
 

Reptiles of the northern Jarrah forest – implications for 
the conservation of common, uncommon and rare species 

in a production landscape in south-western Australia 

 

 

by 

 

 

Maggie D. Triska, MSc 

 

This thesis is presented for the degree of Doctor of Philosophy at The 
University of Western Australia 

 

School of Plant Biology 

 

2014 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

Restoration is an increasingly important tool used to reduce the impact of human 

activities on ecosystems and to maintain or increase populations of flora and fauna. 

While much of the focus in restoration is on vegetation recovery, the importance of 

fauna in restoration is increasingly recognized. The northern Jarrah forest in south-

western Australia is located within a biodiversity hotspot and contains high reptile 

diversity, approximately 45 species. There is little information on the majority of reptile 

species’ life history, behaviour or habitat requirements in the Jarrah forest. 

 

This study was completed at a bauxite mine, within the Jarrah forest, which contains 

small patches (mean ~20 ha) of varying restoration ages within a reference forest 

(unmined) matrix. I utilized survey data (collected from 2005-2012) on reptile and 

vegetation structure in reference and restored sites to assess the potential effects of 

restoration on common, uncommon and rare reptile species. I identified reptile habitat 

requirements using occupancy modelling, binomial regression and non-metric 

multidimensional scaling (Chapter 2), identified potential barriers to reptile 

recolonisation of restoration using variance and hierarchical partitioning (Chapter 3) and 

generated models to predict the potential impacts of mining on the predicted proportion 

of habitat available for reptiles over time (Chapter 4). I was able to determine habitat 

requirements for common and uncommon species and general habitat associations for 

rare species.  

 

Reptile and vegetation surveys in restored sites showed that reptile community 

composition in restored sites had not converged to reptile community composition in 

reference sites; therefore, I assessed the relative influence of landscape and site 

variables to identify potential barriers of reptile recolonisation of restored sites. I 



determined that site variables explained more of the variation in community 

composition, community metrics (species richness and reptile abundance) and 

individual species’ abundances than landscape variables. Important site variables 

indicated that species recolonise restoration based on changes in the vegetation, 

suggesting that continued management of restoration may be required to maintain 

reptile diversity. Landscape variables did not restrict recolonisation of reptiles with low 

vagility when restoration was connected to source populations, indicating the 

importance of maintaining connections to reference habitat in restoration conducted in 

other landscapes where reference habitat is highly fragmented.  

 

Lastly, I assessed the potential impact of mining on the amount of habitat available for 

individual species with three habitat requirements; open forest (Morethia obscura), 

closed forest (Acritoscincus trilineatus) and coarse woody debris dependent (CWD; 

Egernia napoleonis). I estimated their capture rates from survey data to inform the 

habitat suitability models and calculated the proportion of suitable habitat available 

within the mine, based on species habitat requirements and successional changes in the 

vegetation structure (past to future in 5 year increments). The results predict that the 

proportion of suitable habitat available to all species declines as the restoration ages. 

Therefore I assessed two management options to potentially increase the proportion of 

suitable habitat for species; overstorey thinning and the addition of habitat piles.  

 

These models provided guidance on how future mining may impact species with 

specific habitat requirements based on past, current and future mining and restoration. 

Reptiles are generally slow to recolonise restored mine sites; therefore, generating 

suitable habitat for reptiles is of great interest and will help to maintain biodiversity in 

the region versus just restoring habitat for common, generalist species. The lack of 



studies on reptiles in restoration is, in part, due to the difficulty in detecting them, and 

new monitoring techniques are needed to improve their probability of detection. 

However, this study shows that even limited detections may improve our understanding 

of species habitat requirements and the impacts of mining and restoration on reptiles. 

Mining and other disturbances reduce fauna diversity; however, if restoration provides a 

heterogeneous landscape and incorporates continued management (reduction in 

overstorey density or inclusion of habitat piles) as required, it can be used as an 

effective tool to limit the negative impacts and help maintain biodiversity. This study 

has improved our ability to conserve biodiversity in production landscapes by 

determining that restoration efforts should focus on site variables and improve 

vegetation structure to assist reptile recolonisation and maintain fauna diversity. 
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1 Introduction 

 

1.1 The importance of restoration to maintaining biodiversity 

Global biodiversity is decreasing mainly due to habitat loss from disturbances such as 

land modification and clearing (Ehrlich and Wilson, 1991; Wilson, 1994; Sala et al., 

2000; Butchart et al., 2010). Ecological restoration is often undertaken to alleviate the 

negative impacts of habitat loss and promote species recolonisation to the disturbed 

areas (Hobbs and Harris, 2001). However, even with restoration, disturbed areas are not 

completely restored to resemble historic ecosystems, at least not within centuries, and 

biodiversity is often lost (Ehrenfeld, 2000; Palmer et al., 2006). Restoration goals may 

reflect this limitation and focus on returning functional groups at a site-based level to 

restore ecosystem function, rather than focussing on biodiversity per se (Brudvig, 2011; 

van Andel and Aronson, 2012). However, restoration focussing only on ecosystem 

function typically concentrates on a few species to restore function, putting low value 

on rare species (Schwartz et al., 2000). For restoration to be effective in maintaining 

regional biodiversity there is an increasing requirement to consider restoration of the 

greatest number of species possible, and this includes both flora and fauna. This thesis 

focuses on the factors affecting the return of reptile species to sites restored following 

mining and subsequent restoration in a forest ecosystem in south-western Australia. 

 

Restoration often aims to restore landscapes based on the vegetation composition and 

structure of a reference ecosystem (Lockwood and Pimm, 1999; Block et al., 2001; 

Halle and Fattorini, 2004; Morrison, 2009). Reference ecosystems may be the best 

representation of the environment prior to anthropogenic disturbance and provide 

critical information on the ecosystem being restored, but they have limitations including 

spatial and temporal variation and historical legacies (White and Walker, 1997; Egan 
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and Howell, 2001; Morrison, 2009). Furthermore, reference ecosystems from the same 

spatial location and temporal period, as restored sites, are not always available, and 

reference ecosystems from other locations or time periods may be useful for comparison 

with the successional stages of the restoration (Morrison, 2009). The reference 

ecosystem approach, which compares species’ composition in restored sites to the 

reference ecosystem, often works for vegetation but is more challenging for fauna as 

they are expected to recolonise passively from the reference ecosystem (Majer, 1989b; 

Block et al., 2001). Fauna recolonisation of restored sites depends broadly on 

community assembly, but also specifically on the species’ dispersal potential and the 

spatial arrangement of the landscape, complex combinations of habitat requirements, 

and biotic and abiotic interactions (Majer, 1989c; Parmenter and MacMahon, 1992; 

Miller and Hobbs, 2007; Morrison, 2009; Brudvig, 2011). Additionally, common 

species are often quicker to inhabit restored sites than rare or specialised species 

(Queheillalt and Morrison, 2006; Nichols and Grant, 2007) and no single species can be 

used to indicate successful restoration (Nichols and Nichols, 2003), which emphasizes 

the importance of studying all species, individually or grouped according to niche to 

identify their habitat requirements.  

 

The conservation of rare, patchy, endemic or specialised species (hereafter rare and 

specialised species) is a critical component of maintaining biodiversity. Widespread, 

common species are more likely to be able to recolonise restored sites passively than 

rare or specialised species as they are more abundant and persist in a wider variety of 

habitats. Additionally, the small population size of rare and specialised species may 

make them more prone to extinction (Mace and Kershaw, 1997). Therefore, to reduce 

their extinction risk restored sites need to provide habitat for rare and specialised 

species. The ability to restore areas that provide the habitat requirements of rare and 
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specialised species is limited by current lack of biological knowledge on species and 

ecosystems, logistics and funding (Lyons et al., 2005). More information on a variety of 

ecosystem characteristics may be required to ensure that restoration effectively creates 

habitat suitable for the full suite of species present in undisturbed habitats for the return 

of community assemblages (Cooke and Johnson, 2002). In addition to site and situation-

specific issues, landscape-level issues must be addressed for restoration to have a global 

impact on biodiversity conservation (Montoya et al., 2012).  

 

1.2 The role of rare species in ecosystems  

The number of rare species in an ecosystem is typically higher than the number of 

common species, and generally only a few species are abundant and make up the 

majority of the detected individuals (Fisher et al., 1943; Magurran, 2003). However, 

ecosystem function may only rely on a few species, and not the full species complement 

(Walker, 1992) and determining the function of species may be particularly important to 

restoration. In many landscapes, species’ functions are unknown; therefore, in these 

landscapes it is safer to assume that both common and rare species may play important 

roles in maintaining ecosystem stability or function during, and after, disturbance and 

throughout the restoration process (Main, 1982; Yachi and Loreau, 1999). Main (1982) 

proposed the ‘insurance’ hypothesis stating that rare species may be relicts of past 

ecosystems, and as the environment changes, their unique traits may allow them to 

become common within the landscape that may make their conservation important to 

the success of restoration. Rare species are difficult to monitor, due to low abundances, 

patchy distributions and often cryptic behaviour (Magurran, 2003; Lyons et al., 2005). 

This does not make them less important–indeed, the majority of biodiversity 

conservation policy focuses on rare, rather than common, species. Management needs to 

address potential impacts on these rare species to prevent their decline or circumvent 
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negative impacts that may arise due to the loss of ecosystem services they provide. Rare 

species attributes (low abundance, patchy distributions, and cryptic behavior) have 

resulted in limited studies and support for the conservation of rare species in restored 

landscapes; however, they are critical for maintaining global biodiversity (Main, 1982; 

Yachi and Loreau, 1999).  

 

1.3 Faunal recolonisation of restoration sites 

Restoration has historically focused on plants, assuming that if the vegetation structure 

and composition is restored, fauna species will recolonise passively (Majer, 1989b; 

Palmer et al., 1997; Ruiz-Jaen and Aide, 2005) and there is still a lot that needs to be 

done to restore habitat versus just restoring vegetation for fauna recolonisation to occur 

(Miller and Hobbs, 2007). Therefore, the majority of restoration prescriptions are often 

applied to plants (Montoya et al., 2012), but recently there has been increasing interest 

in developing prescriptions that facilitate the success of fauna populations within 

restoration (Majer, 1989a; Majer, 2009). Fauna species that have patchy distributions, 

short dispersal potential, and ecological specialisation often fail to recolonise restored 

areas (Maina and Howe, 2000), and these species may require assistance to recolonise 

and for populations to persist in restored areas (Seddon et al., 2007). Species 

recolonisation of restored sites needs to be maximized, and consequently, the retention 

or provision of landscapes with features that allow fauna to access restored sites, and 

suitable habitat for fauna within the restored sites need to be maintained (Majer, 2009; 

Brudvig, 2011). 

 

Recolonisation by common, rare and specialised species, and ultimately species 

assembly, thus depends on the landscape context (dispersal ability, spatial arrangement, 

and level of disturbance) and habitat suitability (e.g., vegetation structure, prey 
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availability, predator avoidance; Miller and Hobbs, 2007). If faunal species are able to 

disperse to a restored area, then recolonisation may be directly affected by vegetation 

structural characteristics that may increase (e.g., plant height and leaf litter) or decrease 

(e.g., bare ground), or fluctuate over time as a result of succession of restored sites or 

subsequent disturbances such as fire. This may lead to species occupying different 

patches of successional vegetation as the restoration sites age due to ecological 

thresholds (Majer, 1989c; Hobbs and Norton, 2004) and features which slow or impede 

fauna recolonisation, and persistence have been defined as habitat filters (Craig et al., 

2012). Habitat filters represent vegetation structure that develops over time and restricts 

species recolonisation at a particular restoration age (dynamic habitat filters) or develop 

gradually and thus slow the recolonisation of species recolonisation (unidirectional 

habitat filters; Craig et al., 2012). 

 

Species recolonisation is also influenced by competition and species assembly rules – in 

particular whether species assemble in a deterministic or stochastic manner or form an 

alternative stable state (Temperton and Hobbs 2004; Morrison 2009). In order to 

facilitate fauna recolonisation and population persistence it is important that we 

understand how species assemble and the associated habitat filters that may restrict their 

occupancy in restored sites (Hobbs and Norton 2004). This can be predicted and 

potentially influenced by removing potential filters (i.e., dense vegetation, competition; 

invasive species) based on known habitat, foraging, and breeding requirements and is 

typically classified into four types: 1) rapid increase above carrying capacity, followed 

by a decrease prior to levelling back at carrying capacity, 2) steady, gradual 

recolonisation to carrying capacity, 3) increase rapidly to carrying capacity or just 

below and decrease over time, or 4) extremely slow, recolonisation to carrying capacity 

(see Fig. 1.1; Wetzel, 1958; Fox and Fox, 1986; Majer, 1989c; Craig et al., 2012). Type 
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1and 2 recolonisers are likely to be able to persist after disturbance and restoration 

without management intervention. However, Type 3 and 4 species may not recolonise 

or persist as the restoration ages and are likely to include rare or specialised species that 

are influenced by habitat filters. Restored sites where habitat filters are present may 

require management intervention to make them suitable habitat to promote population 

persistence. 

