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Abstract  

Knowledge of the factors influencing frog species occupancy and breeding phenology 

provides important ecosystem insight for natural resource management and 

preparing for ecosystem change in response to anticipated future climate warming. 

Frogs are considered to be particularly vulnerable to climate change, with warmer 

temperatures and altered hydrology expected to have major impacts on the 

distribution of species and their breeding phenology at the global scale. The primary 

objective of this thesis was to gain insight into the spatial and temporal niches of frog 

species, including their responses to short term and long term variability in temperate 

south eastern Australia, while carefully considering detectability. A secondary 

research objective was to develop a novel methodology to expedite accurate 

quantification of error associated with automated frog call recognition.  

In this thesis, patterns of frog occupancy are assessed in the upper-mid Lachlan River 

catchment in temperate New South Wales. The sites selected followed a mean annual 

temperature gradient of approximately 4.5°C. Knowledge of the resident frog 

communities was very limited for the study area, thus baseline occupancy data are 

initially described. Ten frog species were recorded, of which, six generalist species 

displayed the highest levels of occupancy, L. tasmaniensis, L. latopalmata, C. 

parinsignifera, L. peronii, L. fletcheri and C. signifera. The non-detection of an additional 

16 species, previously known from the region was explicitly considered in regards to 

their life history traits and the survey method employed. Species distribution 

modelling, accounting for imperfect detection, was used to statistically link habitat 

characteristics with species occupancy for the six most commonly encountered 

species. Mean annual temperature was identified as a limiting factor in explaining the 

distribution of two of the species, L. fletcheri and C. signifera. Increased species 

occupancy was associated with the availability of certain vegetation types (varying 

between species). More complex habitats were more likely to foster a higher diversity 

of species. Detection probabilities, according to both season and survey method, were 

calculated for each of the species using the software program Presence. 

Call recorders were established along the climate gradient of the study area and the 

call phenology of the same six frog species was examined over a 15 month period (July 

2014 until October 2015). Frog calling was continuously recorded for 5 minutes every 

hour at nine sites and automated audio recognition software was used to extract 



xx 
 

species-specific calling data. A novel methodology was developed to quantify the 

accuracy of automated audio recognition models to extract species call data and 

expedite this process for the large audio dataset. An accuracy metric was continuously 

calculated until the cumulative margin of error reached a threshold. Given that 

accuracy tended to decrease during periods of very low calling activity, data were 

temporally verified on days when detection counts were consistently low. Application 

of the procedure varied according to whether the species had a long (year-long) or 

short (seasonal) calling period. The procedure thus enabled time series data 

describing calling activity to be produced in a time efficient manner that includes 

valuable qualifying metrics describing statistical confidence. 

Using the calling time series data, considerable intra- and inter-specific variation in 

diel and seasonal calling peaks were observed across the frog assemblages at the nine 

waterbodies. Distinct conspecific relationships between calling, temperature, rainfall 

and hydrology were identified using generalised mixed effects regression modelling. 

Ambient air temperature had a strong and disparate influence on calling by the six 

sympatric species observed. The four Litoria and Limnodynastes species called in 

response to warmer temperatures while the two Crinia species responded to cooler 

temperatures. Positive and negative associations were also made between calling and 

rainfall for all species except for L. fletcheri, which instead responded to the 

availability of aquatic habitat over time (water level). Temperature was likely a 

principal driver of calling phenology for these species, whereas rainfall and hydrology 

were more likely to affect population dynamics through the limited availability of 

aquatic breeding habitat.   

Overall, this thesis identifies highly idiosyncratic habitat and breeding preferences for 

even widespread and opportunistic frog species for local habitat and climatic 

conditions. The disparate species relationships with ambient air temperature in 

particular has important implications for individual species and communities in 

response to changing habitat and climatic conditions in the future. Based on the 

findings, even subtle changes to short term and long term climatic variability in 

temperate south eastern Australia are likely to disrupt the temporal partitioning of 

frog species calling in the Lachlan catchment. The environmental triggers for species 

calling activity (taken as a proxy for breeding) identified in this study can therefore 

provide guidance to the management of water resources in order to maximise frog 



xxi 
 

breeding in current and future climate change scenarios. The novel error 

quantification method also contributes to our capacity to continuously monitor 

ecological responses and thereby refine natural resource management actions.    
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Chapter 1  General introduction: Environmental drivers of 

amphibian distribution and resource use in modified temperate 

ecosystems 

 

1.1 Wetland and amphibian decline  

Freshwater wetland ecosystems are in serious decline due to a range of anthropogenic 

induced disturbances (UNESCO, 2015, Gell et al., 2016, Gardner et al., 2015, Davidson, 

2014). At the global scale, up to 59% of natural inland wetlands are estimated to have 

been lost, with much higher proportions in some regions with increasing rates of 

decline recorded during the 20th and early 21st century (Davidson, 2014). Ongoing 

threats to the world’s wetlands include direct drainage of water bodies for agricultural 

purposes (McCauley et al., 2015, Socha, 2012, Schottler et al., 2014), anthropogenic 

alteration of the hydrology due to water abstraction and storage (Kuiper et al., 2014, 

Turner et al., 2015, Grill et al., 2015, Elosegi and Sabater, 2013), physical 

disconnection of natural exchanges between water bodies (Newcomer Johnson et al., 

2016, Tockner et al., 2008, Kingsford, 2015), pollution (Mekonnen and Hoekstra, 2015, 

Wan et al., 2016, Mekonnen and Hoekstra, 2014) and invasive species (Havel et al., 

2015, McCary et al., 2016, Gallardo et al., 2016, Junk et al., 2013, Kingsford, 2015). 

Waterbirds, amphibians, turtles, fish, crocodilians and many other species occupying 

these ecosystems have displayed marked population declines and are threatened with 

continued declines, especially under projected climate change scenarios (Finlayson et 

al., 2005). Climate change is expected to further intensify these negative influences on 

wetland ecosystems (Junk et al., 2013, Fischlin et al., 2007). 

Wetland dependent amphibians have suffered major decline, with 32% of species 

globally threatened, which is a much higher proportion than similar estimates for 

birds and mammals (Stuart et al., 2004). The recent extinction of one amphibian 

family, and four other families facing a high risk of the same outcome, not only means 

the loss of species diversity but also their potentially important role in broader 

ecosystem processes (Catenazzi, 2015). Key threats to amphibians include habitat loss 

and fragmentation (Villard and Metzger, 2014, Cushman, 2006, Ficetola et al., 2015); 

disease, particularly the pathogenic chytrid fungus, Batrachochytrium dendrobatidis 
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(Bd) (Skerratt et al., 2007, Skerratt et al., 2016, Kolby and Daszak, 2016); exotic 

species (Kats and Ferrer, 2003); pollution (Egea‐Serrano et al., 2012, Fasola et al., 

2015); and climate change (Catenazzi, 2015, Blaustein et al., 2010, While and Uller, 

2014). Amphibians play an important role in both aquatic and terrestrial ecosystems, 

their presence influencing algal community structure and primary production, organic 

matter dynamics, their prey, predators and other consumers, as well as energy 

transfers between streams and riparian habitats (Whiles et al., 2006, Cortes-Gomez et 

al., 2015). Therefore, amphibian loss will likely exert a range of functional changes 

related to both aquatic larval and terrestrial adult life phases (Whiles et al., 2006, 

Rantala et al., 2015).    

1.2 Frog occupancy and breeding patterns 

Local habitat and regional landscape characteristics drive patterns of frog occupancy 

and persistence (Werner et al., 2014, Ficetola and De Bernardi, 2004, da Silva et al., 

2011). Many species exhibit a high specificity for habitats with certain characteristics 

such as wetland hydrology, cover and complexity of aquatic and fringing vegetation, 

water quality and the presence of predators (Arkle and Pilliod, 2015, Koumaris and 

Fahrig, 2016, Mayer et al., 2015). In comparison, generalist species occupy a broader 

niche and are more likely to tolerate a larger range of habitat conditions (Klaus and 

Noss, 2016, Konopik et al., 2015, Wassens et al., 2013). Habitat heterogeneity is likely 

to increase species richness by catering to a greater range of species habitat 

preferences, and fosters species persistence by providing a range of habitats with 

differing benefits to buffer against environmental variability (Hartel et al., 2007, 

Shulse et al., 2012, McCaffery et al., 2014). Anthropogenic modification has been 

implicated in driving a general homogenisation of the global landscape resulting in the 

expansion and dominance by already widespread species and a loss of indigenous 

specialists in human modified systems (McKinney and Lockwood, 1999, Clavel et al., 

2010). The replacement of habitat specialists with non-indigenous and, or exotic 

generalist species presents a range of important theoretical management questions 

including whether generalist dominated communities represent a stable and poor 

state of nature, a transient community to which specialists may return, or, the 

transition to novel ecosystems (Clavel et al., 2010). However, declines of species with 

previously widespread distributions and traits that would otherwise be considered to 

impart tolerance presents an interesting paradox necessitating improved 
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understanding of even ‘common’ species distributions and their habitat requirements 

(Hamer and Mahony, 2007, Heard et al., 2012, Lunney et al., 2004, Lehtinen and 

Witter, 2014). 

Climate influences frog distribution, breeding phenology and persistence (Thomas, 

2010, Cayuela et al., 2012, Ficetola and Maiorano, 2016). Spatially, species are 

expected to exist in climatically suitable areas (referred to as ‘bioclimatic envelopes’) 

and be absent from unsuitable areas (Araújo and Pearson, 2005). The conditions at the 

edge of a species distributional range are expected to be at the limits of their 

physiological tolerance (Thomas, 2010). Climatic conditions are also known to cue 

frog breeding events and subsequent outcomes (Steen et al., 2013, Benard, 2015, 

Cayuela et al., 2012, Saenz et al., 2006). For many frog species, the timing of ephemeral 

water body filling and drying, synchronised with seasonal ambient temperatures is 

required to cue breeding, the particular combination of which varies between species 

(e.g. Ospina et al., 2013, Hocking et al., 2008, Heard et al., 2015). Changing the 

hydrology of an aquatic habitat can sever this hydrological-temperature coupling 

required to trigger breeding activity and therefore has major implications for 

population declines and persistence (Kupferberg et al., 2012, Bateman et al., 2008, 

Wassens and Maher, 2011). Indeed, for species using ephemeral habitats, inter-annual 

variability in rainfall can have major impacts on hydrology, and, therefore, on species 

recruitment and persistence (Jakob et al., 2003, Gómez-Rodríguez et al., 2010, 

McCaffery et al., 2014). Inter-annual climate variability shapes assemblages over time 

by providing different seasonal conditions and therefore differing breeding 

opportunities for species over time (Gómez-Rodríguez et al., 2010), thereby driving 

local colonisation and extinction (Cayuela et al., 2012). The current breeding 

phenology arrangement may reduce competition between species recruitment events 

(Todd et al., 2010) with species that do breed synchronously, exhibiting differing 

behaviours to reduce competitive pressures (Heard et al., 2015).  

1.3 Hydrological modification  

Extensive anthropogenic modification of river systems have disrupted the natural 

hydrology of rivers, as well as the wetting and drying pattern of associated river 

dependent aquatic habitats in order to increase permanence and meet agricultural and 

societal needs (Ellis and Jones, 2013, Kingsford et al., 2015, McCluney et al., 2014). 

Major ecological consequences ensue for aquatic species with life histories adapted to 
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a particular hydrological regime, and those species reliant on derived habitats (Davies 

et al., 2014, Ruhí et al., 2015, Bunn and Arthington, 2002, Poff and Zimmerman, 2010). 

Current sustainable water management strategies aiming to restore more natural 

ecological functions are constrained by competing anthropogenic demands and 

limited knowledge of environmental flow requirements (Davis et al., 2015, Kopf et al., 

2015, Crook et al., 2015). As an example, Railsback et al. (2015) presents a complex 

management predicament in which knowledge of temperature and flow regimes, 

expected to improve the breeding success for a frog species, conflict with that for 

salmonids. Illustrating the importance of gaining an understanding of how organisms 

and ecosystems respond to changing resources and disturbances is critical for current 

and future management decisions, particularly in situations where the available 

resources are limited (Poff et al., 2010). 

Conversion of ephemeral wetlands to form more-permanent basins is common place 

in agricultural and urban regions of the world, favouring the presence of fish and 

reducing their unique productivity for many species (McCauley et al., 2015, Holbrook 

and Dorn, 2016). Constructed or modified habitats such as ponds or dams have the 

capacity to support frog persistence, provided they are managed appropriately 

(Knutson et al., 2004, Hazell et al., 2004). However, compared with naturally occurring 

watersheds, constructed habitats may only be useful to some species, usually 

generalists (Ferreira and Beja, 2013). Frogs and the freshwater ecosystems they 

inhabit are highly sensitive to hydrological variability and modification (Zylstra et al., 

2015, Davis et al., 2015). Hydrology essentially determines whether tadpole 

development is successful, as well as when and how often breeding is possible, with 

the length of time that water remains pooled within a water body strongly influencing 

tadpole survival and development (Cole et al., 2016, Green et al., 2013). Different 

species have different development times over which they require adequate water for 

successful development to the terrestrial stage (Anstis, 2013). Selection of habitats 

with short or extended hydroperiods generally reflects a species development time, 

with quick to develop species tending to occupy more ephemeral habitats while 

species with longer development times tend to occupy more permanent waterbodies 

(Lane and Mahony, 2002, Lowe et al., 2015, Van Buskirk, 2005, Babbitt et al., 2003). 

Hydroperiods that fall short of a complete developmental time frame for a given 

species commonly results in high rates of tadpoles mortality (Palis, 2016, Seigel et al., 

2006, Williamson and Bull, 1999). While permanent hydroperiod wetlands are 
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favourable in terms of  providing habitat that covers all species developmental time 

frames, permanent waterbodies can also support higher densities of predators, 

thereby excluding frog species sensitive to predators (Amburgey et al., 2014, 

Semlitsch et al., 2015, Holbrook and Dorn, 2016). Hydrologic variability plays an 

important role in species abundance and composition (Gómez-Rodríguez et al., 2010). 

Landscapes comprising a diversity of aquatic habitats with different hydroperiods, 

(i.e., ephemeral, semi-permanent and permanent) have been shown to reduce 

variability in recruitment outcomes over time and so can provide an important buffer 

for populations facing fluctuating environmental conditions (McCaffery et al., 2014).  

1.4 Climate change implications for frogs 

Climate change is expected to have major impacts on global aquatic ecosystems with 

changes in temperature and precipitation likely to drive major changes in hydrology 

and habitat (Mitsch and Hernandez, 2013, Junk et al., 2013). Even in locations that are 

protected from anthropogenic habitat modification, recent climate warming and 

subsequent habitat change have already compromised frog communities (McMenamin 

et al., 2008). Physiologically, frogs are vulnerable to climate change, with ambient 

weather known to exert a strong influence on their behaviour and physiology (Ficetola 

and Maiorano, 2016, Navas and Otani, 2007). Understanding the capacity of frog 

species to adjust their physiology and behaviour in response to changing temperature, 

rainfall and hydrology is therefore crucial to forecasting and preparing for a changing 

climate (Navas and Otani, 2007, Llusia et al., 2013, Gerick et al., 2014).  

As temperatures and rainfall patterns change, species are expected to track their 

bioclimatic envelopes throughout space (Vasconcelos and do Nascimento, 2016), 

terrestrial organisms show a general trend of shifting distributions to higher 

elevations and latitudes, which is more pronounced in areas with the highest levels of 

warming (Chen et al., 2011). Accordingly, montane species, which often occupy 

already narrow habitat ranges with consistently high rainfall are commonly 

considered most vulnerable to climate change (Lemckert and Penman, 2012). 

Although considered less at risk, widespread temperate species are also likely to 

experience declines and range reductions in direct response to increased rainfall 

variability on habitat and higher temperatures over the next 50 to 60 years (Lemckert 

and Penman, 2012, Gerick et al., 2014). Indirect factors such as interspecific 

interactions are also likely to contribute to boundary shifts. Shifts favouring one 
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species potentially increases competition and predation pressures for another, 

particularly for invasive species (Thomas, 2010).  

Predicting the impacts of climate change are complicated by potential for species-

specific plasticity, in environmental conditions far removed from those of today 

(Williams and Jackson, 2007). Species traits, such as the capacity to accelerate larval 

development (O'Regan et al., 2014), burrow and form cocoons to prevent desiccation 

(Sadowski-Fugitt et al., 2012) and disperse (Wassens et al., 2013) may engender the 

capacity to adapt to future environmental conditions. Although their adaptive 

potential in terms of their temperature and moisture thresholds are not well known, 

Australian frogs have already had to adapt to the highly variable weather conditions 

and so may be able to cope with novel conditions better than species occupying more 

stable environments (Lemckert and Penman, 2012). Where available, microhabitats, 

e.g. soil, tree hollows, vegetation and epiphytes may provide buffered microclimates 

against extreme conditions (Scheffers et al., 2014, Scheffers et al., 2013). For example, 

tree habitat may expand the geographic distribution of arboreal species by providing a 

vertical microclimatic gradient, allowing arboreal species to move vertically and 

counter elevation and latitude associated temperature shifts (Scheffers et al., 2013). In 

this way, global warming could result in changed microhabitat use, as arboreal species 

move towards cooler areas and subsequently alter broader, interspecific and 

ecosystem processes (Scheffers et al., 2013). Identifying the changing aspects of 

species ranges in relation to climatic drivers is inextricably linked to the compounding 

influence of anthropogenic pressures (Garcia et al., 2014, Razgour et al., 2013, Holyoak 

and Heath, 2016). For example, deforestation adds to the impact of increasing 

temperatures through loss of refuge habitat and the temperature buffer that it 

provides (Scheffers et al., 2013).    

While spatial climate variation and local adaptation is likely to provide insight into the 

climatic niche of a species, Quintero and Wiens (2013) suggests that local seasonal 

variability over time explains most variation in climatic niche size between species. 

Phenological research presents an important way in which we can gain temporal 

insight into ecological responses to current and future climate change, contributing 

evidence to the Intergovernmental Panel on Climate Change assessment of the impacts 

of climate change on the natural environment to date (Stocker et al., 2013). Recent 

climate warming has, in general, driven phenological shifts to earlier breeding times 
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for many frog species around the world, which is occurring much more rapidly (at 

least twice as fast) for amphibians compared with other taxa (Parmesan, 2007) and is 

more prominent for species living at higher latitudes (While and Uller, 2014). At the 

community level, phenological responses to warming are asymmetric with the timing 

of breeding events being observed to change for some species, with both earlier and 

later breeding being observed, while for other species no change has been apparent 

(Walpole et al., 2012, Todd et al., 2010, Gibbs and Breisch, 2001). Plasticity to 

environmental conditions may provide a buffer for frog species to climate change 

(Lowe et al., 2015); however, both adaptive and maladaptive responses have been 

observed in response to recent climate change conditions (Urban et al., 2014) and this 

adaptive capacity may vary across the geographic range of a species (Orizaola and 

Laurila, 2016). A changed climate has potential to create smaller non-overlapping 

windows of opportunity for breeding events that could negatively affect species calling 

activity and, in turn, reduce subsequent breeding attempts (Ospina et al., 2013). 

Trophic mismatches triggered by the loss of what may be a keystone species may then 

lead to community destabilisation (Blois et al., 2013). Furthermore, the temporal 

pattern of breeding cycles for various species may become disrupted; if species 

breeding events become more likely to overlap, pressure on resources required for 

breeding events may not be adequate to support the persistence of local species (Todd 

et al., 2010, Walpole et al., 2012).  

The increased regularity of extreme climatic events is projected for climate change 

scenarios. Insights from recent severe droughts suggest that regional frog populations 

may be more likely to decline and less likely to recover in homogenous, fragmented 

landscapes (Piha et al., 2007, Wassens et al., 2013). While Mac Nally et al. (2014) 

project that sustained droughts over long time frames (e.g. 10 years) are, alone, likely 

to cause major regional population declines due to lack of breeding cues (rainfall) and 

hydroperiods not lasting long enough for larval development. Altered community 

composition is also likely, favouring species better equipped to deal with more varied 

environmental conditions, such as generalist species with flexible breeding strategies 

and the ability to disperse (Wassens et al., 2013). For aquatic breeding frog species 

that use ephemeral habitat, increased evapotranspiration and more temporally 

sporadic rainfall will likely lengthen dry periods, and thereby reduce recruitment 

opportunities, potentially disconnecting populations (Brooks, 2004).  



8 
 

1.5 This research 

The following research questions were assessed with a view to refine our 

understanding of how habitat and climate drives frog occupancy and calling activity: 

1. What habitat, particularly features of hydrology, and regional climate variables 

influence patterns of frog species occupancy?  

2. How can the performance of automated audio recognition models be accurately 

quantified in a time efficient manner? 

3. What distinct combinations of ambient air temperature, humidity, rainfall and 

hydrology cue species breeding activity along a climate gradient? 

 

Understanding the mechanisms that influence species occupancy and the influence of 

climate on biotic interactions is crucial for preparing for ecosystem responses to 

global warming and resource management (Blois et al., 2013, Frishkoff et al., 2015). I 

quantified the spatial occupancy patterns of frog species across 65 sites covering 

roughly 260 km of the mid to upper Lachlan Catchment, which incorporated a 4.5 

degree temperature gradient. Likelihood of occupant species detection is carefully 

evaluated based on a comparison to species records available for the study region. 

Detectability is also formally described for the most commonly observed species, 

according to each season and survey method employed. Local (water body scale) and 

regional (climate and soil type) drivers of occupancy are also examined. Using a study 

area with a climate gradient spanning a range of annual temperatures, the effect of 

climate on species occupancy is investigated, which has implications for potential 

changes to spatial distributions of species sensitive to climate. 

Temporal patterns of calling activity were quantified at 9 sites, from a year-long 

deployment of digital audio call recorders at sites extending across the study gradient. 

Because frogs can call outside their known core calling windows in response to 

anomalous weather conditions, e.g. drought breaking rains (Lemckert and Mahony, 

2008), and at different times of the day, varying both within species and between 

species, a fine-scale (hourly) recording schedule was programmed, extending across 

multiple seasons (17th of July 2014 until 8th of October 2015). Audio recognition 

software Song Scope (version 4.1.3A) was then used to develop species-specific 

recognition models to extract representative frog call signatures from a year-long 
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audio dataset for the six species: Limnodynastes tasmaniensis, Limnodynastes fletcheri, 

Crinia signifera, Crinia parinsignifera, Litoria peronii and Litoria latopalmata. 

A novel methodology was developed and employed to quantify the accuracy of the 

multi-species call dataset extracted using the automated audio recognition models, 

with an emphasis on accuracy and time efficiency, given the large dataset. As a result, 

the calling activity time series produced includes valuable qualifying data describing 

statistical confidence, a critical element to consider when species detection is 

imperfect. In addition to meeting the objectives of the research, this method 

constitutes a novel advancement in the field. Using this dataset, species-specific cues 

for calling activity were examined for six frog species in relation to local temperature, 

rainfall, hydrology and humidity (also monitored at the sites during this time), with 

the aim to better understand the environmental conditions that lead to successful 

recruitment events. Based on the findings, the potential implications for these frog 

communities, in the context of climate change are discussed.  

1.6 Comments on thesis structure 

The content of this thesis is presented in seven chronological chapters. Chapters 1, 2 

and 7 relate to the project as a whole. With chapter 1 having introduced the rationale 

for the research, chapter 2 describes the environmental context of the study region in 

which all data were collected. Chapter 7 synthesises and discusses the key findings. 

Chapter 3 describes the drivers of detectability of resident frog species through the 

study region. Chapter 4 presents an analysis of habitat preferences (research question 

1). Chapter 5 describes the data extraction and error quantification process (research 

question 2), of which the resulting frog call dataset is analysed in relation to 

environmental factors in chapter 6 (research question 3).     
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Chapter 2  Study area description: environmental context of the 

mid to upper Lachlan   

 

2.1 Introduction 

This study was conducted in part of the 87 700 km2 Lachlan River Catchment in the 

Murray Darling Basin of south-eastern Australia. Study sites were within a triangle 

bounded by Kiacatoo (-32.9046, 146.7075) in the north west to Reid’s Flat (-34.2133, 

149.0465) in the east and Frogmore (-34.3284, 148.823) to the south east. The study 

sites followed the westward flowing Lachlan River and were within approximately 30 

km of the main channel (Figure 2.1). The Lachlan catchment traverses a significant 

east-west gradient of environmental variability, caused by a change to an inland 

continental climate and significant fall in elevation. The highest elevation study site 

was 521.7 m and the lowest 190.9 m. Climatic and topographic changes are 

accompanied by subsidiary vegetation and hydrological changes, complicated by 

varied levels of anthropogenic landscape and hydrological modification. The specific 

environmental characteristics of the study area are described in this chapter to 

provide biogeographic context for the study.  

As an agriculturally productive region, the catchment has undergone extensive 

anthropogenic modification. Changes to the water cycle, soil and energy flow, 

combined with the impact of invasive species, disease and pollution from agriculture 

has caused extensive habitat loss and modification (Kerle et al., 2014). As a result, 

Kerle et al. (2014) estimates an overall 64% decline (382 species) of all native, 

vertebrate species residing in the Central West and Lachlan catchments. A total of 65 

aquatic habitats were selected in the Frogmore, Reid’s Flat, Cowra, Goologong, Forbes, 

Condobolin and Kiacatoo districts to investigate broad scale frog occupancy patterns. 

The spatial spread of the study sites spans approximately 260 kilometres, covering the 

south west slopes bioregion and a small number of sites extending into the Cobar 

peneplain to the west (four at Kiacatoo). The Interim Biogeographic Regionalisation 

for Australia (IBRA) version 7, is a national framework that classifies Australia into 89 

distinct ‘bioregions’ based on geographic similarity in climate, geology, landform, 

native vegetation and animal species (DSEWPaC, 2012). Subregions within the 

bioregions share further homogeneity in geomorphologic characteristics. The lower 
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slopes and inland slopes are subregions within the south west slopes bioregion of New 

South Wales, an extensive area comprising the northern inland (east) and lower 

(west) lower slopes of the Great Dividing Range and Nymagee, a subregion in the 

Cobar peneplain bioregion further inland.  

 

Figure 2.1 Map of the study region showing the location of the 65 sites surveyed for 
broad scale occupancy. Townships and Interim Biogeographic Regionalisation for 
Australia (IBRA, version 7) subregions are presented.  

2.2 Climate  

The Köppen-Geiger climate classification of the study area varies from east to west 

(Peel et al., 2007). East of Cowra, the climate is classified as temperate without a dry 

season and warm summer (Cfb criteria: 4 months with temperatures >10°C). 

Extending through the middle reaches of the study region, from Cowra to amid Forbes 

and Condobolin, the climate is also temperate without a dry season, although summer 

temperatures are hotter (Cfa criteria: hottest month is ≥22°C). The western extent of 

the study region (due west of Condobolin through to Kiacatoo) is classed as a semi-

arid (steppe) climate on account of relatively higher precipitation, compared to the 

desert class, and cool summers (mean annual temperature <18°C).   
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Mean annual rainfall is higher in the east, approximately 600 mm for Cowra, down to 

420 mm for Condobolin in the west. Summer temperatures increase to the west, with 

daily maximum January temperature averaging 34.1°C in Condobolin and 31.4°C in 

Cowra (Bureau of Meteorology). Winter temperatures (daily mean July temperature) 

range from overnight minimums of 2.1°C to daytime maximums of 13.7°C in Cowra, 

while Condobolin’s winters are slightly warmer with lows of 2.8°C and highs of 15°C 

(Bureau of Meteorology). Average annual rainfall is seasonally uniform throughout 

most of the region, with the exception of a small pocket north east of Cowra (where 

few study sites were located) which experiences winter dominated rainfall patterns. 

The mean annual temperature gradient of the study area varies from 13.3°C at the 

coolest site to 17.6°C at the warmest site, a 4.3°C range. The mean annual temperature 

of each site where the call recorders were positioned is presented in (Table 2.1).    

Table 2.1  Mean annual temperatures interpolated for each call recorder site, east to 
west (BOM). The subset of sites presented is indicative of the complete study regions 
temperature gradient.  

Site name LAT LONG Mean annual 
temperature (°C) 

(source: BOM) 
HOOK -34.1607 148.9592 13.3 
SUMM -34.2832 148.8230 14.5 
HYDE -34.0546 148.8859 14.2 
RANK -33.7682 148.5606 15.4 
JOLE -33.9835 148.9119 15.5 
KALO -33.5140 148.3075 16.3 
BURA -33.1428 147.4474 17.4 
YARN -33.2011 147.0750 17.6 

 

2.2.1 Temperature & rainfall during this study 

Daily temperature and precipitation data for this study were derived from the 

Australian Water Availability Project interpolated raster maps (BOM, 2016, Jones et 

al., 2009). Time series data for each site were produced for the duration of the study 

period using a simple custom algorithm that extracted the values of the cell in which 

each site was located from each raster map within the time period of interest (Figure 

2.2).  
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2.3 Land use   

The Lachlan catchment is considered to be one of the most agriculturally developed 

catchments in New South Wales (Graham et al., 2013). It is a constituent of the Murray 

Darling Basin, ‘Australia’s food bowl’, the ‘NSW sheep-wheat belt’ and the ‘temperate 

agricultural zone’. The most common overall land use for the catchment is livestock 

grazing (75%), followed by dryland cropping (15%) which occurs in the middle 

stretch of the catchment, downstream of Wyangala Dam (i.e. the study region) (Green 

et al., 2011). Since the 1960s, irrigation of predominantly cereal, lucerne and cotton 

crops has been an economically significant land use for the catchment, covering 

approximately 1200 km2 (1.4%) of the catchment’s landscape. Drawing large volumes 

of water from the Lachlan River, most irrigation occurs within the Murrumbidgee 

Irrigation Area, located in the lower Catchment (west of the study region). However, 

irrigation water is drawn from the river through the middle reaches of the catchment 

(this study region) (Green et al., 2011). A small amount of land in the catchment is 

reserved for conservation (4.1%), mostly beyond the study area, with large expanses 

located in the lower catchment (to the west) and smaller parcels in the upper reaches 

(to the east). Forested areas (1.6% of the catchment) are mainly confined to the 

Abercrombie River sub-catchment (north east of the catchment), with 1.2% of the 

total area estimated to retain remnant native landscape, most of which is located in 

the upper reaches (Green et al., 2011).  
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Figure 2.2 Average monthly precipitation and ambient air temperature for the duration of the study. Presented values are averaged from all 
65 sites with maximum and minimum values indicating the range of conditions occurring across the sites.
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2.4 Habitat modification 

Agricultural intensification has contributed to extensive terrestrial and aquatic habitat 

modification in the catchment, along with the introduction of exotic plants and animals 

and inappropriate fire regimes (Graham et al., 2013). The south west slopes bioregion 

has retained less than 20% of its native vegetation, of which, the remnant vegetation is 

highly fragmented (Benson, 2008). Extensive loss of native vegetation and 

replacement with annual crops and pastures has led to rising water tables and salinity 

with native vegetation better suited to retaining soil water (Eberbach, 2003). Invasive 

exotic plant species are widespread, particularly impacting riparian and woodland 

vegetation communities (NSW DPI & OEH, 2011).   

Alien fish species are estimated to comprise 71% of the total fish biomass, and the 

overall fish biomass in the catchment is considered low compared to other parts of the 

Murray Darling Basin (MDBA, 2012). Several invasive aquatic species occur in the 

Lachlan; these include: brown trout, common carp, gambusia, goldfish, rainbow trout 

and redfin perch (MDBA, 2012). Control and management measures for Common carp, 

Cyprinus carpio, have been established in the lower catchment, and is thereby 

considered as an exemplary control site (Gilligan et al., 2010). The high number of 

invasive fish presents a major threat to local frog communities on account of their 

predation on tadpoles and changes to water quality (Holbrook and Dorn, 2016). 

2.5 Geomorphology 

The Lachlan River catchment drains the western side of the south eastern highlands 

on the continental margin. Low-gradient depositional lowlands occur west of 

Mandagery creek and the river terminates in a very low gradient inland swamp. The 

Lachlan catchment’s relief and drainage networks mostly formed during the Tertiary 

period when Basaltic lavas erupted into the catchment (Bishop and Goldrick, 2010). 

Bedrock forms the entire drainage system with channel bed sediments derived from 

land use disturbance over the past century (Bishop and Goldrick, 2010). The 

catchment features moderate topographical variability with elevations of up to 

1400 m in the east, graduating to undulating and gentle slopes moving through the 

middle reaches, to flat plains in the west that are less than 200 m above sea level 

(Green et al., 2011). In relation to the study region described here, the elevation 
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reaches approximately 400 m above sea level at Reid’s Flat in the east making way to 

elevations of roughly 177 m above sea level at the furthest point north west, Kiacatoo.  

Along with topography, the aquatic habitats also change further inland. In the upper 

catchment to the east, intermittent and perennial tributary streams flow through 

steeper forested gradients, over sandy-stony beds with riffle and pool structures 

(Chessman et al., 2006, Green et al., 2011). The bedrock geology of the upper 

catchment is characterised by predominantly Silurian granites (quartz, feldspar and 

biotite), volcanic rocks (quartz-rich sandstone, siltstone and mudstone) and 

Ordovician sedimentary rocks (magnesium and iron rich rocks, including basalt, 

basaltic andesite and latite lavas and intrusions) 419 to 443 million years old (NSW 

DoI, 2016).  

Feeding into more cleared, undulating grazing landscapes, the middle reaches (inland 

slopes) of the Lachlan River system are generally characterised by intermittent and 

ephemeral streams and creeks with muddy and sandy substrata (Chessman et al., 

2006); incised channels commonly extend down the sloped terrains. Quaternary 

alluvial deposits (up to 2.5 million years old) lie within the drainage lines, becoming 

more expansive through the middle reaches and lower slopes. Cainozoic sediment, 

constituting mud, silt, sand and gravel, likely deposited from historical river systems, 

border the Quaternary alluvium, which are increasingly common in the western 

reaches. Devonian granites and late Devonian sedimentary rocks (including quartz-

rich sandstone and pebbly conglomerate in fluvial systems) underlay the wooded 

ranges between Parkes and Orange (NSW DoI, 2016). 

