03 

 
C2 8 22 100 6.34 0 0.31 

 
C3 6 20 21.9 21.18 0.08 0.38 

 
C4 8 7 30 1.25 0.17 0.33 

-26.79 M1 1 19 23 9.5 0.2 0.33 

 
M2 1 18 30.7 5.71 1.08 0.21 

 
B1 4 16 30.4 20 0.37 0.4 

 
B2 4 18 29 12.5 0.55 0.05 

-28.61 T1 26 22 44.5 46.38 1.55 0 

 
T2 26 22 24.5 62.15 1.18 0 

 
T3 26 18 18 16.63 1.63 0 

 
T4 26 21 30 18.45 0.08 0.03 

-29.84 Y1 14 22 31 11.4 0.38 0.03 

 Y2 14 23 53 2.65 0.13 0 

 Y3 15 24 40 50.16 0.09 0 

 Y4 15 24 88 5.93 0 0 
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Appendix 6 - Colour matching and spatial fire data  

 

 

Latitude 

(°South) 

Transect %green 

frogs 

%brown 

frogs 

Time since fire 

(years) 

# colour 

matching 

surveys 

% colour 

matching 

frogs 

-26.01 C1 19 55.6 15 5 33.74 

 C2 22 100 8 4 36.36 

 C3 20 21.9 6 2 30.01 

 C4 7 30 8 0 - 

-26.79 M1 19 23 1 7 50.34 

 M2 18 30.7 1 6 28.75 

 B1 16 30.4 4 6 29.93 

 B2 18 29 4 5 35.45 

-28.61 T1 22 44.5 26 3 33.91 

 T2 22 24.5 26 4 34.66 

 T3 18 18 26 3 33.74 

 T4 21 30 26 4 40.10 

-29.84 Y1 22 31 14 5 38.29 

 Y2 23 53 14 3 11.47 

 Y3 24 40 15 3 27.91 

 Y4 24 88 15 3 36.91 

Note: represented are the number of surveys with >10 frogs.  

 