 

1.4 Landscape context, habitat suitability and ecological niche 

Landscape context and habitat suitability of reference and restored site vegetation 

interact or combine to determine patterns of recolonization based on species’ ecological 

niches. The landscape context is the first potential barrier to species recolonisation, and 

if species can recolonise restored sites, then the next barriers are likely to be habitat 

suitability followed by competition between species for niche occupancy. Fauna species 

that have patchy distributions and low vagility are often unable to recolonise restored 

areas ((Maina and Howe, 2000), e.g., reptiles did not recolonise after coal mine 

restoration (Parmenter and MacMahon, 1985)). Therefore, the connectivity of restored 

areas to reference ecosystems within the landscape may be important for species with 

low vagility to be able to reach and recolonise restored sites (Turner, 2005; 

Summerville et al., 2006). Additionally, if species are able to reach restored sites, 

habitat suitability within the restored sites may not be adequate for survival, or their 

ecological niche may already be occupied. The habitat suitability and presence of 

structural complexity within restored sites may be particularly important for rare or 

specialised species, which often have specific habitat structure, and micro-habitat 

requirements and generalist species may therefore be more common in restored sites 

(Queheillalt and Morrison, 2006). For example, in restored stream zones reptiles and 

mammals that are woodland habitat specialists did not recolonise restored sites, and 
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Fig. 1.1  

Expected response of species to restoration over time and across vegetation state (Type 

1, 2 and 4) adapted from Fox and Fox 1986, with Type 3 added in to reflect 

observations in Craig et al. (2012) and this study. 

 

the restored sites contained an abundance of generalist species, with the absence of the 

specialist species was likely due to habitat structure and micro-habitat requirements not 

being met (Queheillalt and Morrison, 2006). Although, restored sites lacking suitable 

habitat may not act as a barrier to movement and dispersal, and defining the landscape 

in terms of discrete patches (restored and reference) is likely to be an oversimplification 

of fauna habitat requirements (Wiens, 1995; McIntyre and Hobbs, 1999; Manning et al., 

2004). Defining habitat into discrete patches also fails to account for variables such as 

canopy cover which are temporally dynamic, and over time species may occupy, or not 

occupy, areas depending on how habitat variables change with succession (Wiens, 
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1995; Hobbs and Harris, 2001). Therefore, species likely do not utilize habitats in a 

dichotomous manner (McIntyre and Hobbs, 1999) and may avoid areas classified as 

preferred habitat or use areas classified as non-habitat (e.g.,  mammals have been found 

to forage in restored mine sites and maintain dens in reference forest (Nichols and 

Nichols, 2003)). Hence, species are likely to respond to vegetation succession in 

different ways depending on their particular habitat and resource requirements. In early 

stages of restoration, some of the changes in habitat variables may occur rapidly, while 

some habitat variables will take decades or even centuries to appear and develop (Halle 

and Fattorini, 2004), and the fauna species present may change as habitat variables 

change and competition between species develops. For successful restoration to occur, it 

is important to understand how habitat suitability influences population persistence in 

restored areas. If fauna fail to recolonise or persist in restored areas, management 

interventions may be required to assist population persistence.  

 

If landscapes were static it would be possible to focus on restoration of community 

structure and composition; however, most landscapes are temporally and spatially 

dynamic, and expecting 100% species return overtime and at all locations may be 

unrealistic (Palmer et al., 1997). Additionally, with fauna, observing an individual in a 

restored area does not indicate a full return of the species to the restored area, as it may 

simply be traversing the restored area and species may recolonise restored sites even if 

all their habitat requirements defined in reference habitat are not present (Morrison, 

2009). However, restored sites lacking species habitat requirements may act as sinks 

and populations may fail to persist over time (Pulliam, 1988). Therefore, determining 

whether or not fauna species have recolonised, and if both landscape and site variable 

requirements are satisfied, is difficult with only detection data and additional species 

specific studies may improve the accuracy in determining recolonisation and population 
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persistence. Both the landscape context and the suitability of habitat within the restored 

area interact and combine to determine whether restored areas are recolonised and, once 

they are, whether populations persist. The landscape context may continue to influence 

population persistence because populations in restored areas are part of a larger meta-

population and interactions between populations will determine their persistence. 

Therefore, the landscape context may continue to be particularly important for species 

with low vagility and patchy distributions. 

 

Reptiles are one of the slowest groups to recolonise restored areas, likely due to their 

specific microhabitat requirements (i.e., thick leaf litter, dense understorey, exfoliating 

bark), and they may potentially take centuries to recolonise restored areas (Nichols and 

Bamford, 1985; Majer, 1989b; Nichols and Nichols, 2003; Nichols and Grant, 2007). 

Reptiles can be an important indicator of similarity to reference ecosystems as they 

often need specific habitat structure and micro-habitats to meet their thermal 

requirements (Heatwole and Taylor, 1987). These thermal requirements make them 

sensitive to habitat structure and bioclimatic variables in the restoration site. However, 

within restoration sites, reptiles are often under-studied in comparison to other fauna 

groups such as birds and mammals (Majer, 2009; Brudvig, 2011). Reptile dependence 

on both landscape context and vegetation structure has been observed in urban, mined 

and agriculture areas (Parmenter and MacMahon, 1992; Jellinek et al., 2004; Garden et 

al., 2007a) and their low vagility may restrict their ability to recolonise restored areas.  

 

As discussed above, landscape and or site variables can restrict species recolonisation in 

restored landscapes. Reptiles have low vagility and even in landscapes where the 

reference habitat borders the restored areas (such as in mining), they may potentially be 

restricted by their inability to disperse from source populations in reference habitat to 
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the restored areas. If reptiles are able to reach the restored areas, they may then be 

influenced by habitat suitability and vegetation structure, often requiring specific 

vegetation structures to meet their thermodynamic needs. Therefore, determining the 

influence of landscape and site variables will help to promote reptile recolonisation by 

identifying potential barriers to recolonisation and ways to overcome them.  

 

1.5 Restoration aims 

In order to accurately evaluate restoration success, the aims of the restoration need to be 

clearly defined beforehand (Palmer et al., 1997). Knowledge of the reference ecosystem 

including rare and specialised species, vegetation succession, relative costs and benefits, 

likelihood of success, and the cost of ongoing management influence these aims (Cooke 

and Johnson, 2002). In order to analyse success, monitoring regimes should ideally be 

set up to include direct comparison with reference sites, and attribute or trajectory 

analysis (Society for Ecological Restoration International, 2004). Regardless of the 

restoration goal (e.g., ecosystem services or biodiversity conservation), restored areas 

may slowly take on the attributes of the reference ecosystem or deviate to an alternate 

state which requires additional management (Hobbs and Norton, 1996) to alleviate 

habitat filters that restrict or slow species recolonisation and population persistence. In 

order to maintain rare and specialised species as more and more habitat is lost, we must 

aim to understand habitat dynamics, including changes in both landscape and site 

specific variables, in disturbed landscapes.  

 

1.6 Restoration post-mining 

In highly disturbed landscapes, such as mine sites, restoration is especially important to 

circumvent the negative impacts of mining (i.e., soil and vegetation removal; Cooke and 

Johnson 2002). For  restoration to be successful at mine sites, clear restoration methods and 
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monitoring regimes, that take into account site specific, landscape and historic factors, need to 

be established (Brudvig, 2011). These methods and monitoring regimes should be established 

pre-mining, and some countries (i.e., Canada, The United States, and Australia) have mine 

closure regulations to avoid continuing a legacy of abandoned mines (World Bank and the 

International Finance Corporation, 2002). Mine closure regulations depend on a successful 

restoration methods, will likely become important in more countries as the amount of extractive 

mining (specifically for metals and minerals) has increased worldwide since the 1940s (Cooke 

and Johnson, 2002; World Bank and the International Finance Corporation, 2002). As the 

amount of land disturbed increases, even in countries that have mine site regulations, it is 

important to continually monitor their implementation and success. In Australia, where mine 

site regulations exist, a survey of mining companies revealed that few companies had aims 

established for fauna restoration post mining (~20% had goals for fauna, whereas ~70% had 

established flora goals; Brennan et al., 2005). Therefore, there is a need to establish methods 

and monitoring at all mine sites that consider fauna restoration, as well as flora, if landscape are 

to resemble historic ecosystems post-mining. (Cristescu et al., 2012).  

 

1.7 Study area and reptile importance 

1.7.1 Study area 

This study occurred in south-western Australia, in the northern Jarrah (Eucalyptus 

marginata) forest. The Jarrah forest lies within the Darling Range and runs from Perth 

to the southwest corner of Australia (Dell and Havel, 1989). Approximately 38% of the 

Jarrah forest has been removed for agriculture and less than 3.3 x106 ha remains (Dell 

and Havel, 1989). The northern Jarrah forest is located within an international 

biodiversity hotspot (Myers et al., 2000) and its rich and unique biodiversity, along with 

the multiple competing land uses in the region (mining, logging, agriculture, fire 

management, water catchments and recreational use (Dell and Havel, 1989; Gardner 

and Bell, 2007)), puts high importance on understanding what influences the likelihood 
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of species to recolonise restored sites and persist in the landscape to conserve 

biodiversity. 

 

Specifically this research occurred within Alcoa of Australia’s Huntly mine site, located 

~10 km N of Dwellingup in the northern Jarrah forest (32°36´S, 116°06´E). The Jarrah 

forest is a dry, open sclerophyll forest endemic to south-western Australia, and the 

canopy is dominated almost entirely by the eucalypts Jarrah and Marri (Corymbia 

calophylla). Common midstorey species include Sheoak (Allocasuarina fraseriana), 

Bull Banksia (Banksia grandis), and Snottygobble (Persoonia longifolia) (Dell and 

Havel, 1989). The area has a Mediterranean climate (Dell and Havel, 1989) with 

temperatures ranging from mean maxima and minima of 15.0 °C and 5.4 °C in July to 

29.6 °C and 14.5 °C in February. Average annual rainfall is ~1236 mm at Dwellingup, 

the nearest weather station, with average rainfall peaking in July (208.7 mm) (Bureau of 

Meteorology, http://www.bom.gov.au/climate/data/).   

 

Bauxite has been mined in the Jarrah forest by Alcoa since 1963 (Koch, 2007a) with 

restoration beginning in 1966. Mining continues today with approximately 550 ha of 

Jarrah forest being restored each year (Koch, 2007a). Huntly consists of small restored 

Jarrah forest patches (mean ± SE = 20.04 ± 1.50 ha, range = 1.8-62.8) of varying ages 

(1-44 years), interspersed within reference habitat, which makes up the majority of the 

landscape (59%, based on the total area unmined divided by the total area of Huntly). 

The bauxite mining process involves complete removal of the vegetation, topsoil, 

approximately 1-2 m of overburden and 5 m of duricrust, which contains bauxite and is 

mined, to obtain the bauxite ore (Koch, 2007a). Topsoil is retained and replaced after 

the completion of mining and vegetation regrows from the topsoil seedbank, direct 

seeding, and hand-planting of species (Koch, 2007a). Fauna species are not re-



13 
 

introduced but expected to recolonise restored forest patches passively from the 

surrounding reference habitat. The Huntly mine site has been mined progressively 

towards the northeast. Therefore, the restored Jarrah forest patches within the Huntly 

region are of varying ages with the oldest being in the south-west and the newest in the 

north-east.  

 

Current Alcoa restoration prescriptions aim to re-create forest that converges on the 

reference habitat’s flora and fauna structure and composition as it ages. Thus, pre-

mining and long-term fauna monitoring surveys are important in order to determine 

what species are present prior to the disturbance and following subsequent post-mining 

restoration (Majer, 1989b). Alcoa takes a proactive stance aiming for the restoration of a 

“self-sustaining Jarrah forest” (Alcoa World Alumina Australia, 1994) and they have 

completed multiple fauna surveys at Huntly (Alcoa World Alumina Australia, 2007a, b) 

and supported collaborative studies on fauna—specifically, reptile species response to 

restoration and reference forests in regards to age, spatial location, and management 

techniques (e.g., Craig et al., 2007; Nichols and Grant, 2007; Craig et al., 2010; Christie 

et al., 2012; Craig et al., 2012). Alcoa’s restoration prescriptions have advanced since 

restoration began (Gardner and Bell, 2007) from planting non-local Pinus and 

Eucalyptus species pre-1988 to using native (Jarrah and Marri) eucalypt species in 

restoration established from 1989-1999, and currently, the restored sites have reduced 

tree and legume densities to promote a more open forest, which is typical of mid-slope 

forest (Gardner and Bell, 2007). 

 

1.7.2 Reptiles 

The northern Jarrah forest supports a high reptile species richness (~45 species (Nichols 

and Muir, 1989)) and 26 reptile species have been recorded at Huntly (Table 1.1). 
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Species in the family Scincidae are the most abundant and commonly detected reptiles 

at Huntly (Nichols and Grant, 2007; Craig et al., 2009). Many skinks detected at Huntly 

are small (< 8g), rare and have patchy distributions or cryptic behaviours (Alcoa World 

Alumina Australia, 1994; Craig et al., 2009). The difficulty in monitoring small, cryptic 

reptiles, has led to little being known ecologically about the majority of reptile species 

at Huntly. Therefore, studying all species within Huntly is challenging as low reptile 

density generally occurs within the northern Jarrah forest, making predictions on habitat 

requirements, and thus recolonisation and persistence, difficult to determine due to few 

detections of the majority of species (Alcoa World Alumina Australia, 1994; Craig et 

al., 2009).  