 

To the west, the flat topography of the plains results in the river sprawling into a 

network of anabranches, distributaries and wetlands (Chessman et al., 2006). In the 

lower slopes, occasional Quaternary lacustrine deposits (up to 2.5 million years old) 

occur, formed from the drying of mud, silt and sand in lakes (NSW DoI, 2016). Small 

areas of Ordovician sedimentary rocks (quartz-rich sandstone, siltstone and 

mudstone) and Silurian-Devonian sedimentary rocks (including sandstone, siltstone, 

mudstone and basal conglomerates) also occur in the lower slopes of the study area.   
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2.6 Fluvial characteristics 

The single channel Lachlan River splits into multiple channels downstream of 

Jemalong weir, with progressively slowing water velocity related more to the drier 

local conditions than topography (Kemp, 2001). Channel morphology, sculpted by 

more recent fluvial phases is variable (single channel, anabranches, sinuous and 

straight units) and lateral connectivity with adjoining floodplains is low due to broad 

levees and benches (Kemp, 2001). Swampy meadows and chain of ponds habitats 

form in natural drainage networks in catchment headwaters of south eastern 

Australia. However, these habitats have been extensively modified through incision 

since European settlement modified the natural hydrology of these habitats, as well as 

the broader catchment (Smith, 2008). Such aquatic habitats naturally occurred in the 

study areas eastern extent, although these systems remain threatened with incision 

(Lukasiewicz et al., 2013). In their natural form, chain of ponds provide more 

permanent breeding habitats for species, particularly important for species with 

extended larval phases and for providing refuge for species with ephemeral habitat 

preferences (Hazell et al., 2003). Apart from large scale water storages and weirs 

along the main river channel, constructed agricultural dams are common across all 

topographies of the catchment (including the flat western plains) capturing runoff that 

would have previously flowed into the creeks and streams (NOW, 2013). A high 

proportion (42%) of the Murray Darling Basin’s surface water is estimated to be 

harvested in farm dams and from water courses (Leblanc et al., 2012). Man-made farm 

dams are highly common in the south-east Australian agricultural landscape, often 

providing the only source of aquatic habitat where natural wetlands have been infilled 

or degraded (Hazell et al., 2004).    

2.7 Soils  

Key soil types in the study area’s east include red chromosols and red kandosols. 

Chromosols are neutral to alkaline with sharp increases in texture; kandosols are 

strongly weathered earths with more than 15% clay. Both red chromosols and red 

kandosols favour plant productivity, as they are generally well drained and permeable. 

Both soil types are susceptible to hard-setting and erosion with grazing pressure 

(McKenzie et al., 2004).   

Red and brown chromosols, grey and brown vertosols and red dermosols are 

common, following the middle reaches of the Lachlan River and floodplain. Dermosols 
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are characterised by a gradual clay content increase with depth and are relatively well 

drained, although sodic subsoils in drier areas can restrict drainage (McKenzie et al., 

2004). Vertosols are known as the “cracking clays” as they contain a high clay content 

and a thin surface horizon, which form deep cracks when dry and strongly sodic and 

acidic subsoils (McKenzie et al., 2004). Gilgai micro relief is associated with this soil 

type, providing small “gilgai”, or ephemeral waterbody habitats. Soil cracks have been 

observed to provide refuge to frog species during dry periods (Reynolds and Christian, 

2009, Duré et al., 2008).    

Red chromosols and red sodosols are common soils in the western extent of the 

catchment. Sodosols are commonly associated with dry climates with plain or gently 

undulating landscapes. The alkaline, sodic and clay texture of these soils restricts 

water permeability, commonly resulting in waterlogging, limiting root penetration and 

water storage capacity (McKenzie et al., 2004). High exchangeable sodium levels 

reduce soil stability, restrict plant growth (due to low water capacity) and are 

susceptible to erosion (Charman and Murphy, 2007).   

Soils in the study region are prone to surface soil acidity, salinity and erosion with 

sodic and dispersive soil characteristics common (Evans and Scott, 2007). Changes to 

hydrology, vegetation and nutrient cycling through agricultural practises drive such 

decline in soil condition and productivity (Holland et al., 2015). The extensive clearing 

of native vegetation in south eastern Australia for crop production has led to 

decreased soil organic carbon, most rapidly within the first decade of clearing  (Luo et 

al., 2010, Badgery et al., 2014). Phosphorus and sulfur levels are also known to be low 

in central-western NSW soils and so the application of fertilisers is commonplace for 

agricultural productivity (Evans and Scott, 2007). Sodic soils are common in the 

catchment and are especially prone to stream incision and erosion with grazing and 

disturbance (Streeton et al., 2013), incision is common throughout the catchment.   

2.8 Vegetation  

The Lachlan’s vegetation communities are stratified, reflecting the climatic gradient of 

the catchment (Austin et al., 2000). Box communities occur on the slopes and plains 

with Eucalyptus albens and E. melliodora communities in the east and E. populnea 

communities in the west. On the rocky rises and hills, E. macrorhyncha dominated 

communities occur in the east and E. dwyeri and E. sideroxylon dominated communities in 
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the west, while complex mallee communities occur in the north-west. Riparian communities 

graduate from Casuarina cunninghamiana in the east to E. camaldulensis (riverine), E. 

largiflorens (floodplain woodland) and inland floodplain shrublands dominated by lignum 

in the west (Graham et al., 2013). 

Vegetation types inhabiting rocky and infertile landscapes (e.g. inland rocky hill 

woodlands and semi-arid sand plain woodlands) have retained much more of their  

native extent  (Graham et al., 2013), compared with most vegetation communities 

which are expected to remain in less than 30% of their original area (Cawsey et al., 

2002). Isolated paddock trees, i.e. trees lacking neighbouring trees within 25 m, are 

typical of the highly fragmented agricultural landscape in the central Lachlan. Ozolins 

et al. (2001) estimate that these extant stands have become even more isolated since 

the 1960s, and the total canopy cover of these trees has dramatically decreased since 

the 1990s. This decline trend is expected to continue with intensive agricultural 

practices if no concerted efforts are made to foster regeneration (Ozolins et al., 2001). 

River regulation and water diversion have caused significant declines in 

floodplain/riparian vegetation communities. For example, River red gum, E. 

camaldulensis, communities have experienced high rates of mortality in the lower 

reaches of the catchment in response to river regulation (Armstrong et al., 2009).  

Four vegetation communities are listed as endangered at the Commonwealth level 

(Commonwealth EPBC Act 1999) for the Lachlan catchment: White Box, Yellow Box, 

Blakely’s Red Gum Woodland, Inland Grey Box Woodland (critically endangered), 

Myall Woodland and natural temperate Grassland. An additional four communities are 

also listed as endangered for NSW (Threatened Species Conservation Act 1995): 

Tableland Basalt Forest, Fuzzy Box Woodland, Mallee and Mallee-Broombush 

dominated woodland and shrubland lacking Triodia (critically endangered) and 

Tablelands Snow Gum, Black Sallee, Candlebark and Ribbon Gum Grassy Woodland 

(NSW OEH). 

2.9 Regulation of the Lachlan River 

Since construction of Wyangala Dam in the upper catchment in 1935, the Lachlan 

River has been extensively regulated through a network of dams and weirs along the 

rest of its length. Tributaries in the east are characterised by relatively unconstrained 

flows while the effluents in the west, although not regulated in same way as the main 
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river channel, experience the accumulated effect of regulation of its upstream source 

(NOW, 2013). River regulation has produced a new seasonal flow regime that 

increases water permanence to meet human demands, such as irrigation. The Lachlan 

River now experiences higher summer flows following the irrigation season, lower 

winter flows as the dam refills for the next irrigation season and retains more water 

throughout the year in the lower reaches, compared with a dry phase for a quarter of 

the year previously (McMahon and Finlayson, 2003). Loss of flow variability has 

important implications for fundamental ecosystem processes, e.g. organic carbon 

cycling (Moran et al., 2013), macro-invertebrate assemblages (Chessman et al., 2006) 

and aquifer interactions (Graham et al., 2015).       

Disconnection and transformation of floodplain wetlands into separated water 

storages nullifies the unique, variable habitat that floodplain habitats provide for 

indigenous biota, instead becoming static permanent habitats for species tolerant of 

permanent flooding (Kingsford, 2000). In the lower Lachlan, downstream of 

Condobolin, Lake Cargelligo and Lake Brewster now act as off-river storages 

transformed through installation of weirs and regulators (Green et al., 2011). The 

main Lachlan river channel has become a homogenous aquatic habitat, now 

characterised by a strong current, steep banks, little riparian vegetation and a lack of 

microhabitat for occupant species. Such characteristics are unfavourable to frog 

communities and so the main river channel was not chosen for surveys as detection 

was expected to be very low. The Lachlan River downstream of Wyangala dam and its 

associated waterbodies are considered to be an Endangered Ecological Community 

(Fisheries Management Act 1994) due to regulation of the rivers’ natural flows, and 

neighbouring agricultural practises causing a cascade of adverse ecological impacts on 

the system (NSW FSC).  

2.10 Climate variability, water governance & climate change 

South eastern Australia has a highly variable climate, affected by several weather 

systems. The El Niño-Southern Oscillation (ENSO), leads to widespread drought when 

ocean temperatures increase in the eastern Pacific and decline around Indonesia. The 

Indian Ocean Dipole (IOD) has also been linked to the frequency of rainfall and the 

occurrence of major droughts (Ummenhofer et al., 2009). Between 2001 and 2009, 

south eastern Australia experienced the ‘Millennium drought’, characterised by the 

most consecutive years receiving below median rainfall since the 1900s (and possibly 
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longer) (van Dijk et al., 2013). Regional-scale frog declines (Mac Nally et al., 2014) and 

predominantly generalist species (Wassens et al., 2013) were recorded in parts of 

south east Australia, likely due to the extended lack of aquatic habitat. Extensive river 

regulation further exacerbated the severity of the drought conditions for native, river 

associated aquatic ecosystems, along with their capacity to recover (van Dijk et al., 

2013).  

The severity of the Millennium Drought’s impact on the environmental condition of 

the Murray-Darling Basin and its water resources necessitated the Australian 

Government’s water reform to protect and restore these ecosystems (Leblanc et al., 

2012). However, competing agricultural demands for this finite water resource 

continue to constrain legislation instituted by the Murray Darling Basin Authority to 

sustain the health of the system (Leblanc et al., 2012). Water management activities in 

the Lachlan and Murray Darling Basin aim to restore and sustain aquatic habitats for 

native biota; however, our ecological understanding of these ecosystems presents a 

major constraint (NSW DIPNR, 2004, Driver et al., 2013). Knowledge of frog 

communities and their response to hydrological conditions (delivery of environmental 

water) has become an important element of adaptive natural resource management of 

the Murray Darling Basin (McGinness et al., 2014).    

Future conditions in south-eastern Australia are expected to become drier and 

warmer compared with long-term historical records (CSIRO, 2010) with subsequent 

implications of reduced runoff, flow and lake storage (Hobday and Lough, 2011). For 

the Murray-Daring Basin, an increase in temperature of 1°C has been linked to a 15% 

decline in annual inflows and higher declines are estimated for a warming of 2°C (Cai 

and Cowan, 2008). Compounding the adverse effects of river regulation on freshwater 

biodiversity, further loss of biodiversity in the Murray Darling Basin is likely to be 

exacerbated by climate change (Pittock and Finlayson, 2011, Finlayson et al., 2013).  
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Chapter 3 Broad scale patterns & detectability of frog 

communities in the mid to upper Lachlan 

 

3.1 Introduction: Frog species in the Lachlan catchment 

In chapter 2, the study area was described in terms of the agriculture related habitat 

modification pressures likely to threaten frog communities. Few studies have been 

conducted on frog communities occurring within the lower Lachlan floodplain. 

Wassens and Maher (2011) surveyed three creek systems near Condobolin at some of 

the same study sites included in this study. Amos et al. (2014) conducted frog surveys 

further west of the study region near Hay in which the endangered (Threatened 

Species Conservation Act 1995 (NSW) Southern bell frog, Litoria raniformis, was 

identified. Kay et al. (2013) also conducted frog and reptile surveys within the Lachlan 

catchment, identifying 12 frog species resident within endangered Box Gum grassy 

woodland habitats on farmed and environmental stewardship managed land. Apart 

from Kay et al. (2013), no other published studies for the mid to upper reaches of the 

study region are available. 

Identifying spatial patterns of species distribution, abundance and richness provides 

critical baseline data necessary for current and future conservation of biodiversity 

(Bielby et al., 2008, Botts et al., 2013, Lehtinen and Witter, 2014). Delineation of 

species ranges can be challenging due to imperfect detection during biological surveys 

and often limited by the availability of high quality presence data. Multiple 

constraining factors, commonly result in imperfect detection and necessitate multiple 

surveys in order to achieve acceptable levels of detection (MacKenzie et al., 2003, 

Olson et al., 2012). Many species are highly cryptic by nature and so surveys based on 

calling individuals is often a time and cost-efficient method for identifying species 

presence and breeding attempts (Heyer et al., 1994). Although, the suitability of 

manual call surveys varies between species and over time with visual encounter 

surveys considered a complementary method of detection (Guzy et al., 2014, Smith et 

al., 2014). Indeed, frogs are most readily detected when conditions are conducive to 

their breeding activity (Anstis, 2013). However, the timing and cues for breeding 

varies considerably between species (Lemckert et al., 2013, Anstis, 2013) and 

therefore, so does their detection. Species display a range of idiosyncrasies that 
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commonly confound their detection, for example, burrowing species only emerge from 

underground following heavy rain events (Anstis, 2013) while other species migrate 

from aquatic breeding habitats and forage in adjoining terrestrial habitat between 

breeding seasons (Pilliod et al., 2002, Liang, 2013). Commonly employed manual 

survey methods, visual encounter and call surveys are often affected by ambient 

conditions, e.g. wind speed (Cashins et al., 2015) and ambient temperature for call 

surveys (Smith et al., 2014); habitat size, complexity and life phase for larval surveys 

(frog and tadpole survey techniques) (Wassens et al., 2016); and abundance of 

individuals for visual encounter surveys (McCarthy et al., 2013).     

Non-detection of a species does not necessarily mean absence and failing to account 

for, or describe, this imperfect detection has important implications for the research 

objectives of interest (Guillera-Arroita et al., 2014). When identifying species richness 

is the objective, the choice of survey method and timing can bias towards detection of 

particular species and, or underestimate occurrence (Iknayan et al., 2014, Wassens et 

al., 2016). Consideration of detection probability and adequacy of sampling effort has 

only been estimated by Australian studies in recent years e.g. (e.g. Dostine et al., 2013, 

Wassens et al., 2016, Lowe et al., 2016).  

In this section, frog species richness and general community composition are 

described for the study region. The absence of other species expected to occur in the 

catchment is evaluated in relation to historical records and the likelihood of species 

absence is discussed in relation to their absence as opposed to non-detection. The 

methodology used to collect the data for chapter four is also described in this chapter 

and the general occupancy patterns described are discussed throughout the 

remainder of the thesis.          

3.2 Methods 

The methods described here also apply to the collection of the data underpinning the 

findings presented in ‘Chapter 4 Habitat associations with patterns of frog occupancy 

in the mid to upper Lachlan’. 

3.2.1 Site selection strategy 

In order to establish a broad selection of study sites, approximately 60 

landholders/managers were approached through liaison with a local government 
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agency, community-based environmental volunteer groups, referral by other 

landholders and personal connections. The study region has a very small proportion of 

land reserved for conservation. Reserves in the study region are generally confined to 

the hilly outcrops, with insufficient aquatic habitat for meaningful inclusion in the 

study. Gunning Gap National Park, approximately 20km north west of Forbes was the 

only reserve site included. However this system only held water for a very short time 

during the initial stages of the study and vandalism of the call recording equipment 

soon after instalment further reduced the value of this site.  

3.2.2 Overview of the selected sites 

Potential sites were visited between the 13th and 16th of May, and 14th and 22nd of July, 

2014. Subsequently, a total of 65 sites were selected for the study, spanning from 

Kiacatoo (east of Condobolin) through to Cowra and Reid’s Flat in the east, and down 

to Frogmore in the south (Figure 3.1). This covers a distance of approximately 260 km 

and a mean annual temperature difference of 4.34°C (BOM). 

 

Figure 3.1 Location of the 65 sites surveyed and according to the Interim 
Biogeographic Regionalisation for Australia (IBRA), version 7.0 Sub regions. The 
inland slopes and lower slopes sub regions lie within the south western slopes 
bioregion while Nymagee sub region is within the cobar peneplain bioregion.    
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3.2.3 Survey design 

In order to identify all possible seasonal breeding frog species, surveys were 

conducted across multiple seasons (spring, summer and winter). Frog (metamorph 

and adult), vegetation and water quality data were measured at each of the 65 sites on 

four occasions: winter 2014 (12 – 25th August 2014), spring 2014 (10 – 20th November 

2014), summer 2015 (27th January – 6th February 2015) and winter 2015 (10th – 16th 

July 2015). The intended autumn survey in 2015 (12th May 2015) was aborted due to 

extremely dry conditions and apparent, very low to no detection during this time.  

  

Figure 3.2 Overview of the habitat occupancy surveys. Number of wetlands, number 
and timing of surveys, data collected and the methods employed to do so. 

3.2.4 Field survey techniques  

Vegetation was assessed by visual estimation of each of the proportion of 

microhabitats (fringing vegetation, tall emergent vegetation, short emergent 

vegetation, submerged vegetation, timber within the water body) comprising five 

metre bank to bank sections of the wetland (Hazell et al., 2001, Wassens and Maher, 

2011, Wassens et al., 2013). To account for within-site spatial variation, one transect 

was assessed for the small, easily characterised sites (e.g. farm dams), three line 
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transects spaced 20m apart for creek lines & lake (higher longitudinal variation), and a 

point transect, i.e. two transects meeting at a central point was conducted for larger 

wetlands (wetlands, swamps, lakes) spaced approximately 50 metres apart (see 

Figure 3.3).  

Fringing vegetation was considered to include all plant classes present immediately on 

the shoreline, essentially the extent of soil coverage. Tall emergent vegetation was 

classified as vegetation greater than 0.2 m above the water level for example Typha 

spp., while short emergent vegetation included sedges and short rushes less than 20 

centimetres above the water level. Submerged vegetation included all plant species 

present below the water surface, including vegetation recently inundated due to a 

risen water level. 

Water quality parameters (turbidity, conductivity, pH, dissolved oxygen and 

temperature) were measured using a hand held multi-parameter water quality meter 

(U-50 Series, HORIBA Ltd., Kyoto, Japan) at approximately one metre from the shore 

line (or as deep as possible in shallow waters). This was repeated three times 

throughout each wetland. Estimation of wetland volume was assessed via recording 

water depth, at distances of two to three metres from the shoreline. 

 

Figure 3.3 Vegetation survey transects were assigned depending upon water body 
size and shape. Each transect (denoted T1-T3) was 5 metres wide and spaced 
approximately 20 metres apart. Number of transects increased with increasing water 
body size.  
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3.2.5 Frog surveys  

 

Visual encounter surveys: 

Timed transects targeting adult and metamorph individuals were conducted by two 

surveyors walking around the perimeter of each water body. Survey duration varied 

according to water body size with surveys of large or long sites occurring for a total of 

30 minutes while for small sites, surveys were completed upon reaching the end of the 

water body’s perimeter. 

A range of microhabitats were included in the search of the aquatic and riparian zones 

during each survey to maximise detection of the different species and their different 

life histories (e.g. tree vs. ground dwellers). This included among vegetation, in the 

water, along the shore line, on higher ground, in tree trunks and under logs. 

Individuals were identified to species, and, when uncertain of identity, detailed notes 

and photographs were taken of the individuals anatomy (e.g. hands, feet, ventral and 

lateral anatomy) for later consultation with Anstis (2013) and expert advice. 

 

Audio surveys: 

Static or point call surveys were conducted at each of the small sites (dams & 

ephemeral depressions) by listening for calling individuals on arrival at the site for the 

active spotlight search. Audio strip transects were conducted for the larger, elongated 

sites (creeks, wetlands, lakes) by listening for and recording calls during the two active 

visual search transects. Audio surveys, i.e. listening for calling adult male frogs, 

occurred at the start and furthest point of the walking transects. Calls that were 

difficult to identify were recorded using a smart phone for later clarification with 

experienced frog audio surveyors.  

 

Hygiene protocols:  

The New South Wales National Parks and Wildlife Service’s hygiene protocols (DECC 

NSW, 2008) were followed to prevent the spread of pathogens between sites. To 

achieve this: each individual water body was treated as a separate site; footwear was 

thoroughly cleaned and disinfected at the commencement of surveys and between 

each sampling site; all equipment (e.g. nets, water quality meter) was cleaned and 
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disinfected before use and; frogs were only handled when necessary to aide 

identification to species. 

3.3 Data analysis  

3.3.1 Detection probability  

Species detectability (probability of detecting a species, provided it is present) was 

estimated for each seasonal survey, and for each survey method (audio and visual 

encounter surveys) for L. tasmaniensis, L. fletcheri, L. peronii, L. latopalmata, C. 

parinsignifera and C. signifera using the software program Presence, version 8.3 

(Hines, 2006). This likelihood-based program examines the probability of species 

occurrence (ψ) and the probability of detection (p) across seasons (MacKenzie et al., 

2002, MacKenzie et al., 2006). Using this framework, occupancy (ψ) refers to the 

estimated proportion of sites that the six frog species occupied across the study area 

(described in this chapter), and detection probability (p) is the probability that the 

frog species was identified at a site if it in fact was present (described in chapter 4).   

At each site, two survey methods (audio and visual encounter surveys) were 

conducted during each of the four seasonal surveys (winter 2014, spring 2014, 

summer 2015 and winter 2015) and the probability of detection was estimated for 

each (n=8). Therefore, a simple single-season model design-matrix was customised to 

estimate detection probability and occupancy for each seasonal survey and survey 

technique (8 detection probabilities overall), for comparison with naïve occupancy 

estimates based on a set of detection histories/surveys. As described by MacKenzie et 

al. (2002), this approach assumes the following: 1) sites occupied by a species does 

not change over time and are independent, 2) species are never falsely detected as 

absent, but may not be detected as present even if they are, and 3) survey methods are 

conducive to detection of the species.  

Detection probability was assumed to be constant for the duration of each seasonal 

survey. Sites were selected to be representative of suitable habitat for frog species 

residency across the study area. To reduce spatial autocorrelation, i.e. habitats within 

close proximity share similar habitat characteristics and species (Ficetola, 2015), sites 

were selected across a large spatial area. 
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3.3.2 Atlas of NSW Wildlife   

Frog species records were obtained from the publicly available, Atlas of NSW Wildlife 

online interface. Species records encompass species observations from a broad variety 

of research projects conducted as early as 1908. All available records for the Lachlan 

Catchment Management Authority (state government natural resource management 

area), divided by Biogeographic Regionalisation for Australia subregions (geographic 

classification for conservation management): (1) Nymagee, (2) Lower Slopes and (3) 

Inland Slopes were included. Errors and omissions of species accounts are likely in 

this dataset and so it is intended to be indicative rather than a comprehensive 

inventory.  

Observed species distributions were evaluated by: assessing the location of the species 

records and their expected distribution ranges in relation to the study area and, 

considering the life history traits of each species. Based on this evaluation, non-

detected species were classified into four general groups: (1) vulnerable and 

endangered species rarely detected across their former range, (2) species with 

marginal geographic distributions compared to the study region, (3) species only 

active in response to specific environmental conditions, and (4) species that were 

absent or not detected for which no obvious reasoning was derived from the 

literature.  

3.4 Results 

3.4.1 General distribution of frog species  

In total, 2 617 frog observations  (2 256 calling observations and 341 visual 

observations) were recorded over the four survey seasons (winter 2014, spring 2014, 

summer 2015, winter 2015). A further 632 records were available from the NSW 

Wildlife Atlas database.  

The most commonly recorded species in these surveys were C. parinsignifera, L. 

tasmaniensis, C. signifera and L. peronii, of which, C. parinsignifera and L. tasmaniensis 

displayed the highest levels of occupancy, occurring at 0.74 and 0.68 of the sites 

surveyed (respectively). In comparison, occupancy by L. latopalmata and L. fletcheri 

was somewhat less common recorded at 0.23 and 0.14 of sites. Of the six most 

common species identified, four of the species, L. tasmaniensis, C. parinsignifera, L. 
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latopalmata and L. peronii were found along the entire length of the study area. For the 

remaining two species, C. signifera and L. fletcheri, their range did not extend beyond 

the western extent of the inland slopes bioregion (Forbes-Goologong region). The 

western extent for C. signifera did not quite reach east to Forbes, while the distribution 

of L. fletcheri mirrored this and was not identified east of Goologong indicating minor 

overlap of their ranges (see Figure 3.4). 

Rarely encountered species were L. dumerilii, L. rubella, N. sudelli and U. laevigata 

which were all detected at 0.05 of the sites overall (Table 3.2). The desert tree frog, 

Litoria rubella, was encountered at only three of the sites located within the lower 

south west slopes & Nymagee subregions during the spring survey in 2015. Sudell’s 

frog, N. sudelli was found in all three subregions of the study area (at three sites) while 

the south eastern banjo frogs, L. dumerilii were only detected in the inland slopes 

subregion (near Cowra) at two sites during the initial winter and subsequent summer 

surveys. Uperoleia laevigata was only detected at one site in the eastern inland south 

west slopes subregion. 

3.4.2 Comparison with Atlas data 

The Atlas data was summarised by identifying distinct sites where each species was 

observed and then by calculating the proportion of sites where each species was 

observed according to bio-subregion (absence data was not available) (See Table 3.1). 

In comparison, the results of this study were synthesised by determining the 

proportion of sites surveyed within each subregion where each species was 

present/absent based on the four seasonal surveys. As only four sites were selected on 

the eastern fringes of the Nymagee subregion of the cobar peneplain bioregion, the 

proportion of occupied sites in this subregion appear exaggerated in comparison.  

A total of 26 species have been recorded, or are expected to occur in the study area 

which mainly spans the Lachlan inland and lower south west slopes subregions (see 

Table 3.1). In comparison to the findings of these surveys, the Atlas records also 

indicated that L. tasmaniensis, C. parinsignifera and L. peronii were numerically 

abundant and found throughout each of the three subregions (fewer occupied sites 

were consistently recorded for the Nymagee subregion likely due to data availability 

for this subregion). In keeping with the Atlas records, C. signifera was also not 

recorded in the Nymagee subregion and the proportion of sites where C. signifera was 
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recorded was higher in the eastern inland slopes compared with the lower slopes, 

whereas the proportion of sites occupied by L. fletcheri was higher in the lower slopes 

compared to the inland slopes. Further evaluation of the sites where both species were 

recorded within the bioregion were also similar to the findings of this study with very 

few outliers. While L. latopalmata has been recorded in the Nymagee subregion 

according to the Atlas records, it was not recorded in this subregion during this study 

and the Atlas only lists one record. 

 For the rarely encountered species in this study, the distribution of L. rubella and N. 

sudelli were consistent with the Atlas records with L. rubella not found in the inland 

south west slopes and N. sudelli found throughout all three subregions. While L. 

dumerilii and U. laevigata were only identified in the inland slopes in this study, the 

Atlas records encompass the lower slopes for U. laevigata and Nymagee for L. 

dumerilii.   

Of the 16 species recorded by the Atlas and not by this study, five species are known to 

require heavy rain events leading up to the surveys for their detection (Anstis, 2013), 

this includes: Cyclorana platycephala, Limnodynastes, salmini, Notaden bennetti, Litoria 

caerulea and Limnodynastes interioris. Therefore, the non-detection of these species 

was likely due to a lack of heavy rain events prior to the seasonal surveys as the 

number of sites where they were recorded by the Atlas was relatively high (between 3 

and 39 locations).  

Four of the species are currently listed as vulnerable and endangered: Litoria 

booroolongensis, currently listed as Endangered both nationally (Environment 

Protection and Biodiversity Conservation Act 1999) and in New South Wales 

(Threatened Species Conservation Act 1995); Litoria castanea, Endangered nationally 

(Environment Protection and Biodiversity Conservation Act 1999) and Critically 

Endangered in NSW (Threatened Species Conservation Act 1995 (New South Wales); 

Litoria raniformis, Vulnerable nationally (Environment Protection and Biodiversity 

Conservation Act 1999) and Endangered within NSW (Threatened Species Conservation 

Act 1995) and; Crinia sloanei, Vulnerable in NSW (Threatened Species Conservation Act 

1995). While the study region encompasses the former geographical range of these 

species, their absence in this study was expected given their now restricted 

distributions, vulnerability to chytridiomycosis (Scheele et al., 2017) and specialised 

habitat requirements. 
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Figure 3.4 Observed range extents for Limnodynastes fletcheri (top) and Crinia 
signifera (bottom) within the study area.  

 

Five of the species were previously recorded in the south west slopes bioregion 

according to the Atlas records, however, compared to the expected species ranges 

described by (Anstis, 2013), the distribution of these species are unlikely to extend as 

far west as the study region. The species included Limnodynastes terraereginae, which 

likely occurs further north-east; Litoria ewingii, which likely occurs further south-east; 
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Litoria lesueuri, which likely occurs further east, although is difficult to detect given 

that males lack a vocal sac and therefore have a soft call; Litoria verreauxii and 

Limnodynastes peronii, which both occur further east and are concentrated closer to 

the east coast and along the ranges (Anstis, 2013). Very few records for these species ≤ 

3 also bring into question, the accuracy of the records for these species.  
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Table 3.1 Species occupancy, stratified according to sub-bioregion (IBRA 7) for this study compared to the NSW Wildlife Atlas records for the study 
area. The Atlas records are presented as the total number of distinct locations where each species has been identified and the proportion of occupied 
sites within each subregion (absence data is not available). Whereas the proportion of sites occupied in this study are calculated according to 
presence-absence of species at each of the 65 sites and this is further stratified according to proportion of sites occupied per subregion. Grey shading 
indicates that the species were not identified in this study.  

 
ATLAS records (number of sites where 

detected - presence only) 
Results of this study (proportion of sites occupied -

presence/absence) 
 

Species  

Total no. 
locations 
recorded 

Inland 
Slopes 

Lower 
slopes 

Nymagee 
Total number of 

records 
(individuals) 

Inland 
Slopes 

(N=40) 

Lower 
Slopes 

(N=21) 

Nymagee     
(N=4) 

All regions 
(N=65) 

Crinia parinsignifera 61 0.54 0.41 0.05 806 0.78 0.76 0.50 0.74 
Crinia signifera 47 0.85 0.15 0.00 375 0.73 0.10 0.00 0.48 
Limnodynastes tasmaniensis 101 0.54 0.41 0.05 419 0.55 0.95 0.50 0.68 
Limnodynastes fletcheri 24 0.12 0.83 0.04 77 0.03 0.29 0.50 0.14 
Limnodynastes dumerilii 14 0.71 0.21 0.07 3 0.05 0.00 0.00 0.03 
Litoria peronii 67 0.46 0.51 0.03 179 0.28 0.43 0.25 0.32 
Litoria latopalmata 20 0.60 0.35 0.05 90 0.25 0.24 0.00 0.23 
Litoria rubella 21 0.00 0.76 0.24 8 0.00 0.10 0.25 0.05 
Neobatrachus sudelli 12 0.08 0.75 0.17 25 0.03 0.05 0.25 0.05 
Uperoleia laevigata 25 0.88 0.12 0.00 1 0.03 0.00 0.00 0.02 
Species requiring heavy rain events:  

Cyclorana platycephala 3 0.00 0.67 0.33      

Limnodynastes salmini 7 0.00 1.00 0.00      
Notaden bennettii 10 0.00 0.90 0.10      
Litoria caerulea 17 0.12 0.82 0.06      
Limnodynastes interioris 39 0.33 0.49 0.18      
Unlikely range extent:  
Litoria ewingii 2 0.00 1.00 0.00      
Litoria lesueuri 3 1.00 0.00 0.00      
Litoria verreauxii 1 1.00 0.00 0.00      
Limnodynastes terraereginae 2 0.50 0.50 0.00      
Limnodynastes peronii 2 1.00 0.00 0.00      

 



17 
 

 

Table 3.1 continued 

 

 
ATLAS records (number of sites where 

detected - presence only) 
Results of this study (proportion of sites occupied - 

presence/absence) 
 

Species  

Total no. 
locations 
recorded 

Inland 
Slopes 

Lower 
slopes 

Nymagee 
Total number of 

records 
(individuals) 

Inland 
Slopes 

(N=40) 

Lower 
Slopes 

(N=21) 

Nymagee     
(N=4) 

All regions 
(N=65) 

Uncertain:          
Pseudophryne bibronii 2 0.00 1.00 0.00  

 
 

 
 

Uperoleia rugosa 16 0.12 0.69 0.19  
 

 
 

 
Threatened species:      

 
 

 
 

Crinia sloanei (1) 3 0.33 0.67 0.00  
 

 
 

 
Litoria booroolongensis (2) 4 1.00 0.00 0.00  

 
 

 
 

Litoria raniformis (3) 0 3 records in the neighbouring 
Riverina bioregion only (1976, 
1985 & 2012)  

 

 

 

 
Litoria castanea (4) 0 1 record in the neighbouring 

south eastern highlands 
bioregion (1977)  

 

 

 

 
(1) Vulnerable (Threatened Species Conservation Act 1995)  
(2) Endangered (Threatened Species Conservation Act 1995 and Commonwealth EPBC Act 1999) 
(3) Endangered (Threatened Species Conservation Act 1995), Vulnerable (Commonwealth EPBC Act 1999) 
(4) Critically Endangered (Threatened Species Conservation Act 1995), Endangered (Commonwealth EPBC Act 1999) 
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Figure 3.5 Probability of detection for each of the six frog species (C. signifera, C. 
parinsignifera, L. latopalmata, L. peronii, L. tasmaniensis and L. fletcheri) according to 
survey method (frog call surveys and visual encounter surveys) and season. Diamonds 
indicate that variance could not be calculated as no detections were made via the 
survey technique. 
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3.5  Discussion  

3.5.1 General patterns of occupancy 

Frogs were very widespread throughout the wetlands, occurring at 92% of sites, even 

though many sites were situated in highly modified agricultural landscapes. For the six 

most commonly identified species in this study, levels of species occupancy and 

distribution were similar to that of the Atlas records with high numbers of recorded 

sites for L. tasmaniensis and C. parinsignifera across all three bio regions. Similar 

species assemblages and high occupancy by generalist species have been identified by 

multiple other studies in broader south eastern Australia (e.g. Healey et al., 1997, 

Hazell et al., 2004, Hazell et al., 2001, Wassens and Maher, 2011, Mac Nally et al., 

2009). A high prevalence of species with generalist habitat requirements, e.g. L. 

tasmaniensis and C. parinsignifera and low species diversity has been suggested as a 

response to widespread anthropogenic modification and changes in climate whereby 

only the most resilient species persist in the land scape (e.g. Mac Nally et al., 2009). 