 

1.8 Aims and objectives 

The overall aim of this thesis is to assess how common, rare and specialised reptile 

species are impacted by mining and respond to subsequent restoration, and to determine 

the influence of landscape and site variables on reptile recolonisation and persistence, 

and overall restoration success.  I attempted to assess all reptile species detected to 

determine species-specific and community habitat requirements. First, I focused on 

identifying reptile habitat requirements of common, uncommon and rare species in 

reference ecosystems based on vegetation structure and climatic and seasonal variables. 

This information assisted in determining habitat variables required to promote reptile 

recolonisation and persistence in the restored areas. 

 

Next, the vegetation structure and reptile composition in restored areas were compared 

to reference ecosystems to determine if they were similar, and if not, to identify 

variables that may be preventing their convergence. Landscape variables are often 

assumed to be irrelevant in mining landscapes (as the reference habitat is often 
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Table 1.1 

Twenty-six reptile species in 8 families have been detected within the Jarrah forest at 

the Huntly mine site in south-western Australia. 

Family Species 

Gekkonidae Diplodactylus lateroides  

Christinus marmoratus  

Pygopodidae Lialis burtonis 

Aprasia pulchella  

Agamidae Pogona minor 

Scincidae Acritoscincus trilineatus 

Cryptoblepharus buchananii 

Ctenotus delli 

Ctenotus labillardieri 

Egernia napoleonis 

Hemiergis initialis 

Hemiergis peronei 

Lerista distinguenda 

Lerista microtis 

Menetia greyii 

Morethia obscura 

Tiliqua rugosa 

Varanidae Varanus gouldii 

Varanus rosembergii 

Typhlopidae Ramphotyphlops australis 

Boidae Morelia spilota 

Elapidae Pseudonaja affinis 

Acanthophis antarcticus 

Notechis scutatus 

Parasuta nigriceps 

Parasuta gouldii 
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connected to the restored areas (Gould, 2011)) regardless of species vagility. To test this 

assumption, I examined the relative influence of landscape and site variables on reptile 

community composition, reptile species richness, overall reptile abundance and 

individual reptile species’ abundance in restored areas. I also assessed which specific 

landscape or site variables significantly influenced the recolonisation of reptiles. 

Determining the relative influence of variables on species recolonisation of restored 

areas may help inform management and improve restoration prescriptions to facilitate 

reptile recolonisation. 

 

Lastly, I assessed the broad-spatial extent impacts of mining on the amount of suitable 

habitat for reptile species after the completion of mining. This was accomplished by 

determining the amount of suitable habitat present for 3 representative species, each 

with a different habitat requirement (open forest, closed forest and coarse woody debris 

(CWD) dependent). Habitat suitability may change over time as the restoration ages and 

habitat filters may form (Craig et al., 2012). Habitat filters may prevent or lead to slow 

reptile recolonisation, and I focussed on determining if mining and restoration over the 

broad-spatial extent reduced the proportion of suitable habitat, and if management 

techniques within restored sites could increase the proportion of suitable habitat by 

allowing populations to persist in the broad spatial extent. By identifying the amount of 

suitable habitat for representative reptile species with varying recolonisation types (2, 3, 

and 4), I identified if mining and post-mining restoration has a negative effect on reptile 

species that require open or closed forest or CWD after the completion of mining and 

restoration. Additionally, management manipulations were added to models to 

determine if they benefitted population persistence and were economically feasible to 

implement.  
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In summary, reptiles were surveyed in reference habitat to determine their relative 

abundance and habitat requirements. This information was then compared to data from 

prior surveys that occurred from 2005-2012 to determine if restored areas were 

converging on reference habitat in regards to vegetation structure and reptile 

composition (see Appendix I for a detailed list of all survey times). Potential barriers to 

reptile recolonisation represented by landscape and site variables were assessed to 

determine if management should focus on the landscape context of the mining or on the 

habitat suitability of the restored areas to facilitate species recolonisation and population 

persistence. The proportion of suitable habitat for reptile species was then calculated 

based on the successional patterns of the vegetation, based on prior, current, and future 

mining to assess the likelihood of reptile persistence in restored areas after mining and 

restoration. Management options were incorporated into habitat suitability models to 

determine their benefit to the maintenance of biodiversity and the feasibility (cost and 

potential impact on the proportion of suitable habitat) of their implementation by Alcoa.  

 

1.9 Research questions 

I developed specific research questions to assess the influence of mined and restored 

landscapes on reptile diversity in the Jarrah forest, and predict the suitability of 

restoration sites over time for reptiles.  

1) What are the habitat requirements of common, uncommon and rare reptile 

species based on vegetation structure, bioclimatic or seasonal variables within 

reference Jarrah forest? 

2) How do reptile community composition and site variables (vegetation structure) 

in restored areas (20 years post restoration) compare to the reference habitat?   

3) What are the relative influences of landscape and site variables on the 

recolonisation of the reptile community in restored areas? 
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4) Which specific landscape or site variables significantly influence recolonisation 

of the reptile community? 

5) Does post-mining restoration greatly reduce the amount of suitable habitat for 

reptile species with common habitat requirements (open, closed and coarse 

woody debris (CWD) requirements)?  

6) Are management practices, such as overstorey thinning or adding habitat piles, 

feasible options to increase the amount of suitable habitat available for reptile 

species that prefer open forest and coarse woody debris?  

 

1.10 Structure 

This thesis contains a general introduction and discussion and three data chapters, 

written as stand-alone papers to be submitted for publication. Each chapter addresses 

different research questions and builds on the previous chapter. Chapter 2 addresses 

research question 1 and establishes a basic understanding of habitat requirements of 

reptiles detected in a reference ecosystem. Chapter 3 expands on this information by 

assessing questions 2, 3 and 4 and determines what potentially restricts reptiles from 

recolonising restored areas. Lastly, Chapter 4 addresses questions 5 and 6 and assesses 

the impact of mining over time by modelling fluctuations in species’ populations based 

on successional vegetation changes in the restored areas.  

 

1.11 Research significance 

This research is relevant to local forest management and restoration issues and 

contributes more broadly to the fields of conservation biology and restoration ecology. 

The study aims to propose ways to detect and assess rare and specialised species in 

landscapes, with specific emphasis on the potential for rare and specialised species and 

populations to recolonise and persist in restored areas of production landscapes, such as 
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mine sites. This research aims to assess the succession of restored sites and provides 

techniques for modelling the potential impacts of a disturbance and subsequent 

restoration over time on the proportion of available habitat in the landscape for specific 

species. 

 

Additionally, south-western Australia is one of the world’s biodiversity hotspots (Myers 

et al., 2000), yet very little is known about the majority of reptile species in the region. 

This study uses a multi-year data set to provide insight into the habitat requirements of 

common, uncommon and rare species in the northern Jarrah forest, which improves our 

knowledge about the species, and in some cases, provides the first attempt at 

identifying, or predicting, their habitat requirements. 

 

Research in post-mining and restored agricultural landscapes suggest that highly mobile 

species, such as many birds, are able to recolonise restored areas quickly; however less 

vagile species, such as many reptiles, may be unlikely to recolonise sites distant from 

source populations (Cunningham et al., 2007; Kavanagh et al., 2007; Munro et al., 

2007). Restoration in mined areas generally only focuses on habitat suitability (site 

variables) (Gould, 2011) and an assessment of the relative influence of landscape 

context and habitat suitability will help to determine at what level (landscape versus 

site) restoration efforts should be focussed for species to persist. Additionally, mine 

landscapes which are less fragmented than agricultural landscapes may provide 

information on the influence of fragmentation on the importance of landscape and site 

variables on species recolonisation and population persistence. 

 

Restoration is temporally dynamic, and the potential for restored areas to provide 

suitable habitat for fauna will continue to influence population persistence over time. 
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This research provides an assessment of the future impacts of past, current and future 

disturbances and restoration on the potential of three reptile species, with different 

habitat requirements to persist in a disturbed and restored landscape. These habitat 

requirements (open forest, closed forest, and coarse woody debris dependent) can be 

extrapolated to other fauna and therefore the models produced, and the results, can be 

used to predict the influence of vegetation succession on other species’ population 

persistence. The approach used has applicability in any situation where faunal 

recolonisation of restored sites is an important goal, and particularly when rare and low 

vagility species are present.  
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2.1 Abstract  

Disturbed landscapes can provide habitat for a variety of species; however, for fauna, a 

strong understanding of their habitat requirements is critical both to detect species and 

develop management prescriptions to maintain their populations. I assessed habitat 

requirements of common, uncommon and rare reptile species in a multiple use 

landscape, the northern Jarrah forest of south-western Australia. To identify predictors 

of reptile occurrence, I related reptile presence/absence or relative abundance to habitat, 

climatic and seasonal variables. As the reptiles studied have a low number of detections 

due to cryptic behaviors, I used a combination of analyses including non-metric Multi-

Dimensional scaling, occupancy and binomial generalized linear models, with only 

occupancy modelling accounting for the probability of detection within models. I was 

able to identify specific habitat requirements for the most common species and potential 

linkages with vegetation structure for most uncommon species. There were insufficient 

detections to determine habitat requirements accurately for most rare species. However, 

the majority of species were detected too infrequently to determine specific habitat 

features or variables that influence occupancy and detection, and altering survey time 

and scale may increase detections to help determine their habitat requirements. In multi-

use landscapes like my study area, it is important that the diversity of habitats be 

maintained to conserve the reptile community.  
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2.2 Introduction 

Biodiversity loss is increasing as humans clear and modify more of the earth’s surface 

(Pimm and Raven, 2000; Sala et al., 2000). Thus, if society is to conserve biodiversity 

in the face of increasing habitat clearance and modification, it is increasingly important 

to understand species habitat requirements (Koellner and Schmitz, 2006; Lindenmayer 

et al., 2012). It is important to understand species’ habitat requirements to enable the 

identification of important habitat features to maintain for species' persistence. 

Identifying and predicting fauna species’ habitat requirements is critical for balancing 

conservation with extractive land uses in multiple use landscapes (Morrison, 2009), 

because retaining important habitat features in modified habitats, or facilitating their 

development in restored habitats, will increase the probability of conserving 

biodiversity where extractive land uses are conducted (Majer, 1989c). However, habitat 

requirements are difficult to predict a priori in areas where the ecology of species is 

poorly known, such as in the biodiversity hotspots of tropical and southern temperate 

regions, which support most of the world’s biodiversity (Böhm et al., 2013).  

 

Highly biodiverse communities, typical of biodiversity hotspots, contain many 

uncommon and rare species (Fisher et al., 1943; Magurran, 2003), which can be 

difficult to detect. It is particularly challenging to identify the habitat requirements of 

these species because patterns of association, by necessity, are often based on relatively 

few observations, increasing the probability of identifying spurious or incorrect habitat 

requirements. Yet, because uncommon and rare species often form most of the 

biodiversity in hotspots, identifying their habitat requirements significantly improves 

the ability to conserve biodiversity effectively. Furthermore, uncommon and rare 

species may play an important role in maintaining ecosystem function during or after 

disturbances (Main, 1982). Empirical (Hobbs et al., 2007) and theoretical studies (Yachi 
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and Loreau, 1999) support the importance of uncommon and rare species in the 

environment and suggest that they may become more critical as environments 

experience climate change.  

 

Plot-based methods (e.g., pitfall or funnel traps, with or without drift fences, active 

searches or coverboards) are the most common way of identifying habitat requirements 

of reptiles (Bury and Corn, 1987; Ryan et al., 2002; Garden et al., 2007b; Michael et al., 

2012). Fossorial reptiles can be surveyed using pitfall traps, elapid snakes with artificial 

shelters and active searches may detect surface dwelling reptiles (Murphy and Murphy, 

2011); however, pitfalls remain the standard as they provide the highest return per effort 

for the most species (Murphy and Murphy, 2011) and typically outperform other 

methods in detecting small, cryptic species (Ryan et al., 2002; Garden et al., 2007b). 

 

The standard analysis for identifying habitat requirements in community-wide studies is 

to model detectability with habitat variables, but this method can be data hungry and, 

hence is suitable only for the most common species unless the sampling effort is 

increased to adequately detect rare species (Fischer et al., 2004; Garden et al., 2007a). 

Therefore, different approaches need to be considered for identifying habitat 

requirements of uncommon and rare species, and our goal here is to balance accurate 

data interpretation with useful analysis methods. Species specific habitat and behavioral 

information is often lacking for many vertebrates and particularly reptiles, (Mac Nally 

and Brown, 2001), but unlike the best studied faunal groups, birds and mammals, one 

unique trait of poikilothermic reptiles is their dependence on specific climatic 

conditions for thermal requirements. This makes habitat structure, climatic and seasonal 

variables critical in determining reptile habitat requirements and habitat suitability by 

influencing activity times, survival, reproduction, foraging and protection from 
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predators (Heatwole and Taylor, 1987; Adolph and Porter, 1993; Spence-Bailey et al., 

2010). Climatic and seasonal variables may also help to determine the ideal time to 

survey for common, uncommon or rare species and thus improve reptile detection. 

 

The northern Jarrah (Eucalyptus marginata) forest, a multiple use forest in south-

western Australia, lies within a biodiversity hotspot (Myers et al., 2000) and has high 

reptile species richness (~ 45 species (Nichols and Muir, 1989)), with the majority of 

species being small (< 8 g) and rare, with patchy distributions or cryptic behaviors 

(Alcoa World Alumina Australia, 1994; Craig et al., 2009). These characteristics make 

Jarrah forest reptile species difficult to detect, and hence study and monitor (Williams 

and Mitchell, 2001; Nichols and Grant, 2007; Craig et al., 2009) and currently we know 

nothing about many of the species habitat requirements. In this paper we aimed to:  

 

1) Determine the habitat requirements of common, uncommon and rare reptile 

species based on vegetation structure, climatic or seasonal variables within the 

Jarrah forest using univariate and multivariate methods and different abundance 

estimates depending on the number of species’ detections. 

2) Recommend strategies to improve sampling designs for cryptic and rare species 

and therefore to increase knowledge of the habitat requirements for their 

conservation.  

 

2.3 Materials and Methods 

2.3.1 Study area 

This study was conducted within Alcoa of Australia’s (hereafter, Alcoa) Huntly mine 

lease ~10 km N of Dwellingup in the northern Jarrah forest (32°36´S, 116°06´E). The 

Jarrah forest is a dry, open sclerophyll forest endemic to south-western Australia, where 
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the canopy is dominated almost entirely by the eucalypts Jarrah and Marri (Corymbia 

calophylla). Common midstorey species include Sheoak (Allocasuarina fraseriana), 

Bull Banksia (Banksia grandis), and Snottygobble (Persoonia longifolia) (Dell and 

Havel, 1989). The area has a Mediterranean climate (Dell and Havel, 1989) with 

temperatures ranging from mean maxima and minima of 15.0 °C and 5.4 °C in July to 

29.6 °C and 14.5 °C in February. Average annual rainfall is ~1236 mm at Dwellingup, 

the nearest weather station, with average rainfall peaking in July (208.7 mm; Bureau of 

Meteorology, http://www.bom.gov.au/climate/data/).  Besides mining, the northern 

Jarrah forest has a long history of human disturbances and multiple land uses, such as 

logging, agriculture, historic and current fire management, water catchments and 

recreational use (Dell and Havel, 1989; Gardner and Bell, 2007).  

 

2.3.2 Study design 

I obtained data from 35 trapping arrays distributed throughout reference areas at the 

Huntly mine-site which covers ~46 km2. I define reference areas as areas without 

current or previous mining which represent Alcoa’s aim for current restoration 

practices. It is important to determine reptile habitat preferences in these reference areas 

to later define an expectation and comparison for reptile occupancy in the successional 

stages of restoration. The locations of survey sites were selected to avoid forest infested 

with Phytophthora cinnamomi (an invasive plant pathogen) and areas burnt <5 years 

previously, and to obtain a broad spatial spread across the mine lease while minimizing 

the potential of edge effects from cleared, mined and restored forest (all sites were 

located >70 m from current or past mining and post-mining restoration). To detect the 

greatest number of species, including uncommon and rare species, we employed, pitfall 

and funnel traps with drift fences along with Elliott brand aluminium folding traps 

(9x9x33mm) and cage traps. All surveys used the same trapping arrays (see Craig et al., 
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2009 and Fig. 2.1) consisting of a 29 m aluminum fly-wire drift fence with 9 pitfall 

traps (three 20 L plastic buckets, four 850 mL take-away containers, and two 40 cm 

long by 15 cm diameter PVC tubing) located every 3 m along the fence, 4 funnel traps 

(one on each side of the drift fence) located 7m from either end of the drift fence 

between the take-away containers and the PVC tubing, 4 Elliott traps located 5 m on 

either side of the end 20 L buckets, and 1 cage trap located 5 m from one of the end 20 

L buckets. Elliott traps were baited with universal bait (peanut butter and rolled oats) 

and honey and contained shredded paper for warmth while pitfall traps were unbaited. 

Sites were surveyed between 2005 and 2012, although not every year (see Appendix I), 

during the seasons when reptiles were active: 5 days/4nights during October (early 

spring), December (early summer) and March (early autumn), with some sites 

additionally surveyed in November (late spring). All individuals captured during 

surveys were identified to species, individually marked (toe-clipped) and released at 

their capture site. Trapping data were converted into presence/absence detection 

histories (0 = absent, 1 = present) for each species (with recapture events removed) or, 

for less common species (<10% of detections), left as the number of detections per 

species with recaptures removed (minimum number known to be alive, MNKA).  

 

I completed vegetation assessments at each of the sites after the completion of trapping 

to quantify habitat structure.  There was some variation in the precise methodology 

between years (i.e., size of the survey area or number of estimates), but the majority of 

surveys were completed using the following method. Visual estimates of percent cover 

of leaf litter and bare ground and all vegetation in three strata (0-1 m, 1-2 m and 2-5 m) 

were made within twelve 0.25 m2 plots at 5 and 10 m on either side of all 20 L bucket 

pitfalls. Understorey (<3 m in height) and overstorey (>3 m in height) plant densities 
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were determined by measuring the distance from the center of 0.25 m2 plots to the 

closest understorey or overstorey plant and averaging distances to get density estimates 

 

Fig. 2.1 

The layout of trapping grid sites used to detect reptiles in the northern Jarrah forest from 

2005-2012.  

 

using the formula from (Barbour et al., 1987b). Canopy cover was recorded by taking 

vertical digital images above the center of 0.25 m2 plots and classifying crown cover 

from the images (Pekin and Macfarlane, 2009). Earlier surveys (pre-2011) used a 

densiometer to measure canopy cover and estimates from those years were calibrated 

with canopy photograph estimates before analysis. Canopy height was estimated from 

the height of the 5 tallest trees within 40 m of the trapping grid, measured using a tree 

vertex and coarse woody debris (>5 cm in diameter at one end) was estimated by 

measuring the diameter and length of all debris within 5 m of the drift-fence. The 

climatic variables calculated were the maximum and minimum temperature for each 

trapping day (averaging the day before and the day of checking) and the precipitation 

within two weeks preceding the day of the trapping session 
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(http://www.bom.gov.au/climate/data/; summary of all habitat variables in Table 2.1). 

Information on the month and year of surveys (seasonal variables) and time since the 

forest at each site was burnt (fuel age, determined from GIS data at the Western 

Australia Department of Environment and Conservation) were recorded to determine 

the influence of these variables on reptile detectability and occupancy. 

 

2.3.3 Statistical analyses 

To assess the sampling regime and survey effort, I completed species accumulation 

curves on the number of detections per day for each species after correcting for the 

number of sites surveyed on each day. The detections of reptile species were grouped by 

the number of individuals captured, or relative abundance, as common (>10% of 

detections), uncommon (between 1.5 and 10% of detections) and rare (<1.5% of 

detections), these classifications were determined when the data (number of detections) 

became too sparse for occupancy or binomial analyses to be completed (i.e., no results 

returned). The 5 most common skink species comprised >80% of all individuals 

captured, uncommon species accounted for ~17% of detections and rare species for the 

remaining 3% (see Table 2.2 for species list and categories and Appendix II for photos 

of the most common species detected, and Appendix III for descriptive statistics of 

habitat variables at sites which species were detected at and not detected at).  

 

Spearman rank matrices of habitat and climatic variables identified variables that were 

highly correlated (r33 >0.60) and resulted in the removal of bare ground (correlated with, 

leaf litter r33 = 0.65), and understorey density (correlated with 1-2 m cover, r33 = 0.73) 

from analyses. Community level analyses were conducted using MNKA as a measure of 

relative abundance for each species at each site, and I performed non-metric 

multidimensional scaling (nMDS) on the MNKA data of all species (common, 
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uncommon and rare) detected, with singletons removed (Lerista microtis only). The 

rank order correlation of the MNKA data by site was explored along with the fitted 

 

Table 2.1 

Descriptive statistics of the habitat variables measured at all sites (minus correlated 

variables). Habitat variables are: percent cover in the three strata 0-1, 1-2 and 2-5m; 

percent cover of leaf litter (LL); percent canopy cover (CC); overstorey density (OD; 

stems ha-1); log volume of coarse woody debris (CWD; m3 ha-1); maximum temperature 

(MaxT; ° C); minimum temperature (MinT; ° C); precipitation in the last 2 weeks 

(Precip2; mm); and the number of days since rainfall (RainD). 

 

  0-1m 1-2m 2-5m LL CC OD CWD 

Max 67.70 65.08 44.03 100.00 62.75 18647.83 520.93 

Min 4.42 0.30 0.00 68.33 0.00 416.72 0.67 

Mean 43.61 15.23 12.79 92.76 41.81 3221.17 144.27 

SE 2.68 2.34 1.85 1.23 2.89 608.66 25.24 

 

  MaxT MinT Precip2 RainD 

Max 36.30 25.34 106.55 51.50 

Min 15.50 3.50 0.00 0.00 

Mean 24.85 11.67 35.39 8.95 

SE 0.20 0.54 6.02 1.78 

 

habitat variables relationship with the nMDS ordination using the function Bioenv, 

which compares the dissimilarity matrices of the species and habitat variables to 

determine a best subset of habitat variables (Clarke and Ainsworth, 1993). This subset 
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of habitat variables was then assessed through permutation tests to determine the 

significance. 

 

Single species multi-season occupancy models (also referred to as dynamic occupancy 

models (Kéry et al., 2013)) were run for the 5 most common species (Acritoscincus 

trilineatus, Hemiergis initialis, Lerista distinguenda, Menetia greyii, and Morethia 

obscura). Due to year being a covariate I did not assess colonisation or extinction rates, 

which is a standard output of these models. Occupancy was estimated using a maximum 

likelihood method (MacKenzie, 2006) and I assessed the impact of habitat, climatic and 

seasonal variables on probability of detection (p) and occupancy (ѱ). A two-step 

analysis was completed by first determining the best models for detection probability 

based on climatic and seasonal variables (e.g., p(MaxT) ѱ(.) = detection probability is 

influenced by maximum temperature and occupancy is constant). Next combined 

models (p and ѱ), which used the best models for detection probability, were added to 

occupancy with different habitat variables (e.g., p(MaxT) ѱ(0-1m); where detection 

probability is influenced by maximum temperature and occupancy by the percent cover 

from 0-1 m). The Akaike information criterion was used to determine top models with 

associated variables. All well-supported models, those with ΔAIC ≤ 2 from the top 

model, were retained (Burnham and Anderson, 2002).  As all models had ω < 0.9, 

multiple models were considered plausible (Burnham and Anderson, 2002). Parametric 

bootstrapping (n = 1000) of the models determined the fit of the models (Kéry et al., 

2005; Kéry et al., 2013) by generating a fit statistic (SSE, or Chi-square) for the top AIC 

model of each species, with large P-values indicating no evidence of lack of fit of the 

top model.  
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I determined potential habitat requirements of uncommon species (Christinus 

marmoratus, Cryptoblepharus buchananii, Ctenotus labillardieri, Diplodactylus 

(polyophthalmus) lateroides and Egernia napoleonis), using binomial logistic 

regression models in which the logs odds of the outcome (presence/absence data) was 

modelled as a linear combination of the predictor variables (habitat covariates). I 

standardized the habitat covariates and then fitted models for each species with habitat 

covariates individually (univariate) and in combination (multivariate). AICc values for 

each species’ models were used to determine the model average, and I included all 

models with Δ AICc ≤ 2. Model averaging was completed to define the relative 

importance of the habitat covariates by summing the weights of all models containing 

that variable, and by determining estimates, standard errors and p-values for all 

covariates. Likelihood ratio tests were completed to determine if the individual models 

were a better fit than the null model. Models with a p-value < 0.05 indicate that the 

model fits the data better than the null. 

 

All analyses were completed in R 2.14.1 (R Core Development Team 2005). The nMDS 

was completed using function BIOENV in package “vegan” (Oksanen et al., 2012), 

occupancy models were generated using package “unmarked” (Fiske and Chandler, 

2011)and logistic regression (glm) models were available within the core application of 

R, with model averaging completed with package “MuMIn” (Barton, 2013). 

 

2.4 Results 

Species accumulation curves verified that the sampling regime and number of surveys 

were adequate to document the reptile biodiversity present in the Jarrah forest (Fig 2.2). 

All surveys resulted in 706 individuals of 17 reptile species detections. The number of 

detections, excluding recaptures, for each species, over 8,840 trap nights, ranged from 
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171 for M. obscura to 1 for Lerista microtis (Table 2.2), with singletons (L. microtis) 

removed for all analyses.  