Novel combinations of bird species have also been identified in the south west slopes 

bio region in response to forestry and the occurrence of such ecosystems is expected 

to increase with a changing climate (Lindenmayer et al., 2008). Indeed, the 

retrospective analysis by Mac Nally et al. (2009) suggests the decline of multiple 

species in another region in temperate south east Australian area, central-north 

Victoria, attributing their declines over the past 60 years to climate changes including 

prolonged drought. Multiple species are expected to have undergone considerable 

declines, including 9 of the 26 species likely to occur in this study region: C. 

parinsignifera, C. signifera, C. sloanei, L. dumerilii, L. tasmaniensis, L. ewingii, L. peronii, 

N. sudelli and P. bibronii (Mac Nally et al., 2009). Declines could also be inferred for the 

species rarely encountered in this study L. dumerilii, L. rubella, N. sudelli, U. laevigata 

and L. interioris and the other 16 species recorded by the Atlas and not by this study. 

However, while the study design accounted for the spatial and temporal variability of 

frog communities via surveying 65 sites at 4 times throughout the year (and in this 

way providing a good representation of the general resident communities), the 

relatively low detection of some species and non-detection of multiple other species 

that were expected to occur in the study area warranted further consideration. Based 

on assessment of the detection or non-detection of each species, combined with 
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knowledge of each species ecology, several reasons are likely to explain the low 

detection or non-detection of these species.  

3.5.2 Potentially false positive Atlas records 

To begin with, a number of species (n=5) that were expected to occur in the (inland) 

south west slopes bioregion, based on the Atlas records were not recorded in this 

study. Evaluation of the expected species ranges for these species according to Anstis 

(2013), as well as the small number of Atlas records for these species, indicates the 

records as potentially false positive. Indeed, public/historical species data, such as the 

Atlas records assessed in this study region, present an important yardstick for 

monitoring species change over time (Shaffer et al., 1998). However, taxonomic error 

and geographic inaccuracy are known to commonly contribute to false positive species 

records and commonly over-estimate species richness in relatively species poor 

regions necessitating scrutiny of such records with use (Maldonado et al., 2015).  

The distribution of L. fletcheri and C. signifera appears to diverge in the western extent 

of the upper south west slopes (near the locality of Forbes), with L. fletcheri only 

observed west of Goologong, and C. signifera only observed to the east of Forbes 

(Figure 3.4). Distribution maps available for both species, (e.g. Symula et al., 2008, 

Anstis, 2013) indicate similar range extents, although the actual location of their range 

edge is unclear. While the Atlas records also suggest this boundary, few geographically 

isolated historical records appear as deviations in this geographic divergence. 

Between 1908 and 2012, L. fletcheri was detected much further east of its range extent 

apparent in this study (near Cowra and Canowindra); and likewise, C. signifera was 

detected much further west of its current range (near Hilston) in 2012. Based on the 

high variability of data collection approaches used to contribute data to the Atlas 

records, the accuracy of the single outliers is uncertain. Alternatively, this may indicate 

shifting range extents for these species over the past century/decade. The range 

extents observed in this study are consistent with species habitat requirements 

described by Anstis (2013), however, this presents a potentially important range 

extent to monitor in the future as with Lehtinen and Witter (2014).   
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3.5.3 Non-detection of heavy rain responders 

Five species were not detected due to the timing of the surveys conducted in this study 

(Cyclorana platycephala, Limnodynastes salmini, Notaden bennetti, Limnodynastes 

interioris and Litoria caerulea). The study region encompasses the expected 

distribution of each species range, however features of their ecology (Anstis, 2013) 

likely meant they were not readily visible or actively calling for detection via the 

employed survey methods. For example, the water-holding frog, Cyclorana 

platycephala, salmon-striped frog, Limnodynastes salmini, Crucifix frog, Notaden 

benettii and the giant banjo frog, L. interioris are all burrowing species that only 

emerge from underground to breed for relatively short periods of time (Anstis, 2013). 

Similarly, Green tree frogs, L. caerulea, although not a burrowing species, also only 

become active in response to heavy rain events in spring and summer. Therefore, the 

timing of the surveys, which do not coincide with, or closely follow heavy rain events 

is likely to have resulted in their non-detection. Further evidence includes 

identification of L. interioris and L. caerulea between formal surveys, following heavy 

rain events. For example, several L. interioris were found stranded in an empty 

landholder’s pool during site selection and a record for L. caerulea was also confirmed 

for the Goologong area (inland south west slopes bioregion) between formal surveys 

by one of the landholders.  

3.5.4 Rarely encountered species 

Relatively low rainfall leading up to the seasonal surveys was also likely responsible 

for the low detection of Limnodynastes dumerilii, Litoria rubella and Neobatrachus 

sudelli, which were rarely encountered. These species are expected to occur within the 

study region (Anstis, 2013) and the rare encounters of these species, either from their 

calling or visual detection may have indicated the transition to or from their breeding 

seasons, awaiting, or following species-specific breeding cues, e.g. seasonal rain 

events.  

3.5.5 Endangered, previously sympatric species  

Four species not observed in this study are currently listed as threatened: Litoria 

booroolongensis, Litoria castanea, Litoria raniformis and Crinia sloanei. While the study 

region encompasses the former geographical range of these species, their absence in 

this study is expected given their very restricted distributions, vulnerability to 
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chytridiomycosis (Scheele et al., 2017) and specialised habitat requirements (Hero et 

al., 2006, Mahony, 1999, Heard et al., 2012, Hunter and Smith, 2013). Pathogenic 

chytrid fungus, Batrachochytrium dendrobatidis (Bd) presents a major threat to the 

persistence of many Australian frog species, it has been attributed with major declines 

and extinctions (Skerratt et al., 2016, Scheele et al., 2017). While knowledge of the 

prevalence of chytridiomycosis is not available for the study region specifically,  the 

impact of this disease is likely higher in the eastern extent of the study region and for 

certain species. The western extent of the study region is characterised by comparably 

lower elevations and a warmer climate, environmental conditions considered to 

inhibit this disease (Scheele et al., 2017).  

The Booroolong Frog, L. booroolongensis, formerly abundant between 200 and 1300 

metres above sea level west of the Great Dividing Range, is now known to persist only 

within the Abercrombie River and its tributaries, in the upper east of the catchment 

(beyond the reach of the study region) (NSW OEH, 2012). Chytridiomycosis is likely to 

have reduced 50-90% of the range extent for L. booroolongensis (Scheele et al., 2017: 

Appendix A). Although this disease is not considered to be a ‘putative driver’ of 

continued decline with remnant habitat environmental conditions considered 

unfavourable and no evidence for a high sensitivity to the disease in the laboratory 

setting, habitat degradation is also implicated in their decline (Scheele et al., 2017: 

Appendix A).  

The historic distribution of the Yellow-spotted tree frog, L. castanea, within the study 

area is now restricted to further south-east of the study region (between Canberra and 

Bombala on the southern tablelands at altitudes between 700 and 800 m) (Mahony, 

1999). A small population was identified near Yass, just south of the study region, in 

2010 (Anstis, 2013). Chytridiomycosis is likely to have reduced the range extent of L. 

castanea by more than 90% and is considered a putative driver of ongoing declines 

(Scheele et al., 2017: Appendix A). Sloane’s Froglet, C. sloanei, is considered Vulnerable 

in NSW (Threatened Species Conservation Act 1995); this species is largely known to 

use small rain fed depressions (Anstis, 2013), although, infilling or conversion to 

permanent dams of such habitats is common in agricultural systems. The Southern 

Bell Frog, L. raniformis, which was previously common throughout the entire study 

region, is now listed as Vulnerable nationally (Environment Protection and Biodiversity 

Conservation Act 1999) and Endangered within NSW (Threatened Species Conservation 
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Act 1995).  It was recently rediscovered to the west of the study region, in the Lower 

Lachlan (Amos et al., 2014). Experimental observations of L. raniformis found a high 

sensitivity to infection with chytridiomycosis, a range extent decline of 50 to 90% has 

also been attributed to this disease (Scheele et al., 2017: Appendix A). Habitat loss, 

degradation and fragmentation is also implicated in the decline of this species, 

particularly for populations inhabiting environmental conditions unfavourable to Bd 

transmission (Scheele et al., 2017: Appendix A) for example, the warmer and lower 

elevation habitats in the western extent of the study region.  

As described in this chapter, the study area has been highly modified for agriculture, 

presenting many threats to the persistence of the native frog communities. A 

combination of habitat modification, habitat loss and vulnerability to disease is likely 

the cause of decline for these endangered species (Hero et al., 2006, Mahony, 1999, 

Heard et al., 2012, Hunter and Smith, 2013, Scheele et al., 2017). Understanding the 

underlying mechanisms for why some species that were previously widespread and 

sympatric with species persisting today presents multiple, complex factors for 

consideration (Wassens, 2008, Mahony, 1999). Particularly when species threatened 

in their indigenous landscape invade another, for example, Litoria raniformis in New 

Zealand (Heard et al., 2012).   

3.5.6 Unclassified species 

The low detection of Uperoleia rugosa and non-detection of Pseudophryne bibronii is of 

interest and warrants further investigation. Uperoleia rugosa has been recorded 

throughout all the bioregions at a relatively high number of sites (16) according the 

Atlas records. In addition to this, its breeding requirements and expected distribution 

described by Anstis (2013), e.g. loud call, broad calling window (September to May) 

and relatively broad breeding habitat requirements (i.e. temporal to semi-permanent 

waterbodies with emergent vegetation) were otherwise conducive to detection of this 

species. While a lack of heavy rain events prior to seasonal surveys was likely the 

reason for non-detection of five species, this was due to the timing of the rain events 

not matching the given species season-specific breeding windows. However, 

Pseudophryne bibronii is known to breed opportunistically at any time of year 

following heavy rain and its expected range appears to encompass at least part of the 

study region, based on (Anstis, 2013) so its detection could be expected (at least) 

during the final winter surveys when rain events occurred (if it was in fact present). 
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Only two records for P. bibronii were available for one site in the lower south west 

slopes bringing in to question the accuracy of the records. Although, these spatially 

rare observations may also indicate that the study area does not represent the spatial 

extent of the core habitat for these species, but instead, species occurrences in sub-

optimal habitats. Multiple factors are attributed to the occurrence of a given species in 

otherwise sub optimal habitats, for example, environmental changes and habitat 

deterioration are attributed with driving a species to relocate to suboptimal 

habitats (Austin, 2002). Such occurrence anomalies can create bias in habitat 

suitability models, particularly for studies that only represent the edge of a species 

geographic distribution (‘fundamental niche’), where they are often occur 

(Braunisch et al., 2008).   

3.5.7 Species detectability 

Detectability of the six species identified in this study changed in relation to season 

(Figure 3.5). Increased detectability of each species correlated with species known 

active breeding seasons: C. signifera, C. parinsignifera and L. tasmaniensis in winter 

and L. peronii, L. fletcheri and L. latopalmata during spring and summer (Anstis, 

2013, Lemckert and Mahony, 2008). Weather conditions preceding the surveys are 

also likely to have influenced species detectability and this has been shown in 

several other studies (e.g. Cashins et al., 2015, Smith et al., 2014).   

Survey method also influenced detection with call surveys generally more effective 

than visual encounter surveys, which is unsurprising given their cryptic nature 

(Anstis, 2013). However, visual encounter surveys provided complementary species 

detection at times when species were not actively calling and may be more 

appropriate for detection of some species (e.g. Guzy et al., 2014). For example, the 

increased detectability of L. latopalmata via the visual encounter survey technique 

during the summer surveys (and compared to call surveys) likely resulted from the 

cooler than average temperatures and drier hydrological conditions during this time 

reducing calling activity. Similarly, for the spring and summer active species, L. 

latopalmata, L. peronii and L. fletcheri, detectability of call surveys were comparatively 

lower during the surveys conducted in summer compared to spring, again, likely in 

response to the unseasonably cool temperatures and dry site conditions during the 

summer surveys. Prevailing weather conditions at the time of the spring surveys (10-
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20th November 2014) were much hotter than the long term average for spring 

(Condobolin: 4.16°C above average, Cowra: 4.72°C above average); and much cooler 

during the summer surveys (27th January- 6th February 2015), 1.24°C below the long 

term average for February in Condobolin; and 2.59°C below the long term average for 

February in Cowra (Table 3.2). Although, the generally lower detectability estimated 

for call surveys during summer versus spring may also reflect lower activity in 

response to less aquatic habitat available at this time due to much drier 

hydrological conditions during the summer surveys.  

Table 3.2 Average maximum daily temperatures recorded during this study compared 
with long term averages for the districts. Records for Condobolin, the western-most 
weather station and Cowra, the eastern-most weather station are presented (BOM). 

Survey month   

Weather 
station 
(BOM)  Date range 

Mean 
Maximum 
temperature 
(°C) 

Max. temp. 
range 
(these 
surveys) 

November  

Long term 
average 

Condobolin Ag 
Research 

Station 

(1954-2016) 28.8   

This study 
10/11/14- 
20/11/14 32.6 21.4 - 43.1 

Long term 
average 

Cowra airport 
1966-2011 26.7  

This study 
10/11/14-
20/11/14 31.42 22.1-39.3 

January & 
February 

Long term 
average 

Condobolin Ag 
Research 

Station  
(1954-2016) 

33.8 (Jan), 
32.8 (Feb)   

This study 27/1/15-6/2/15 31.56 27.4-34.5 
Long term 
average Cowra airport 1966-2011 

32.2 (Jan), 
31.4 (Feb)  

This study 27/1/15-6/2/15 28.81 25.3 -31.9  

3.5.8 Other studies 

Species assemblages and levels of species occupancy were comparable to other 

studies conducted in south eastern Australia, with a high occurrence of generalist 

species displaying often high levels of occupancy (Table 3.3). 

Major differences in occupancy estimated for other studies are likely due to 

differences in detectability. Wassens and Maher (2011) survey in summer and so may 

have under-represented C. parinsignifera, a winter active species. Healey et al. (1997) 

only surveyed a small number of sites (5) and captured individuals for identification. 

Site selection is also likely to have resulted in differing levels of occupancy according 

to species habitat requirements. For example, L. peronii requires standing timber and 

more permanent hydrology so studies such as Wassens and Maher (2011), favoured 
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occupancy by this species. Similarly, site selection in relation to species ranges is likely 

to favour occupancy by some species. Surveys by Hazell et al. (2004) and Hazell et al. 

(2001) were conducted further east and so higher occupancy by C. signifera reflects 

the species eastern distribution. Whereas L. fletcheri displays a more western range, 

and so occupancy by this species was identified to be higher in the Wassens and Maher 

(2011) study.  
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Table 3.3 Comparison of frog species occupancy recorded in this study, compared with six similar studies in south eastern Australia.  
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Range of habitats spanning the south west slopes. (n=65) 
 

This study 
(2014/2015)  0.74 0.68 0.32 0.48 0.26 0.14 0.05 0.05 0.03 0.01 

detected 
outside of 

surveys 
Billabong habitats in the mid-Murrumbidgee 
(lower south west slopes). Results relate to capturing 
individuals, 404 in total. (n=5) 

Healey et al. 
(1997) 0.37 0.18 0.20  

one 
individual 

only 
0.25     

one 
individual 

only 

Within the study region in 2007 (Condobolin, lower south 
west slopes). Surveys conducted in summer.  
(n=23)  

Wassens and 
Maher 
(2011) 

0.13 0.65 0.78  0.34 0.87 1 site    
one site 

only 

Goulbourn Broken catchment (North-central Victoria). 
Surveys conducted from September until October in 2006 & 
2007. (n=10) 

Mac Nally et 
al. (2009) 0.58 0.30 0.03 0.44    0.02 0.12   

Tadpole surveys in the lower south west slopes & Riverina 
regions. (n=35) 

Wassens et 
al. (2013) 0.06 0.43 0.03 0    0.06   0.11 

Shoalhaven area (east of Canberra, Southern Tablelands). 
Surveyed constructed farm dam habitats only. (n=75) 

Hazell et al. 
(2001) 0.33 0.73 0.53 0.8      0.65  

Compared constructed & natural pond assemblages in the 
Southern Tablelands. (n=44) 
 

Hazell et al. 
(2004) 0.30 0.70 0.43 0.97    0.05 0.30 0.57  
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3.6 Conclusion 

This chapter described the general frog species community composition across the 

gradient of the study region. Frog communities predominantly featured six generalist 

species: L. tasmaniensis, L. latopalmata, C. parinsignifera, L. peronii, L. fletcheri and C. 

signifera. Given the extensive anthropogenic modification of the study area, the 

prevalence of widespread generalist species may reflect the remaining species 

resilience to the widespread loss of habitat complexity and function in this region, as 

suggested by the functional homogeneity concept (Clavel et al., 2010). However, 

further evaluation of historical records for the bioregion, in combination with species 

ecology knowledge also suggest a high chance that multiple species were unlikely to 

be detected by the surveys conducted in this study. Likely reasons for this include, a 

lack of heavy rain prior to surveying, and species with ranges that had marginal 

overlap with the study region, emphasising the importance of assessing historical 

records and refining knowledge of species ranges.  

Apart from detectability, the disease chytridiomycosis, is also implicated in the decline 

of several species. Thus, the observed occupancy patterns are at least in part, likely 

derived from species sensitivity to this disease. For example, a species found to be one 

of the most prevalent in the eastern reaches of the study region, C. signifera, is known 

to act as reservoir host for this disease (Scheele et al., 2017: Appendix A). Whereas the 

environmental conditions in the western division of the study region, characterised by 

a warmer climate and lower elevations are considered less favourable to 

chytridiomycosis.  

Understanding the current distribution of species is important, particularly given 

recent declines of at least four species that were previously widespread and sympatric 

with the current species of the study region. Further surveys targeting species not well 

detected during this study, e.g. species that only become active in response to heavy 

rain events would provide better insight into the species richness of the study region. 

While an investigation of the prevalence of chytridiomycosis in the study region is 

necessary to better understand the patterns of species occupancy observed. 
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Chapter 4 Local-scale habitat characteristics predict frog 

occupancy in the mid to upper Lachlan 

 

4.1 Introduction 

The physiology and life history traits of amphibians make them particularly vulnerable 

to environmental change (Navas and Otani, 2007). While the impact of emerging 

threatening processes such as pathogens and climate change should not be 

underestimated, habitat loss and modification remain the principle causes of 

widespread amphibian decline across the globe (Ficetola et al., 2015). Characteristics 

of the local habitat and regional landscape drive patterns of frog occupancy and 

persistence (Werner et al., 2014, Ficetola and De Bernardi, 2004, da Silva et al., 2011). 

With many species exhibiting  high specificity for habitats with certain characteristics 

such as wetland hydrology, cover and complexity of aquatic and fringing vegetation, 

water quality and the presence of predators (Arkle and Pilliod, 2015, Koumaris and 

Fahrig, 2016, Mayer et al., 2015). 

Knowledge of the distribution and habitat requirements of frog species in Australia 

typically focuses on threatened species with limited geographic ranges and high levels 

of habitat specificity (Lunney et al., 2004). Species with widespread distributions and 

generalist habitat requirements are generally considered to be more resilient to 

decline (Clavel et al., 2010). However, several examples of once widespread and 

common frog species have undergone major declines over recent decades, suggesting 

that even widespread frog species can exhibit high levels of habitat sensitivity. For 

example, both the green and golden bell frog (Litoria aurea) and southern bell frog 

(Litoria raniformis) were once abundant and widespread frog species throughout a 

range of aquatic habitats in south eastern Australia. Both species display life history 

traits (high fecundity, rapid growth and maturation, and low or variable adult survival 

rates) that could be expected to impart resilience to population decline; however, both 

species have undergone major declines in recent decades and are considered to be 

threatened with extinction due to habitat modification (Hamer and Mahony, 2007, 

Heard et al., 2012). Gaining knowledge of a broad range of species, regardless of 

current government or international conservation listing, is critical for detecting 

population changes and gaining an evidence based understanding of threatening 
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processes (given that they are widespread and detectable) (Lunney et al., 2004). A 

high level of habitat sensitivity is inherent, even among common and widespread 

species and this makes frogs extremely sensitive to the modification of their habitats. 

Although knowledge of species specific requirements is often limited, global studies of 

the mechanisms by which habitat changes can impact frog populations provide 

important and transferable theoretical understanding. Here, current knowledge of 

how frog communities are affected by local, waterbody-scale features, as well as at the 

regional scale are described. 

4.1.1 Local waterbody-scale habitat factors  

Multiple interacting features of local habitat directly influence the development and 

survival of amphibians in their aquatic larval and terrestrial adult phases, their life 

history features also determine what habitats they can and cannot use (Baldwin et al., 

2006). Past and current land use patterns have greatly altered wetland habitats, often 

degrading water quality and reducing habitat complexity (Cronk and Siobhan 

Fennessy, 2001, Haidary et al., 2013, Alix et al., 2014, Brock et al., 1999). Water quality 

is an important element of tadpole occupancy and development. Certain parameters, 

such as pH, high nitrate levels, solar ultraviolet-B, increased turbidity and conductivity 

have been associated with reduced survival and general vigour (Hatch and Blaustein, 

2000, Pahkala et al., 2001, Wu et al., 2012) which can carry over to later life phases 

(Kearney et al., 2016). Contamination of waterbodies with agricultural chemicals 

(herbicides and pesticides) and fertiliser due to runoff following rainfall has been 

implicated in frog declines around the world (e.g. Fellers et al., 2004), with species 

displaying varying levels of survival (Relyea, 2009) and developmental responses, e.g. 

sexual development (Hayes et al., 2002), to different chemicals (Baker et al., 2013). 

Cothran et al. (2013) further identified that frog populations occupying habitats in 

closer proximity to agriculture showed a higher resistance when exposed to an 

organophosphate insecticide (a commonly used agrochemical worldwide), indicating 

an evolutionary response to agrochemicals. Commonly used agricultural chemicals 

also exert indirect effects on tadpole survival and species diversity by altering the 

composition of non-target organisms (e.g. algae, cyanobacteria, zooplankton), water 

quality, and ultimately changing the overall structure and function of freshwater 

ecosystems (Vera et al., 2010, Relyea, 2005).  
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The type and abundance of aquatic vegetation plays an important role in tadpole 

habitat, providing protection from predators and points to anchor eggs (Anstis, 2007, 

Alvarez et al., 2013, Liu et al., 2016). Pond cover has been shown to increase 

occupancy (Mazerolle et al., 2005, Kloskowski and Nieoczym, 2015) and the more 

complex vegetation attracts higher species richness (Shulse et al., 2012, Hartel et al., 

2007). Fringing vegetation is important for providing cover for adults (Jansen and 

Healey, 2003). Microhabitat features, such as soil, tree holes, epiphytes, and 

vegetation, provide reduced exposure to climate extremes (Scheffers et al., 2014, Groff 

et al., 2016). Wetland disturbance by domestic stock can negatively affect frog species 

abundance and distribution both by reducing shoreline vegetation that contributes to 

detrital cover, food and refuge for adults and by reducing water quality due to 

nitrogen waste causing eutrophication (Schmutzer et al., 2008, Healey et al., 1997, 

Jansen and Healey, 2003). While some species can successfully use grazed habitats 

(Knutson et al., 2004), others are sensitive to farm stock disturbance leading to a loss 

in species richness (Burton et al., 2006, Bionda et al., 2011).    

Frogs and the freshwater ecosystems they inhabit are highly sensitive to hydrological 

variability and modification (Zylstra et al., 2015, Davis et al., 2015). Hydrology 

essentially determines whether tadpole development is successful, as well as when 

and how often breeding is possible. Hydroperiod refers to the length of time that 

water remains pooled within a water body and strongly influences tadpole survival 

and development (Cole et al., 2016, Green et al., 2013). Different species have different 

development times over which they require adequate, constant water for successful 

development to the terrestrial stage (Anstis, 2013). Selection of habitats with short or 

extended hydroperiods generally reflects a species development time, with quick to 

develop species tending to occupy more ephemeral habitats while species with longer 

development times tend to occupy more permanent waterbodies (Lane and Mahony, 

2002, Lowe et al., 2015, Van Buskirk, 2005, Babbitt et al., 2003). Hydroperiods that fall 

short of a given species’ complete developmental time frame commonly results in high 

rates of tadpoles mortality (Palis, 2016, Seigel et al., 2006, Williamson and Bull, 1999). 

While permanent hydroperiod wetlands are favourable in terms of providing habitat 

that covers developmental time frames of all species, permanent waterbodies can also 

support higher densities of predators, excluding frog species sensitive to predators 

(Amburgey et al., 2014, Semlitsch et al., 2015).  
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For frog communities occupying wetlands that experience a drying phase (finite 

hydroperiod), the timing and frequency of inundation plays a pivotal role in 

community dynamics. Most frog species actively breed within specific seasons (Anstis, 

2013, Lemckert and Mahony, 2008) and display season-specific breeding activity 

patterns (Jakob et al., 2003), this may vary according to altitude and latitude 

(Canavero et al., 2009, Lemckert and Mahony, 2008, Lowe et al., 2016, Morrison and 

Hero, 2003) and unusual weather events (Lemckert and Mahony, 2008). Inter-annual 

variability in rainfall can thereby drive variation in species abundance and 

composition using a given habitat, depending on the timing of wetland inundation in 

relation to their seasonal strategy (Gómez-Rodríguez et al., 2010). Therefore, 

reproductive strategies either follow a fixed first date of breeding or breeding time 

may be plastic (Jakob et al., 2003). Species that breed at specific times of the year, 

regardless of the seasonal conditions, are more likely to be impacted by hydroperiods 

that do not cover their development times (Jakob et al., 2003). Frequency of 

inundation essentially determines a wetland’s value as frog breeding habitat. 

Hydrological fluctuations may favour the long term-persistence of an amphibian 

community, with alternating wet and dry phases important for excluding fish 

predators (Rieger et al., 2004, Holbrook and Dorn, 2016). However, extended periods 

of drought or the recurrence of insufficient hydroperiods can result in consecutive 

failed breeding attempts, leading to population declines and localised extinctions (Mac 

Nally et al., 2014, Richter et al., 2003).  

Invasive species can contribute to habitat loss by excluding sensitive species from 

their favoured breeding habitats (Hamer et al., 2002, Bosch et al., 2006). For example, 

the effect of water quality due the presence of common carp (Cyprinus carpio) has 

been likened to eutrophication (Badiou and Goldsborough, 2015). Invasive species are 

implicated as major drivers of global amphibian decline, essentially leading to habitat 

loss for sensitive species (Blaustein et al., 2010, Stuart et al., 2004) exerting major 

impacts on a range of taxa, with cascading effects on overall structure and function of 

aquatic ecosystems (Gallardo et al., 2016, Walsh et al., 2016). In Australia, at least 

twenty freshwater fish species have been introduced and now occupy inland waters, 

becoming a growing ecological concern since the 1960s (Arthington, 1991). Carp (C. 

carpio) is now the most abundant large freshwater fish in south-east Australia, its 

geographical range extends over more than one million square kilometres (Koehn, 

2004). A major threat associated with the introduction of foreign fish species (exotic 
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or translocated) may lie in the fact that predator recognition and defence strategies 

adapted by native amphibian species to successfully coexist with their native 

counterparts is likely ineffective for foreign species (Polo-Cavia et al., 2010, Albecker 

and Vance-Chalcraft, 2015, Nunes et al., 2014). 

4.1.2 Landscape-scale habitat factors 

Frog species rely on the dispersal of metamorphs and adults via terrestrial habitat to a 

range of aquatic habitats for breeding. Therefore, connectivity and availability of 

specific habitat elements are crucial to frog communities (Baldwin et al., 2006, 

Mazerolle et al., 2005). Dispersal behaviour and capacity varies between species. Rarer 

species have been associated with more limited dispersal compared with widespread 

generalists (Ficetola and De Bernardi, 2004, Werner et al., 2014). However, species 

that exhibit high levels of dispersal can be considered vulnerable to habitat 

fragmentation (Funk et al., 2005). Restricted dispersal is likely to have negative 

implications for amphibian species through loss of genetic variation, leading to 

reduced fitness and loss of capacity to adapt to changes in the environment (Allentoft 

and O’Brien, 2010). Increased heterogeneity and abundance of aquatic habitats that 

promotes amphibian movement across the landscape is expected to increase the 

resilience of metapopulations to extinction by improving the likelihood of re-

colonisation by individuals from neighbouring sites (Semlitsch, 2000). Indeed, some 

species use a gradient of hydroperiods to dynamically and adaptively respond to 

variability in annual rainfall, potentially imparting resilience to climate change(Lowe 

et al., 2015). Habitat loss, fragmentation and modification impedes dispersal leading to 

a reduction in population connectivity and regional population sustainability 

(Nowakowski et al., 2013, Krug and Pröhl, 2013, Decout et al., 2012). Certainly, spatial 

dynamics and terrestrial habitat use are important factors in determining how frog 

populations respond to environmental change and their persistence.  

Habitat modification strongly influences community assemblages and species 

richness. While some species are able to exploit and adapt to modified landscapes, 

sensitive species face reduced distributions and local extinction (Hazell et al., 2004, 

Baldi et al., 2015, Ficetola et al., 2015, Konopik et al., 2015). For the adaptive species, 

there are major trade-offs associated with the use of modified habitats, such as 

declining reproductive success, that likely decrease the long term persistence of some 

species (Mac Nally et al., 2009, de Souza Queiroz et al., 2015). Anthropogenic 
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modification has been implicated in driving a general homogenisation of the global 

landscape resulting in the dominance and expansion by already widespread species 

and a loss of indigenous specialists in human modified systems (McKinney and 

Lockwood, 1999).  

4.1.3 This study 

In chapter 3, the observed patterns of frog species distribution and occupancy were 

described in comparison to the publicly available Atlas of NSW Wildlife records for the 

study region, species knowledge, principally Anstis (2013) and other studies in the 

broader region of temperate, south eastern Australia. Detection probability estimates, 

calculated using the software program Presence were also described for the six most 

common species (for which sufficient data was available) in chapter 3. Following 

collection of field data, also set out in chapter 3, this chapter examines the relative 

importance of local-scale aquatic and riparian habitat variables associated with the 

occupancy of the six most commonly encountered species: L. tasmaniensis, L. fletcheri, 

C. signifera, C. parinsignifera, L. latopalmata and L. peronii. All six species are known to 

be frequently encountered in the broader south east Australian landscape, although 

their habitat requirements are not well known.  

4.2 Methods  

A description of the process to collect the data analysed in this chapter is described in 

Chapter 3. The data were used to generate occupancy models using the software 

program Presence, version 8.3 (Hines, 2006) for six of the species that were detected 

at enough locations to enable statistically meaningful analysis: L. tasmaniensis, L. 

fletcheri, C. signifera, C. parinsignifera, L. latopalmata and L. peronii.   

4.2.1 Environmental variables  

Based on a review of literature, a range of potentially important habitat features were 

identified and considered to examine the environmental drivers of species occupancy 

in this study region (multiple hypotheses). Habitat variables included those assessed 

by Wassens and Maher (2011), Hazell et al. (2001), Jansen and Healey (2003), Healey 

et al. (1997), Hazell et al. (2004) and Mac Nally et al. (2009), all studies conducted in 

south east Australia and observing similar frog assemblages. Given that current 

knowledge of the habitat requirements for these species is limited, the suite of 
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covariates were considered both individually and in combination, that is, as multiple 

hypotheses for these species.    

Habitat covariates, as summarised in Table 4.1, were assessed via the field survey 

methods (vegetation transects, water quality measurement and for fish, in sweep with 

a handheld dip net) described in chapter 3. Mean site annual ambient air temperature 

was derived from the Australian Water Availability Project interpolated daily raster 

maps (Jones et al., 2009) and site soil type was classified using the Australian Soil 

Resource Information System (ASRIS, 2011).  

4.2.2 Data reduction 

Initially, water quality and vegetation datasets were grouped according to whether the 

species in question was detected as present at the site, at least once. The detection 

(present) and non-detection (absent) datasets were then compared using 

independent-samples t-tests to identify whether any mean values for each water 

quality and vegetation variables were significantly different. This was only conducted 

for the most common species, i.e. those for which sufficient occupancy rates enabled a 

cogent analysis: C. signifera, L. peronii, L. tasmaniensis, C. parinsignifera, L. latopalmata 

and L. fletcheri. Several significant relationships were identified between each of the 

species and the occupied and vacant habitats. Significant habitat features included: 

water temperature, water pH, aquatic vegetation diversity, proportion of 

aquatic/terrestrial vegetation, fringing continuity, water depth, soil type and standing 

timber. Significant factors (p≤0.05) were later included in occupancy models using the 

software program Presence. Few significant habitat features were identified for the 

highly generalist species, L. tasmaniensis and C. parinsignifera, this was likely due to 

the fact that these species were detected throughout the entire study region meaning 

their habitat requirements could not be distinguished in the spatial context of this 

particular study region. Higher proportions of vegetation (several classes), as well as 

plant diversity, was a common feature of habitats occupied by C. signifera, L. peronii, L. 

latopalmata and L. fletcheri.  
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Figure 4.1 Mean annual ambient air temperature across the mid to upper Lachlan catchment. Data were derived from the Australian Water 
Availability Project interpolated daily raster maps, as per Jones et al. (2009) and pre-processed by Dr Andrew Hall. 
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Table 4.1 Description of the covariates included in the occupancy models. All 
vegetation transect, sweeping and water quality values described below were 
averaged from the data collected across the four seasonal surveys. Refer to chapter 3 
for further description of the field survey techniques.  