 

Three habitat variables, percent cover from 0-1 m, overstorey density and leaf litter, 

were most correlated (0.20) with overall reptile community composition. Based on 

visual assessments of the nMDS and habitat variables there appear to be three potential 

groupings of species based on abundances and habitat requirements (Fig. 2.3). One 

group comprising M. greyii, M. obscura, L. distinguenda, C. buchananii, T. rugosa and 

D. lateroides occurred in sites with low understorey density and potentially more open 

forest structure. Another group, consisting of E. napoleonis, Aprasia pulchella and P. 

minor, was associated with increased ground (0-1 m) cover and overstorey density, 

representing sites with a denser forest structure. The last group was associated with 

increased leaf litter and included H. initialis, A. trilineatus, Ramphotyphlops australis, 

C. marmoratus and C. labillardieri. Varanus rosenbergi and Parasuta nigriceps did not 

separate obviously into any group and habitat preferences based on community-level 

analyses could not be defined. 

 

For occupancy models, in step one, climatic or seasonal variables influenced detection 

probabilities for all species (Table 2.3; Appendix IV).  Maximum temperature (mean 

±SD: 24.9 ±4.6, range: 15.5-36.3 °C) influenced detection probabilities for M. obscura, 

M. greyii, L. distinguenda and A. trilineatus. Two species displayed quadratic trends 

with temperature whereby their occupancy increased to an optimal temperature 

and then decreased (optimal temperatures, detection probability ±SE: M. obscura 31.2 

°C, p = 0.49 ±0.05; L. distinguenda, 33.0 °C, p = 0.44 ±0.08). M. greyii and A. 

trilineatus detection probabilities both increased linearly as temperature increased. H. 
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initialis detectability was influenced by month (December, P = 0.35, October P = 0.29, 

November P = 0.16, March P = 0.04).  

 

 

Fig 2.2 

Species accumulation curve of the number of species detected by the number of days 

surveyed; with each day weighted by the number of sites that were open that day. The 

number of species detected increased rapidly until ~80 days after which time few new 

species were detected. 
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Table 2.2 

The total number of detections (with recaptured individuals removed) summed over all 

sites and all years and the number of sites occupied by species. Five skink species (in 

bold) make up approximately 80% of the total number of detections. Species grouped 

into common C), uncommon (U) and rare (R) for analysis, with rare species containing 

too few detections for any individual analysis.  

 

 

 

 

Species Detections 
% of 

detections 

 
No. sites 
occupied 

 
% sites 

occupied 

 
 

Group 

Morethia obscura (Storr, 1972) 171 24.22 33 94.29 C 

Menetia greyii (Gray, 1845) 113 16.01 25 71.42 C 
Hemiergis initialis (Werner, 
1910) 107 15.16 

31 88.57 C 

Lerista distinguenda (Werner, 
1910) 105 14.87 

22 57.14 C 

Acritoscincus trilineatus (Gray, 
1938) 77 10.91 

28 80.00 C 

Egernia napoleonis (Gray, 1938) 38 5.38 23 65.71 U 
Ctenotus labillardieri (Duméril 
and Bibron, 1839) 25 3.54 

14 40.00 U 

Cryptoblepharus buchananii 
(Gray, 1838) 17 2.41 

10 28.57 U 

Diplodactylus lateroides (Doughty 
& Oliver, 2013) 15 2.12 

10 28.57 U 

Christinus marmoratus (Gray, 
1845) 13 1.84 

8 22.86 U 

Aprasia pulchella (Gray, 1839) 9 1.27 6 17.14 R 
Ramphotyphlops australis (Gray, 
1845) 4 0.57 

2 5.71 R 

Tiliqua rugosa (Gray, 1825) 4 0.28 2 5.71 R 
Varanus rosenbergi (Mertens, 
1957) 3 0.42 

3 8.57 R 

Parasuta nigriceps (Günther, 
1863) 2 0.28 

2 5.71 R 

Pogona minor (Sternfeld, 1919) 2 0.28 2 5.71 R 

Lerista microtis (Gray, 1845) 1 0.14 1 2.86 R 

Total 706         
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Fig. 2.3 

Non-metric multidimensional scaling (nMDS) ordinations of reptile abundance data 

obtained at 35 sites in the Jarrah forest, with lines indicating species (black arrows) and 

habitat covariate (grey arrows) correlations at sites (+) with the arrows indicating the 

direction of the relationship and the length of the line indicating the strength of the 

correlation between the ordination and the variable. Only significant habitat variables 

(OD; overstorey density and X0.1m; percent cover from 0-1 m, and LL; percent leaf 

litter) are labelled. 

 

The well-supported models for A. trilineatus showed that occupancy increased with 

cover at the 0-1 m and 2-5 m levels. H. initialis had the most well-supported models, 

and showed preferences for increased 0-1 m and 1-2 m cover and overstorey density and 

decreased CWD. In the well-supported models for L. distinguenda, occupancy increased 
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with decreased 1-2 m cover and overstorey density. M. greyii increased in occupancy 

with decreased cover from 1-2 and 2-5 m. M. obscura increased in occupancy with 

decreased overstorey density (< 3220 stems/ha). Overall the models suggest that A. 

trilineatus and H. initialis prefer dense understorey and overstorey and L. distinguenda, 

M. greyii, and M. obscura prefer open areas with low cover. None of the goodness of 

fitness tests was significant indicating that the models represented the data well. 

 

Binomial models showed links between uncommon species and multiple habitat 

covariates (Table 2.4; Appendix V). C. labillardieri and D. lateroides had multiple 

models within ΔAICc ≤ 2, including the null model. However, model averaging 

suggests that the summed model weights were highest for canopy cover (0.25) for C. 

labillardieri and overstorey density (0.49) and coarse woody debris (0.49) for D. 

lateroides. C. labillardieri detections increased with increased canopy cover and D. 

lateroides detections increased with decreased overstorey density and increased coarse 

woody debris. Cover from 0-1 m had the highest summed model weight for both C. 

buchananii (0.71) and C. marmoratus (1.00), and detections of these species decreased 

with increased cover from 0-1 m.  Lastly, the model-average for E. napoleonis showed 

that detections increased with increased overstorey density and cover from 0-1 m 

(summed model weights - 1.00 and 0.71, respectively). Individual models with habitat 

covariates for E. napoleonis were significant at the 0.05 level. However, all other 

models for uncommon species were not improved significantly with the addition of 

habitat covariates. 
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Table 2.3 

Summary of well-supported (ΔAIC <2 from top model) occupancy models for the 5 

most common species. The table includes AIC values, Akaike weights (ω), the trend of 

detection probability (p) and occupancy (Ѱ) indicating changes associated habitat or 

seasonal variables (∩= optimal value; ↑ = increasing; ↓ = decreasing; ↔ = no influence. 

Models with weights ≥ 0.5 are bold. Additionally, it includes goodness of fit (GoF) 

results for each species from the top model with a non-significant p-value indicating 

model fit. 

 

Species Modela AIC ω 
p 

trend 
Ѱ 

trend 
GoF (p) 

M. obscura 

 

p(MaxT2), Ѱ(OD) 544.13 0.53 ∩ ↓ 0.28 

p(MaxT2), Ѱ(.) 546.38 0.17 ∩ ↔  

L. distinguenda 

 

p(MaxT2), Ѱ(0-1m) 361.55 0.50 ∩ ↓ 0.42 

p(MaxT2), Ѱ(OD) 363.14 0.23 ∩ ↓  

H. initialis 

p(Month), Ѱ(1-2m) 431.50 0.25 ↑↓ ↑  0.53 

p(Month), Ѱ(OD) 432.31 0.16 ↑↓ ↑  

p(Month), Ѱ(CWD) 432.36 0.16 ↑↓ ↓  

p(Month), Ѱ(0-1m) 432.96 0.12 ↑↓ ↑  

 M. greyii 
p(MaxT), Ѱ(1-2m) 401.66 0.23 ↑ ↓ 0.19 

p(MaxT), Ѱ(2-5m) 402.69 0.12 ↑ ↓  

A. trilineatus 
p(MaxT), Ѱ(2-5m) 370.91 0.76 ↑ ↑ 0.55 

p(MaxT), Ѱ(0-1m) 375.75 0.07 ↑ ↑  

aModel descriptors: MaxT2=maximum temperature squared, MaxT=maximum temperature, 

OD=overstorey density, 0-1m=0-1m cover, CWD= coarse woody debris, Month=month surveyed, 

LL=leaf litter, 2-5m=2-5m cover, and 1-2m=1-2m cover, and (.) indicates a null model. 
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Table 2.4 

Binomial regression top models and model-average estimates (AIC values of top 

models are in Appendix V). The table includes habitat covariates and their influence (-) 

decreasing, or (+) increasing, standard errors, p-values and relative importance 

(summed model weight). 

  0-1m 1-2m 2-5m OD CC LL CWD 
E. napoleonis               

estimate (SE) 0.99 
(0.53) 

-0.51 
(0.56)   4.21 

(1.73)       

P-value 0.07 0.39  0.02    

relative importance 0.74 0.21  1.00    

        

C. labillardieri        

estimate (SE)  0.18 
(0.35) 

0.30 
(0.35)  0.58 

(0.35) 
0.48 

(0.43) 
0.24 

(0.35) 
P-value  0.63 0.41  0.20 0.25 0.51 

relative importance  0.09 0.12  0.25 0.18 0.11 

         

D. lateroides        

estimate (SE)  0.55 
(0.43) 

-0.45 
(0.45) 

-1.13 
(0.91) 

0.54 
(0.51)  0.61 

(0.42) 
P-value  0.21 0.33 0.23 0.30  0.16 

relative importance  0.35 0.13 0.49 0.25  0.49 

         

C. marmoratus        

estimate (SE) -1.17 
(0.60) 

0.77 
(0.61) 

-0.79 
(0.64)  -0.50 

(0.50) 
0.62 

(0.73)  

P-value 0.06 0.22 0.24  0.34 0.41  

relative importance 1.00 0.33 0.35  0.19 0.18  

         
C. buchananii        

estimate (SE) -0.76 
(0.45) 

0.51 
(0.46)  -0.46 

(0.63)   -0.36 
(0.44) 

P-value 0.10 0.28  0.48   0.44 

relative importance 0.71 0.17  0.22   0.13 

         
aModel descriptors OD=overstorey density, 0-1m=0-1m cover, CWD= coarse woody debris, LL=leaf 

litter, 2-5m=2-5m cover, and 1-2m=1-2m cover. 

 

2.5 Discussion 

I generated species specific models for 10 of the 17 detected reptiles (only the 5 most 

common included probability of detection), shows that it is possible to define habitat 
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requirements for common and uncommon species using standard plot-based survey 

methods, but cryptic and rare species’ habitat requirements were more difficult, if not 

impossible, to determine with these methods. Based on our results, we suggest that 

more research on how to detect and monitor cryptic and rare species in the Jarrah forest, 

and elsewhere is necessary. 

 

The habitat requirements identified from the majority of our models for common 

species agreed with habitat requirements observed in previous studies. M. obscura, M. 

greyii and L. distinguenda occupied forest areas that had low overstorey density and/or 

cover and overall a more open forest (Smith et al., 1996; Bush et al., 2007; Craig et al., 

2010; Craig et al., 2012). Increased leaf litter, which is important for L. distinguenda 

and M. greyii specifically, may provide preferred foraging habitat if associated with 

highest abundance of preferred invertebrate prey (Simmonds et al., 1994; Cuccovia and 

Kinnear, 1999; Majer et al., 2007). Decreased overstorey density likely provides an 

increased abundance of basking sites for all three species (Blouin-Demers and 

Weatherhead, 2001). H. initialis was associated with multiple habitat covariates, which 

all suggest a link to increased cover and previously this species was linked to older 

restored forests (15+ years after restoration), which have more understorey and 

overstorey cover than younger restored and reference forest sites (Craig et al., 2012). A. 

trilineatus preferred dense habitats with increased low cover (< 5 m), which was 

expected as they are often associated with stream zone vegetation with dense 

understorey (Nichols and Bamford, 1985; Craig et al., 2012). Overall, the five most 

common species partitioned into two groups, with three preferring open forest and two 

associated with dense forest, suggesting that a heterogeneous landscape would help 

maintain populations of all species.  
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Uncommon species’ habitat associations, with the exception of E. napoleonis, were 

more difficult to substantiate due to a lack of species-specific studies.  E. napoleonis 

had links with increased 0-1 m cover, overstorey density and habitat variables 

associated with increased cover, which is consistent with prior research (Craig et al., 

2012). However, they often display links with CWD when comparing restored and 

unmined forest (Craig et al., 2012). This study focuses only on unmined forest, and it is 

likely that most unmined forest areas at Huntly have sufficient CWD for reptile species, 

as logged forests have, on average, 121 logs ha-1 whereas restored areas average only 1 

CWD pile ha-1 (Whitford et al., 2008). D. lateroides and C. buchananii had links with 

open forest and C. marmoratus and C. labillardieri had links to increased leaf litter. D. 

lateroides is displays links with open habitat previously (Craig et al., 2012) and may 

prefer low canopy cover (Craig et al., 2012) and was associated similarly to increased 

CWD and decreased overstorey density. Increased canopy cover was important for C. 

labillardieri; however we did not locate any published studies to either support or 

disprove this and overall the null model had the lowest AICc. The top microhabitat 

variable for the two arboreal species, C. buchananii and C. marmoratus, was decreased 

0-1 m cover. This is simply a potential link as the only previous studies of these species 

linked C. buchananii to leaf litter and tree trunks (Pianka and Harp, 2011) and C. 

marmoratus with ground vegetation, leaf litter, and large trees with thick bark (Claridge 

et al., 2003; Cunningham et al., 2007).  Although simplified, and potentially 

confounded by climatic variability, our results for uncommon species suggest that using 

MNKA data can provide reliable habitat associations and allows us to assess species’ 

habitat requirements which were unable to analyze with detectability models. Therefore, 

I suggest that a simplified analysis provides a reasonable preliminary estimate of habitat 

preferences for uncommon species and, if nothing else, generates working hypotheses 

for further studies. 
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At present, many of the rarer species have unknown habitat preferences and only 

tenuous assessments on their habitat requirements (i.e. open vs. closed forest) could be 

made with community-level analyses. Natural rarity makes them difficult to monitor, 

but does not necessarily make them less important ecologically, and long-term datasets 

increase the likelihood of determining the habitat requirements of rare species (see e.g., 

How and Shine, 1999; Murphy and Murphy, 2011; Kaufman et al., 2012). In our study, 

rare species did not always follow the expected trends of other studies; for example 

there was an association between T. rugosa and open forest, but other studies link this 

species to shrub cover and understorey density (Smith et al., 1996; Kerr et al., 2003; 

Craig et al., 2012). Our small spatial scale was also potentially responsible for the 

contradictory results for T. rugosa with other studies. I identified associations between 

A. pulchella and R. australis and dense forest and unfortunately little is known about 

habitat requirements of these species because of their fossorial behavior (Webb and 

Shine, 1993, 1994). Links between P. minor and dense forest were observed, however, 

they are known to occur wherever vegetation is present (Craig et al., 2007; Craig et al., 

2012), suggesting that our data for this species are incomplete. I did not identify any 

links to open or dense forest for V. rosenbergi and P. nigriceps, but few detections due 

to a potentially inadequate sampling design for the species (spatial scale too small, or 

inappropriate detection methods) may explain the lack of a result (Craig and Roberts, 

2005).  

 

To increase the number of detections of species, and better define habitat requirements 

and address issues with the probability of detection, it may be necessary to alter factors 

that influence sampling design, such as the time of year, length of the survey (i.e., 

number of days), the spacing between traps and detection methods used depending on 

the species of interest. The time of year surveyed is of particular importance when 
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focussing on reptiles, as for the majority of reptile species detection probabilities 

increased with temperature. However, some species did not follow this trend. The 

detection rate for H. initialis varied by month perhaps due to their lower optimal and 

critical temperatures, nocturnal-crepuscular behavior, dependence on soil moisture or 

viviparous behavior (Greer, 1980; Bennett and John-Alder, 1986; Bush et al., 2007). For 

species that do not increase in activity with temperature, life history traits, such as being 

semi-fossorial, fossorial or arboreal should be factors considered in initial sampling 

designs. For example, our data for H. initialis suggest that surveys should extend from 

September to December, but it is unclear whether this sample time would be best for all 

semi-fossorial species. 

 

Documenting species when they are active helps to understand species behaviors and 

also at what scale the habitat variables should be measured at, as scale differences affect 

our ability to define habitat relationships and detect species (Fischer et al., 2004; 

Morrison et al., 2006). Although it is important to define the spatial scale of surveys a 

priori, this is difficult for small species as little is known about many of these species’ 

behaviors.  However, in general small species often have small home ranges (Turner et 

al., 1969) and potentially short-distance movements, < 100 m (James, 1991), due to 

biological and energetic requirements. Fortunately, ecological information of larger 

species is often better understood, and sampling designs could incorporate this. For 

example surveys for three species that I defined as rare, V. rosenbergi, T. rugosa and P. 

minor, may require larger spatial scales as their home range and potential movement 

distances are likely larger than the smaller and more abundant skinks in this study 

(Green and King, 1978; Fergusson and Algar, 1986). Therefore, radio-tagging or 

adaptive sampling methods, which expand trapping and habitat surveys based the 

location of detections of focal species to adjacent areas around these detections, may 
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more effectively detect these species and assist in defining their habitat requirements 

(Thompson and Seber, 1996; Morrison et al. 2008). Determining a sampling scale a 

priori assists in accurately defining habitat requirements, but there is likely still a need 

to incorporate alternative survey techniques to detect cryptic and rare species. 

 

There is no perfect method for detecting all species, and species and individuals often 

go undetected, regardless of the survey method used, even when they are known to 

occur (Bury and Corn, 1987; Spence-Bailey et al., 2010; Murphy and Murphy, 2011; 

Driscoll et al., 2012); however surveys for rare species may improve with specific 

techniques or a sample design that focusing on areas where the species of interest is 

known to occur species (Murphy and Murphy, 2011; Morrision et al. 2008). For 

example surveys for fossorial species may improve by using coverboards or implanted 

radio-transmitters (Nowak and Persons, 2010; Murphy and Murphy, 2011), although, 

the use of pit fall traps is the most commonly used for semi-fossorial and fossorial 

species (Enge, 2001). However, ours and another study did not find pitfall traps to be 

effective for obtaining detections of fossorial species (How and Shine, 1999). Fossorial 

snakes can be quite common on warm, humid or drizzly nights (Craig, unpubl. data); 

therefore perhaps conducting active searches around areas known to contain fossorial 

snakes during these weather conditions may improve detection numbers and the 

understanding of their habitat preferences. The size of the focal species may restrict the 

use of other methods such as active searches and radio-tracking, with the number of 

species detected during active searches becoming less accurate as communities become 

more speciose, as the number of rare species increases (Fisher et al., 1943; Magurran, 

2003) and as the complexity of the habitat increases (species were less often identified 

to genus in rainforest versus sub-tropical environments (Kanowski et al., 2006)). 

Additionally, small individuals may be challenging to identify visually beyond genus 
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unless captured (Kanowski et al., 2006) and are unable to support the weight of 

traditional radio-trackers (Naef-Daenzer, 1993). The use of harmonic radar in place of 

traditional radio-trackers for smaller individuals can occur (~2 g), but transmission 

distance is restricted in open areas (~20 m) and decreases with increased vegetation 

density (Gourret et al., 2011). Additionally, many reptiles are too small even for 

harmonic radar and it is unlikely to be effective for fossorial or semi-fossorial species. I 

suggest that the implementation of adaptive sampling for rare or larger species, and also 

trialing new techniques such as remote cameras paired with drift fences as an alternative 

method and radio-transmitters be used to obtain the most information when possible. 

Remote cameras can be as effective as pitfall trapping for salamanders (Pagnucco et al., 

2011) and camera traps may increase the number of species detected, by allowing the 

completion of surveys over a longer period with the same amount of effort. Small 

reptile size and lack of obvious distinguishing features may be a limiting factor in 

detecting small species and distinguishing between species (Pagnucco et al., 2011).  

 

Overall, our results support other studies in the Jarrah forest and elsewhere of habitat 

requirements by reptiles and show that species’ responses were unique and influenced 

by multiple characteristics. This indicates that habitat heterogeneity is important to 

maintain speciose reptile communities (Brown and Nelson, 1993; Fischer et al., 2004; 

Driscoll et al., 2012). Increased habitat heterogeneity often influences habitat 

partitioning and may be associated with increased species richness (Schoener, 1974). 

Habitat heterogeneity may be achieved with management prescriptions, such as burning 

(Pianka and Goodyear, 2012) and thinning, if consideration is made to complete it at an 

appropriate spatial scale. Additionally, to obtain more records of rare species, species-

specific sampling techniques and appropriate habitat spatial scales of sampling designs 

are required for each species. Our study suggests that the optimal time to survey for 
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reptile communities in the Jarrah forest is between early summer and early autumn, 

when average temperatures are historically above 27°C (Bureau of Meteorology, 

http://www.bom.gov.au/climate/data/). However, ethical considerations restrict trapping 

when temperatures are >35°C, and most Australian skinks have a critical temperature 

for survival of >41.5 °C (Greer, 1980; Thompson and Thompson, 2009). Therefore, we 

need to balance between optimal temperature condition for ethical trapping and species 

preferences. Species’ optimal temperatures may help to tailor sampling methods and 

promotes the idea of sampling different reptile species at different times of the year 

(Murphy and Murphy, 2011). Seasonal patterns in fossorial snakes may occur 

depending on temperature and precipitation trends (How and Shine, 1999). In our study, 

H. initialis, a semi-fossorial species displayed a seasonal trend, but weather patterns did 

not explain this and additional studies could explore their seasonal trend. Sparse 

detections, and difficulties in detecting cryptic reptile species, have been observed in 

many parts of Australia (Spence-Bailey et al., 2010; Murphy and Murphy, 2011; 

Driscoll et al., 2012), further emphasizing the need to develop more efficient detection 

methods, or sampling that extends over long time periods, to detect cryptic and rare 

species. However, as little is known about reptiles in the Jarrah forest, any inferences 

from our data are valuable and can provide some background for further studies, but 

caution must be taken to not extrapolate too much from sparse data sets (Doak et al., 

2005).  

 

2.6 Conclusion 

I determined that standard plot based survey methods are adequate for assessing the 

habitat requirements of common and, to some extent, uncommon species of reptiles. 

However, some species may be too rare to unravel their ecological requirements with 

current sampling techniques over the short timeframe of most studies. Therefore, 
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maintaining habitat heterogeneity is the best option to conserve most species, even for 

species with poorly understood habitat requirements. In a multiple-use forest (i.e., 

logging, mining, recreation and water catchment), such as the Jarrah forest, care must be 

taken to maintain the diverse habitat requirements of all forest herpetofauna.  
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3.1 Abstract 

Restoration is an important tool to slow, or reduce, the increasing rate of biodiversity 

loss. However, restoration traditionally focuses on flora but increasingly needs to 

consider the factors that influence fauna recolonisation of restored sites, including the 

landscape context and habitat suitability of the restoration. Typically only site variables 

are considered in studies that relate to faunal recolonisation, regardless of a species’ 

vagility and its ability to recolonise restored sites from source populations in 

undisturbed, ‘reference’ habitat. To assess the relative importance of landscape and site 

variables on reptiles in a relatively non-fragmented production landscape, I surveyed 

reptiles and vegetation structure at reference and restored sites within Alcoa of 

Australia’s Huntly mine site in south-western Australia. The relative influence of 

landscape and site variables on reptile species composition, community metrics (species 

richness and total reptile abundance) and individual species’ abundances were assessed 

using variance partitioning, and I provide the most likely important individual habitat 

variables indicating reptile recolonisation of restored sites using hierarchical modelling. 

Reptile species composition and vegetation structure in restoration never converged 

with reptile composition or vegetation structure in reference habitat. Reptile species 

composition was mostly influenced by site variables, as were individual species 

abundances. Community metrics and individual species abundances, showed no 

significant trends with respect to landscape and site variables; however, descriptive 

statistics of the species with <12, but >1 detections identify potential links with habitat 

variables. I suggest that reptile species in mined landscapes are greatly influenced by 

site variables versus landscape variables and that habitat suitability may be the main 

barrier to species recolonisation. Therefore, in landscapes that are not highly 

fragmented, management should continue to focus on creating vegetation structure that 
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is similar to the reference habitat, and thus suitable for most reptile species, to promote 

recolonisation of restored sites. 

 

3.2 Introduction 

Human resource use is increasing worldwide, which is causing the rate of biodiversity 

loss to increase (Butchart et al., 2010) and restoration provides a potential solution to 

ameliorating the negative consequences arising from resource use, particularly clearance 

and fragmentation of habitat. Therefore, restoration is a tool that can help prevent, or 

reduce, biodiversity loss (Majer, 1989b; Hobbs and Harris, 2001).  The traditional focus 

of restoration is on plants and vegetation; however, fauna also need to recolonise in 

order for the restoration of the landscape to be deemed successful and conserve 

biodiversity. Currently, fauna species are often assumed to recolonise restored areas 

passively (Majer, 1989b; Palmer et al., 1997; Ruiz-Jaen and Aide, 2005), but fauna are 

not always able to do so if they cannot disperse to restored areas or the restored area 

provides unsuitable habitat for individual species (Majer, 1989b; Parmenter and 

MacMahon, 1992; Ireland et al., 1994; Block et al., 2001). Therefore to maximise the 

biodiversity benefits of restoration there is a need to develop methods of facilitating and 

accelerating faunal recolonisation of restored areas. This requires an understanding of 

the relative importance of landscape and site variables that influence recolonisation by 

restricting, or facilitating, dispersal, habitat suitability, and ultimately species assembly 

(George and Zack, 2001; Scott et al., 2001).  

 

A species’ ability to recolonise restored areas is often described as a hierarchical 

process including both landscape and site variables (Johnson, 1980; George and Zack, 

2001). This hierarchical process suggests that requirements at higher spatial scales, 

including landscape variables, need to be reached before the lower spatial scales, 
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particularly site variables, will influence species recolonisation and subsequent species 

assembly (George and Zack, 2001). These requirements are often described as habitat 

filters which may restrict or promote species recolonisation of restored sites even if they 

can disperse to the restored sites (Weiher and Keddy, 1995; Craig et al., 2012). 