Code  Covariate description  Assessment 
technique or 
source  

AT Mean annual site temperature (°C) Sourced from: 
Australian Water 
Availability Project 
(BOM, 2016) 

TR Mean annual site temperature range (°C) 

ST  Soil type Sourced from:  
Australian Soil 
Resource 
Information System 
(ASRIS, 2011) 

TG Tall terrestrial grass (%)  
Vegetation transect 
estimate (see 
chapter 3) 

AV Average aquatic vegetation (%) 

TV  Average terrestrial vegetation (%) 
SG  Average terrestrial short grass (%) 

OW  Average open water (%) 

FC  Fringing continuity (%) 
BG Bare ground comprising the transect (%) 

TE Tall emergent vegetation (%) 
SV Submerged vegetation (%) 

W  Width of the waterbody (m) 

Tr  Trees (count) 
BGsd Standard deviation of the bare ground % between 

surveys 

AD Aquatic pant diversity (count)  

SHsd   Standard deviation of short terrestrial herbs % 
between surveys 

Fsd  Standard deviation of the water body’s water 
capacity between surveys 

Dr  Proportion of time that the site was dry during the 
4 surveys 

WD Water depth (m) 

F Fish present (native, exotic, introduced) Sweeping  
(see chapter 3) 

WT  Water temperature (°C)  
Measurement with a 
hand-held water 
quality probe  
(see chapter 3) 

pH  Water pH 

Csd Standard deviation of the water conductivity 
between surveys 

WTsd  Standard deviation of  the water temperature 
between surveys 

Graze Grazing intensity by domestic stock (excluded 
from site, low intensity or high intensity) 

 
 
Pragmatic 
categorisation Natural  Wetland origin (naturally occurring or 

constructed) 
Hydroperiod General wetland permanence (ephemeral, semi-

permanent or  permanent) based on the water 
levels over the duration of the study 
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4.2.3 Statistical analysis  

Physicochemical and vegetation attributes were checked for normality using the 

Shapiro-Wilk test, which is recommended for datasets smaller than 2000 elements 

(Royston, 1982, Ghasemi and Zahediasl, 2012). Only two covariates were normally 

distributed (average water temperature and pH). Non-normally distributed covariates 

were transformed via Ln+1 or square root transformation and again checked for 

normality. If the data set was still non-normal or large counts of zeroes were present, 

covariates were transformed into categories (0, <median, >median), or where no or 

few zeroes occurred meaningful categories were assigned.  

The software program Presence, version 8.3 (Hines, 2006) was used to identify 

important environmental drivers of occupancy for each of the six frog species, as well 

as detection probability according to survey method and season. This likelihood-based 

program is extensively used to examine the probability of occurrence (ψ) and the 

probability of detection (p) across seasons, as well as the inclusion of long term habitat 

descriptors and changing variables (e.g. water quality) (MacKenzie et al., 2002, 

MacKenzie et al., 2006). Using this framework, occupancy (ψ) refers to the estimated 

proportion of sites that the six frog species occupied across the study area, and 

detection probability (p) is the probability that the frog species was identified at a site 

if it in fact was present.     

Two survey methods (audio and visual encounter surveys) were conducted during 

each of the four seasonal surveys (winter 2014, spring 2014, summer 2015 and winter 

2015) and the probability of detection was estimated for each (n=8) (detectability 

results are presented in chapter 3). Therefore, a simple single-season model design-

matrix was customised to estimate detection probability and occupancy for each 

seasonal survey and survey technique (8 detection probabilities overall), for 

comparison with naïve occupancy estimates based on a set of detection 

histories/surveys. The design matrix was reduced for seasonally active species to 

meet the third assumption (described in the following paragraph). As described by 

MacKenzie et al. (2002), this approach assumes the following: 1) sites occupied by a 

species does not change over time and are independent, 2) species are never falsely 

detected as absent, but may not be detected as present even if they are, and 3) survey 

methods are conducive to detection of the species.  
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Detection probability was assumed to be constant for the duration of each seasonal 

survey. Sites were selected to be representative of suitable habitat for frog species 

residency across the study area. To reduce spatial autocorrelation, i.e. habitats within 

close proximity share similar habitat characteristics and species (Ficetola, 2015), sites 

were selected across a large spatial area. In order to meet the assumption that survey 

methods are conducive to species detection, the design matrix was reduced to only 

include surveys during seasonal conditions when the target species was known to be 

active and detectable. For example, L. peronii is known to breed during the warmer 

times of the year and so only the spring and summer survey results were included in 

the design matrix for this species. 

Models were designed in a step-wise fashion for each species. Univariate models were 

first fit to the seasonal, double survey method dataset using the subset of variables 

that were identified as significantly correlated according to the t-tests (data reduction 

section above). Broader, underlying habitat covariates: soil type, site annual average 

temperature and site annual temperature range were also included as they are 

recognised as underlying factors influencing vegetation characteristics of the 

environment (Table 4.1) (Woodward and Williams, 1987, Prentice et al., 1992, Austin 

et al., 1996). The most significant univariate models (those within 5 AIC of the model 

with the lowest AIC score) were identified and formed the basis of the multivariate 

models.  The most significant univariate covariates (≤5 AIC) were first added 

together in pair-wise combinations such that all possible bivariate combinations of 

these covariates were tested. While models AIC ≤ 2 are considered the best candidate 

predictors of the relative data (Burnham and Anderson, 1998), AIC ≤ 5 was used for 

the initial cull step to enable greater modelling flexibility and reduce the likelihood of 

excluding biologically meaningful covariates. As a next step, the most significant single 

covariates (≤5 AIC) were again added to the best performing bivariate models to test 

all possible combinations of models comprised of three covariates.  

Models were ranked according to the Akaike Information Criterion corrected for 

sample size (AICc), based on maximum likelihood estimates calculated in Presence, 

with the lowest AICc representing the strongest model. Models were then carefully 

screened for goodness-of-fit and model convergence to identify the best overall model. 

Detection probabilities were also modelled and compared to evaluate the effectiveness 

of the survey techniques in detecting each of the species, according to season.    
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4.3  Results 

The spatial distribution for each of the six frog species was described in chapter 3. In 

summary, each of the six species were detected at varying proportions of the 65 sites: 

C. parinsignifera 0.74, L. tasmaniensis 0.68, C. signifera 0.48, L. peronii 0.32, L. 

latopalmata 0.23 and L. fletcheri 0.14. Detection probability varied between species, 

season and survey method. Detection probabilities ranged from 0.7 for C. signifera, C. 

parinsignifera, and L. peronii (estimated for one seasonal call survey), to 0.39 for L. 

fletcheri and 0.17 for L. latopalmata. MacKenzie et al. (2002) caution that occupancy 

estimates are likely inaccurate when detection probabilities are low (<0.15) and when 

the number of sampling occasions is also small (<7). Refer to chapter 3 for further 

discussion of detectability. Species occupancy models, which accounted for the 

probability of detection, presented similar (less than 0.05 difference) occupancy 

estimates compared with the naïve estimates for L. fletcheri, C. signifera and L. peronii. 

While the model averaged estimate was higher for L. latopalmata, 0.17.   

4.3.1 Model selection 

The best models were selected according to: lowest AICc value and if the model 

satisfied the goodness-of-fit and model convergence test. For two of the widespread 

generalist species, L. tasmaniensis and C. parinsignifera, the univariate, bivariate and 

multivariate models failed to meet both the goodness-of-fit and model convergence 

tests and so are not presented in Table 4.2.  

Covariates describing temperature, both ambient and water, were featured in the 

strongest models for four of the species (see Table 4.3). Mean site annual ambient air 

temperature featured in the strongest occupancy models for C. signifera and L. fletcheri 

(models with AIC weights of more than 0.01). Although not as heavily weighted, 

compared to models including mean annual site temperature, mean annual ambient 

site temperature range (site mean annual maximum temperature minus mean annual 

minimum temperature) related to occupancy for both species (figure 4.2 and 4.3). 

Similarly, average water temperature was featured in the top ranking occupancy 

models for all four species: L. peronii, C. signifera, L. fletcheri and L. latopalmata.  

Aquatic vegetation covariates (overall proportion of a transect (AV), diversity (AD) 

and sub-class tall emergent (TE)) were featured in the top ranking models for all four 

species. The relative weight of these covariates is evident by consistent inclusion in 
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the top ranking models and generally, reduced AICc weight models when excluded 

from the models. Of the terrestrial vegetation metrics, the sub class ‘short grass’ (SG), 

was featured in the top ranking model for C. signifera and the covariate for trees 

(count) was included in high weight models for L. peronii.   

A descriptor of wetland dimension (wetland width (W)) was also featured in the top 

ranking models for L. fletcheri and L. peronii. Grazing intensity by domestic stock 

(‘Graze’) was featured in the top ranking model for two of the species, L. latopalmata 

and L. peronii.  

4.3.2 Species habitat associations 

Visualisation of the key univariate species occupancy probability models included in 

the top ranking multivariate models are presented in Figures 4.2 – 4.5. Although 

models for L. tasmaniensis and C. parinsignifera did not pass the goodness of fit and 

model convergence tests, their comparatively weaker relationships with key 

covariates are visualised and described.  

Based on model averaging, C. signifera was more than 50% likely to occupy sites with 

mean annual temperatures less than 16°C and temperature ranges of less than 15.5°C. 

Higher proportions of terrestrial (short grass) and aquatic vegetation were also 

correlated with increased occupancy by this species. Model averaging for L. fletcheri 

indicated the opposite trend in occupancy according to mean annual site temperature 

with occupancy predicted to increase at sites with mean annual temperatures above 

17°C and a broader temperature range (more than 16.5°C) and warmer water 

temperatures. Habitats characterised by warmer water temperatures, wider wetlands 

and a higher proportion of tall emergent vegetation were also likely to increase 

occupancy by L. fletcheri.  

For L. peronii, higher occurrence was predicted in habitats characterised by more 

trees, larger waterbody sizes, higher diversity of aquatic vegetation types, warmer 

water temperatures and exclusion of domestic stock. For L. latopalmata, the strongest 

drivers of increased occupancy were warmer water temperatures and the exclusion of 

grazing by domestic stock. Higher proportions of aquatic vegetation was also related 

to higher occupancy by this species. The low levels of occupancy detected for L. 

latopalmata (naïve occupancy = 0.23), and predicted for this species (model averaged 

predicted occupancy = 0.40) when detection probability was accounted for, likely 
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constrained the capacity for the model to distinguish its habitat preferences. Overall 

mean prediction probabilities were low for this species, in relation to each of the 

measured habitat metrics and there was a large level of standard error associated with 

these occupancy predictions (Figure 4.4).  

Relatively weak associations were estimated for the habitat metrics measured and the 

predicted probability of occupancy by both L. tasmaniensis and C. parinsignifera. The 

candidate occupancy models for both species failed the goodness-of-fit and/or model 

convergence tests meaning that adequate models could not be constructed for these 

data. Broad and often overlapping (for categorical variables) standard errors were 

evident for even the best candidate models for these species (figures 4.6 and 4.7). The 

most prevalent species recorded, L. tasmaniensis (0.68) and C. parinsignifera (0.74) 

were detected throughout most of the habitats observed impeding the models’ 

capacity to distinguish between preferable habitats. Although a more general 

description of the habitat covariates that appear to favour occupancy by these species 

is conjectured based on figures 4.6 and 4.7. The predicted probability of occurrence for 

L. tasmaniensis tended to be higher at wetlands of natural origin, comprising: (at least 

some) tall emergent vegetation, more continuous fringing vegetation lining the water’s 

edge, higher proportions of terrestrial vegetation (tall grass), a higher number of 

aquatic vegetation types, and where domestic stock were excluded or had limited 

access. Although the mean predicted probability of occupancy was consistently high. 

Similarly, the predicted probability of occurrence for C. parinsignifera tended to be 

higher at wetlands with: more continuous fringing vegetation; higher proportions of 

aquatic, particularly tall emergent vegetation; and less exposed ground.  
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Table 4.2 Model selection results for the probability of occupancy (ψ) by four of the species: C. signifera, L. peronii, L. latopalmata and L. fletcheri, 
ranked using Akaike Information Criteria corrected for sample size (AICc). Results are only shown for models within 2 AICc of the top ranking 
model. Naïve occupancy and model averaged occupancy for the models with the lowest AICc scores are also provided. Refer to Table 4.1 for 
description of the covariate codes. K = number of parameters in the model, W = AIC weight, ΔAICc = relative difference in AICc values compared 
with the top ranked model. All models presented were screened for goodness-of-fit, model convergence and finally, according to AICc. For L. 
tasmaniensis and C. parinsignifera, candidate models failed the goodness-of-fit and model convergence tests and so are not presented. 

Species Model structure AICc   AICc W Model 
likelihood 

K -2*LogLike Naïve 
occupancy 

Model 
averaged 
estimate 

SE 

C. signifera AT+AV+SG 129.74 0.00 0.157 1.000 9 108.47 0.477 0.482 0.058 
 AT+AV 130.44 0.70 0.078 0.497 8 110.51    

 
AT+AV+WT 131.78 2.04 0.056 0.361 9 111.87    

L. peronii AD+W+WT+Tr+Graze 157.26 0.00 0.271 1.000 14 120.86 0.323 0.347 0.114 

 AD+W+Graze 157.31 0.05 0.200 0.741 11 121.46    

 AD+W+WT+Tr+AV 157.86 0.60 0.048 0.176 14 130.33    

 AD+W+TV 158.07 0.81 0.033 0.121 11 131.09    

 AD+W+Tr 158.76 1.50 0.023 0.085 11 131.78    

 AD+WT+Tr 159.08 1.82 0.012 0.046 10 159.08    

 AD+W+WT+Graze+AV 159.20 1.94 0.010 0.037 14 159.20    

L. latopalmata WT+Graze 147.27 0.00 0.185 1.000 8 124.97 0.231 0.403 0.065 

WT 148.66 1.78 0.111 0.285 6 128.70    

 AV+WT+SHsd 149.04 2.10 0.053 0.069 10 135.21    

L. fletcheri WT+W 77.32 0.00 0.431 1.000 8 58.75 0.139 0.185 0.000 

 AT+TE 80.23 1.17 0.101 0.233 8 61.66    
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Table 4.3 Model-averaged, untransformed estimates of coefficients for covariates (beta's) for the parameters included in the highest ranking 
species occupancy models. Refer to Table 4.1 for description of the covariate codes and Table 4.2 for model structure. 

Species model Covariate  Estimate SE Species model Covariate Estimate SE 

L.latopalmata  

psi -9.308 3.59 

L. peronii 

psi -16.024 6.14 
psi.Ave water temp 0.586     0.25 psi.AqDiv1 -1.102 2.00 
psi.Graze1 -1.563     1.06 psi.AqDiv2 4.430 2.56 
psi.Graze2 -3.385     1.68 psi.width1 -3.624 2.19 
P(calling spring 2014) -0.822 0.44 psi.width2 1.538 1.66 
P(sighted spring 2014) -1.714 0.55 psi.Ave water temp 0.723 0.30 
P(calling summer 2015) -1.714 0.55 psi.Trees1 3.177 1.84 
P(sighted summer 2015) -0.822 0.43 psi.Trees2 3.822 2.18 
   psi.Graze1 -3.196 2.20 
   psi.Graze2 0.502 2.32 
   P(calling spring 2014) 1.288 0.60 
   P(sighted spring 2014) -1.279 0.51 

C. signifera 
 

psi 57.740 3.05 P(calling summer 2015) -1.039 0.48 
psi.Anntemp -3.987 0.20 P(sighted summer 2015) -1.279 0.513 
psi.AqVeg1 8.224 1.75 

L. fletcheri  
 

psi -50.515 6.86 
psi.AqVeg2 9.221 1.79 psi.Average water temp 2.676 0.35 
Psi.ShortGrass -0.91 0.41 psi.water width 1.394 3.86 
P(calling winter 2014) 1.576 0.49 psi.water width 6.220 3.87 
P(sighted winter 2014) -3.413 1.02 P(calling spring 2014) 1.067 0.81 
P(calling winter 2015) 2.2.381 0.74 P(sighted spring 2014) -0.759 0.71 
P(sighted winter 2015) 
 

-0.823 
 

0.42 
 

P(calling summer 2015) -1.774 0.64 
P(sighted summer 2015) -2.234 0.76 
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Figure 4.2 Predicted occupancy by Crinia signifera according to local-scale (riparian) 
variables: (a) water temperature; (b) mean annual site temperature; (c) proportion of 
aquatic vegetation; (d) terrestrial short grass (e) mean annual temperature range for 
the site; and (f) proportion of tall terrestrial grass. The error bars and dotted lines 
represent the 95% confidence intervals associated with the predictions computed by 
program Presence. Graphs are based on univariate occupancy models for the habitat 
covariates featured in the top ranking multivariate models.  
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Figure 4.3 Local-scale (riparian) variables related to wetland occupancy by L. 
fletcheri: (a) waterbody width; (b) mean annual site temperature; (c) proportion of tall 
emergent vegetation; (d) water temperature; and (e) mean annual temperature range 
for the site. The error bars and dotted lines represent the 95% confidence intervals 
associated with the predictions computed by program Presence. Graphs are based on 
univariate occupancy models for the habitat covariates featured in the top ranking 
multivariate models.  
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Figure 4.4. Local-scale (riparian) variables related to wetland occupancy by Litoria 
latopalmata: (a) average water temperature; (b) grazing intensity by domestic stock; 
(c) proportion of aquatic vegetation; and (d) variation (SD) in the proportion of short 
terrestrial herbs. The error bars and dotted lines represent the 95% confidence 
intervals associated with the predictions computed by program Presence. Graphs are 
based on univariate occupancy models for the habitat covariates featured in the top 
ranking multivariate models. 
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Figure 4.5 Local-scale (riparian) variables related to wetland occupancy by Litoria 
peronii: (a) aquatic vegetation type diversity; (b) average water temperature; (c) 
proportion of terrestrial vegetation; (d) count of trees; (e) waterbody width; and (e) 
grazing intensity by domestic stock. The error bars and dotted lines represent the 
95% confidence intervals associated with the predictions computed by program 
Presence. Graphs are based on univariate occupancy models for the habitat covariates 
featured in the top ranking multivariate models. 
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Figure 4.6 Local-scale (riparian) variables related to wetland occupancy by Crinia 
parinsignifera: (a) continuity of vegetation fringing the water’s edge; (b) proportion of 
bare soil; (c) proportion of tall emergent aquatic vegetation; (d) proportion of aquatic 
vegetation; and (e) proportion of tall terrestrial grass. The error bars and dotted lines 
represent the 95% confidence intervals associated with the predictions computed by 
program Presence. Graphs are based on univariate occupancy models for the habitat 
covariates. 
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Figure 4.7 Local-scale (riparian) variables related to wetland occupancy by 
Limnodynastes tasmaniensis: (a) naturally occurring or constructed habitat; (b) 
proportion of tall emergent aquatic vegetation; (c) number of aquatic vegetation types 
(diversity); (d) proportion of tall terrestrial grass; (e) continuity of vegetation fringing 
the water’s edge; and (f) grazing intensity by domestic stock. The error bars and 
dotted lines represent the 95% confidence intervals associated with the predictions 
computed by program Presence. Graphs are based on univariate occupancy models for 
the habitat covariates. 
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4.4 Discussion  

4.4.1 Site climate history 

Site mean annual temperature and mean annual temperature range were important 

covariates in models describing the occupancy of L. fletcheri and C. signifera. Initial 

observations that the distribution of C. signifera did not extend west of Forbes and L. 

fletcheri did not extend east of Goologong (described in chapter 3) also support this 

association, signalling that the climatic gradient of the study region encompasses the 

edge of the species ranges. Occupancy of waterbodies by C. signifera, can be very high 

to the east, (85-90%) recorded by Hazell et al. (2001) and very high to the west for L. 

fletcheri (e.g. Wassens and Maher, 2011, Hyne et al., 2009). 

Inclusion of site mean annual temperature and mean annual temperature range 

characterise the climate history of a given habitat and are important underlying 

factors influencing the vegetation characteristics of the environment (Arkle and 

Pilliod, 2015). Forbes, in the lower south west slopes bioregion, is the general location 

where the distribution of C. signifera and L. fletcheri intersect, corresponding with a 

point of marked transition in climate, geology, soils and vegetation. Occupancy by C. 

signifera was restricted to the eastern end of the study area where mean annual 

temperatures are cooler and less variable and rainfall is higher. This may contribute to 

greater availability of temporary rain fed wetlands which are preferred breeding 

habitat for C. signifera, whose tadpoles are known to be highly sensitive to predation 

(Williamson and Bull, 1999). However, for the closely related species, C. parinsignifera, 

which displays similar life history traits to C. signifera, mean annual temperature was 

not found to be a significant predictor of occupancy, this species was found across the 

entire length of the study area.  

Occupancy by L. fletcheri showed a positive relationship with mean annual site 

temperature and temperature range. Restricted to the western half of the lower south 

west slopes and moving into the semi-arid Cobar peneplain bioregion (Nymagee 

Springs subregion) in the west (chapter 3), the preferred climate by this species 

features comparably warmer annual temperatures and lower annual rainfall (Anstis, 

2013).  Limnodynastes fletcheri has a high critical thermal maximum, despite having 

little physiological resistance to water loss (Amey and Grigg, 1995) and is known to 

inhabit drier areas west of the Great Dividing Ranges (Anstis, 2013). Other studies 
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suggest thermal niches as important predictors of species distribution (Frishkoff et al., 

2015). 

The putative distributional range for C. signifera and L. fletcheri identified in this study 

provides an interesting and potentially important region to monitor the responses of 

warm-adapted and cold-adapted species to climate warming. Studies in other 

countries have identified common and widespread species to be contracting in their 

distributional range (e.g. Lehtinen and Witter, 2014) and declines for C. signifera have 

been recorded in another geographic area of south eastern Australia, potentially in 

response to recent warming(Mac Nally et al., 2009). 

4.4.2 Vegetation  

Several water body scale habitat characteristics were useful predictors of occupancy 

for the species, generally in accord with other studies assessing the habitat 

requirements of these species (e.g. Wassens and Maher, 2011, Hazell et al., 2001, 

Hazell et al., 2004, Healey et al., 1997, Villaseñor et al., 2016, Wilson et al., 2013). 

Aquatic and terrestrial vegetation metrics relating to amount, type and diversity were 

important variables featured in all species occupancy models. Generally, increased 

proportions of vegetation were associated with a higher probability of occupancy by 

all species and were related to known life history traits. For example, occupancy by the 

tree dwelling species, L. peronii, was positively associated with number of riparian 

trees (Anstis, 2013). A tree frog, L. peronii primarily uses riparian trees to refuge in 

and call from, as well as aquatic and fringing vegetation for aquatic breeding (Anstis, 

2013). 

Aquatic vegetation plays an important role in frog breeding, providing food, protection 

from predators and points to anchor eggs (Anstis, 2007, Alvarez et al., 2013, Liu et al., 

2016). Increased vegetation cover is also related to increased occupancy (Kloskowski 

and Nieoczym, 2015, Mazerolle et al., 2005). Due to the variation in species life history 

traits and their habitat associations, a higher complexity of vegetation 

types/microhabitats allows for higher levels of species richness (Shulse et al., 2012, 

Hartel et al., 2007). Vegetation fringing the shoreline and intersecting with the 

riparian zone, provides important protection for juveniles and adults in their 

terrestrial life phase from both predators and climate exposure (Semlitsch and Bodie, 

2003, Scheffers et al., 2014, Jansen and Healey, 2003).  
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For the species occurring at a high number of sites, L. tasmaniensis and C. 

parinsignifera, it is apparent from the large standard error associated with their 

predicted occupancy in the univariate vegetation related models, along with the 

models’ lack of convergence and fit, that both species are quite tolerant to varying 

amounts of available vegetation (aquatic and riparian). Indeed, for both species, the 

resulting occupancy models were unable to reliably distinguish the habitat 

requirements for these species. Rather, it could be inferred that the availability of at 

least some vegetation is important for occurrence of these species, in this study area at 

least.  

4.4.3 Water quality  

Apart from water temperature for C. signifera, L. fletcheri, L. latopalmata and L. peronii, 

the measured water quality parameters were not associated with the occupancy of any 

of the six species. This finding is consistent with other studies for these species that 

have also failed to identify a relationship between water quality and occupancy e.g. 

(Healey et al., 1997, Jansen and Healey, 2003, Wassens et al., 2013) apart from 

Wassens and Maher (2011) which identified that occupancy by L. fletcheri was higher 

in wetlands with higher conductivity. It is apparent that the species are tolerant to a 

range of water quality parameters. For example, Kearney et al. (2012) found that L. 

tasmaniensis accelerated larval development under increased salinity.   

4.4.4 Grazing intensity 

Grazing intensity was featured in the top ranking occupancy models for two species,  L. 

latopalmata and L. peronii, and also appeared to influence occupancy by L. fletcheri& L. 

tasmaniensis (figures  4.3 and 4.7) with the exclusion of grazing by domestic stock, or 

limited access by low numbers (low intensity) grazing, consistently predicted to 

increase occupancy. The negative impact of domestic stock disturbance on frog species 

abundance and distribution is well known and has been attributed to reduced 

shoreline vegetation and reduced water quality that play important roles in tadpole 

development (Schmutzer et al., 2008, Healey et al., 1997, Jansen and Healey, 2003). 

Some species can successfully use grazed habitats when properly managed (Knutson 

et al., 2004), although other species are sensitive to this disturbance and so species 

richness is often reduced at sites where grazing intensity is high (Burton et al., 2006, 

Bionda et al., 2011). 
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4.4.5 Landscape connectivity    

The influence of landscape connectivity and broader regional-scale habitat variables 

were not assessed in this study; however, they may be important factors in explaining 

the lower occupancy of L. latopalmata, L. fletcheri and L. peronii in this study. Indeed, 

L. tasmaniensis is highly dispersive and uses a range of habitat types and owing to 

these life history features, is less likely to be restricted in the broader south eastern 

landscape (Wassens et al., 2013).      

4.5 Conclusion  

Developing species distribution models that are transferable to other geographic 

regions is important for gaining a better understanding of species specific habitat 

requirements. Limited studies have assessed the habitat requirements of the six 

species examined here. Although, most of the available studies have only focussed on 

certain habitat types (e.g. dams) and have not accounted for detectability.  

This chapter examined the relative importance of aquatic and riparian habitat 

variables associated with the occupancy of the six most commonly encountered 

species: L. tasmaniensis, L. fletcheri, C. signifera, C. parinsignifera, L. latopalmata and L. 

peronii. All six species are known to be frequently encountered in the broader south 

east Australian landscape, although knowledge of their habitat requirements is not 

well known, particularly for L. fletcheri and L. latopalmata. The relationship between 

habitat predictors and occupancy were in general agreement with previous studies 

indicating the transferability of the models across geographic locations. Occupancy by 

these species is expected to increase with the availability of certain vegetation types 

(varying between species) and in this way, more complex habitats are related to a 

higher diversity of the species in the study region. For example, the availability of 

riparian trees provides important habitat for tree dwelling species such as L. peronii 

whereas aquatic vegetation provides important habitat for each of the species, all with 

entirely aquatic larval development.   

Based on the model averaged predictions of occupancy for two of the species, L. 

fletcheri and C. signifera, occupancy by these species varied over the climate gradient 

of the study region. Intersecting within the western extent of the lower south west 

slopes subregion, occupancy of C. signifera increased at lower mean annual 

temperatures and L. fletcheri increased with increasing mean annual temperature. 
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Further investigation of this geographic location presents a potentially important way 

to monitor the responses of warm-adapted (C. signifera) and cold-adapted (L. fletcheri) 

species to climate warming.  
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Chapter 5 Automated frog call data extraction: dealing with 

uncertainty and error quantification  

 

5.1 Introduction  

Remote automated monitoring equipment has the capacity to enhance our 

understanding of species presence and breeding activity within the natural 

environment, making fine scale data collection over extended time frames possible. 

For most frog species, calling is used as a proxy for attempted breeding activity, 

because for most species, males display unique vocalisations in order to attract their 

female counterparts for breeding (e.g. Crouch and Paton, 2002, Saenz et al., 2006, 

Stevens and Paszkowski, 2004). Frog calling phenology refers to the study of 

recurring, seasonal species call events, including the timing and climatic drivers of 

these events. Amphibian species display high variability in their calling activity in 

response to annual seasonal and inter-annual environmental variability, resulting in 

fluctuating species activity, as well as assemblages over time (Gómez-Rodríguez et al., 

2010, Gardner et al., 2007, Llusia et al., 2013, Richter et al., 2003). Remote automated 

audio monitoring equipment has the potential to capture temporal variation in calling 

to provide a better understanding of species phenology by vastly increasing the 

temporal monitoring window and at a relatively low cost (Waddle et al., 2009). 

Automated call recorders are often highly regarded in terms of cost and benefits for 

frog monitoring in relation to other survey methods (Acevedo and Villanueva-Rivera, 

2006, Penman et al., 2005). Furthermore, phenological research presents an important 

way in which we can monitor and understand ecological responses to current and 

future climate change, with phenological evidence contributing to the 

Intergovernmental Panel on Climate Change assessment of the impacts of climate 

change on the natural environment to date (Stocker et al., 2013).  

5.1.1 Call data extraction and recogniser training 

Extraction of species specific call data using automated recognition software can 

facilitate the most efficient analysis and interpretation of large audio datasets. 

However, unavoidable technical limitations and the somewhat subjective nature of the 

recognition model development means that the extracted data is not without error 
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and this presents complex processing decisions (Wimmer et al., 2013). Aside from 

development of a reasonably effective audio recognition model, error verification, or 

quantification of error is an essential (Wolfgang and Haines, 2016), and potentially 

costly consideration (Waddle et al., 2009). Automated audio recognition software 

requires an operator-guided ‘training’ period to enable the software to automatically 

identify target species’ calls from long audio files. Tuning the recognition model 

software parameters can be regarded as more art than science due to the relatively 

subjective nature of the process (Waddle et al., 2009, Corn et al., 2011), there is very 

limited capacity for the software to gauge the recognition model performance. The one 

measure of how the recognition model is expected to perform is the “cross training” 

percentage which is based on the average and standard deviation of excluded call 

annotations when developing the model. However, this measure only relates to the set 

of example calls used to train the recognition model (Wildlife Acoustics Inc., 2011). 

Over-training occurs when too few example calls (known as ‘annotations’) are 

introduced to the model, resulting in non-detection of calls that only slightly differ 

from the training data and the inability of the model to recognise the natural acoustic 

variability between individuals (i.e. false negatives) (Wildlife Acoustics Inc., 2011, 

Waddle et al., 2009) (refer to section 5.1.2 for further discussion of this). Automated 

recognition software is known to be sensitive to the syllable structure of a call, with 

disruptions such as ambient environmental sounds (e.g. wind, rain and other animals) 

frequently disfiguring the spectral pattern of the target call, thereby affecting 

recognition accuracy (Duan et al., 2013). Automated recognition software looks only 

for spectral patterns similar to those the recogniser was trained with and lacks the 

complex contextual comprehension of the trained human ear (Wildlife Acoustics Inc., 

2011). Essentially, the user will make a decision on the final set of recognition models 

and sensitivities to use in automated analysis of the full audio files, balancing time 

invested versus recogniser accuracy. 

5.1.2 Sources of error 

Highly variable accuracy is reported for the automated recognition software Song 

Scope, with the accuracy differing between species (e.g. Brauer et al., 2016, Waddle et 

al., 2009, Zwart et al., 2014, Wolfgang and Haines, 2016) and site (Buxton and Jones, 

2012), which have important implications for subsequent statistical analyses (Corn et 

al., 2011). There are two types of error associated with automated audio extraction: 1) 
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false positives occur when the software identifies that a species called at a given time, 

when it was not; 2) false negatives occur when the software fails to identify that a 

species called at a given time when it actually did. The level of false positives and false 

negatives within a dataset can lead to biased conclusions about ecological systems 

(Miller et al., 2012). Setting the automated recognition model to a high sensitivity, 

yields a lower total number of detections but with a higher likelihood of accuracy for 

those detections: whereas, a lower sensitivity yields more detections in total (reduced 

risk of false negative error) but with a lower degree of accuracy (Waddle et al., 2009). 

Ultimately, an appropriate level of sensitivity should be selected based on the research 

objective (Waddle et al., 2009) and informed by quantification of the rates of false 

positive and false negative errors. For example, to monitor an inconspicuous or rare 

species such as the European nightjar, a low sensitivity is preferable to maximise 

detection and reduce false negative error (Zwart et al., 2014). At the other end of the 

spectrum, a high sensitivity may not provide enough discrimination between the 

target call and ambient sounds and so excessive false negatives: true positives occur. 

For example, Colbert et al. (2015) achieved high probability of detection for wild 

turkey gobbling (between 70 and 78%), but with a high level of false positives (over 

99%) resulting in lengthy data processing and bringing in to question the efficacy of 

the software.  

5.1.3 Quantifying error 

The published methods used to quantify levels of false positive and false negatives in 

extracted data are inconsistent and commonly neglect to account for the high 

variability that exists between sites the data are collected from and the different sizes 

of the datasets. In many studies, false positives are determined and removed via 

manual cross checking of call detections by a trained practitioner (e.g. Celis-Murillo et 

al., 2016, Buxton et al., 2013, Colbert et al., 2015, Zwart et al., 2014). However, for 

studies using large datasets, yielding large numbers of call detections, data requiring 

verification will also likely be large. Particularly when verification is conducted at 

multiple locations and targeting multiple species. In this situation, verification of each 

detection may not be a time efficient or feasible option (Waddle et al., 2009). 

Exhaustive verification of detections can be time consuming. For example, a study by 

Zwart et al. (2014), which targeted only one species, the European nightjar, identified 

and removed 766,275 false positive detections from their dataset, expending 798 
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hours on verification of false positive error alone. Every time an individual makes a 

target vocalisation, it will potentially be logged as a new detection (depending on 

recognition accuracy and chosen sensitivity), which then requires audio or spectral 

verification by the user. The verification process can therefore be expensive for 

actively calling individuals, or groups of individuals that produce high numbers of 

detections over short time periods.  

An alternative strategy employed by a range of published studies to deal with large 

numbers of call detections, instead tests a set number of the identified calls to quantify 

false positive error rate, randomly selected (e.g. Wolfgang and Haines, 2016, Waddle et 

al., 2009, Willacy et al., 2015). A similar method is often applied to describe false 

negative error (recognition model failure to detect a species calling) (e.g. Cragg et al., 

2015, Willacy et al., 2015, Waddle et al., 2009) and this can also be a time expensive 

process. False negative verification requires the added step of locating and opening 

the subset of randomly selected audio files for testing, and subsequently, scanning 

across extended time intervals to ascertain absence of the target call. Buxton and Jones 

(2012) reasoned that visually inspecting the spectrogram of data when calling was 

rare was less time consuming than identifying false positives and negatives.  

The strategy of testing a randomly selected subset of the overall recordings is 

inconsistent in the literature with various numbers and proportions of files tested to 

estimate false positive and false negative errors. For example, 100 randomly selected 

files (e.g. Waddle et al., 2009, Willacy et al., 2015); 1% of files (e.g. Zwart et al., 2014); 

six, two hour recordings per site (reported according to year not site) (Cragg et al., 

2015); and stratified sub sampling according to high and low activity days (Colbert et 

al., 2015). A shortcoming of using a set number of randomly selected files that are 

tested for error, is that it does not account for differing dataset sizes. That is, the size 

of the false negative test data set (files in which no detections were made) will vary 

according to how many call detections are made in the overall dataset. Rather, 

classification of the levels of false positives and false negatives is typically calculated 

using single percentages deduced from a subset of recordings and across a range of 

sites.  

Reporting of site by site recognition performances is rare despite the fact that 

bioacoustics (biological sound production, dispersion and reception) are widely 

acknowledged to vary spatially. Biological sound transmission, and therefore 



59 
 

detectability, is known to vary according to landscape structure, habitat structure and 

background noise (Darras et al., 2016, Farina, 2014, Colbert et al., 2015, Buxton and 

Jones, 2012) and may even explain the distribution of acoustically active taxa such as 

frogs (Goutte et al., 2013). Studies that do report on site bioacoustics effects include 

Buxton and Jones (2012), Cragg et al. (2015) and Colbert et al. (2015), although 

Colbert et al. (2015) only reported false positives according to year between two 

general areas across which seven automated call recording units were spaced at least 

two kilometres apart. In most studies, the rates of false positives and negatives are 

typically reduced to a single percentage calculated from a subset of outputs and across 

a range of sites. The time requirements for estimating false positive and false negative 

errors (Waddle et al., 2009), along with the fact that this process may need to be 

repeated for subsequent data extracted at different sensitivities (to reach an 

acceptable level of accuracy), as well as for different species and at different sites, 

emphasises the need for a more efficient error quantification process for use with this 

software. 

Estimating the likelihood of actually detecting a species, given that a species may be 

present and simply not detected due to survey constraints (referred to as ‘imperfect 

detection’) is an important ecological consideration that has been examined by 

MacKenzie et al. (2002) in relation to species occupancy estimation and modelling. 

Classification of a species as absent at a site when it is in fact present (referred to as 

‘false absence’) introduces bias to subsequent relationships of interest, e.g. habitat 

predictors of occupancy, proportion of area occupied, colonisation and extinction rates 

(Mackenzie, 2005). While perfect detection is not likely for cryptic species, relative 

indices are generally considered sufficient, although relative indices may only be valid 

if detectability is constant across sites and surveys (Mackenzie, 2005). Given the 

variability of ecological systems, constant detectability is unlikely and therefore 

requires estimation to make unbiased inferences. Both false negative and false positive 

errors may cause significant biases in model estimation and the level of confidence 

attributed to the accuracy of the model.  The level of error, and how this correlates 

with environmental characteristics also causes bias (Guillera‐Arroita, in press, 

MacKenzie et al., 2002, Bailey et al., 2014, Guillera-Arroita et al., 2014). For example, 

the presence of other species or taxa with similar spectral call characteristics at atone 

site may result in increased false positive detections, compared with another site 

where the audible disruption is absent.   
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Issues relating to imperfect detection and related error are a particularly important 

consideration in the assessment of frog call phenology using automated data 

extraction. The probability of an automated recognition model correctly identifying a 

target species call is not without error, and the level of this error is likely effected by 

changing seasonal species activity over time in response to hydrological and weather 

conditions, as well as the transmission of biological sound in the environment 

(referred to as bioacoustics). Not accounting for, or describing these sources of error 

has the potential to incorrectly inform resource management actions. Accounting for, 

or at least presenting assumptions regarding detectability is critical for the 

interpretation of uncertain datasets (Guillera-Arroita et al., 2014).   

5.1.4 This study  

Given the very large amounts of call data produced and the potential for multiple 

sources of error, the aim of this work is to develop a robust method to efficiently and 

accurately extract data from multiple sites and quantify the associated error rates 

(true positives and negatives). Specifically, I developed a decision framework for 

maximising effective data extraction and error quantification for application to large 

datasets. The difference in error rates are described for automated call extraction data 

for six frog species across nine sites. 

5.2 Methods 

5.2.1 Remote automated data collection 

Nine Song Meter SM3 bioacoustic recorders (Wildlife Acoustics, Inc.: Maynard, USA) 

were deployed for approximately 15 months in aquatic habitats spanning the length of 

the study area. Initially, ten call recorders were established, although due to the early 

loss of one of the recorders, a total of nine automated monitoring stations were used 

for most of the analysis. Call recorders were set to simultaneously record at hourly 

time intervals for a period of 10 minutes and the additional settings area described in 

(Table 5.1). The recording intervals were later reduced to 5 minutes to prolong 

battery life (which was much shorter than that predicted by the manufacturer). All 

recorders were secured to tree trunks approximately 1.5 m above ground level. Shade 

cloth was first secured around the tree trunks to protect from ring barking. The 

habitats in which the call recorders were place varied in terms of hydroperiod, 
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although semi-permanent to permanent sites across the temperature gradient were 

included to assure ample data collection. Variation in topography, vegetation and 

animal communities resulted in different bioacoustics at each site (Plate 5.1).   

Call recorder settings: 

As with most studies deploying equipment in the environment, a range of problems, 

including faulty equipment, equipment damage, lower than expected battery life and 

human factors, were expected and experienced. The continuous recording schedule 

was regularly disrupted, but subsequent analysis could still take place using batches of 

continuous data. Thermocron HC humidity and temperature loggers (OnSolution: 

Baulkham Hills, Australia) were installed alongside the call recorders and set to record 

for one second at hourly intervals (in concert with the call recordings) at a precision of 

±0.5 degrees Celsius. Protective covers were constructed to secure the loggers and 

provide protection from direct rainfall and sunlight. Data were stored on three 

separate external hard drives in different geographic locations to ensure data backup. 

Table 5.1 Description of the settings used for the SM3 call recording schedules. 
Recorders were set to record for 10 minutes at hourly intervals on a continuous basis, 
which was later reduced to 5 minutes due to limited battery life. Only one microphone 
was used to prolong battery life. 

Order  Parameter  Chosen setting  
 

1 HPF Off, off 

2 Gain Auto, Auto 

3 FS wav 0, Auto (24khz) 

4 ZC  Off  

5 TRGLVL Off, off  

6 At time On the hour, closest hour 

7 Repeat  (command) 

8 Record 00:05:00 

9 Pause  00:55:00 

10 UNTCOUNT INF (continuously) 
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Figure 5.1 Location of the nine SM3 Song Meter bioacoustic recorders, placed along the longitudinal profile of the Lachlan River. 
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a) Summ stream (B3, 

summer 2015) 

 
b) Hook creek (B4, winter 

2015) 

 
c) Rank dam (B1) 

 
d) Myla creek (B1) 

 
e) Yarn wetland (B4) 

 
f) Hyde creek (high flow) 

(B4, winter 2015) 

 
g) Jole dam (B1) 

 
h) Kalo wetland (B1) 

 
i) Burr wetland (B1) 

 

Plate 5.1  (a-i) The aquatic habitats selected for the continuous frog call monitoring. All equipment was established in late July 2014, except for 
the Myla creek site which was established in the following November. 
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5.2.2 Summary of recognition model development 

From the call records, multiple isolated examples of the calls (known as annotations) 

were identified and used to develop recognition models by adjusting the available set 

of parameters (mainly: FFT size & overlap, frequency range, maximum syllable, 

syllable gap & song length, maximum complexity and resolution of the overall 

recogniser) until it was visually apparent that the recogniser was able to detect the 

target call (see Wildlife Acoustics Inc., 2011). Multiple exemplary calls were selected 

from the recordings at each of the nine sites (where present) to encompass any 

possible geographic variation in the calls (Table 5.1). A trade-off between false 

positives and false negatives exists which is controlled by setting minimum values for 

the ‘quality’ and ‘score’ parameters (Wildlife Acoustics Inc., 2011, Waddle et al., 2009), 

which will herein be referred to as the recognition model sensitivity. The ‘quality’ 

parameter represents the statistical distribution of the model parameter from the 

recognition models algorithm and the ‘score’ represents the statistical fit of the call 

compared to the recognition model. Both parameters are scaled from 0 to 99. 

5.2.3 Determination of the margin of error  

 

1. Sub samples 

Subsamples totalling 22 300 minutes per site were compiled to compare recognition 

model accuracy across sites. Selecting the largest amount of data available for all of the 

sites available at the time, subsamples included a broad range of times, days and 

seasons. Given that recognition model accuracy is known to decrease during periods of 

high and low calling activity (Buxton and Jones, 2012), files were selected at random 

to include a broad range of dates, seasons and times throughout the day and thereby 

allow for examination of false positive and false negative rates, reducing the temporal 

source of bias.  
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2. Applying the margin of error method (ME) 

The margin of error formula (Equation 1) provides the means to determine the 

smallest sample size that will still provide determination of error, to the required 

precision. Enabling a time efficient and standardised determination of error, this 

equation was modified for each dataset to test (i.e. species, site, false positive, false 

negative), which all varied in number of files and with model sensitivity adjustment.  

 

Equation 1. Margin of error (ME) equation (after Lachin (1981)) used to quantify 
false positive and false negative errors. Equation 1 was applied continuously until a 
threshold ME of 0.08 was reached.  

ME = √([ 1.962pq – 1.962pq(n/N) ] / [n-1])                                             (1) 

Equation inputs: 
n:  cumulative number of tests 
p: average false positive/false negative probability 
q: 1-p 
N: total number of calls identified/not identified by the program 

 

 

False positive error: 

Two strategies were applied to false positive error quantification in order to expedite 

data extraction: 

1. To test for false positives, when a high number of detections were made, 

detection files were first reduced to hourly intervals in which at least one call 

detection occurred. Call record files were systematically selected using a 

random number generator to validate whether at least one detection was 

correctly made during the time interval (5 or 10 minute recordings). A 

cumulative margin of error (ME) (Equation 1) was calculated for each false 

positive test file (5 or 10 minute interval), occurring continually until the 

cumulative margin of error reached a threshold value of 0.08. This threshold 

was adopted based on comparison among sites, species, time constraints and 

acceptable levels of error for subsequent analysis, to provide the best possible 

outcome within the available timeframe that could be consistently applied 

across sites and different sized datasets. The ME method was applied to species 
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with long calling seasons with typically higher numbers of detections, making 

the ME method a more time efficient option, and to demonstrate the value of 

this method to large scale false positive quantification. Further reasoning for 

this is provided in the following methods sections.    

    

2. When false positive tests yielded relatively low numbers of detections, for 

example when species showed a brief calling period within the year, all 

detections were checked and deduced as the proportion of hourly intervals in 

which true positives were detected. False positives were disregarded when 

true positives were also recorded within the same recording interval, as this 

did not have an overall effect on the accuracy of the data from the specific time 

interval.  

 

False negative error: 

The ME method was consistently applied to determine the rate of false negatives, i.e. 

the rate at which target calls were missed for each species and at each site, to 

complement quantification of the recognition model accuracy. This was conducted in 

the same manner as described for false positive quantification, the only exception to 

this method was that the samples comprising a total of 22 300 minutes of recordings 

(per site) were first reduced to hourly intervals (files) on days when no detections 

were made (as relatively certain of high performing recognisers). Continual random 

sampling of the reduced dataset occurred by visually scanning the spectrogram to 

confirm call absence, recording as 1/0 (1 being false absence, 0 being true absence) 

until a threshold margin of error was reached, again ±0.08. This took approximately 

15 to 20 minutes to prepare and execute (per species, per site) when low rates of false 

negatives were present.  

5.2.4 Dealing with error variability in large datasets to maximise data 

extraction 

Essentially three decision rules guided a time constrained judgement of when 

accuracy was acceptable given three key variations. Note that even minor adjustment 

of model sensitivity parameters, ‘score’ and ‘quality’ (e.g. increments of two or three) 

resulted in considerable differences in number of detections and accuracy.  
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Decision rule 1: 

For species at sites with low numbers of detections (less than 1000) and a short call 

season (L. fletcheri, L. peronii and L. latopalmata), all detections were verified and false 

positives removed as this was the most efficient way to extract data, with the added 

benefit of false positive removal. For species that only call over short times, the ME 

method was unlikely to be accurate in quantifying overall recognition accuracy as 

detections were more likely to be accurate during the short periods of calling 

compared to extended periods when they were not calling (because few infrequent 

detections still occurred during times of non-calling, e.g. one a day/two days) and so 

the random testing was more likely to reduce the estimate of overall accuracy. Such 

bias was less inherent for species with longer, more frequent calling periods (because 

false positives were less likely in proportion) and initial reduction of the dataset to 

days when no detections were made further improved this source of bias (refer to 

section 5.3.3).  

Decisions rule 2: 

For a species at a site with a relatively high number of detections and less than 75% 

accuracy (true positives), model sensitivity was increased and both false positives and 

false negatives were again quantified until the maximum accuracy was attained. This 

was completed for several sites (where detected) for the species C. signifera, C. 

parinsignifera and L. tasmaniensis.  

Decision rule 3: 

For a species at a site with high levels of false negatives (e.g. >0.2), model sensitivity 

was reduced, and false positives and false negatives were again quantified until the 

desired accuracy was achieved. However, this was less common when the dataset for 

testing false negatives were first reduced to days with no detections.  

5.2.5 Dealing with model sensitivity in large datasets 

Model recognition sensitivity was adjusted to achieve acceptable levels of accuracy 

(true positives: false negatives) across multiple sites and species. Initially, a sensitivity 

was selected (roughly guided by other studies) then adjusted according to the results 

(considerable trial and error). A trade-off existed between false positives and false 

negatives whereby increasing recognition model sensitivity led to increased levels of 
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false negative error and vice versa. However, there appears to be a threshold accuracy 

(true positive call detections) for some sites with refinement of model sensitivity 

leading to excessively low numbers of detections (e.g. three), in which case, high 

accuracy is unachievable without excessive false negative error. Even minor 

adjustment of the sensitivity parameters (e.g. increments of two or three) can lead to 

major changes in accuracy and number of detections.  

Due to time requirements for establishing an acceptable to optimal level of recognition 

accuracy, by re-scanning the test data and gauging model performance at different 

sensitivities (only the final test results are presented here), models with true positive 

probabilities of ≥75% (±0.08 margin of error) were accepted. Lower rates of false 

positives were preferred over lower rates of false negative as the species were not 

rare or particularly difficult to detect, rather, the focus was to distinguish when they 

(mostly) called. Species recognition models were considered unusable for species at a 

site when none of the detections were correct. High levels of accuracy were achievable 

for the year round calling species C. signifera and L. tasmaniensis at a subset of sites, 

while levels of accuracy for C. parinsignifera were more variable. Much lower accuracy 

(of call detections) was accepted for species that called within relatively short calling 

windows, because relatively fewer detections were yielded on account of long periods 

of no calling making manual verification a more time efficient method. 

5.2.6 Comparing audio recognition between sites 

The C. parinsignifera recognition model was applied to the datasets collected at each of 

the nine sites at a constant sensitivity (score: 75, quality: 75) to test whether a single 

recognition model sensitivity would yield a constant rate of error when applied to data 

collected at different sites. The margin of error formula was applied to each of the nine 

datasets recorded at the different sites to quantify false positive and false negative 

error until the threshold margin of error (±0.08) was achieved.   

5.2.7 Assessing implications of remaining false positives when the ME 

method is applied  

To assess the application of the ME method to the resulting dataset, and to identify 

possible trends in error, the selected recognition model sensitivity was applied to the 

continuous datasets for two of the species (C. signifera with an extended, year round 
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calling strategy and L. peronii with a short, season-specific calling strategy) at one site 

each. All detections were then checked for false positive errors and recorded. Total 

number of call detections made during each of the recording days (5 minutes per hour 

over 24 hours) were calculated as proportions for comparison. The number of true 

positive calls and false positive calls made by the recognition model were then plotted 

against time.  

5.3 Results 

The margin of error method was especially useful for quantifying false positive error 

associated with data extracted for the year round calling species C. signifera, L. 

tasmaniensis and C. parinsignifera. However, based on the temporal bias in false 

positive occurrence (described in 5.3.3), which was the case for the species that only 

called over short time period within the year, L. peronii, L. fletcheri and L. latopalmata, 

detections were screened according to count of detections per day by checking and 

removing false positives for consecutive days when only 1 to 3 detections were made. 

5.3.1 Comparing audio recognition between sites 

Proportion of true positive detections varied considerably between sites, ranging from 

0.16 to 0.88 (±0.08 margin of error) (Table 5.3). Along with rates of true positives the 

total number of detections also varied between sites, ranging from 34 to 2714 

detections in total. Higher numbers of detections generally corresponded with higher 

rates of true positives, though at some sites, false negatives were relatively low. 
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Table 5.3 Accuracy testing for C. parinsignifera call recognition at each of the nine 
sites when set at the same sensitivity (score 75: quality 75). Asterisks indicate that for 
sites where the total number of detections were low, all detections were verified, to 
establish false positive probability and thus the margin of error and associated 
number of tests to reach this threshold is not applicable.   
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Yarn 75:75 0.88 48 240 437 0.36 119 3055 

Jole  75:75 0.85 59 360 1141 0.35 113 1870 

Kalo  75:75 0.76 * 166 249 0.04 23 2702 

Burr 75:75 0.71 80 280 2714 0.16 70 2714 

Rank 75:75 0.60 89 277 1212 0.10 49 2338 

Hook 75:75 0.56 * 90 106 0.17 76 2901 

Hyde 75:75 0.42 * 64 72 0.17 75 2536 

Myla  75:75 0.21 * 135 180 0.08 39 3091 

Summ 75:75 0.16 * 31 34 0.00 54 2643 

 

5.3.2 Accuracy between sites with methods applied 

Given the difference in rates of true positives between sites, model recognition 

sensitivity was adjusted to achieve acceptable levels of accuracy across multiple sites 

and species. Proportion of true positives varied between sites for all species, even 

when minor modifications to sensitivity levels were employed. High levels of true 

positive detections were achieved for the year round calling species C. signifera and L. 

tasmaniensis at a subset of sites, while for C. parinsignifera, true positives were more 

variable, ranging from 0.89 to 0.21 (Table 5.4). However, a much lower level of true 

positives were accepted for species that called within relatively short calling windows, 

because relatively fewer detections were yielded on account of long periods of no 

calling making manual verification a more time efficient method. 
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Table 5.4 Final recognition model sensitivities chosen for detection of each species. 

True positives refers to the proportion of accurate call detections and false negatives 

refers to the proportion of files in which calls were missed by the recognition model, 

both proportions with a margin of error of ±0.08. For species-sites with an * in the 

‘Number of files tested for false positives’ column, the margin of error does not apply 

as all files were tested for time efficiency. While the reassessment process extended 

the pre-processing phase, it reduced the post-processing phase as all detections in 

datasets with high accuracy were not cross-checked. 
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Crinia signifera 
Hook  80:80 0.94 32 722 8220 0.00 24 2023 
Jole  82:82 0.96 23 275 499 0.04 23 851 
Summ  80:80 0.95 22 209 727 0.06 32 1404  
Hyde  80:80 0.96 23 1188 7484 0.00 24 843  
Burr  80:80 0.00 * 53 56 - - - 
Yarn  80:80 0.00 * 74 86 - - - 
Myla 80:80 0.00 * 14 16 - - - 
Kalo 80:80 0.00 * 9 10 - - - 
Rank 80:80 0.00 * 81 145 - - - 
Limnodynastes tasmaniensis  
Yarn    67:67 1.00 50 290 1113 0.04 24 1511 
Hook   70:70 0.96 23 56 305 0.00 24 2587 
Kalo   67:67 0.95 20 76 417 0.04 24 2389 
Jole  70:70 0.93 31 191 1382 0.1 45 1162 
Rank  67:67 0.91 43 449 5037 0 22 2166 
Burr  70:70 0.83 * 13 61 0.04 24 2982 
Hyde   70:70 0.75 * 17 145 0.04 24 2583 
Summ 67:67 0.00 * 3 3 - - - 
Myla 67:67 0.00 * 12 12 - - - 
Crinia parinsignifera 
Yarn 75:75 0.88 48 240 437 0.36 119 3055 
Jole  75:75 0.85 59 360 1141 0.35 113 1870 
Kalo  75:75 0.76 * 166 249 0.04 23 2702 
Burr 77:77 0.89 * 132 191 0.00 24 2496 
Rank 77:77 0.87 * 180 497 0.00 24 1549 
Hook 75:75 0.56 * 90 106 0.17 76 2901 
Hyde 75:75 0.42 * 64 72 0.17 75 2536 
Myla  75:75 0.21 * 135 180 0.08 39 3091 
Summ 75:75 0.16 * 31 34 0 54 2643 
Limnodynastes fletcheri 
Burr  60:60 0.41 * 199 433 0.04 23 2734 
Yarn  60:60 0.66 * 360 1184 0.04 23 1511 
Hook  60:60 0.00 * 231 315 - - - 
Jole  60:60 0.00 * 146 207 - - - 
Summ  60:60 0.00 * 159 183 - - - 
Hyde  60:60 0.00 * 68 86 - - - 
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Table 5.4 continued: 
 

True positive quantification False negative quantification 
Site Recognition 
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Limnodynastes fletcheri (continued) 
 
Kalo   

 
60:60 

 
0.00 

 
* 

 
96 

 
102 

 
- 

 
- 

 
- 

Summ 60:60 0.00 * 159 183 - - - 
Myla 60:60 0.00 * 196 222 - - - 
Litoria peronii  
Burr  61:61 0.51 * 61 885 0.00 24 2088 
Kalo  61:61 0.09 * 64 118 0.00 23 2713 
Rank  61:61 0.30 * 71 510 0.04 23 2012 
Jole 61:61 0.50 * 72 428 0.00 23 1922 
Yarn 61:61 0.08 * 89 203 0.04 23 3891 
Hook  61:61 0.48 * 61 233 0.00 23 1850 
Hyde  61:61 0.02 * 59 99 - - - 
Myla  61:61 0.02 * 64 105 - - - 
Summ 61:61 0.00 * 56 110 - - - 
Litoria latopalmata  
Burr  72:72 0.22 * 90 648 0.00 24 2088 
Hook  72:72 0.16 * 61 149 0.00 23 2306 
Jole  72:72 0.05 * 101 772 0.00 23 2626 
Rank  72:72 0.33 * 79 507 0.00 23 1886 
Hyde  71:71 0.00 * 99 526 - - - 
Myla  71:71 0.00 * 104 253 - - - 
Yarn  71:71 0.00 * 140 690 - - - 
Kalo  72:72 0.00 * 105 678 - - - 
Summ 72:72 0.00 * 89 628 - - - 

5.3.3 Accuracy of ME method and manual verification of detections 

Given that the likelihood of false positive detections varies according to the length of 

the calling period (daily false positives are likely to occur during extended periods of 

non-calling), it is important to look at the statistical implications of this temporal bias 

in error for the resulting dataset when using either the margin of error or manual 

verification method. Essentially, how is the rate of false positive error likely to vary 

over time, according to a species calling strategy. 

Datasets for two species (C. signifera and L. peronii) at one site (Hook) were tested to 

identify how well the ME method applied to real life data extraction and whether there 

was a trend in false positive occurrence. Crinia signifera was chosen because calls 

occurred throughout most of the year while L. peronii was selected as an example of a 

species with short, seasonal calling season.   



73 
 

Crinia signifera 

For C. signifera, using the ME method, the estimated automated data extraction 

accuracy (proportion of true positive call detections) was 0.94 (±0.08) of all 

detections, when a sensitivity of quality: 80 and score: 80 was applied to recordings 

(Figure 5.2). Manual verification of the dataset revealed similar levels (within the 

same margin of error) of accuracy with 0.99 of all detections determined to be true 

positives (Figure 5.2). Using the manual checking method, the overall number of false 

positives identified during days when C. signifera called was low (0.003 as a 

proportion of total detections). Days when no calling occurred also yielded very small 

numbers of false positive detections, less than 0.001 as a proportion of the total 

detections. However, in a statistical sense, these low numbers of false positives errors 

can become inflated when multiple detections recorded over a 24 hour period are 

converted into calling days. For this study these few, inaccurate detections translated 

to the presence of calling on a given day/s and subsequently, the environmental 

conditions on these days was considered conducive to species calling activity when in 

actual fact no calling occurred, thereby introducing error to the call models. 

 

Figure 5.2 True positive (accurate detection of C. signifera call) and false positive 
(non-C. signifera sound) call detections plotted throughout the study period for C. 
signifera at one of the sites. Note: count of detections are presented on a log scale to 
improve visibility of very low numbers of false positive detections.  
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Litoria peronii:  

For L. peronii, manual verification of the automated data extraction accuracy 

(proportion of true positive call detections) was 0.91 of all detections, when a 

sensitivity of quality: 61 and score: 61 was applied to recordings (Table 5.5). While the 

accuracy of the total detections (true positives) was high (0.91), a higher level of false 

positives was estimated for this species, in regard to proportion of days with false 

positive detection (translating to 0.51). This introduces a major source of temporal 

bias when applying the ME method and not screening the extracted dataset over time 

for species with relatively short seasonal calling windows. On days when only false 

positive detections occurred, a maximum of three detections were made (false 

positives only), and 50% of the time, only one false positive detection occurred. 

Therefore, the ME method was not used for species with short calling windows due to 

the higher likelihood of time with non-calling increasing the incidence of false positive 

detection.  

Figure 5.3 True positive (accurate detection of L. peronii call) and false positive (non-
L. peronii sound) detections plotted throughout the study period. Note, count of 
detections are presented on a log scale to improve visibility of very low numbers of 
false positive detections. 
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Table 5.5 Comparison of true positive and false positive detection occurrence for the 
call data extracted for C. signifera and L. peronii. For C. signifera, a model sensitivity of 
quality = 80 and score = 80 at one site (Hook) was used and for L. peronii a sensitivity 
of quality = 61 and score = 61 at one site (Burr) was used.  

 
Model 

sensitivity 
(quality: 

score) 

Total 
number of 
hours with 
detections 

Total 
number of 
hours with 

no 
detections 

Total 
number 

of 
detectio

ns 

Number 
of files 

tested for 
false 

positives 

Accuracy as 
a proportion 
of detections 

(true 
positives) 

Accuracy as 
a proportion 
of daily true 
positive call 
detections 

Species: Crinia parinsignifera 
Site: Hook 

ME method 

80:80 722 2023 8220 

32 0.94 n/a 

Manual 
checking 

722 (all) 0.99 0.90 

 

Species: Litoria peronii 
Site: Burr 

 

Manual 
checking 

61:61 61 2088 885 885 (all) 0.91 0.52 

   

5.4 Discussion 

5.4.1 Comparing audio recognition between sites 

When a species call recognition model was applied to the audio data collected at each 

of the nine sites, the accuracy of the call detections varied considerably, emphasising 

the importance of error quantification on a site by site basis. Indeed, one recognition 

model sensitivity could not be applied to data collected at different sites, unless all 

detections are verified. The transmission of biological sounds is known to vary 

according to a range of site characteristics such as vegetation density, topography and 

back ground noise (Darras et al., 2016, Farina, 2014) and this can mask or disfigure 

the spectral signature that the software can recognise (Duan et al., 2013, Colbert et al., 

2015, Cragg et al., 2015).  

 The species calls of interest in this study were relatively simple in their spectral 

appearance (especially for C. parinsignifera) and occurred at overlapping frequencies 

(both with each other, and other taxa, e.g. birds). For these reasons, false positive 

detections were common and difficult to exclude, even when high recognition model 

sensitivities were applied. Despite its limited reporting in the current literature, the 

findings of this study suggest that accounting for variation between sites is an 
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essential consideration for automated data extraction, especially if no verification of 

detections is undertaken. Not accounting for site variation in this study would have 

resulted in the exacerbated likelihood of false positive error in the resulting dataset.  

5.4.2 Dealing with model sensitivity in large datasets 

Currently, the large scale use of automated call recognition is constrained by the time 

expensive requirements for quantifying false positive and false negative errors 

(Waddle et al., 2009). Particularly if a range of model sensitivities are assessed for 

accuracy, data is to be extracted for multiple species and at multiple sites. Establishing 

recognition model sensitivity to optimise true positive detection while minimising 

false negatives, in a time efficient manner is a complex task, with a judgement based 

process of trial and error. Three key strategies are described in this chapter to 

improve efficiency and accuracy of species call extraction from large datasets by 

accounting for several sources of bias. 1) When a high number of detections are made, 

or species call over long seasonal periods, determining a cumulative false positive 

error estimate based on randomly selected files, until the cumulative margin of error 

reaches a threshold value presents a time efficient and unbiased means to quantify 

false positive error. 2) To determine false negative error, the ME method presents an 

objective and efficient strategy that accounts for differing sample sizes from which the 

accuracy is quantified. Characterising the margin of error not only allows for the 

smallest sample size to be tested, depending on the overall sample size (Lachin, 1981), 

it also provides a  statistic/confidence interval, because false positive detections will 

never be excluded entirely (due to the presence of disruptive ambient sounds in the 

environment). Instead, ME characterisation provides a description of the imprecision 

inherent in the extracted dataset. 3) For species that only called over a short period of 

the year (L. peronii, L. latopalmata and L. fletcheri) checking all detections was more 

time efficient. Given this, for small datasets it was often more time efficient to simply 

gauge call recognition accuracy by manually checking each call detection and 

subsequently checking all detections for true positive errors (and removing them). 

More tests were required to achieve the desired margin of error, and more false 

positives were likely incurred over extended periods of non-calling activity (still 

yielding detections even though they were not calling). In this study, for species with a 

relatively short, seasonal calling window (L. peronii), the proportion of true positive 

detections was 0.91, although, when converted to detections per day, this resulted in a 
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higher proportion of false positives (0.51) on account of very few but frequently 

occurring false positives occurring during non-calling times. Other studies (e.g. 

Swiston and Mennill, 2009) have identified that automated recognition may not be as 

effective for rare species compared with manual verification and this is likely the 

reason.  

Essentially the strategies described here related to differences in species calling 

ecology. The margin of error method enabled an objective and efficient data extraction 

strategy for large and variable datasets collected, consistently for false negative 

verification (due to a high number of files to test) and also for false positive 

verification when a high number of call detections were made.  

5.4.3 Trends in false positive occurrence 

Reduction of datasets according to seasons in which the species is known to actively 

call provides a way to reduce the temporal bias associated with changing calling 

activity over time. However, seasonal data reduction cannot be applied to species that 

call year-round in response to changing seasonal conditions and does not permit 

identification of unseasonal calling. Unseasonal calling is common among frog species 

(Lemckert and Mahony, 2008), and is a potentially important occurrence to study, 

particularly when climatic drivers of species calling is of focus. Temporal analysis of 

extracted call detection counts allowed for an efficient reduction of false positive error 

as illustrated in the example datasets in which all detections were checked to identify 

when false positives were likely to occur (section 5.3.3). Comparison of the ME 

method and manual verification confirmed the validity of the ME method as a useful 

way to gauge accuracy over time (indicated by similar accuracy estimates) for this 

dataset. From this comparison, it was also apparent that few detections were likely to 

occur during a day when the target species was not calling. Based on this finding, 

consecutive days with very few detections were readily identified, verified and 

removed improving the overall accuracy of this dataset.  

The recording schedule employed, i.e. hourly recordings throughout all 24 hours of the 

day, may have provided a certain level of redundancy in terms of calling intensity. 

Recognition accuracy is likely to be reduced during periods of very high and very low 

calling activity and so recording during each hour of the day (in conjunction with daily 

fluctuations in levels of calling intensity) is likely to enhance daily true positive 



78 
 

detection. Conversely, during extended periods of time (hours and days) during which 

no calling occurred increased the likelihood of false positives. However, the temporal-

count screening process applied to the extracted call data in this study efficiently 

reduced the occurrence of daily false positive call detections.   

5.5 Conclusion  

Currently, application of large-scale monitoring programs using remote automated 

loggers and automated call recognition software is constrained by variability in model 

recognition accuracy over time and space. In this chapter, a novel set of strategies are 

presented that highlight and address the uncertainties associated with extracting data 

from a large and highly variable audio dataset. Two strategies for quantifying the 

accuracy of automated frog call recognition are described in this chapter. First, error 

was quantified (false positive and false negative) by selecting files at random and 

continuously calculating the mean accuracy until the cumulative margin of error 

reached a threshold. Second, given that accuracy decreased during periods of very low 

calling activity, data was temporally filtered based on number of detection counts, 

whereby consecutive days with very few detections (e.g. less than three) were checked 

for false positive error and removed. Uncertainty and sources of error, as well as the 

trade off with time was also investigated. A combination of both strategies was used 

for species with extended calling times (e.g. year round breeders) while temporal 

analysis of call detections was more time efficient for species that only call during 

short seasonal periods. The calling activity time series thus produced includes 

valuable qualifying data describing statistical confidence, a critical element to consider 

when species detection is imperfect and in a time efficient manner. The level of false 

positives and false negatives within a dataset can lead to biased conclusions about 

ecological systems and so even if not explicitly accounted for in subsequent statistical 

analysis, data uncertainty should be described when interpreting the resulting 

findings. The margin of error presents an objective and unbiased way to characterise 

the inherent and unavoidable uncertainty in large datasets extracted using automated 

call recognition software.  
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Chapter 6 Calling phenology of six sympatric frog species 

 

6.1 Introduction  

Following on from chapters 3 and 4, the calling phenology of the six frog species, 

Limnodynastes tasmaniensis, Limnodynastes fletcheri, Litoria peronii, Litoria 

latopalmata, Crinia parinsignifera and Crinia signifera, over the course of 15 months is 

described in this chapter. Fine-scale (daily) local meteorological conditions were 

examined in relation to species calling to identify the important drivers of their calling 

phenology in the catchment.  

Phenology is the study of recurrent plant and animal life cycle phases, including the 

timing and climatic drivers of these events (Schwartz, (ed.) 2003, Beaubien, 1989). 

Frog calling is one such example, whereby males call to attract their female 

counterparts for breeding and is generally considered as a proxy for attempted 

breeding (e.g. Crouch and Paton, 2002, Saenz et al., 2006, Stevens and Paszkowski, 

2004). Although frog calling is not, unequivocally, a direct indication of breeding 

attempts, the high energetic cost and increased risk of mortality strongly signals its 

likely association with reproduction (Lemckert and Mahony, 2008). Calling has also 

been directly correlated with the observation of egg masses for some species (e.g. 

Stevens and Paszkowski, 2004).  