Additionally, even in the absence of habitat filters which restrict species recolonisation, 

the order in which species return may impact an individual’s ability to persist due to 

species assembly rules (=biotic filters; Temperton and Hobbs, 2003; Morrison, 2009). 

Species assembly is influenced by competition between species with similar niche 

requirements (i.e., prey, predators, foraging habits or breeding sites; Temperton and 

Hobbs, 2003; Morrison, 2009). However, species must initially be able to reach restored 

patches, and thus the landscape context of restored patches, such as the distance to 

source populations and the amount of remnant vegetation in the surrounding landscape, 

may be important (Hobbs et al., 2003; Kanowski et al., 2006; Márquez-Ferrando et al., 

2009). Therefore, our understanding of the relative importance of landscape versus site 

variables is important to facilitate faunal recolonisation of restored areas as they likely 

act as the first barriers to recolonisation. 

 

The relative importance of landscape variables are often better understood in highly 

fragmented agricultural and urban landscapes than in less fragmented landscapes, such 

as those where mining occurs. Mining landscapes are typically different to agricultural 

and urban landscapes in both the spatial and temporal extent of disturbance and 

modification (Hobbs, 1993; Munro et al., 2007; Márquez-Ferrando et al., 2009). Mining 

typically creates patches of disturbance and subsequent restoration within an unmined 

landscape where the matrix supports the reference habitat which contains the source 

populations necessary for recolonisation. In contrast, agriculture landscapes contain 

patches of reference habitat within a cleared, disturbed matrix (i.e., in mined landscape 
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patches contain restored areas and, in urban or agricultural landscapes, patches contain 

the reference habitat). Research in post-mining and restored agricultural landscapes 

suggest that highly mobile species, such as many birds, are able to recolonise restored 

areas quickly. However, less vagile species, such as many reptiles, may fail to 

recolonise sites distant from source populations (Cunningham et al., 2007; Kavanagh et 

al., 2007; Munro et al., 2007). Additionally, species with specialized habitat 

requirements, patchy distributions or limited dispersal capability often fail, or are slow, 

to recolonise restored areas (Fox and Fox, 1986; Maina and Howe, 2000). In post-

mining restoration it is often assumed that fauna are able to recolonise restored patches 

from source populations in nearby reference habitat and consequently, studies of faunal 

recolonisation in mining landscapes have mostly focused on site variables, assuming 

landscape variables are not important (Gould, 2011), but this assumption has not been 

tested for species with high or low vagility.  

 

Reptiles are a particularly good group to examine the question of the relative influence 

of landscape and site variables on recolonisation of restored areas because they 

generally have low vagility in comparison to other terrestrial vertebrates (Lidicker and 

Koenig, 1996) and are often the slowest vertebrate group to recolonise restored areas 

(Parmenter and MacMahon, 1985; Twigg and Fox, 1991; Nichols and Nichols, 2003). 

Studies in restoration often do not assess reptiles (Brudvig, 2011), but limited research 

suggests that, at a site level, they are influenced by habitat suitability in both 

agricultural (Cunningham et al., 2007) and post-mining (Twigg and Fox, 1991; Craig et 

al., 2012) landscapes. For example, in a post-mining landscape in eastern Australia, the 

skinks Lampropholis delicata and L. guichenoti, were detected in restored mine sites 

with leaf litter cover, and Ctenotus robustus abundance was linked positively with 

structural complexity; however, landscape variables were not assessed (Twigg and Fox, 
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1991). In agricultural landscapes, reference habitats generally contain higher reptile 

species richness and abundance than restored sites (Kavanagh et al. 2005, Kanowski et 

al. 2006). Habitat suitability in restoration sites may change over time and reptile 

species may increase or decrease in abundance as the restoration ages in response to the 

habitat suitability of the restoration. This influences reptile species richness, or 

similarity, and contributes to the fact that reptile communities often fail to converge on 

communities in reference sites over time (Kavanagh et al., 2005; Craig et al., 2012); 

(Cunningham et al., 2007). Understanding the relative importance of landscape and site 

variables will assist in facilitating species persistence and recolonisation of restored 

areas, particularly for species that recolonise restored areas and then fail to persist as the 

restoration ages and habitat conditions become unsuitable (e.g., Morethia obscura; 

(Craig et al., 2012)). Passive fauna recolonisation does not always occur rapidly (e.g., 

over few years) and some studies suggest that species which are dependent on 

specialized or mature habitat features (such as tree hollows and fallen logs) may not 

recolonise for a century or more (Nichols and Grant, 2007; Thompson et al., 2008; 

Craig et al., 2010; Craig et al., 2012), which may lead to local extinction of these 

species, if the recolonisation of restored sites is not facilitated. 

 

To assess the relative importance of landscape and site variables on reptile community 

composition, community metrics (reptile species richness and overall reptile abundance) 

and individual reptiles species’ abundance in restoration I examined a multi-year dataset 

of reptile and vegetation surveys. The surveys took place in a post-mining landscape 

and included data from restored and reference sites at a bauxite mine in the Jarrah 

(Eucalyptus marginata) forest in South-western Australia. Restoration prescriptions for 

the restored sites have been evaluated and improved over the years, and our study 

evaluated sites up to 20 years post restoration. The northern Jarrah forest contains many 
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cryptic and rare terrestrial fauna species, and it is recognised internationally as a 

biodiversity hotspot (Myers et al., 2000). Its rich and unique biodiversity (Nichols and 

Muir, 1989; Abbott, 1995), along with the multiple competing land uses in the forest 

(mining, logging, agriculture, fire management, water catchments and recreational use; 

Dell and Havel, 1989; Gardner and Bell, 2007), puts high importance on understanding 

the relative impact of landscape and site variables on the ability of species to recolonise 

restored sites. Specifically, I aimed to: 

 

1) Determine if reptile community composition and vegetation structure (site 

variables) are similar to the reference forest 20 years post restoration.  

2) Identify the relative influence of landscape and site variables on reptile 

community composition, reptile species richness, overall reptile abundance and 

individual reptile species’ abundance in restoration.  

3) Determine which specific landscape or site variables, if any, significantly 

influence reptile recolonisation of the restoration.  

4) Use the results to recommend improvements to restoration practices and 

management, if required, to accelerate or facilitate recolonisation of restored 

sites by reptiles.  

 

3.3 Materials and Methods 

3.3.1 Study area 

The study area, (Fig. 3.1) was Alcoa of Australia’s Huntly mine site (32°36´S, 

116°06´E) in south-western Australia, approximately 10 km N of Dwellingup in the 

northern Jarrah (Eucalyptus marginata) forest. Dwellingup, the nearest weather station, 

has a Mediterranean climate and experiences cool, wet winters and hot, dry summers 

(Gardner and Bell, 2007) with temperatures ranging from a mean min and max of 5.4°C 
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and 15.0°C in July to 14.5°C and 29.6°C in February. Dwellingup obtains an overall 

yearly average of approximately 1236 mm (Bureau of Meteorology, 

http://www.bom.gov.au/climate/data/; see Appendix VI for specific temperature and 

precipitation monthly averages). The northern Jarrah forest is a dry, open sclerophyll 

forest endemic to south-western Western Australia, characterised by a canopy 

dominated by the eucalypts Jarrah and Marri (Corymbia calophylla). Common 

midstorey species include Sheoak (Allocasuarina fraseriana), Bull Banksia (Banksia 

grandis), and Snottygobble (Persoonia longifolia) (Harris, 1966; Dell and Havel, 1989; 

Koch and Samsa, 2007).  

 

Bauxite mining by Alcoa has occurred in the Jarrah forest since 1963 (Koch, 2007a). 

Mine restoration began in 1966 and continues today with approximately 550 ha of 

Jarrah forest mined and restored each year (Koch, 2007a). Mine sites consist of restored 

forest patches of varying ages, which are generally small (mean ± SE = 20.04 ± 1.50 ha, 

range = 1.8-62.8), interspersed within reference habitat which makes up the majority of 

the landscape (59% measured from databases in ArcMap 10.1; Fig. 3.1). The mining 

process involves complete removal of the vegetation, topsoil, approximately 1-2 m of 

overburden and then 5 m of duricrust to obtain the bauxite ore (Koch, 2007a). Topsoil is 

retained and replaced after the completion of mining and vegetation returns from the 

topsoil seedbank, direct seeding, and hand-planting of species that do not return from 

the seedbank (Koch, 2007a). Fauna species are not re-introduced, but anticipated to 

passively recolonise restored forest patches from the surrounding reference habitat. 

 

3.3.2 Reptile sampling 

Data on reptile communities were obtained from 120 trapping arrays (vegetation 

surveys were completed at 104 of the sites) in restored sites of varying ages between 3 



56 
 

and 20 years, with unequal sampling among years surveyed and 35 trapping arrays in 

reference, or unmined, habitat within the Huntly mine region (Fig. 3.1). Survey 

locations were selected in restored areas based on restoration age or prior Alcoa study 

parameters (i.e., studies examining the influence of coarse or fine woody debris, 

thinning and burning, or distance from reference forest), and in reference sites to avoid 

forest infested with Phytophthora cinnamomi (an invasive plant pathogen) and areas 

burnt <5 years previously. Positioning was also influenced by the need to obtain a broad 

spatial spread across the mine lease while minimizing the potential of edge effects from 

cleared, mined and restored forest (all sites were located > 70 m from current or past 

mining and post-mining restoration). All surveys used the same trapping design (Fig. 

3.2), consisting of 9 pitfall traps (three 20 L plastic buckets, four 850 mL take-away 

containers, and two 40 cm long by 15 cm diameter PVC tubing), located every 3 m 

along a 29 m aluminium fly-wire drift fence, and 4 funnel traps located on both sides of 

the drift fence between take-away containers and PVC tubes. Elliott (Sherman) traps 

were located 5 m either side of the end 20 L plastic buckets and one cage trap was 

located 5 m from one end of the drift fence. Pitfall traps were unbaited, but contained 

soil and leaf litter for protection from predators and heat, while baited Elliott and cage 

traps contained universal bait (rolled oats and peanut butter) and honey. Site surveys 

occurred between 2005 and 2012, although not every year, for 5 days/4nights during 

October, December and March, with 54 sites being additionally surveyed in November. 

All individuals captured during surveys were identified to species, individually marked 

and released at their capture site. The influence of landscape and site variables were 

determined for the dependent variables of reptile community composition (matrix of the 

abundance of individual species at each site), reptile species richness (sum of species at 

each site), overall reptile abundance (sum of individuals at each site) and individual 

reptile abundance of species with >20 detections in restored sites (see Table 3.1). 
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Fig. 3.1  

Alcoa’s Huntly mining region in south-western Australia indicating restored areas after 

mining and locations of reptile surveys on restored sites (o) and reference habitat (●). 



58 
 

Prior to analyses, we standardised dependent variables to the number of individuals per 

100 trap nights, to account for the unequal trapping effort between sites. Additionally, 

reptile abundance is influenced by activity, which increases with increased temperature 

(Heatwole and Taylor, 1987), therefore we removed the November 2010 survey from 

analyses due to high temperatures (10°C higher than all other November surveys) 

determined by significant ANOVAs completed on the transformed (log (x+1)) 

dependent variable, the number of individuals per 100 trap nights, for each survey and 

month and temperature (see Appendix VII).  

 

3.3.3 Landscape scale variables 

Alcoa’s Huntly mine site comprises active mine pits and restored pits of different ages 

(1-44 years) within a reference habitat matrix. Reference habitat makes up a majority of 

the landscape and restoration methods are designed to re-create the flora and fauna 

structure and composition of the reference habitat as they age. The following set of 

variables was used to describe the landscape: the distance from the trapping grid to 

nearest reference habitat, pit size, pit perimeter and percent restored and unmined forest 

within multiple radii from the centre of the trapping grid (50 m, 100 m, 200 m and 400 

m, calculated in ArcMap 10.1 using layer files provided by Alcoa). 

 

3.3.4 Site scale variables 

Reptile surveys occurred at a sub-set of restoration ages, with vegetation assessments 

being completed at most of the sites surveyed for reptiles (n = 140). Additionally, 103 

sites were assessed for vegetation structure, covering a broader range (1-20 years post 

restoration; YPR) of restoration ages to quantify vegetation structure in relation to post-

mining vegetation succession. There were some slight variations in vegetation 

assessments, but the majority of surveys were completed using the following method. 
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Fig. 3.2 

The layout of trapping grids used to detect reptiles in the northern Jarrah forest from 

2005. 