The timing of frog breeding varies between species. For some species, breeding is 

distinctively cyclical in occurrence (Steen et al., 2013) driven by a combination of 

intrinsic factors, e.g. hormonal triggers (Moore et al., 2005, Wilczynski and Burmeister, 

2016), and seasonal variables, such as photoperiod (Both et al., 2008, Inai et al., 2003, 

Canavero et al., 2009) or the lunar synodic cycle (Grant et al., 2012, Vignoli and 

Luiselli, 2013). For other frog species, specific environmental conditions are important 

triggers for breeding activity, varying according to particular species life history traits 

(Schalk and Saenz, 2016, Ospina et al., 2013). A range of climatic variables have been 

identified as drivers of frog calling (Penman et al., 2006, Saenz et al., 2006, Steen et al., 

2013). For temperate regions of the world, temperature and rainfall, or an interaction 

between both are known to be the principal drivers of breeding (Schalk and Saenz, 

2016). In general, temperature is a more important trigger for breeding by occupants 

of semi-permanent to permanent waterbodies (Steen et al., 2013). Whereas rainfall is 
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relatively stronger for ephemeral species which rely on rain events to establish and 

sustain aquatic breeding habitats (Schalk and Saenz, 2016, Lowe et al., 2016, Saenz et 

al., 2006). Several frog species are known to display a time lagged response to 

precipitation (Schalk and Saenz, 2016, Saenz et al., 2006) and significant associations 

have been made with both the lag and accumulation of rainfall. Several studies have 

linked the delayed response to rainfall to a range of life history traits. Rainfall may 

provide the cue for summer species to migrate from refuges to water bodies for 

breeding, resulting in a lagged calling response (Saenz et al., 2006). For species using 

ephemeral wetlands at risk of larval desiccation, calling may be driven by accumulated 

amounts of rainfall over several days to ensure that aquatic habitats are established 

and persist for the duration of larval development (Steen et al., 2013, Gottsberger and 

Gruber, 2004). For a species that digs underground nest chambers to breed and 

deposit egg masses (Leptodactylus bufonius, in a Bolivian neo-tropical ecosystem), 

initial rainfall is suggested to create soil conditions conducive to digging, and once the 

nest is constructed, breeding occurs, thereby resulting in a delayed call response to the 

rainfall event (Schalk and Saenz, 2016). 

The timing and characteristics of intraspecific breeding events, including calling 

activity can vary spatially due to differences in weather, engendered by latitude 

(Lemckert and Mahony, 2008, Lowe et al., 2016) and elevation (Morrison and Hero, 

2003). Population specific calling times, in response to the distinct thermal conditions 

a population is acclimatised to suggest the capacity for species to adapt to climate 

changes (Llusia et al., 2013). Inter-annual climate variability shapes species 

assemblages over time, with the timing of wetland drying and inundation in 

ephemeral habitats resulting in different breeding opportunities for seasonally active 

species (Gómez-Rodríguez et al., 2010, Cayuela et al., 2012). The idiosyncratic nature 

of frog species calling in response to differing triggers and their variation between 

populations across space and over time results in a complex pattern of temporally 

partitioned breeding events. Temporal partitioning of frog species calling and 

reproduction throughout the day (diel) (Van Sluys et al., 2012, Bridges et al., 2000), 

between seasons (Llusia et al., 2013, Heard et al., 2015) and between years (Gómez-

Rodríguez et al., 2010, Richter-Boix et al., 2006) have been observed. The breeding 

phenology arrangement  may reduce competition between species recruitment events 

(Todd et al., 2010), with species that do breed concurrently exhibiting staggered peak 

call times and differing larval and call behaviour (Heard et al., 2015).  
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Recent climate warming has, in general, driven phenological shifts to earlier breeding 

times for many frog species around the world, which is occurring much more rapidly 

(at least two times) for amphibians compared with other taxa (Parmesan, 2007). For 

amphibian species living at higher latitudes, the trend toward earlier breeding is more 

pronounced due to the combination of northern populations being more responsive to 

temperature, and increasing temperatures (While and Uller, 2014). At the community 

level, phenological responses to warming have been observed for a range of species, 

whereby breeding events have occurred both earlier (Walpole et al., 2012, Gibbs and 

Breisch, 2001, Todd et al., 2010) and later (Todd et al., 2010). In some cases, there has 

been no significant change in the timing (Gibbs and Breisch, 2001, Walpole et al., 

2012). Plasticity in breeding activity in response to environmental conditions may 

provide frogs with a buffer against the effects of a changing climate. However, both 

adaptive and maladaptive responses (e.g. behaviour, morphology, life history traits) 

have been observed in response to recent climate change conditions (Urban et al., 

2014). Adaptive capacity has also been shown to vary across a species geographic 

range, for example, individuals from edge populations have been shown to be more 

responsive and develop more quickly when subjected to increased temperatures 

(Orizaola and Laurila, 2016).   

As a  habitat’s climate warms, there is potential for smaller windows of opportunity 

for breeding events (Blois et al., 2013). A contraction of the length of time available for 

breeding events may lead to a greater likelihood that breeding opportunity windows 

for different species will more likely overlap.  The resulting negative effects on species 

calling activity may in turn, reduce subsequent breeding attempts (Ospina et al., 

2013), trigger trophic mismatches and community destabilisation (Blois et al., 2013). 

The temporal pattern of breeding cycles for various species may become disrupted; if 

species breeding events become more likely to overlap, pressure on resources 

required for breeding events may not be adequate to support local species persistence 

(Todd et al., 2010, Walpole et al., 2012).  

Phenological research presents an important way in which we can gain insight into 

ecological responses to current and future climate change, contributing evidence to 

the Intergovernmental Panel on Climate Change assessment of the impacts of climate 

change on the natural environment to date (Stocker et al., 2013). Understanding the 
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influence of climate on biotic interactions is crucial for preparing for ecosystem 

responses to global warming (Blois et al., 2013) and general resource management.  

For this thesis, the following hypotheses were developed with a view to refine our 

understanding of how climate drives calling activity: 

1. Species calling peaks will be staggered over time, supporting the temporal 

niche theory (see section 6.4.2).  

2. Calling activity is cued by specific combinations of temperature and rainfall 

within a threshold range.  

3. Calling activity in response to rainfall will vary according to site hydrology.  

The call phenologies of four frog species (L. tasmaniensis, L. peronii, L. latopalmata and 

C. parinsignifera) that exhibit widespread, sympatric distributions were examined. An 

additional two species were also observed, L. fletcheri and C. signifera, which did not 

co-occur within the same geographic distribution, although were sympatric with the 

above-mentioned four species. The six species are characterised as three taxonomic 

pairs of species, phylogenetically related, in matching families and genera of the 

Hylidae family, two species within the Litoria genus (L. peronii and L. latopalmata), of 

the Limnodynastidae family, two species within the Limnodynastes genus (L. fletcheri 

and L. tasmaniensis) and, of the Myobatrachidae family, two species within the Crinia 

genus (C. signifera and C. parinsignifera). All six species have an entirely aquatic larval 

development and, apart from L. peronii, which is a tree dwelling frog, all are ground 

dwelling.  

6.2 Methods  

6.2.1 Study area 

The study area is located within the Lachlan catchment, south-eastern Australia. 

Selected sites stretched along a mean annual temperature gradient of approximately 

4.3°C. Using the Köppen-Geiger climate classification (Peel et al., 2007) the study area 

incorporates two main classes, temperate from the eastern reaches to amid Forbes 

and Condobolin; through to semi-arid (steppe), extending west of Condobolin through 

to Kiacatoo. Mean annual rainfall varies from approximately 600 mm at Cowra in the 

east to 420 mm at Condobolin in the west (Bureau of Meteorology, 2016). Intermittent 
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and perennial tributary streams and creeks with sandy-stony substrates, riffles and 

pools flow through cleared grassy sclerophyll forests in the east. While, anabranches, 

distributaries and wetlands occur in the western plains with river red gum, black box 

and floodplain shrub lands dominated by lignum. Agricultural dams are common 

aquatic habitats throughout the catchment.  

 

Figure 6.1 Location of the nine automated call recording devices (Song Meter SM3, 
Wildlife Acoustics Inc., Maynard Massachusetts). The equipment was placed along the 
longitudinal profile of the Lachlan River corresponding with a gradient in mean annual 
temperature. Site names and Interim Biogeographic Regionalisation for Australia 
(IBRA, version 7) subregions are presented. 
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Table 6.1 Call recorder geographic co-ordinates, site mean annual temperature, number of recording days and wetland type.  

Site code LAT LONG Mean annual 
temperature (°C) 

Data gaps 
(total number of recording 
days) 

Months with very few 
recording days (July 2014 – 
October 2015) 

Wetland type 

HOOK -34.1607 148.9592 13.30042 1: 17/9/14 – 10/11/14 
2: 26/12/14 – 27/1/15 
3: 15/7/15 – 8/10/15 

Oct ‘14 
Jan ‘15 
Aug, Sep ‘15 

Small ephemeral rain fed 
tributary stream 

SUMM -34.2832 148.823 14.46667 1: 27/9/14 – 10/11/14 
2: 26/12/14 – 27/1/15 
3: 1/4/15 – 13/5/15 
4: 19/6/15 – 8/10/15 

Oct ‘14 
Jan ‘15 
Apr ‘15 
⌃Jul, Aug, Sep ‘15 

Small ephemeral rain fed 
tributary stream 

HYDE -34.0546 148.8859 14.15375 1: 30/9/14 – 15/11/14 
2: 23/12/14 – 27/1/15 
3: 10/3/15 – 15/5/15 

Oct ‘14 
Jan ‘15 
Apr ‘15 

Ephemeral rain fed tributary 
creek 

RANK -33.7682 148.5606 15.40625 1: 29/9/14 – 14/11/14 
2: 31/12/14 – 27/1/15 
3: 7/3/15 – 13/5/15 
4: 13/7/15 – 8/10/15 

Oct ‘14 
Jan ‘15 
Mar, Apr ‘15 
Aug, Sep ‘15 

Semi-permanent rain fed 
dam 

JOLE -33.9835 148.9119 15.52667 1: 11/9/14 – 15/11/14 
2: 23/12/14-27/1/15 
3: 5/2/15 – 13/5/15 
4: 28/6/15 – 15/7/15  

Oct ‘14 
Dec ’14,  Jan ‘15 
Feb, Mar, Apr ‘15 
Jul ‘15 

Permanent spring fed dam 

KALO -33.514 148.3075 16.26375 1: 18/9/14 – 11/11/14 
2: 21/12/14 – 28/1/15 
3: 28/3/15 – 12/7/15 

Oct ‘14 
Jan ‘15 
Apr, May, Jun ‘15 

Ephemeral rain fed wetland 

MYLA -33.592392 148.257380   15.869170 1: 9/7/14 – 3/11/14 
2: 30/12/14-28/1/15 
3: 28/4/15 – 28/6/15 

*Jul, Aug, Sep, Oct ‘14 
Jan ‘15 
May, Jun ‘15 

Semi-permanent distributary 
creek 

BURR -33.1428 147.4474 17.35625 1: 22/9/14 – 11/11/14 
2: 22/12/14-29/1/14 
3:30/4/15 – 14/5/15 
4: 8/7/15-15/10/15 

Oct ‘14 
Jan ‘15 
May ‘15 
July, Aug, Sep ‘15 

Flow regulated, semi-
permanent floodplain 
wetland 

YARN -33.2011 147.075 17.63708 1: 13/9/14-29/1/15 
2: 1/3/15-14/5/15 
3: 9/7/15-15/10/15 

Oct, Nov, Dec’14 & Jan ‘15  
Apr ‘15 
Jul, Aug, Sep ‘15 

Flow regulated, permanent 
floodplain wetland  

* - equipment was only established during November 
⌃ - call recorder was damaged due to infestation by ants  
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6.2.2 Automated frog call recordings 

Nine automated call recording devices (Song Meter SM3, Wildlife Acoustics Inc., 

Maynard Massachusetts) were positioned along the longitudinal profile of the 

catchment, within approximately 30 km of the Lachlan River. Sites were spread 

between Frogmore in the east (34.1607°S, 148.9592°E) to Condobolin in the west 

(33.202317°S, 147.073486°E) and set to record five minute recordings, every hour, 

continuously (following the protocol of Burton et al. (2006) who recorded 95% of 

species within the first 5 minutes of call surveys). Recording devices were secured to 

trees within 3 m of the water’s edge at a height of 1.5 to 2 m. The nine wetlands were 

made up of natural (wetlands) (n=6) and constructed (dams) (n=3), with varying 

hydrological regimes: ephemeral (n=3), semi-permanent (n=3) and permanent (n=3). 

Reflecting the environmental gradient of the study area, sites in the east were 

characterised by intermittent tributary streams and creeks (n=3), and spring fed and 

rain fed dams (n=2), graduating to an ephemeral swamp (n=1) and modified 

distributary creek (n=1) through the middle reaches, and semi-permanent to 

permanent wetlands along anabranches of the Lachlan River in the west (n=2).  

Recording occurred from mid-winter through to the following mid-spring (17 July 

2014 until 8 October 2015).  

Gaps in the dataset: 

Gaps occurred in the dataset due to a range of issues (Table 6.1). Data were missing for 

most of December 2014 and January 2015 due to a much shorter than expected 

battery life expectancy. Apart from these months, extended data gaps occurred 

differentially across sites due to “Secure” Digital (SD) memory card corruption errors 

and differing battery life spans between recorder units. For example, data were 

inaccessible from the SD cards recorded in four of the eight remaining call recorders 

between July and October 2015. Due to desiccation and habitat modification at 

another site where a call recorder was initially positioned, data collection was delayed 

at Myla (being established in November 2014). Ant infestation resulted in equipment 

damage and early removal at Summ in July 2015; and equipment malfunction at Rank 

required its replacement. Apart from October 2014 and January 2015, establishment 

of multiple (9) call recording devices facilitated the collection of an almost continuous 

dataset over the course of the study. 
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Audio recognition software (Song Scope 4.1.3A, Wildlife Acoustics Inc., Maynard 

Massachusetts) was used to develop species-specific recognition models to extract the 

species vocalisations of six common species, L. tasmaniensis, L. fletcheri, C. 

parinsignifera, C. signifera, L. latopalmata and L. peronii from the dataset. Refer to 

chapter 5 for further description of the semi-automated procedure.  

Treatment of call data: 

Time series of species calling activity over 24 hour periods were compiled to identify 

patterns in species diel calling. This was determined by calculating the proportion of 

call detections made during each hourly time interval (5 minute recording) at a site, 

relative to the total number of call detections made during all 24 hour intervals at the 

same site. The mean number of call detections and standard error were then 

calculated based on the proportion of call detections per hour at all sites where the 

given species was detected. Species calling time series were derived from the mean 

daily number of call detections made at all sites where calling occurred. 

To distinguish between environmental conditions conducive to species calling, species 

call data were transformed to a simple presence/absence of calling, for each recording 

day.  

6.2.3 Local climate conditions 

Frog call phenology is known to vary across even small spatial scales (Brooke et al., 

2000) warranting the collection of site specific climatic data. To achieve this, we 

positioned temperature-humidity micro-loggers (Thermocron HC Temperature 

Humdity Logger, Onsolution©) alongside call recorders (attached to the same tree) to 

record local temperature and humidity conditions (±0.5°C). Micro-loggers recorded 

one reading every hour, in synchrony with the call recordings. Micro-loggers were 

protected from direct sunlight and precipitation with small, open shields made from 

white, UV resistant flowerpots upended.  

Equipment error also resulted in gaps in an otherwise continuous temperature-

humidity dataset for three of the sites, Yarn (July to September in 2014, February to 

April 2015), Burr (July & August 2014) and Hook (November & December 2014). In 

order to estimate missing data, regression curve estimation analysis was conducted on 

the available recorded temperatures and humidities for pairs of neighbouring sites. 

Strong linear and polynomial relationships (R2 values of 0.807-0.939) were found for 
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both temperature and humidity for each of the three pairs of sites. From this, the 

temperature/humidity data at the closest neighbouring site were used to estimate 

missing data (Table A5.1). For Yarn, a total of 4 870 hourly temperature and humidity 

values were derived from Burr; for Hook, 1 877 values were derived from Summ; and 

for Burr, 700 hourly values were derived from Yarn. 

Local daily precipitation data were derived from the Australian Water Availability 

Project interpolated daily raster maps (BOM, 2016, Jones et al., 2009). Time series data 

for all nine sites were produced using a simple custom algorithm (provided by Dr 

Andrew Hall, personal communication, June 5, 2016) that extracted the values of the 

cell in which each site was located from each raster map within the time period of 

interest. 

Summary of climate outcomes: 

The highest temperatures recorded across the yearlong survey period occurred during 

a warmer than average spring (November 2014). Temperatures during mid- summer 

(mid-January to early February 2015) were cooler than those spring temperatures 

(Figure 6.2) and slightly cooler than average. Most rain was recorded during late 

November 2014 and March 2015 (Figure 6.2), while relative humidity was on average, 

higher from April to early September. 

 

 

Figure 6.2 Average monthly precipitation and ambient air temperature (averaged 
from all 65 sites) for the duration of the study. Maximum and minimum values are 
presented to indicate the range of conditions occurring across the sites. 
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6.2.4 Statistical analysis  

 

Modelling approach: 

Several variables were included as predictors of calling in the generalised mixed-effect 

regression models. The variables fell into six broad categories and are summarised in 

Table 6.2. The rainfall lags assessed were similar to those used by (Schalk and Saenz, 

2016). 

Being a zero-inflated (biased) dataset, data was extracted so that the number of 0 and 

1 binomial responses were similar for each site. This was achieved by randomly 

selecting a subset of 0 binomial response data to match the number of 1 binomial 

responses for each site. To determine what environmental factors were correlated 

with each species’ calling, generalised linear mixed-effect regression models, fit by the 

Laplace approximation using the 'glmer' function of the ‘lme4’ package (Bates et al., 

2016) (R, version 3.31 (R Core Team, 2016)), with binomial errors and a logit link 

function. Separate models were run for each of the six species. In order to reduce 

collinearity, predictor variables were grouped into six categories and then all possible 

combinations of models were assessed, including: one or none of (daily air 

temperature: maximum, OR minimum, OR average) + one or none of (daily rainfall) + 

one or none of (catlag 1/2/3/4/5/7/14, OR rainlag 1/2/3/4/5, OR cumul 

2/3/4/5/14/28) + one or none (water levels) + one or none of (hydroperiod). A total 

of 760 models were assessed for each species. Site was included as a random effect to 

account for differences in site-specific attributes. Model fit was evaluated based on 

Akaike’s Information Criterion (AIC) and the accuracy of the predicted model fit 

following maximum likelihood estimation and the Laplace Approximation. The best 

fitting models were considered those within 2 ∆AIC of the lowest AIC score, and those 

which correctly predicted >60% of calling and not calling (0/1).  

To allow for variability between sites (other studies have found that calling may vary 

between sites indicating adaptation to local site conditions), site was included as a 

random effect so that within-subject (species) and between subject 

(presence/absence) heterogeneity could be accommodated.  
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Table 6.2 Summary of all variables assessed in the species call models.  

 
 

Variable  Measurement 
units 

Survey 
method 

Variable 
classification 

Call data  Presence/absence of 
call male (by species) 

0 = absent,  
1 = present 

Automated call 
recorders, 5 
minute 
recordings per 
hour 
continuously 

Response, qualitative, 
discrete 

Temperature 
data 

1) Minimum daily 
temperature  

2) Maximum daily 
temperature  

3) Average daily 
temperature 

*trimmed according 
to interquartile range, 
upper 0.05 and lower 
0.95 

°C (±0.5°C) Individual site 
temperature-
humidity 
micro-loggers 

Predictor, 
quantitative, 
continuous 

Humidity data Relative ambient air 
humidity 

% RH Individual site 
temperature-
humidity 
micro-loggers 

Predictor, 
quantitative, 
continuous 

Daily rainfall  Amount of daily 
rainfall 

mm Site-specific 
interpolation 
from the 
Australian 
Water 
Availability 
Project daily 
raster maps 

Predictor, 
quantitative, 
continuous 

Lagged rainfall  
 
(based on 
parameters 
used by (Schalk 
and Saenz, 
2016) 

1) ‘Catlag’ – 
categorical 
classification of 
whether or not 
rainfall was recorded 
at the site: 1,2,3,4,5,7 
or 14 days prior    

0 = no rain 
recorded  
1 = rain 
recorded  

Derived from 
the daily 
rainfall data  

Response, qualitative, 
discrete 

2) ‘Rainlag’ – amount 
of rainfall recorded 1, 
2,3,4 or 5 days prior  

mm Derived from 
the daily 
rainfall data 

Predictor, 
quantitative, 
continuous 

3) ‘Cumul’ – 
cumulative rainfall 
recorded 2,3,4,5,14,28 
days prior 

mm Derived from 
the daily 
rainfall data 

Predictor, 
quantitative, 
continuous 

Water level  Daily/monthly 
volume of water 
retained in the site 

0 = dry or very 
receded shore 
line  
1 = moderate to 
high water 
levels  

Rough 
estimation 
based on 
intermittent 
site visits 
during the 
study 

Response, qualitative, 
discrete 

Hydroperiod  General wetland 
permanence  

0= ephemeral,  
1= semi-
permanent &, 
2= permanent  

Based on the 
water levels 
over the 
duration of the 
study 

Response, qualitative, 
discrete 
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6.3 Results  

Calling by six species Crinia signifera, Crinia parinsignifera, Limnodynastes 

tasmaniensis, Limnodynastes fletcheri, Litoria peronii and Litoria latopalmata was 

recorded over varying proportions of the total recording days during the monitoring 

period (Table 6.3). The total number of calls detected varied between species and 

across sites (Figure 6.3). The most widespread species were Crinia parinsignifera 

(called at all 9 sites), L. peronii (8 sites) and L. tasmaniensis (7 sites). While C. signifera 

(4 sites), L. latopalmata (4 sites) and L. fletcheri (2 sites) called at less than half of the 

sites. There was considerable variation in the total number of days that each species 

was recorded calling at individual sites; for example, calling by C. parinsignifera was 

detected on only 4 days at Summ, and 244 days at Hook (Table 6.3).  

A clear geographic partitioning was evident for two species, C. signifera and L. fletcheri 

(described in chapter 3). Crinia signifera called from sites located in the cooler 

(eastern) regions within the study area while L. fletcheri was restricted to sites in the 

warmer (western) region within the study area. The remaining species, C. 

parinsignifera and L. peronii, L. tasmaniensis and L. latopalmata exhibited considerable 

overlap/sympatry in use of sites and were spread across the entire study region. 
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Table 6.3 Total number and relative proportion of recording days that species calling 
was identified, according to species and site.  

Species Site Total number of days 
when calling was detected 

Total number of 
recording days 

Ratio of recording 
days when calling 

C. parinsignifera 
 

Summ 4 211 0.02 
Hyde 81 280 0.29 
Myla 80 245 0.33 
Yarn 100 208 0.48 
Burr 153 256 0.60 
Jole 159 236 0.67 
Kalo 195 277 0.70 
Hook 244 275 0.89 
Rank 200 201 0.99 

C. signifera 
 

Hook 110 275 0.40 
Jole 94 236 0.40 

Summ 50 211 0.23 
Hyde 143 280 0.51 

L. fletcheri 
 

Burr 24 256 0.09 
Yarn 33 208 0.16 

L. latopalmata 
 

Jole 7 236 0.03 
Hook 10 275 0.04 
Burr 20 256 0.08 
Rank 39 201 0.19 

L. peronii 
 

Hyde 1 280 <0.01 
Rank 1 201 <0.01 
Yarn 7 208 0.03 
Kalo 12 277 0.04 
Hook 29 275 0.10 
Burr 32 256 0.12 
Myla 18 245 0.07 
Jole 48 236 0.20 

L. tasmaniensis 
 

Hyde 7 280 0.02 
Burr 11 256 0.04 
Hook 13 275 0.05 
Jole 75 236 0.32 

Rank 72 201 0.36 
Kalo 112 277 0.40 
Yarn 85 208 0.41 

 

6.3.1 Seasonal calling activity 

 

Calling window: 

When considered across all sites, Crinia parinsignifera, Limnodynastes tasmaniensis 

and Crinia signifera had an extensive, year-round breeding strategy, calling on a higher 

number of days (more than 50 days at most sites) over the duration of the study and at 

multiple times over the year/study (Figure 6.4). In contrast, L. fletcheri, L. peronii and 

L. latopalmata called only during narrow windows of time at each site during late 

spring and summer (calling was generally isolated to 1-30 days). 

Considerable temporal overlap in species calling throughout the year was common. 

Crinia  signifera, C. parinsignifera and L. tasmaniensis all called throughout the year but 
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were generally most active from late autumn and throughout spring. During mid-

autumn to early spring (April -September), two pairs of species called simultaneously, 

L. tasmaniensis and C. parinsignifera, typically in the west; and C. signifera and L. 

tasmaniensis, typically the east. In early spring, all three species, C. signifera, C. 

parinsignifera and L. tasmaniensis, called together for a short period (Figure 6.3). From 

late spring and throughout summer, a high diversity of species were observed calling, 

with up to four species identified at the same time (Figure 6.3). During the warmer 

months, the peak calling times for L. peronii, L. fletcheri and L. latopalmata all occurred 

during November and December (Figure 6.4); however, lack of data collected during 

January and October constrained clear comparison of the similarity in peak call times 

for these species. Individual species call graphs are presented in Appendix 3 (Figure 

A3.1-A3.6). 

Crinia signifera called at four of the sites in the eastern reaches of the study area. 

Peak calling occurred between July and September in 2014 (June and October data 

not available to establish start and end dates) (Figure 6.4). Smaller calling events 

also occurred at Hook and Hyde between May and July in 2015. Calling was also 

intermittently detected during the warmer months (November to March) at Hyde 

and Summ, and no calling was detected from mid-July until early October in 2015 

at the two sites for which data were available during this time (Jole and Hyde). 

Crinia parinsignifera was detected at all nine sites and was generally most active 

during the cooler months (late autumn to early spring); however, low levels of 

calling also occurred throughout the rest of the year at all sites.  

Limnodynastes tasmaniensis was also very widespread. Calling by this species was 

detected at seven of the nine sites, mostly between late winter and early spring 

(August to October), but also during April at Yarn in the west. Limnodynastes 

fletcheri was only detected at two of the sites in the western reaches of the study 

area. Peak calling for this species occurred between November and December at 

Burr (although, due to equipment failure, January data were not available to 

establish the call end date at this site). While a high number of calls were detected 

between late January and late March at Yarn, January data were missing and so the 

start of the call season could not be established. 
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Figure 6.3 Calling by each of the six species: C. parinsignifera, C. signifera, L. tasmaniensis, L. peronii, L. latopalmata and L. fletcheri across each of the 
nine sites (ordered from east to west). Each box along the x-axis displays the species calling activity over the duration of the study, July 2014 until 
October 2015.  
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Figure 6.4 Mean calling for each species over the duration of the study (between July 2014 and October 2015). Mean daily calls were calculated 
from the total number of call detections made on each day of the study, pooled from all sites (where detected) and presented on a logarithmic scale 
(log10).  
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Calling by Litoria peronii was detected across the catchment at all sites, except 

Summ. At Burr, Kalo, Hyde and Hook, calling occurred during November and 

December in 2014. While short, isolated calling events occurred during September 

2014 at Rank and late January to early February at Yarn (although data were not 

available at this site for December 2014). The 2015 breeding season commenced 

during September and October at Jole, Kalo and Myla. Meanwhile, no calling was 

detected at Hyde, and data were not available for the remaining sites. The highest 

level of calling activity (number of detections) for this species occurred at Burr, 

Hook and Jole, while calling was relatively low (fewer daily detections) and of very 

short duration (lower number of calling days) at the remaining sites (Figure 6.3). 

Calling by Litoria latopalmata was consistently isolated to November and 

December at all four of the sites spanning the study area (Burr, Rank, Hook and 

Jole). Data leading up to, and following this time (October 2014 and January 2015) 

were not available to establish the exact start and end of the call season.  

Overlapping calling window: 

Across all nine sites, there was no clear trend of staggered calling peaks across 

species (see Figure 6.4). Interspecific calling activity also overlapped at individual 

sites (A3.7 to A3.15). Where they co-occurred, species with overlapping calling 

windows included: 1) L. peronii, L. latopalmata, L. fletcheri and C. parinsignifera 

(one site), 2) L. peronii, L. fletcheri, C. parinsignifera and L. tasmaniensis (one site), 

3) C. parinsignifera & C. signifera (two sites), 4) C. parinsignifera, C. signifera & L. 

tasmaniensis (two sites), 5) C. parinsignifera, L. latopalmata & L. peronii (one site), 

6) C. parinsignifera, L. peronii & L. tasmaniensis (two sites), 7) C. parinsignifera, L. 

latopalmata & L. tasmaniensis (two sites) and 8) C. parinsignifera & L. peronii (one 

site). Crinia parinsignifera was a common and generally subdued counterpart 

during these times.  

6.3.2 Correlates of calling activity  

Generalised mixed effects models were used to determine the relationship 

between each species’ calling and the environmental variables measured. Site was 

included as a random effect in the models to identify underlying trends across the 

catchment while allowing for inter-population differences. From the 760 models 
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generated for each species, several significant associations were identified 

between the measured climate variables and calling activity, and each of the 

species responded to distinct climatic cues. Call models were assessed according to 

their AIC score, with all models within 2 ∆AIC of the lowest AIC score considered 

effective in predicting calling (Burnham and Anderson, 1998). The models within 2 

∆AIC of the model with the lowest AIC are presented in Table 6.4.  

Call model structures: 

Daily ambient temperature and a measure of lagged or accumulated rainfall were 

common throughout each of the strongest call models for all species, apart from L. 

fletcheri, which instead responded to temperature and water levels (and/or 

rainfall) on the day of calling. For most species, call models included two or three 

covariates (which accounted for the highest relative AIC weights), whereas models 

for C. parinsignifera and L. tasmaniensis comprised a minimum of four covariates 

indicating that site hydroperiod and hydrology over time were important for 

predicting calling by these species.    

The two call models for L. fletcheri were of a similar structure, both featured 

average daily temperature and site water level, the second with amount of daily 

rainfall added. Both provided a strong description of the data (AIC weights = 0.45 

and 0.28) although the addition of daily rainfall was a relatively weak covariate in 

the model as this model had a lower AIC weight in comparison. The best models 

for C. signifera, L. latopalmata and L. peronii all comprised two common variables, a 

measure of daily temperature (minimum, maximum or average) and a measure of 

lagged rainfall (Table 6.4). The addition of the daily rainfall (amount recorded on 

the day of calling), water levels (categorised according to: dry/very receded 

shoreline, or moderate to high water levels) and general site hydrology 

(ephemeral, semi-permanent or permanent) made little (L. peronii ∆AIC weight = 

0.023), to no improvement according to the relative AIC weights and overall 

prediction probability (Table 6.4).  

The strongest call models for C. parinsignifera were also all of a similar structure, 

including at least three of the same variables: minimum daily temperature, the 

categorical presence/absence of rainfall 14 days prior to calling and water level. 
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The inclusion of hydroperiod improved the AIC weight of this model (AIC weight = 

0.338 as opposed to AIC weight of 0.218 without). While the addition of daily 

rainfall (amount) made little difference in the AIC weight of this model (AIC weight 

= 0.248 as opposed to AIC weight of 0.338 without).  

In comparison, the best call models for L. tasmaniensis contained at least four 

variables. Maximum daily temperature, water levels and hydroperiod were 

common throughout all nine models. Strong models also included either, the 

occurrence of lagged rainfall (1, 2, 3 or 4 days prior), daily rainfall, or the 

accumulated amount of rainfall over the preceding 28 days. All nine combinations 

of these covariates resulted in similar prediction probabilities (p=0.72-0.73) with 

AIC weights all above 0.04 (AIC weight of 0.11 being the highest for all nine 

combinations of the above covariates) (Table 6.4).  

Overall, call models for L. latopalmata and L. fletcheri had the highest predictive 

capacity, more than 80% accurate in predicting times when these species were 

calling and not calling (Table 6.4). Strongly seasonal callers, the high predictive 

capacity of these models was likely due to the short times over which they called, 

allowing for refinement of preferable calling conditions compared with generalist 

breeders that called over a broader range of environmental conditions. The call 

model for C. signifera had a relatively biased predictive capacity, its discriminative 

capacity to identify days when calling was absent was low (0.51).         
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Table 6.4 Generalised Mixed Effects Model selection results. Models are ranked 
according to Akaike Information Criterion (AIC), and only those within 2 ∆AIC are 
presented. Where: k= number of parameters, AIC = Akaike Information Criterion, w= 
AIC weight.  

 
Model structure K AIC w. Correct classification 

ratios (p)  
 0 1 Overall 

Crinia parinsignifera (n=1008, sites=7) 
 

MinTemp+catlag14+Waterlevels+Hydroperiod 4 1239.05 0.338 0.665 0.722 0.693 

MinTemp+RainDaily+catlag14+Waterlevels+Hy
droperiod 

5 1239.67 0.248 0.667 0.722 0.699 

MinTemp+catlag14+Waterlevels 3 1239.93 0.218 0.665 0.724 0.695 

MinTemp+RainDaily+catlag14+Waterlevels  4 1240.43 0.169 0.665 0.724 0.695 

Litoria latopalmata (n=152, sites=4) 
 

MaxTemp+cumul14  2 119.25 0.133 0.750 0.868 0.809 

MaxTemp+RainDaily+cumul14  3 119.59 0.112 0.750 0.882 0.816 

MaxTemp+RainDaily+cumul14+hydroperiod 4 120.43 0.074 0.789 0.868 0.828 

MaxTemp+cumul14+hydroperiod 3 120.64 0.066 0.776 0.868 0.822 
MaxTemp+cumul14+waterlevel  3 121.18 0.051 0.750 0.882 0.816 
MaxTemp+cumul5  2 121.37 0.046 0.776 0.868 0.822 

Limnodynastes tasmaniensis (n=750, sites=7) 
 

MaxTemp+catlag4+Waterlevels+Hydroperiod 4 758.91 0.110 0.707 0.741 0.724 

MaxTemp+RainDaily+cumul28+Waterlevels+Hy
droperiod 

5 759.41 0.085 0.739 0.725 0.732 

MaxTemp+catlag3+Waterlevels+Hydroperiod 4 759.66 0.075 0.709 0.741 0.725 

MaxTemp+cumul28+Waterlevels+Hydroperiod  4 759.93 0.066 0.723 0.717 0.720 

MaxTemp+catlag1+Waterlevels+Hydroperiod 4 760.06 0.062 0.717 0.739 0.728 

MaxTemp+RainDaily+catlag4+Waterlevels+Hyd
roperiod  

5 760.20 0.057 0.709 0.741 0.725 

MaxTemp+catlag2+Waterlevels+Hydroperiod 4 760.25 0.056 0.715 0.747 0.731 

MaxTemp+RainDaily+catlag1+Waterlevels+Hyd
roperiod 

5 760.82 0.042 0.715 0.749 0.732 

MaxTemp+RainDaily+catlag3+Waterlevels+Hyd
roperiod 

5 760.95 0.040 0.712 0.741 0.727 

Crinia signifera (n=790, sites=4)  
TempAve+cumul28 2 1016.25 0.214 0.514 0.78.3 0.648 
TempAve+cumul28+hydroperiod 3 1017.53 0.113 0.519 0.780 0.650 

TempAve+RainDaily+cumul28  3 1018.22 0.080 0.514 0.783 0.648 

Limnodynastes fletcheri (n=114, sites=2) 
 

TempAve+Waterlevel  2 95.56 0.452 0.772 0.895 0.833 

TempAve+RainDaily+Waterlevel  3 96.52 0.279 0.772 0.877 0.825 

Litoria  peronii (n=294, sites=7)       
 

MaxTemp+cumul14+Waterlevel+Hydroperiod 4 290.23 0.086 0.721 0.83 0.775 

MaxTemp+cumul14+Hydroperiod 3 290.26 0.085 0.728 0.823 0.775 

MaxTemp+cumul14 2 290.85 0.063 0.741 0.810 0.775 

MaxTemp+cumul5+Waterlevel+Hydroperiod 4 291.28 0.051 0.735 0.823 0.779 

MaxTemp+rainlag4+Waterlevel+Hydroperiod 4 291.38 0.048 0.735 0.816 0.775 

MaxTemp+cumul5+Hydroperiod 3 291.45 0.047 0.762 0.830 0.796 

MaxTemp+cumul14+Waterlevel 3 291.50 0.046 0.735 0.823 0.779 

MaxTemp+cumul5  2 291.57 0.044 0.748 0.816 0.782 
MaxTemp+RainDaily+cumul14+Waterlevel+Hy
droperiod 

5 292.23 0.032 0.721 0.830 0.775 
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Temperature, rainfall and hydrology:  

Temperature was highly significant in the call models for all species (p<0.001) (Table 

6.5) and except for L. fletcheri, lagged rainfall measures were also significant (p<0.02) 

in each of the top-ranking call models. Calling by both Crinia species was negatively 

associated with temperature, while calling by L. tasmaniensis, L. fletcheri, L. peronii and 

L. latopalmata were positively associated with temperature (Table 6.5). For the Crinia 

and Litoria species, temperature had a distinct effect on the predicted probability of 

calling (Figure 6.5). For the summer-active species, when daily maximum 

temperatures exceeded 24°C and 32°C, the probability of calling by L. peronii and L. 

latopalmata (respectively) increased to more than 50%. In contrast, for two of the 

winter-active species, the probability of calling was greater than 50% when daily 

average temperatures were less than 15°C, for C. signifera and minimum daily 

temperatures were less than 10°C, for C. parinsignifera.  

Lower rainfall (<100mm accumulating over the preceding 28 days) was 50% more 

likely to trigger calling by C. signifera, and for C. parinsignifera, no rainfall 14 days 

prior (catlag 14) was associated with a greater than 60% probability of calling. Calling 

by the Litoria species were again similar to one another and disparate to the Crinia 

species. Calling by L. peronii and L. latopalmata was positively associated with higher 

accumulated rainfall within the preceding 14 days (Table 6.5). Although low co-

efficient estimates (0.02, 0.03) indicate a relatively weak association for rainfall within 

these models.  

Temperature alone was not as strong a predictor in the call models for the two 

Limnodynastes species, L. fletcheri and L. tasmaniensis. Although the coefficient 

estimates indicate a significantly positive relationship with temperature (Table 6.5). 

Instead, the combination of temperature, site hydrology and, for L. fletcheri, lagged 

rainfall were important for predicting calling by these species (model overall 

classification accuracy (ratio of correct to incorrect predictions made by the model) L. 

fletcheri =0.74 and L. tasmaniensis =0.89). Fourteen day rainfall was negatively 

associated with calling by L. tasmaniensis (p=0.02) and daily rainfall was not 

significant relative to temperature and water levels for calling by L. fletcheri (Table 

6.5).  
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Moderate to high water levels were a significant correlate of calling by C. 

parinsignifera (p<0.001), and while not significant for calling by the other species, they 

were included in the best call models for L. tasmaniensis, L. fletcheri and L. peronii, 

indicating a possible interaction effect. The negative association with water level and 

calling by L. peronii may be misleading and may instead reflect their summer active 

calling season coinciding with higher evaporation rates. The hydroperiod categorical 

variable was featured in the best models for each species apart from L. fletcheri. This 

variable classified each of the sites according to annual hydrology, i.e. whether the 

wetland held water permanently throughout the year, throughout most of the year 

(semi-permanent) or ephemerally (e.g. smaller rain fed wetlands). Limnodynastes 

fletcheri was only monitored at two sites with semi-permanent and permanent 

hydroperiods and so the water level (which accounted for the changing availability of 

aquatic habitat over time) was a better descriptor of the influence of site hydrology on 

calling for this species. For the L. tasmaniensis call model, hydroperiod was very 

significant (p<0.001), although, given the variation in number of call detections at each 

of the sites, the influence of this variable may be exaggerated.       

6.3.3 Diel calling activity  

Diel calling activity was assessed for the six species by calculating the relative 

proportion of call detections made during each of the 24 hour time intervals. 

Calling activity varied throughout the day and between sites (Figure 6.6 and Figure 

6.7). For example, calling by L. peronii at one site (Rank) was bimodal, with calling 

most frequently detected at 6 pm and 2 am, while calling peaks at the other five 

sites all occurred in the early evening between 6 pm and 9 pm. However, patterns 

of calling activity within broader windows of time (hours of the day) were 

consistent across sites, for each of the species.    

Calling by L. fletcheri, L. peronii and L. latopalmata was primarily nocturnal. While 

low levels of calling by L. tasmaniensis and C. parinsignifera was detected 

throughout the day, calling increased between dusk and dawn. Calling by C. 

signifera was similar throughout the day, peaking at first light between 4 and 5 am.  
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Table 6.5 Model-averaged regression coefficients and the relative significance of each 

variable for the six species. Only models with the lowest AIC scores are presented. 

Asterisks indicate each variables relative significance in the overall model: *** 

corresponds to p<0.001, ** corresponds to p<0.01 and, *corresponds to p<0.05. 

Species  
 

Estimate Standard 
Error 

z value Pr(>|z|) 
 

C. 
parinsignifera 

(Intercept) 0.59899 0.209 2.87 4.10x10-3 ** 

MinTemp -0.0533 0.014 -3.92 8.97x10-5 *** 

factor(catlag14)1 -1.09846 0.166 -6.63 3.33x10-11 *** 

Waterlevels 0.68559 0.182 3.77 1.64x10 -4 *** 

factor(Hydroperiod)permanent -0.35183 0.233 -1.51 0.131 
 

factor(Hydroperiod)semi-
permanent 

0.2535 0.219 1.16 0.248 
 

L. latopalmata (Intercept) -8.20176 1.555 -5.27 1.33x10-7 *** 

MaxTemp 0.261793 0.050 5.26 1.43x10-7 *** 

cumul14 0.030521 0.009 3.38 7.27x10-4 *** 

L. 
tasmaniensis 

(Intercept) -21.8122 60.763 -0.36 0.720 
 

MaxTemp 0.08892 0.013 6.94 3.93x10-12 *** 

factor(catlag4)1 -0.47348 0.201 -2.36 0.018 * 

Waterlevels 22.26502 60.763 0.37 0.714 
 

factor(Hydroperiod)perm -2.31594 0.279 -8.31 2x10-16 *** 

factor(Hydroperiod)semiperm -2.36926 0.306 -7.76 8.83x10-15 *** 

C. signifera (Intercept) 1.090189 0.182 5.98 2.24x10-9 *** 

TempAve -0.072488 0.014 -5.11 3.17x10-7 *** 

cumul28 -0.008472 0.003 -2.71 7.0x10-3 *** 

L. fletcheri (Intercept) -30.8124 591.207 -0.05 0.958 
 

TempAve 0.41046 0.084 4.91 8.92x10-7 *** 

Waterlevel 23.70139 591.212 0.04 0.968 
 

L. peronii (Intercept) -4.18351 0.769 -5.44 5.22x10-8 *** 

MaxTemp 0.177105 0.026 6.92 4.40x10-12 *** 

cumul14 0.017808 0.006 2.87 4.09x10-3 ** 

Waterlevel -0.61032 0.430 -1.42 0.156 
 

factor(Hydroperiod)permanent 0.016484 0.395 0.04 0.967 
 

factor(Hydroperiod)semi-perm -0.96238 0.420 -2.29 0.022 * 
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C. parinsignifera 

 

C. signifera 

 
L. latopalmata 

 

L. peronii 

 

C. parinsignifera 

 

C. signifera 

 

 

Figure 6.5 Predicted probability of calling by the two Crinia species and two Litoria 
species in response to temperature and rainfall. Shaded area represents 95% 
confidence intervals. The relationships between temperature and calling by L. fletcheri 
and L. tasmaniensis were not clearly defined and so are not presented here. 
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Figure 6.6 Mean diel calling activity by each of the three year-round active species: a) 
C. parinsignifera b) C. signifera and c) L. tasmaniensis. Mean calling activity was 
calculated by averaging the total number of hourly call detections from all sites and 
across all days of the study. Error bars denote the variability between sites where the 
species were detected (±SD).   
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(a)  C. parinsignifera
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(b)  C. signifera
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(c) L. tasmaniensis
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Figure 6.7  Mean diel calling activity by each of the three spring - summer active frog 
species: d) L. latopalmata, e) L. peronii and f) L. fletcheri. Mean calling activity was 
calculated by averaging the total number of hourly call detections from all sites and 
across all days of the study. Error bars denote the variability between sites where the 
species were detected (±SD).   
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(d)  L. latopalmata
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(e)  L. peronii
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(f)  L. fletcheri
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6.4 Discussion 

6.4.1 Temporal patterns of calling  

 

Seasonal call windows: 

Distinct temporal partitioning of frog species calling and reproduction over time has 

been observed in a number of studies and has been suggested as an important 

mechanism for species coexistence (Van Sluys et al., 2012, Bridges et al., 2000, Llusia 

et al., 2013, Gómez-Rodríguez et al., 2010, Richter-Boix et al., 2006). Hypothesis 1 

proposed that species calling peaks would be staggered over time, supporting the 

temporal niche theory. Apart from the general cool-active and warm-active grouping 

of species, the results of this study did not identify temporal staggering of peak species 

calling at the broad or site scale and therefore does not provide support for the 

temporal niche theory. Instead, calling activity by each species varied over the 

duration of the study and various combinations of each of the six species called 

synchronously (apart from C. signifera and L. fletcheri whose geographic distributions 

did not overlap). Based on the findings of this study temperature, rather than direct 

competition is likely responsible for triggering calling activity. Other studies that 

provide support for the alternative hypothesis, based on the strong correlation 

between changes in calling times and climate warming include: Klaus and Lougheed 

(2013), Todd et al. (2010) and Parmesan and Yohe (2003). 

 

Peak calling by L. peronii, L. fletcheri and L. latopalmata was consistent with the core 

times identified by Lemckert and Mahony (2008) and calling by these species 

sometimes overlapped at sites where the species co-occurred. While C. signifera, C. 

parinsignifera and L. tasmaniensis called throughout the year, calling by these species 

frequently overlapped at sites where they co-existed; their peak call times occurred at 

cooler times of the year (between April and November), in this study, compared with 

Lemckert and Mahony (2008). The results of this study are not surprising, overlapping 

breeding times are common in frog communities (in Australia), and mechanisms such 

as species differences in larval ecology, calling behaviour or call frequency are likely to 

reduce direct competition between species in this case (Heard et al., 2015, Santos et 

al., 2016, Protázio et al., 2014). Given the widespread occurrence of the species 
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examined in this study, it is also apparent that the current breeding phenology 

arrangement is conducive to their co-existence (in today’s climate at least). 

Synchronous, interspecific breeding phenology, particularly for species that are in 

direct competition can exert pressure on larval (survival, rate of development), 

metamorph (body size) and post-metamorphic performance (Rasmussen and Rudolf, 

2015). Studies of frog calling activity in other regions have suggested (based on 

limited data, relative to this study) that C. parinsignifera and C. signifera stagger their 

peak breeding times. Peak calling by C. parinsignifera is suggested to occur later than 

for C. signifera as a way to avoid competition, and is expected on account of their 

similar larval ecology and overlapping call spectral signatures (Heard et al., 2015, Mac 

Nally et al., 2009, Humphries, 1979). In this study, C. signifera and C. parinsignifera co-

occurred at four sites and there was no clear partitioning in their calling activity with 

both species calling over extended and often overlapping time frames (Figure 6.3). 

There were minor observations of temporal call partitioning but the patterns were not 

consistent across sites and the mechanism remains largely inconclusive. In the eastern 

end of the catchment, C. parinsignifera called later than C. signifera, suggesting that it 

may have delayed its call season (compared with sites where C. signifera was absent, 

e.g. Yarn and Burr) or C. signifera may have shortened its calling season.  

The calling activity periods of C. signifera, and L. tasmaniensis, started earlier than had 

been previously estimated for populations occurring at lower latitudes, in the broad 

region of mesic, eastern New South Wales. Crinia signifera was observed to call in this 

study from May until November, compared with Lemckert and Mahony (2008) which 

identified the peak call time for C. signifera to occur later in the year, from September 

until May. In this study, C. parinsignifera was observed to call between May and 

February, compared to Lemckert and Mahony (2008) which identified their peak 

calling time to occur later, from August to April. For L. tasmaniensis, in this study, 

calling occurred between July and November whereas Lemckert and Mahony (2008) 

again describes a later calling peak, from September until March.  

Diel variation in calling:  

Temporal variation in calling was observed throughout the day and night, and this 

varied interspecifically, as well as intra-specifically. Intraspecific variation in calling 

was evident from variation in the proportion of call detections made at different times 

of the day, according to site. This was particularly the case for L. latopalmata, L. peronii 
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and L. fletcheri as can be seen in the large standard deviations (error bars) over time in 

Figure 6.7. All three species were only detected as calling within a short window of 

time over the duration of the study. Such intraspecific diel variation may have been 

driven by competition for acoustic space with a number of species’ calls overlapping 

spectrally (which was particularly the case for L. peronii, L. latopalmata and L. 

tasmaniensis). Amphibian species are known to modify their behaviour to minimise 

acoustic competition with other species and ambient sounds (Tennessen et al., 2016, 

Kruger and Du Preez, 2016, Narins, 2013). Gerhardt and Huber (2002) present 

evidence that female frogs are physiologically attuned to the frequency and pulse 

structure of males’ calls of the same species which may reduce their acoustic 

competition. However, as described for the aforementioned species, a number of 

species have overlapping spectral call signatures which has been shown to disrupt  

calling by other species (e.g. Bleach et al., 2015). The species observed may not be 

partitioning their daily or seasonal calling activity, they may instead be partitioning 

calling over the course of a day. Relatively low intraspecific, diel variation in the calling 

by the Crinia species may reflect that these species have less competitive pressure to 

vary their calling times across sites. Both species call at relatively high frequencies 

(compared to the other species) and this may reduce their need to adapt their calling 

times for acoustic discernibility. Their reproductive strategy of laying multiple 

clutches in a breeding season (Wong et al., 2004, Anstis, 2013) may outweigh or 

minimise this competitive pressure to partition their calling on any given day.  

 

The diel variation in calling observed in this study may simply reflect species tracking 

their thermal activity preferences to local changes in ambient air and water 

temperature (Bridges et al., 2000), daily temperature associations with calling are 

described in the following sections. The spring and summer active species, L. fletcheri, 

L. peronii and L. latopalmata all displayed primarily nocturnal calling activity, whereas 

the autumn and winter active species exhibited much higher activity during the day. 

Given that the Crinia species, C. signifera and C. parinsignifera were more likely to call 

in response to cooler temperatures and the remaining species were more likely to 

respond to warmer temperatures, the observed temperature preference may also 

extend to the diel variation in local weather conditions and water temperatures. For 

example, morning temperatures (between 4 and 5 am) when C. signifera was more 

often detected, were likely cooler than at other times of the day.  Whereas warmer 
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water and ambient temperatures between sunset and midnight may drive the higher 

activity of the species adapted to breeding in warmer weather, e.g. L. peronii and L. 

latopalmata. Diel partitioning of frog calling is well known between species (e.g. 

Bridges et al., 2000, Van Sluys et al., 2012).  Potential drivers for this variation include: 

diel variation in local ambient conditions, such as air temperature and humidity 

(Caldart et al., 2016, Cui et al., 2011), water temperature (Arrighi et al., 2013) and 

avoidance of acoustic interference (Zelick and Narins, 1983, Garcia-Rutledge and 

Narins, 2001). Partitioning of resources is an important strategy for the coexistence of 

species that are phylogenetically related and ecologically similar (Begon et al., 2006). 

6.4.2 Drivers of calling activity 

Hypothesis 3 proposed that calling activity would be cued by specific combinations of 

temperature and rainfall within a threshold range. Daily ambient temperature and a 

measure of lagged or accumulated rainfall were common throughout each of the top 

ranked models for calling by all species, apart from L. fletcheri, which instead 

responded to temperature and water levels (and/or rainfall) on the day of calling. 

While the majority of top ranked models contained temperature and rainfall variables, 

the strength and direction of the relationship differed between species. For example, 

calling by both C. parinsignifera and C. signifera decreased with increasing 

temperature, while calling by L. tasmaniensis and L. fletcheri and L. peronii and L. 

latopalmata increased with increasing temperature.  

Ambient air temperature had a strong and disparate influence on the calling of the six 

sympatric species observed. Four of the species, L. tasmaniensis, L. fletcheri, L. peronii 

and L. latopalmata were more likely to call in response to warmer daily temperatures. 

Whereas the two Crinia species, C. signifera and C. parinsignifera were most likely to 

call at cooler temperatures. Ospina et al. (2013) suggested that smaller sized frogs are 

more prone to dehydration and therefore warmer conditions reduce calling, this could 

also be applied in this study, with medium sized species (Litoria and Limnodynastes 

species) responding to warmer temperatures and the small sized Crinia species 

responding to cooler temperatures. Frog species living in temperate climates are 

known to be particularly sensitive to sudden temperature drops outside their specific 

thermal active ranges, reducing or terminating breeding or migrations in response 

(Oseen and Wassersug, 2002). Assessment of critical thermal limits show that 

temperate species, and those with wide geographic ranges have a higher capacity to 
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physiologically adjust to a broader range of temperatures compared with those that 

have narrow distributions (Brattstrom, 1970, Duarte et al., 2012). Therefore, the 

strong influence of temperature identified for the generalist, widespread temperate 

species in this study is likely even more pronounced for species acclimatised to 

narrow thermal niches.  

In addition to temperature, threshold levels of rainfall accumulating over the days 

leading up to calling were important contributors to the best call models for all 

species, except for L. fletcheri. In this study, the two smaller sized Crinia species both 

responded negatively to rainfall. For C. signifera, calling was predicted to be more 

likely (>50%) to occur on days when less than 100 mm of rainfall had accumulated 

over the preceding 28 days, and C. parinsignifera preferred no rainfall within 14 days 

of calling (>60% probability of calling). Rainfall, especially intense rainfall, may 

physically impact on small sized frogs who call from high within vegetation (to amplify 

their high frequency calls) forcing them to retreat to shelter, or, simply because of the 

acoustic or physical disturbance of the rain itself, and discourage calling (Ospina et al., 

2013), although this may contribute more to short term changes (e.g. hourly) in calling 

activity. However, Heard et al. (2015) identified that relatively high rainfall, 7 days 

prior, increased calling by C. signifera. The seasonal calling pattern of the Crinia 

species (autumn and winter dominant species) coincided with a generally high 

availability of aquatic habitat. Calling also occurred relatively continuously throughout 

the year and so this may have changed their response to rainfall. That is, if there were 

no aquatic habitats available, rainfall may have been a stronger cue. Threshold levels 

of any one factor are expected to influence frog breeding activity (Oseen and 

Wassersug, 2002) and these factors may vary in their relative importance depending 

on seasonal conditions, e.g. ample rainfall across a breeding season may negate the 

identifiable influence of rainfall on calling (Saenz et al., 2006). The positive correlation 

between calling and rainfall as was identified in this study, particularly accumulated 

rainfall over time, has been attributed to the requirement of frog species for free 

standing water for larval development by other studies (Gottsberger and Gruber, 

2004). The relative influence of rainfall is expected to vary according to the 

permanency of site hydrology, i.e. species in ephemeral hydrologies are more likely to 

breed in response to rainfall cues compared with species using permanent 

waterbodies (Schalk and Saenz, 2016, Steen et al., 2013). However, Todd et al. (2010) 

advise that other factors need to be carefully considered (e.g. in cuing migration).  
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6.4.3 Influence of rainfall according to site hydrology 

Hypothesis 4 proposed calling activity in response to rainfall would vary according to 

site hydrology. Two variables characterised site hydrology and were included in the 

best call models for each species: (1) hydroperiod, a site classification according to the 

permanence of the monitored aquatic habitat (classifications were: permanent, semi-

permanent and ephemeral) and, (2) water levels, a binomial categorical variable 

providing a rough indication of the sites water levels, changing over time (two broad 

categories were used: 0 being dry or highly receding shorelines, and 1 being moderate 

to high water levels). For L. fletcheri, water level was featured in the top call model and 

although not considered significant on its own, compared to temperature (see Table 

6.5), the availability of water appears to be a constraining factor for this species. For 

example, at one of the two sites L. fletcheri was present (Burr), calling occurred during 

November and December, although when the site was dry from January onward, 

calling by this species ceased. Meanwhile, at the other site where high water levels 

were retained (Yarn), L. fletcheri called from late January and throughout February. 

Missing data for Yarn during November and December in 2014 did not allow for an 

investigation into whether calling occurred simultaneously between sites for this 

species. Higher water levels were also a significant predictor of calling by C. 

parinsignifera, and while not statistically significant (in relation to the other model 

parameters) for calling by the other species, they were included in the best call models 

for L. tasmaniensis, L. fletcheri and L. peronii, indicating a possible interaction effect. All 

species require aquatic habitat for larval development and so are unlikely to attempt 

breeding without this constraining factor. The negative association with water level 

and calling by L. peronii likely reflects a summer calling season by this species, 

generally coincident with higher evaporative rates and therefore lower water levels. 

Similarly, the hydroperiod variable was also included as a means to describe general 

availability of aquatic habitat across the year. The hydroperiod variable was featured 

in the best models for each species, apart from L. fletcheri. While only statistically 

significant for L. tasmaniensis (relative to the other model parameters), hydroperiod 

was featured in all of the top models and thus it appears to have an important 

influence on predicting the changing environmental conditions conducive to calling by 

these species. Availability of aquatic habitat has been linked with the relative influence 

of rainfall and temperature in cuing calling. Apart from L. fletcheri, all species called 

from sites with a range of different hydroperiods and so inclusion of hydroperiod may 
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reflect this differential response. For example, rainfall is generally more important in 

ephemeral sites for the establishment of aquatic breeding habitat, whereas 

temperature is more important in permanently available sites (Lowe et al., 2015, 

Saenz et al., 2006). Given the variation in number of call detections at each of the sites, 

the influence of hydroperiod may be exaggerated (particularly where data from 

multiple differing sites were used).        

6.4.4 Overall model accuracy  

The accuracy of the models (Table 6.5) was likely constrained by additional 

contributing factors that are also responsible for triggering a species calling. For 

example, a combination of both specific environmental conditions, and calling by other 

conspecifics has been found by other studies (Brooke et al., 2000). For example, Wong 

et al. (2004) identified that both temperature and calling by other individuals cued 

calling by C. signifera. While beyond the scope of this study, a wide range of additional 

environmental factors have been identified as contributing factors to explaining a 

species call phenology. This includes hormonal (Moore et al., 2005, Wilczynski and 

Burmeister, 2016) and, or seasonal variables such as photoperiod (Both et al., 2008, 

Inai et al., 2003, Canavero et al., 2009) or the lunar synodic cycle (Grant et al., 2012, 

Vignoli and Luiselli, 2013). 

6.4.5 Weather anomalies  

During this study, two noticeable weather events occurred. A heat wave occurred 

in late spring, followed by comparatively cool conditions during mid-summer, and 

very dry conditions throughout autumn. Gaps in the datasets (October and January 

data were missing) abrogated assessment of the impact of the relatively minor 

climatic anomalies (the heat wave and temperature drop) on the frog 

communities. However, given the strong association between the summer active 

species and temperature, the increased temperatures during November may have 

cued calling activity by these species. Subsequent cooler than average 

temperatures may have truncated their calling season. Also evident from the broad 

scale surveys described in chapter 3 was a high level of calling during November 

and no calling in late January. Dry conditions were observed during autumn 2015 

corresponding with reduced calling activity. Calling was constrained  to sites 
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where water was permanently available as all species rely on the availability of 

free standing water for larval development (Anstis, 2013).  

6.5 Conclusion  

Ambient air temperature had a strong influence on the calling of the six sympatric 

species observed. The influence of which was disparate with the Crinia species 

calling in response to cooler temperatures and the Limnodynastes and Litoria 

species responding to warmer temperatures. The findings of this study suggest 

temperature as the main driver of phenology, whereas rainfall, may be more 

strongly related to population dynamics associated with the availability of aquatic 

breeding habitat. Understanding the possible mechanisms underlying current 

phenological breeding patterns will allow for better prediction of climate change 

implications rather than simply identifying correlation patterns. This chapter 

provides important baseline information for management considerations that are 

likely to encompass even widespread species with broader thermal tolerances. 

Disparate shifts in breeding phenologies, across frog species and in response to 

climate variation presents major implications for disrupting phenological 

synchrony at the community level in the mid to upper Lachlan catchment. Based 

on the findings presented in this chapter, the potential implications for future 

climate change scenarios are discussed in chapter 7.  
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Chapter 7 Synthesis and predictions 

 

7.1 Introduction  

Frog habitat occupancy and breeding activity vary dynamically and idiosyncratically in 

response to changing weather and hydrological conditions (Gómez-Rodríguez et al., 

2010, Schalk and Saenz, 2016, Ospina et al., 2013). Conversion of ephemeral 

waterbodies to permanent dams is widespread in agricultural and urban landscapes, 

and may alter frog communities, favouring species with longer tadpole development 

times and higher tolerances to predators, while excluding species that specialise in 

ephemeral waterbodies (Holbrook and Dorn, 2016). A warming atmosphere and 

changing rainfall patterns have, and are expected to affect frogs’ ecological phenology 

and disrupt the natural wetting and drying cycles that characterise many of the 

aquatic habitats utilised by frogs (Walpole et al., 2012, Todd et al., 2010, Blois et al., 

2013). Temperature and rainfall are key drivers of frog breeding phenology and 

changes in both present major implications for projected climate change scenarios 

(Schalk and Saenz, 2016, Walpole et al., 2012, Ficetola and Maiorano, 2016). Perhaps 

even more critical are implications arising from loss of vegetation as buffers to 

challenging environmental conditions (Frishkoff et al., 2015, Scheffers et al., 2014) and 

asymmetric phenological changes at the assemblage level (Walpole et al., 2012, Todd 

et al., 2010, Gibbs and Breisch, 2001).  

In this thesis, the habitat occupancy and calling phenology of six frog species were 

examined. The aim of this study was to: describe species richness and distribution 

patterns in aquatic habitats through the mid- and lowland river floodplain of the 

Lachlan river catchment; identify key landscape and wetland scale habitat 

characteristics that influence occupancy; and to ascertain how temperature, rainfall 

and hydrology influence breeding attempts, using calling as a proxy. Based on the 

findings of this research, implications for the continuing persistence of frog species in 

response to a changing climate and natural resource management actions are 

described. Ecological surveys frequently result in imperfect detection, that is, surveys 

simply fail to identify a species at a given location, and this is particularly the case for 

frogs due to their cryptic nature and seasonality (breeding activity correlates with 

increased detectability). Incorrect classification of a species introduces bias to 
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subsequent ecological relationships of interest, and not accounting for data 

uncertainty can skew confidence in model accuracy (MacKenzie et al., 2002, Guillera‐

Arroita, in press, Bailey et al., 2014, Guillera-Arroita et al., 2014). Therefore, an 

additional aim of this study was to carefully account for the likelihood of detection 

associated with the occupancy and call datasets collected and analysed in this 

research.  

7.2 Research synthesis 

Species occupy environmental niches that provide habitat conditions suitable to their 

survival and recruitment (Hirzel and Le Lay, 2008, Drake, 2015). A key environmental 

factor that determines habitat suitability for a particular species is temperature 

(Tayleur et al., 2016, Mason et al., 2015), which, at its most basic, can be described by 

mean annual temperature. The nature of local habitat characteristics can often be 

predicted based on this climate describing metric (Foden et al., 2013, Hiddink et al., 

2015, Sheldon and Dillon, 2016). With the current global warming trend raising 

temperatures at a rate faster than many species or their habitats can adapt, the risk for 

local extinction events increases (Cang et al., 2016, Jezkova and Wiens, 2016, Wiens, 

2016). 

This thesis presents a spatiotemporal analysis of frog occupancy in the mid-upper 

Lachlan River catchment of New South Wales. Spanning a mean annual temperature 

gradient of approximately 4.5°C in a temperate climate, baseline occupancy data are 

described for the region. The climate niches of different frog species were then derived 

using occupancy modelling. Frog occupancy surveys are often reliant on call 

identification (Guzy et al., 2014, Wilkinson, 2015), though this can be problematic 

because the calling activity of different species varies temporally (Brown et al., 2016b, 

Bridges et al., 2000). A significant and complimentary component of the study 

involved automated audio recordings that enabled fine-scale (hourly) temporal 

analyses of frog species calling activity to identify factors that influence their calling 

phenology (a proxy for attempted breeding activity) and thereby overcame the 

temporal detectability boundary. Since very large amounts of call data were produced, 

automated recognition models were developed to extract species calling activity. 

However, multiple sources of error were inherent in the automated extraction process 

and such error was not fully addressed in the literature. A novel technique was 

subsequently developed to characterise the unavoidable error associated with 
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automated frog call recognition. Trends in error varied according to the calling ecology 

of the different species (i.e. seasonal versus year-round callers) and based on this, a 

decision framework is described to maximise the efficacy of data extraction and error 

quantification for application to large and variable datasets. The difference in error 

rates are thus described for automated call extraction data for six frog species across 

nine sites. 

Baseline knowledge of species spatial distributions provides important insight into 

their bioclimatic requirements (Bulleri et al., 2016) and in addition to species absence 

data, facilitates identification of local extinctions, changing geographic ranges to 

inform species extinction risk (Boakes et al., 2016).The first objective of this study was 

to describe species richness and distribution patterns in aquatic habitats through the 

mid- and lowland river floodplain of the Lachlan catchment, as well as their habitat 

preferences (see chapters 3 and 4). The study area was populated by widespread 

species with generalist habitat requirements (L. tasmaniensis, L. latopalmata, C. 

parinsignifera, L. peronii, L. fletcheri and C. signifera). The overall prevalence of the 

widespread generalist species and the extensively modified study area’s landscape are 

described and provide empirical evidence for the replacement of species with more 

specialist requirements that were either rarely or not encountered in this study 

compared to historical records. The biotic homogenisation concept (otherwise known 

as the functional homogeneity concept) posits that as a result of species invasions and 

extinctions, two or more biotas will become increasingly similar in genetic, taxonomic 

or functional characteristics over a specified time interval (Olden, 2006). Such 

homogenisation is commonly attributed to anthropogenic habitat modification drivers 

(e.g. Sweaney et al., 2015, Gámez-Virués et al., 2015) and varies between species 

depending on their life history traits (Concepción et al., 2015, Gámez-Virués et al., 

2015). This study is not experimental like other studies that directly investigate biotic 

homogenisation in response to anthropogenic modification. For example, Sweaney et 

al. (2015) compare beetle diversity in different land use patches. In this way, it is 

constrained by comparison with limited and unstandardised, long term species 

records and temporal survey boundaries, likely to impede detection for some species. 

The absence of standardised, long-term monitoring data and intact reference 

communities is, however, a very common limiting factor for assessing changes in taxa 

throughout the world (Carvalheiro et al., 2013). Loss of biodiversity remains a major 

global concern with specific targets seeking to prevent or reduce further loss, as 
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described by The Convention on Biological Diversity (Campbell et al., 2014). Though, 

current species assemblages are expected to differ from those that existed in the past 

(to some degree), due to a history of adaptation to the Earth’s continuously changing 

climatic and environmental conditions (Maguire et al., 2015, Williams and Jackson, 

2007).  

The widespread occurrence of generalist frog species for which cogent statistical 

analysis was possible made delineation of their habitat preferences difficult, simply 

due to their high occupancy of the study sites. For example, C. parinsignifera and L. 

tasmaniensis displayed the highest levels of occupancy, occurring at 0.74 and 0.68 of 

the sites surveyed (respectively). For these species, that were prolific in the study 

region, a large standard error was associated with their predicted occupancy in the 

univariate vegetation related models. From this, it can be inferred that the species are 

quite tolerant to varying amounts of available vegetation (aquatic and riparian) and 

show generality in their habitat requirements. For the other four species assessed, 

more tangible species relationships were made with certain vegetation types (varying 

between species). For example, occupancy by L. peronii was correlated with riparian 

trees, whereas, C. signifera showed preference for a higher proportion of terrestrial 

vegetation, taller grasses in particular. Both preferences reflect the species life history 

traits, and in this way, more complex habitats fostered higher species richness. In 

keeping with the biotic homogenisation concept, increased habitat complexity is 

commonly attributed with higher species richness on the premise that more 

heterogeneous habitats cater to a greater number of niches (Massicotte et al., 2015, 

Clavel et al., 2010). Experimental studies continue to identify loss of species richness 

and, or changing species composition and abundance in response to direct habitat 

simplification (e.g. LaManna and Martin, in press, Cleary et al., 2016), although, habitat 

heterogeneity alone is unlikely to result in higher diversity for all species, including 

those assessed in this study. The ‘keystone structures’ concept instead refines this link 

between animal species diversity and the presence of ‘keystone habitat structures’ 

rather than habitat complexity alone (Tews et al., 2004, Kerry and Bellwood, 2015, 

Charbonnier et al., 2016, Palmer et al., 2010).  

The distribution of two species, L. fletcheri and C. signifera, intersected within the 

western extent of the inland south west slopes bioregion where the climate becomes 

relatively hot and dry. Occupancy probabilities of C. signifera were greater at sites with 
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lower mean annual temperatures (mean annual temperature of less than 16°C and 

temperature ranges of less than 15.5°C), while occupancy probabilities of L. fletcheri 

increased with increasing mean annual temperature (mean annual temperatures 

above 17°C and temperature ranges of more than 16.5°C). The findings of this 

research provide an initial and truncated approximation of the climatic range edge for 

these two species in south eastern Australia. Realised niche theory (Hutchinson, 1957, 

Hutchinson, 1978) conceptualises that a current species distribution correlates best 

with their climatic requirements, encompassing potentially constraining biotic factors 

(Pearson and Dawson, 2003). Stemming from this foundation, bioclimatic envelope 

models correlate climate variables with observed distributions. Developing bioclimatic 

envelopes contributes important information to current strategies to assess climate 

change vulnerability (Balzotti et al., 2016, Hattab et al., 2016, Payne and Bro-

Jørgensen, 2016, Zomer et al., 2016). More sophisticated bioclimatic envelope models 

are recommended to account for climatic metrics that may also be amplified by 

climate change, for example, more than one species and additional biotic interactions 

or stressors (Balzotti et al., 2016). However, the findings suggest C. signifera and L. 

fletcheri as good candidate species to gauge frog species responses to climate metrics. 

The common occurrence of these species within their current ranges and generalist 

habitat requirements signal their tolerance to exotic species and habitat loss, which 

are common pressures in the study region. Species with generalist habitat 

requirements are considered particularly important to study in terms of their thermal 

niche, as their habitat use is likely to be more closely related to regional 

environmental temperature than other habitat requirements (Frishkoff et al., 2015). 

Isolated historical records for these species, beyond the range identified in this study 

indicate range shifts for these species to date, possibly linked with a general regional 

warming in more recent times. Although the study region truncates the species entire 

range and thus climatic envelopes, it presents a putative distributional range edge for 

these species and presents a potentially important means to monitor the responses of 

warm-adapted (C. signifera) and cold-adapted (L. fletcheri) species to climate 

warming.  

The general species habitat requirements for higher proportions of aquatic and 

riparian vegetation classes described in chapter four were in general accord with 

those identified by other studies conducted on the same species indicating the models 

to be somewhat transferable across geographic locations. Scientific repeatability and 
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transferability (or generality) of such models confers important ecological 

applications and statistical confidence (Murray et al., 2011). However, developing 

transferable species distribution models remains a challenging task due to additional 

factors such as metapopulation processes (dispersal events such as extinctions and 

recolonisations that occur in a dynamic equilibrium (Fronhofer et al., 2012)) that 

constrain their geographic transferability (e.g. Zanini et al., 2009). Aside from 

reproducing general species habitat preferences, the study of currently common and 

widespread species remains crucial. As discussed by Lunney et al. (2004), several 

examples exist whereby once widespread and common species suddenly faced decline 

and extinction. Therefore, keeping abreast of species populations, distributions and 

habitat requirements should not be neglected. 

A second objective of this thesis was to investigate the six focal species calling niches 

in the temporal domain, that is, daily (diel) and seasonal patterns of calling activity. 

Phenological research presents a means to gain insight into temporal breeding 

patterns, partitioning of resources between species and implications for future climate 

change through the study of recurrent plant and animal life cycle phases (Stocker et 

al., 2013, Schwartz, (ed.) 2003, Beaubien, 1989). For frogs, calling is generally 

considered a proxy for breeding whereby males call to attract their female 

counterparts for breeding (e.g. Crouch and Paton, 2002, Saenz et al., 2006, Stevens and 

Paszkowski, 2004). The call phenology of the six widespread sympatric frog species 

was examined over a 15 month period at nine waterbodies, using automated 

recording devices.  

While temporal analysis of species calling phenology (as described in chapter 6) did 

not identify significant staggering of daily calling, there was a more general 

partitioning of species that called in synchrony. Variation in species diel calling peaks 

may, however, indicate that species instead stagger their diel calling to avoid 

interspecific vocal competition (audio space). Such findings suggest a general (but 

inconclusive) consistency with the temporal niche theory that conceptualises a 

distinct temporal partitioning of particular activities, for example breeding. Distinct 

temporal partitioning of frog species calling and reproduction over time has been 

suggested as an important mechanism to avoid competition, partition resources and 

foster species coexistence (Van Sluys et al., 2012, Bridges et al., 2000, Llusia et al., 

2013, Gómez-Rodríguez et al., 2010, Richter-Boix et al., 2006). Through a more 

targeted assessment of individual species calling in both sympatric and allopatric 
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situations, Vieira et al. (2016) revealed that certain species influence the calling 

activity of others.  

Distinct, species specific relationships were identified between calling and specific 

combinations of temperature, rainfall and hydrology for all six species using, 

generalised mixed effects modelling. The environmental cues for calling were 

disparate among species with the two Crinia species showing preference for cooler 

conditions and the remaining Litoria and Limnodynastes species preferring warmer 

conditions. A growing body of literature also describes disparity in the influence of 

climatic variables on calling by different frog species (Saenz et al., 2006, Ospina et al., 

2013, Yoo and Jang, 2012, Steen et al., 2013, Schalk and Saenz, 2016) expected to 

foster species coexistence (Van Sluys et al., 2012, Bridges et al., 2000, Llusia et al., 

2013, Gómez-Rodríguez et al., 2010, Richter-Boix et al., 2006). For example, species 

breeding date delays and advancements have been identified by Todd et al. (2010) 

within assemblages, in response to climate change. Such changes are expected to 

disrupt the current temporal partitioning of resources and alter competition and 

predation pressures within the assemblage (Todd et al., 2010). Phenological plasticity, 

suggested by Llusia et al. (2013), may nevertheless engender resilience for some 

species.  

Temperature and rainfall, or an interaction between both are considered to be the 

principal drivers of frog breeding in temperate regions (Schalk and Saenz, 2016) due 

to the characteristically predictable variation in seasonal temperatures compared with 

tropical regions (Lowe et al., 2016). Temperature is hypothesised to be more 

important for occupants of semi-permanent aquatic habitats. Whereas, the relative 

importance of rainfall is likely dependent on wetlands hydrology due to the 

requirement for aquatic larval development (Steen et al., 2013, Schalk and Saenz, 

2016, Saenz et al., 2006, Schulze et al., 2009). The findings of this study also supported 

this emerging hypothesis. Detectability (probability of species detection) was 

explicitly considered throughout all facets of this thesis. Explicit consideration of 

species detectability (probability of observing a species when present at a particular 

site) and detection error (Yoccoz et al., 2001) has often been neglected, despite 

awareness of, and approaches to account for, imperfect detection over the past 

century (Kellner and Swihart, 2014). Necessarily, detectability is increasingly a widely 

reported and important element in describing ecological relationships in the 

international literature. Development of the software program ‘Presence’ by 
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MacKenzie et al. (2006) is exemplary, the software providing a means to estimate the 

probability of species detection, given that many species are cryptic and unlikely to be 

detected on every survey occasion. The software program Presence was used in this 

thesis to estimate the detectability of the six most commonly encountered species 

according to species, season and survey method. Such estimates varied considerably 

and provide guidance for future regional studies. A major limitation of ‘Presence’ 

analysis, however, is that it is only possible for species that are detected at least once 

during the surveys. Thus, in chapter 3, the species observed were compared with 

available records. Possible reasons for species absence or non-detection were 

examined in relation to their conservation status, life history traits and marginal 

geographic distributions. Failure to fully consider the probability of species detection 

has important ramifications for subsequent findings and their applications, such as, 

informing natural resource management actions.  

The final objective of this thesis was methodological. The automated call recording 

method, which involved continuous (hourly) recording of vocalising frogs at sites 

spanning the study region’s climate gradient for over one year, overcame the major 

temporal boundaries afflicting the manual visual encounter surveys. The manual 

visual encounter surveys were only conducted on four occasions throughout the study. 

For example, the presence of multiple cryptic species previously identified in the study 

area could not be discounted by the visual encounter method as the survey timing did 

not coincide with their optimal detection (e.g. closely following heavy rainfall as 

described in chapter 3). Conversely, processing large amounts of call data associated 

with the automated call recording method also presented major issues in terms of 

feasibility and detection. Automated audio recognition is not without error, which 

introduces complex processing  decisions (Wimmer et al., 2013), requires 

quantification (Wolfgang and Haines, 2016) and is potentially a costly consideration 

(Waddle et al., 2009).  

In chapter 5, a novel set of strategies are presented that highlight and address the 

uncertainties associated with extracting data from a large and highly variable audio 

dataset, extracted via automated recognition software. Two strategies for quantifying 

the accuracy of automated frog call recognition are described in this chapter with 

similar overall error/detection estimation outputs to those described by the software 

program ‘Presence’. First, error was quantified (false positive and false negative) by 

selecting files at random and continuously calculating the mean accuracy until the 
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cumulative margin of error reached a threshold. The margin of error not only allows 

for the smallest sample size to be tested, depending on the overall sample size, it also 

provides a confidence interval that characterises the imprecision inherent and 

unavoidable in the extracted dataset. Second, the error quantification method varied 

according to different species calling ecology, to account for the correlation between 

decreased accuracy and periods of very low calling activity. As described for other 

ecological analyses, such as species distribution models, it is critical to incorporate 

explicit ecological theory into species response models used in conservation, to 

account for skewed datasets (Austin, 2007). The calling activity time series thus 

produced includes valuable qualifying data describing statistical confidence, a critical 

element to consider when species detection is imperfect and in a time efficient 

manner. The method presents a good foundation, grounded in ecological theory, for a 

more efficient and objective means to extract call data from a large and highly variable 

audio dataset.  

In an era of habitat loss, modification and climate change, natural resource 

management is critical for reducing global loss of biodiversity. The success of such 

measures relies entirely on our knowledge of species niches. This thesis generates 

new regional knowledge on the frog species residing in the mid to upper Lachlan 

catchment, characterising the niches of six resident species in four domains (spatial, 

local habitat, temporal and climatic). In a broader sense, the knowledge generated on 

spatial and temporal niches holds important implications for natural resource 

management and a changing climate (as discussed in sections 7.3 and 7.4). Perhaps 

the most important and novel contribution this thesis makes is methodological. The 

novel error quantification method for use with automated call extraction presented, 

provides an improved means to feasibly and objectively monitor frog (and other 

animal) communities over continuous timeframes, allowing for more meaningful 

insight into these communities.    

 7.3 What are the implications of climate change for frogs?  

The key overarching objective of this thesis was to gain a better understanding of the 

potential implications for frog communities as the climate changes. The findings of this 

study suggest that even subtle changes to temperature regimes and the timing of 

intermittent rainfall are likely to disrupt the current temporal partitioning of species 

calling in this catchment. For instance, based on the call models developed for the two 
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Litoria species, L. latopalmata and L. peronii, the combination of warmer maximum 

daily temperature (>24°C for L. peronii and >32°C for L. latopalmata) and higher 

amounts of rainfall accumulated over the 14 days preceding, correctly classified the 

presence/absence of calling between 75 and 80% of the time. Therefore, if summer 

temperatures were to drop below these thresholds (similar to the temperature drop 

observed during January and February), around two weeks following rainfall, calling 

may be diminished or not occur at all. Alternatively, little to no precipitation leading 

up to these threshold summer temperatures may also result in diminished or non-

calling. The availability of water at times when these specific combinations of 

environmental conditions occur presents a further constraint to the likelihood of 

calling by these species, which require aquatic habitat for larval development. Given 

the relatively short breeding window observed for these species (Figure 6.3), even 

shorter windows of favourable weather conditions may increase competition between 

these sympatric species that are otherwise assumed to be successfully co-existing at 

present. For C. signifera, given its strong association with cool temperatures (more 

than 50% likely to call when average daily temperatures dropped below 15°C) and 

close proximity to the edge of its range, warmer temperatures may result in range 

contractions further east for this species (although, this species did occasionally breed 

at warmer times of the year, for example, January and February (Figure 6.5)). Shifts in 

species spatial distributions to track favourable niche conditions are expected for frog 

species as temperatures warm (Vasconcelos and do Nascimento, 2016) and assessing 

species at the edge of their range presents a potentially important gauge for 

monitoring species responses to climate change in the future (Cahill et al., 2014, 

Hampe and Petit, 2005).   

While temperate species are expected to be better equipped for increasing 

temperatures, given their broader safe thermal margins, recent studies suggest that 

even widespread temperate species are physiologically vulnerable to warming. 

Particularly when spatiotemporal variation throughout their distribution range is 

considered (Gerick et al., 2014). This study contributes to a growing body of literature 

indicating the strong and asymmetric influence of temperature on calling by sympatric 

frog species (e.g. Walpole et al., 2012, Rudolf and Singh, 2013, Todd et al., 2010).  

Climatic anomalies, such as drought and heat waves maybe more severe than those 

experienced in the recent past, are expected to occur more frequently under current 
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projections for climate change (IPCC, 2012). Climatic anomalies to date have driven 

diminished reproductive success and largescale declines in frog populations (Pounds 

and Crump, 1994, Neveu, 2009, Heard et al., 2012, Mac Nally et al., 2014) and often 

results in calling (indicating breeding attempts) outside known active breeding 

months. For example, in response to unseasonably high rains, or at the end of an 

extended drought (Lemckert and Mahony, 2008). Frog species living in temperate 

climates are known to be particularly sensitive to sudden temperature drops outside 

their specific thermal active ranges, reducing or terminating breeding or migrations in 

response (Oseen and Wassersug, 2002). During this study, two noticeable weather 

events occurred. A heat wave occurred in late spring, followed by comparatively cool 

conditions during mid-summer, and very dry hydrological conditions were observed 

throughout autumn. Gaps in the datasets (October and January data were missing) 

restricted assessment of the impact of the relatively minor climatic anomalies (the 

heat wave and temperature drop) on the frog communities. However, the strong 

association between the summer active species and temperature suggests that the 

increased temperatures during November may have cued calling activity by these 

species, while the following temperature drop may have truncated their calling season. 

Also evident from the broad scale surveys described in chapter 3 was a high level of 

calling during November, whereas, no calling was detected in late January. Dry 

hydrological conditions were observed during autumn 2015, corresponding with 

reduced calling activity. Calling was constrained to sites where water was 

permanently available, as all species rely on the availability of free standing water for 

larval development (Anstis, 2013). Large variation in the amount and timing of 

precipitation likely exerted strong influences on seasonal breeding activities, as 

changes in the timing of breeding phenology can influence competitive and predatory 

pressures and, therefore, potentially alter community dynamics (e.g. Walls et al., 

2013).   

An earlier peak calling time was observed for two of the species, C. signifera, and L. 

tasmaniensis, in comparison with records for the broader region of mesic south 

eastern NSW (latitudes south of Sydney). The peak calling activity observed in this 

study occurred months earlier, compared to records for the broader region of south 

eastern NSW. For C. signifera in this study, peak calling occurred from May to 

November, compared with Lemckert and Mahony (2008), who identified September to 

May as the peak calling time for this species. For C. parinsignifera in this study, peak 
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calling occurred from May to February, whereas, Lemckert and Mahony (2008) 

identified peak calling by this species from August to April. For L. tasmaniensis in this 

study, peak calling occurred from July to November, whereas, Lemckert and Mahony 

(2008) identified peak calling by this species from September to March. These species 

are known to breed opportunistically at any time of year (Anstis, 2013). However, 

there was a difference in overall core calling activity identified in this study, compared 

to Lemckert and Mahony (2008), which was based on records from 1940 onwards. 

Based on this comparison, there is a possibility that breeding times for these species 

are shifting to earlier, cooler times (late winter peak) in response to recent regional 

climate warming. For the study region, a general warming of between 0.5 and 1.0°C 

was observed between 1950 and 2013, with 2013 recorded to be the warmest year on 

record for this time frame (CSIRO and BOM, 2015). The finding that calling by the 

Crinia species was significantly associated with cooler temperatures (described in 

chapter 6) further suggests this trend. Given the lack of historical species presence 

data specific to the study region, intraspecific geographic variation in calling times 

cannot be disregarded, nor can inter-annual variability, given the relatively short 

duration of this study. However, multiple studies around the world have identified a 

general trend of earlier breeding times in response to climate warming (e.g. Klaus and 

Lougheed, 2013, Parmesan, 2007). While operationally limited in time and scope, 

observations from the present study also indicate the potential for a similar trend for 

these three species. For the remaining three seasonal breeding species, calling was 

confined to often short periods within the known core calling months as identified by 

Lemckert and Mahony (2008). October and January call data were not available, 

restricting the capacity to identify a specific start date for the core calling times of the 

summer active species. Although, again, other studies have identified asymmetric 

phenological responses to warming, with no change, earlier and later breeding 

observed across a range of species (Walpole et al., 2012, Todd et al., 2010, Gibbs and 

Breisch, 2001).  

7.4 Implications for resource management  

As described in relation to implications for climate change, the findings of this 

research have important applications to natural resource management. The findings 

provide further understanding of the environmental triggers for calling/breeding 

activity and, therefore, guidance for the timing of controlled flow events, in order to 
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maximise frog breeding. In addition, the novel error quantification method described 

in chapter 5 presents a time efficient and objective approach for automated 

recognition data extraction, improving the capacity for continuous, remote automated 

monitoring of ecological responses to environmental watering.    

Over-allocation of water resources for agricultural use has resulted in ecosystem 

decline throughout the Murray Darling Basin. Water management activities now seek 

to restore and sustain ecosystem function, water quality and indigenous fauna 

breeding by providing more natural flow regimes (Docker and Robinson, 2014, Driver 

et al., 2013). However, limited ecological knowledge presents a major constraint to 

achieving this (Koehn et al., 2014, Davies et al., 2014). Knowledge of how freshwater 

ecosystem inhabitants adapt to environmental change is very limited in Australia and 

this is a priority research objective for managing vulnerable populations, species and 

communities in the future (Davis et al., 2015). In the Lachlan Catchment, several 

wetlands are listed as wetlands of international importance under the Ramsar 

Convention, to which environmental water is adaptively delivered to improve 

ecological health. Frog species richness and abundance is a target for the delivery of 

environmental water and frog call monitoring has been employed to monitor the 

ecological outcomes of these management actions (McGinness et al., 2014).  

7.5 Future research direction  

This research provides baseline data for the spatial patterns of frog occupancy and the 

short-term calling phenology of six frog species widespread in the temperate south 

east NSW landscape. While intraspecific variation in calling phenology over the 

climate gradient was not explicitly addressed in this study, its assessment is 

recommended as a future research objective. Indeed, observing species across natural 

gradients, for example climate gradients (particularly where geology and plant species 

are homogeneous), presents a means to gain long term insights into their possible 

future dynamics and causal relationships, using short term experiments (space-for-

time substitution) (Fukami and Wardle, 2005). Climate gradients can be considered 

‘natural laboratories’ that we can observe in order to gain insight into the influence of 

temperature on species life history traits (Frenne et al., 2013). Although, Phillimore et 

al. (2010) caution in the application of space-for-time substitutions to examine 

intraspecific phenotypic variation based on phenotypic plasticity alone (since species 

may also be genetically adapted to local conditions, constraining their ability to adapt); 
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when looking at climate change, all potential environmental drivers need to be 

considered (Merilä and Hendry, 2014).  

Gaining an understanding of the possible mechanisms underlying current phenological 

breeding patterns could also allow for better prediction of climate change implications 

rather than simply identifying correlation patterns (Duarte et al., 2012). While 

population dynamics are complex to accurately monitor, they are perhaps more 

insightful than simple distributional and phenological parameters alone in evaluating 

which species will suffer the strongest impact of climate change (Ficetola and 

Maiorano, 2016).  

7.6 Concluding remarks  

Although limited to six frog species and a relatively short time frame, this investigation 

of the spatial distribution and temporal calling phenology of frog species provided a 

platform to better understand range shifts and drivers of calling phenology in 

temperate, south eastern Australia. Frogs, as well as the habitats and ecosystems they 

occupy are expected to undergo cascading changes in response to changes in 

temperature and rainfall. At the species and population scale, conservation of 

ecosystems and biodiversity in dynamic landscapes caused by climate change relies on 

sound knowledge of current species distributions (in relation to thermal tolerance and 

habitat preferences), phenological trends, population size and viability to accurately 

anticipate and respond to future conditions (Lavergne et al., 2010, Brown et al., 

2016a). The species specific habitat and call phenology models developed in this 

research are simple and are likely to be influenced by a range of other factors, such as 

phenological plasticity. However, key factors affecting the frog species occupancy and 

breeding phenology were identified for inclusion in more complex ecosystem models.      

The findings of this study have improved current understanding of frog species 

distribution and responses to short term and long term climatic variability in 

temperate south eastern Australia, while carefully considering detectability. The novel 

methodology to expedite accurate quantification of error associated with automated 

frog call recognition also presents an important contribution to future phenological 

research and large scale monitoring programs. Finally, this study demonstrated the 

highly idiosyncratic relationships between even widespread and opportunistic frog 
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species and local climatic conditions, especially ambient temperature, with predictive 

models showing disparate habitat preferences and breeding cues.   
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APPENDICES 

Appendix 1: Description of the study sites surveyed (chapters 3 and 4) 
 

Table A1.1. Geographic co-ordinates for each of the sites surveyed to identify broad 
scale patterns of frog species occupancy (GDA94).  

Region  Site name LAT LONG 

Frogmore  Summerrell creek -34.3284 148.823 

Summerrell dam  -34.2803 148.8247 

Leihn front dam -34.2167 148.8498 

Leihn back dam  -34.2155 148.8452 

Mitchell dam -34.216 148.8628 

Mitchell creek  -34.2102 148.8632 

Reid’s Flat Hook front creek -34.1607 148.9592 

Hook front dam  -34.1525 148.9555 

Hook back dam -34.1547 148.9544 

Hook back creek -34.1734 148.9404 

Gardiner creek -34.2133 149.0428 

Gardiner dam  -34.2133 149.0465 

Cowra Partridge creek -33.9865 148.639 

Partridge dam  -33.9865 148.64 

Larwence pond -33.9517 148.679 

White creek -33.8754 148.6747 

Jo’s dam -33.9835 148.9119 

Kooringle creek -34.0546 148.8859 

Kooringle dam -34.0538 148.8835 

Kooringle spring -34.0561 148.8895 

Corridor c.o.p’s -33.9791 148.8975 

Corridor creek -33.9798 148.9009 

Waugoola creek -33.7796 148.8835 

Waugoola dam -33.795 148.8938 

Bennett dam  -33.7539 148.6219 

Rankin front creek -33.7862 148.5627 

Rankin back creek -33.7686 148.5624 

Rankin dam -33.7682 148.5606 

Lachballin c.o.p’s -33.9183 148.7982 

Lachballin dam  -33.9198 148.7971 

Skinner crossing -33.8413 148.8373 

Skinner spring -33.8426 148.8364 

Woolshed backwash -33.9729 148.9019 

Goologong 
 

Coates dam -33.597 148.424 

Goologong rd dam -33.599 148.4321 

Bourke creek -33.5741 148.4403 

Workman hunter -33.7509 148.4021 

Workman dam -33.7488 148.392 

Workman kangarooby -33.7499 148.4031 
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Table A1.1 Continued 

Region  Site name LAT LONG 

Forbes  Kaloola wetland -33.514 148.3075 

Mylandra creek -33.594 148.2573 

Mylandra dam -33.5865 148.2526 

Ellemam dam -33.475 148.2468 

Sass creek -33.3847 147.8729 

Rocky dam -33.3646 147.9089 

Forbes TSR wetland -33.3677 147.9373 

Forbes lake -33.3821 147.9785 

Beard dam -33.4124 147.9837 

Gunning Gap -33.2959 147.788 

Hodge creek -33.2937 147.7796 

Avondale dam  -33.2768 147.785 

Condobolin  Burrawang weir -33.1518 147.4451 

Burrawang creek -33.1621 147.467 

Yarnell rd wetland -33.1738 147.111 

Nerathong creek -33.1278 147.1306 

Yarnell creek -33.1986 147.0895 

Brasnett creek -33.2225 147.3296 

Burrawang wetland -33.1551 147.4551 

Burrawang dry -33.1515 147.4438 

Kiacatoo Stewart dam -32.9023 146.7137 

Driveway dam -32.9044 146.7022 

Paula’s swamp -32.9046 146.7075 

Booberoi creek -32.8962 146.6952 
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Plate A1.2 Representative seasonal photographs of the sites surveyed during the 
study. Positioned left to right, accordingly: winter 2014, spring 2014, summer 2015 
and winter 2015. Where photographs are missing, sites were not surveyed on that 
occasion.  
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Plate A1.2 Continued  
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Plate A1.2 Continued  
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Plate A1.2 Continued  
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Appendix 2: Species distribution maps (chapter 3) 
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Figure A2.1 Distribution map of Crinia signifera. Species presence and absence records are presented for this study (green and hollow circles) 
while all NSW Wildlife Atlas records available for the study region are denoted by red circles. Townships and Interim Biogeographic 
Regionalisation for Australia (IBRA, version 7) subregions are presented.      
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Figure A2.2 Distribution map of Crinia parinsignifera. Species presence and absence records are presented for this study (green and hollow 
circles) while all NSW Wildlife Atlas records available for the study region are denoted by red circles. Townships and Interim Biogeographic 
Regionalisation for Australia (IBRA, version 7) subregions are presented.            
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Figure A2.3 Distribution map of Limnodynastes fletcheri. Species presence and absence records are presented for this study (green and hollow 
circles) while all NSW Wildlife Atlas records available for the study region are denoted by red circles. Townships and Interim Biogeographic 
Regionalisation for Australia (IBRA, version 7) subregions are presented.            
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Figure A2.4 Distribution map of Limnodynastes tasmaniensis. Species presence and absence records are presented for this study (green and 
hollow circles) while all NSW Wildlife Atlas records available for the study region are denoted by red circles. Townships and Interim 
Biogeographic Regionalisation for Australia (IBRA, version 7) subregions are presented.            
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Figure A2.5 Distribution map of Litoria latopalmata. Species presence and absence records are presented for this study (green and hollow 
circles) while all NSW Wildlife Atlas records available for the study region are denoted by red circles. Townships and Interim Biogeographic 
Regionalisation for Australia (IBRA, version 7) subregions are presented.  
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Figure A2.6 Distribution map of Litoria peronii. Species presence and absence records are presented for this study (green and hollow circles) 
while all NSW Wildlife Atlas records available for the study region are denoted by red circles. Townships and Interim Biogeographic 
Regionalisation for Australia (IBRA, version 7) subregions are presented.           
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Figure A2.7 Distribution map of Limnodynastes dumerilii. Species presence and absence records are presented for this study (green and 
hollow circles) while all NSW Wildlife Atlas records available for the study region are denoted by red circles. Townships and Interim 
Biogeographic Regionalisation for Australia (IBRA, version 7) subregions are presented.           
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Figure A2.8 Distribution map of Neobatrachus sudelii. Species presence and absence records are presented for this study (green and hollow 
circles) while all NSW Wildlife Atlas records available for the study region are denoted by red circles. Townships and Interim Biogeographic 
Regionalisation for Australia (IBRA, version 7) subregions are presented.           
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Figure A2.9 Distribution map of Litoria rubella. Species presence and absence records are presented for this study (green and hollow circles) 
while all NSW Wildlife Atlas records available for the study region are denoted by red circles. Townships and Interim Biogeographic 
Regionalisation for Australia (IBRA, version 7) subregions are presented.           
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Figure A2.10 Distribution map of Uperoleia laevigata. Species presence and absence records are presented for this study (green and hollow 
circles) while all NSW Wildlife Atlas records available for the study region are denoted by red circles. Townships and Interim Biogeographic 
Regionalisation for Australia (IBRA, version 7) subregions are presented.           
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Figure A2.11 Distribution map of NSW Wildlife Atlas records for five frog species that are potentially false positive (Limnodynastes peronii, 
Limnodynastes terraereginae, Litoria ewingii, Litoria lesueuri and Litoria verreauxii). The potentially false positive status assigned to the 
records was based on both evaluation of the expected ranges for these species, according to Anstis (2013), as well as the small number of Atlas 
records for these species. Townships and Interim Biogeographic Regionalisation for Australia (IBRA, version 7) subregions are presented. 
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Figure A2.12 Distribution map of NSW Wildlife Atlas records for five frog species that were not detected due to the timing of the surveys 
(Cyclorana platycephala, Limnodynastes interioris, Limnodynastes salmini, Litoria caerulea and Notaden bennetti). Each of the species breed in 
response to heavy rain events and so the timing of the surveys likely resulted in their non-detection. Townships and Interim Biogeographic 
Regionalisation for Australia (IBRA, version 7) subregions are presented.       
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Figure A2.13 Distribution map of NSW Wildlife Atlas records for Crinia sloanei and Litoria booroolongensis, threatened frog species formerly 

recorded in the study region. While the study region also encompasses the former geographical range of Litoria castanea and Litoria 

raniformis, there were no available Atlas records specific to the study region. Townships and Interim Biogeographic Regionalisation for 

Australia (IBRA, version 7) subregions are presented.      
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Figure A2.14 Distribution map of NSW Wildlife Atlas records for Uperoleia rugosa and Pseudophryne bibronii. The low detection of U. rugosa 

and non-detection of P. bibronii is of interest as the habitat and survey methods employed were otherwise conducive to their presence and 

detection. Townships and Interim Biogeographic Regionalisation for Australia (IBRA, version 7) subregions are presented.      
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Appendix 3:  Frog calling phenology analyses (chapter 6) 
 

Table A3.1 Temperature and humidity relationships between sites. Data gaps were 
filled by estimation of the relationship to neighbouring sites. Completed in SPSS 
(version 20), using the linear and curve estimation regression analysis. 

 Site x  Site y R2 Relationship 

Temperature  KALO BURR 0.926 Y = 0.941(x)+1.944 

BURR YARN 0.939 Y = 0.926(x) + 2.018 

HOOK SUMM 0.912 Y = 0.819(x) + 2.407 

Humidity  KALO BURR 0.807 Y = 2.956 x 10-5(x)3 - 0.004(x)2 + 0.983(x) + 
4.315 

BURR YARN 0.850 Y = 5.192 x 10-5(x)3 -0.007(x)2+1.094(x) + 
2.247 

SUMM HOOK 0.863 Y = 6.885 x 10-5 (x)3 -0.016(x)2 + 1.920(x) -
7.748 
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Figure A3.1 Daily calling by Crinia parinsignifera at each site detected (ordered from east to west), over the duration of the study (July 2014 

and October 2015). Calls are presented on a logarithmic scale (log10) and shaded areas indicate gaps in the call monitoring dataset. 
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Figure A3.2 Daily calling by Crinia signifera at each site detected (ordered from east to west), over the duration of the study (July 2014 and 
October 2015). Calls are presented on a logarithmic scale (log10) and shaded areas indicate gaps in the call monitoring dataset.
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Figure A3.3 Daily calling by Litoria latopalmata at each site detected (ordered from east to west), over the duration of the study (July 2014 

and October 2015). Calls are presented on a logarithmic scale (log10) and shaded areas indicate gaps in the call monitoring dataset.
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Figure A3.4 Daily calling by Litoria peronii at each site detected (ordered from east to west), over the duration of the study (July 2014 and 

October 2015). Calls are presented on a logarithmic scale (log10) and shaded areas indicate gaps in the call monitoring dataset. 
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Figure A3.5 Daily calling by Limnodynastes fletcheri at each site detected (ordered from east to west), over the duration of the study (July 

2014 and October 2015). Calls are presented on a logarithmic scale (log10) and shaded areas indicate gaps in the call monitoring dataset. 
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Figure A3.6 Daily calling by Limnodynastes tasmaniensis at each site detected (ordered from east to west), over the duration of the study (July 

2014 and October 2015). Calls are presented on a logarithmic scale (log10) and shaded areas indicate gaps in the call monitoring dataset. 
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Figure A3.7 Daily calling by both species detected at the site Summ, over the duration of the study (July 2014 and October 2015). Calls are 

presented on a logarithmic scale (log10) and shaded areas indicate gaps in the call monitoring dataset. 
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Figure A3.8 Daily calling by the five species detected at the site Hook, over the duration of the study (July 2014 and October 2015). Calls are 

presented on a logarithmic scale (log10) and shaded areas indicate gaps in the call monitoring dataset. 



173 
 

 

Figure A3.9 Daily calling by the four species detected at the site Hyde, over the duration of the study (July 2014 and October 2015). Calls are 

presented on a logarithmic scale (log10) and shaded areas indicate gaps in the call monitoring dataset. 
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Figure A3.10 Daily calling by the five species detected at the site Jole, over the duration of the study (July 2014 and October 2015). Calls are 

presented on a logarithmic scale (log10) and shaded areas indicate gaps in the call monitoring dataset. 
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Figure A3.11 Daily calling by the four species detected at the site Hook, over the duration of the study (July 2014 and October 2015). Calls are 
presented on a logarithmic scale (log10) and shaded areas indicate gaps in the call monitoring dataset. 
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Figure A3.12 Daily calling by the three species detected at the site Kalo, over the duration of the study (July 2014 and October 2015). Calls are 

presented on a logarithmic scale (log10) and shaded areas indicate gaps in the call monitoring dataset. 



177 
 

 

Figure A3.13 Daily calling by both species detected at the site Myla, over the duration of the study (July 2014 and October 2015). Calls are 
presented on a logarithmic scale (log10) and shaded areas indicate gaps in the call monitoring dataset. 
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Figure A3.14 Daily calling by the five species detected at the site Burr, over the duration of the study (July 2014 and October 2015). Calls are 

presented on a logarithmic scale (log10) and shaded areas indicate gaps in the call monitoring dataset. 
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Figure A3.15 Daily calling by the four species detected at the site Yarn, over the duration of the study (July 2014 and October 2015). Calls are 

presented on a logarithmic scale (log10) and shaded areas indicate gaps in the call monitoring dataset
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