 

Visual estimates of percent cover of leaf litter, bare ground and all vegetation in three 

strata (0-1 m, 1-2 m and 2-5 m), were made within twelve 0.25 m2 plots located 5 and 

10 m on either side of all 20 L bucket pitfalls. Understorey (< 3 m) and overstorey (> 3 

m) plant densities were determined by measuring the distance from the centre of 0.25 

m2 plots to the closest understorey or overstorey plant and converting the average 

distance to a density estimate using the formula from Barbour et al. (1987a). Canopy 

cover was recorded by taking vertical digital images at the centre of 0.25 m2 plots and 

classifying the crown cover from the images (Pekin and Macfarlane, 2009). Earlier 

surveys (pre-2011) used a densiometer to measure canopy cover and estimates from 

those years were calibrated with canopy photograph estimates before analysis. Canopy 

height was estimated by measuring the 5 tallest trees within 40 m of the trapping grid 

with a tree vertex and coarse woody debris (CWD, > 5 cm in end diameter) was 
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estimated by measuring the diameter and length of all debris within 5 m of either side of 

the drift fence.  

 

3.3.5 Statistical analyses 

Principal component analyses (PCA) was conducted to assess visually if the vegetation 

structure and reptile community composition of restored sites became more similar to 

reference sites over time. PCAs were completed on the between-site Euclidian 

dissimilarity (for vegetation structure) and Bray-Curtis dissimilarity (for reptile 

community composition) matrices of all vegetation surveys at restored (n=200) and 

reference (n=58) sites and reptile surveys at restored (n=104) and reference (n=35) and 

the data was transformed (log(x) + 1) prior to deriving the matrices. Sites were grouped 

into 1-5, 6-10, 11-15, 16-20 year old restoration and reference habitat. The restoration 

groupings were chosen to cover an array of habitat succession with 1-5 years being 

young, 6-10, young-middle, 11-15 middle-old, and 16-20 old restoration and were 

selected to determine if habitat structure became more similar to reference habitat over 

time or at any age, and were based on the stat-and-transition model developed by Grant 

(2006). A permutational MANOVA (function Adonis in package Vegan) used the 

dissimilarity matrices to determine if there was a significant difference in the dependent 

multivariate variables of vegetation structure and reptile community composition and 

the predictors of restoration and reference sites. ANOVAs were completed to assess the 

influence (positive or negative) of restoration age (using the age categories 1-5, 6-10, 

11-15, 16-20 YPR) on vegetation structure and individual species abundance 

(dependent variables). R 3.0.2 (R Core Development Team 2005) calculates t-ratios for 

estimated dispersion parameters for ANOVAs, which is the default for non-integer 

dependent variables. Thus I reported significant t-ratios, along with their associated p-

values.  
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Additionally, to determine if reptile communities in restored sites became more similar 

to communities in reference habitat as the restoration aged I compared reptile 

community composition in each age of restoration with reference sites, using a Bray 

Curtis similarity measure. I averaged the Bray-Curtis similarity measure for each 

restored site groupings (an average of 35 values for each site, one for the dissimilarity of 

each restored site to each reference site) and reference site (an average of 34 values, one 

for the dissimilarity to remaining reference sites). The value for each site was then 

averaged by restoration age (same as PCA’s 1-5, 6-10, 11-15, 16-20 YPR) to obtain an 

average dissimilarity to reference reptile communities for each restoration age surveyed 

and reference sites (i.e., the similarity between reference sites and restored sites). This 

analysis covered more restoration years and sites than previous studies (Craig et al., 

2012).  

 

To determine the proportion of variance in reptile community composition, reptile 

species richness, overall reptile abundance and individual reptile species’ abundance 

explained by landscape and site variables I assessed the reptile data in restored sites 

using variance partitioning and redundancy analysis (RDA). Landscape or site variables 

or location (i.e., map coordinates; to account for spatial autocorrelation) explained the 

relative variation in the dependent reptile variables of the restored site. The amount of 

variation explained by landscape and site variables and location on their own, and in 

combination, which splits the total variance into 8 fractions (Landscape, Site, Location, 

Landscape + Site, Landscape + Location, Site + Location, Landscape + Site + Location 

and residuals). Individual fraction adjusted R2 values may contain positive or negative 

values if the fraction explains less of the variation than a random variables  (i.e., 

landscape variables may have a negative fraction and site variables can have a positive 

fraction, but the total of all fractions equals 1.00). Before analyses, I removed highly 
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correlated variables in each group of landscape and site variables resulting in the 

exclusion of the landscape variables of site perimeter (correlated with site area r94 = 

0.84, p < 0.001) and buffers at 200 m (correlated with buffers at 100 and 400 m (r94 = 

0.78, p < 0.001 and r94 = 0.8, p < 0.001, respectively) and the site variables of percent 

bare ground, canopy cover and restoration age (correlated with percent leaf litter (r102 = 

0.99, p < 0.001; r102 = 0.82, p < 0.001 and r102 = 0.81, p = < 0.001, respectively)). 

Additionally one 3-year old site with no reptile detections was removed from analyses. I 

entered the dependent variables for reptiles (community composition, species' richness, 

total abundance and individual species abundance) into function ‘varpart’ in Vegan 

(Oksanen et al., 2012) along with landscape and site variables and location. The 

‘varpart’ function uses redundancy analysis ordination (RDA) to partition the variation 

in community composition (reptile community composition) that is explained by the 

input variables of landscape and site variables, while correcting for spatial 

autocorrelation. For the other reptile dependent variables (community metrics and 

individual species abundance), which were single vectors, the partitioning is completed 

using linear regression. The landscape and site variable and location fractions and their 

combinations of variance estimates are explained using the adjusted bi-multivariate 

redundancy statistic (R2), which adjusts for the number of sites and variables (Peres-

Neto et al., 2006). I tested the RDA model fractions of landscape and site variables and 

location to determine which variables accounted for a significant amount of the 

variation using an ANOVA (function anova.cca in Vegan), with a maximum of 500 

permutations. The location did not make up a significant amount of variation on its own 

(only in combination with site variables, for A. trilineatus and community composition); 

therefore, autocorrelation was deemed to be insignificant for the majority of the models. 
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For the single vectors (community metrics and individual species’ abundances) which 

had a significant amount of the variation explained by landscape or site variables or 

location (only A. trilineatus, M. obscura, M. greyii and H. initialis), I completed further 

analyses to determine which specific variables were influencing the models. 

Hierarchical partitioning in package “hier.part” (Walsh and MacNally, 2013) was used 

to determine the independent effects of each site variable on the single vector variables 

of the individual species’ abundances for which a significant portion of the variance was 

explained by landscape or site variables. Hierarchical partitioning completes multiple 

linear regressions on the data calculating both independent and joint contributions of 

individual variables over the full set of model combinations (Chevan and Sutherland, 

1991). The joint contribution is next calculated on multiple models which contain the 

variable of interest, corrects for variables not included and produces an independent 

effect for each variable. The goodness of fit (R2) of the global model minus the null 

model was equal to the total independent effect. Lastly, I completed linear regressions 

on landscape and site variables and the dependent variables to determine which 

landscape and site variables were significant at the 0.05 level and the direction of the 

relationship (+ve or –ve). 

 

I completed all analyses in R 3.0.2 (R Core Development Team 2005) with the 

additional packages cited above. 

 

3.4 Results 

3.4.1 Vegetation similarity 

Vegetation structure differed significantly between restoration and reference sites (F1,256 

= 2.83, p = 0.021; Fig. 3.3). In resorted sites alone, the different restoration ages varied 

significantly in the percent of 0-1 m cover (t = 4.62, p = <0.001), percent 2-5m cover (t 
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= 2.62, p = 0.009), bare ground (t = 10.16, p = <0.001) and canopy height (t = 10.90, p 

= <0.001), with cover and canopy height increasing and bare ground decreasing over 

time (see Table 3.1). 

 

At our survey sites, the reference forest had on average CWD volumes of 144.27 ± 

25.24 m3 ha-1, whereas all restored sites had an average of 3.89 ± 1.11 m3 ha-1and 

restored sites surveyed for reptiles had on average CWD volumes of 27.21 ± 7.93 m3 ha-

1. The increase of coarse woody debris in reference and restored sites (surveyed for 

reptiles) likely exists as reptile surveys were completed to assess the influence of coarse 

woody debris on reptiles and also placed near fallen logs in reference forest (if present) 

to increase the likelihood of detecting reptiles in the region, as all species are difficult to 

detect (see Table 3.2). 

 

Table 3.1  

Summary of site variables from restored and reference sites where vegetation sampling 

was completed to assess the succession of vegetation from ages 1-20 post restoration 

and at reference sites surveyed for reptiles. Site variables include: percent cover in the 

three strata 0-1, 1-2 and 2-5m; percent cover of bare ground (BG); understory density 

(UD; stems ha-1); overstory density (OD; stems ha-1); canopy height (CH) and coarse 

woody debris (CWD; m3 ha-1). 

 

   0-1m 1-2m 2-5m BG UD OD CH CWD 
Restored Mean 37.98 26.20 14.20 34.04 12491.32 5852.69 9.62 3.89 
 SE 1.58 1.58 1.08 2.50 1049.24 933.29 0.41 1.11 
 Max 101.75 110.34 70.33 99.83 88260.17 95808.38 26.70 162.51 
 Min 1.60 0.00 0.00 0.00 4.12 0.00 1.17 0.00 
Reference Mean 40.19 12.61 11.39 6.41 18153.95 2965.61 22.89 139.19 
 SE 2.54 1.89 1.37 1.69 2925.82 466.90 0.50 19.93 
 Max 74.61 65.08 40.08 49.92 1222942.40 18647.83 32.24 520.93 

 Min 4.42 0.00 0.00 0.00 832.67 335.15 15.73 0.67 
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Fig. 3.3 

Vegetation structure of restored and reference sites were compared using PCA. The 

young restored sites (1-5 YPR) are more dissimilar than other restoration ages and once 

communities are > 5 YPR there is no convergence with reference sites. Habitat 

variables are percent cover in the three strata 0-1, 1-2 and 2-5m; percent cover of leaf 

litter (LL); average canopy height (CH); overstorey density (stems ha-1, OD); 

understorey density (UD), coarse woody debris (CWD; m3 ha-1) and percent cover of 

bare ground (BG).  
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3.4.2 Reptile community composition 

Reptile surveys resulted in a total of 896 individuals of 22 species detections over 

25,920 trap nights in restored sites and 706 individuals of 17 species were detected in 

9,216 trap nights in reference sites (Table 3.2 and Appendix VIII for descriptive 

statistics). In restored sites the two most commonly detected species (A. trilineatus and 

M. obscura) made up 52% of the total number of individuals captured and the four most 

abundant species (A. trilineatus, M. obscura, H. initialis and M. greyii) accounted for 

>80% of the detections. All species detected in reference sites were detected in restored 

sites at least once, with five additional cryptic or rare species being detected in restored 

sites. Overall, the percent similarity of the reptile communities in restored sites never 

converged on the reptile community in reference sites (Figs. 3.4 and 3.5) and 

community composition differed significantly between restoration groupings and 

reference sites (F4, 134 = 15.94, p<0.001). Ten of the 17 species detected were more 

common in reference habitat than restored sites, with only P. minor being detected 

significantly more often in restored sites (Table 3.3). 

 

3.4.3 Variance partitioning – landscape and site variables 

The partitioned effects of variables on the reptile community composition showed that 

site variables explained the most variance (adjusted R2 = 0.24) and the potential 

influence of landscape variables and location on reptile species community composition 

was lower than site variables (Fig. 3.5).  

 

For single vector models (i.e., community metrics and individual species abundance 

models) only A. trilineatus, M. obscura, M. greyii and H. initialis had significant 

relationships with landscape or site variables, but none had a significant relationships
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Table 3.2 1 

All species documented in reference (n=35) and restored (n=120) sites from 2005 – 2012 at the Huntly mine site. Data for species with 2 

more than 20 detections (bold) in restored sites were analyzed using variance partition models. 3 

  Reference forest Restored forest 

Species Detections Detections/1000 
trap nights Detections Detections/1000 

trap nights 
Acritoscincus trilineatus (Gray, 1838) 77 8.36 265 10.22 
Morethia obscura Storr, 1972 171 18.55 198 7.64 
Hemiergis initialis Werner, 1910 107 11.61 135 5.21 
Menetia greyii Gray, 1845 113 12.26 120 4.63 
Diplodactylus lateroides Doughty & Oliver, 2013 15 1.63 46 1.77 
Pogona minor (Sternfeld, 1919) 2 0.22 43 1.66 
Lerista distinguenda (Werner, 1910) 105 11.39 24 0.93 
Ctenotus labillardieri (Duméril and Bibron, 1839) 25 2.71 11 0.42 
Tiliqua rugosa (Gray, 1825) 4 0.43 8 0.31 
Christinus marmoratus (Gray, 1845) 13 1.41 7 0.27 
Cryptoblepharus buchananii Gray, 1838 17 1.84 6 0.23 
Ramphotyphlops australis (Gray, 1845) 4 0.43 6 0.23 
Varanus rosenbergi Mertens, 1957 3 0.33 5 0.19 
Egernia napoleonis (Gray, 1838) 38 4.12 4 0.15 
Aprasia pulchella Gray, 1839 9 0.98 4 0.15 
Lialis burtonis Gray, 1835 0 0.00 4 0.15 
Parasuta nigriceps (Günther, 1863) 2 0.22 2 0.08 
Lerista microtis (Gray, 1845) 1 0.11 2 0.08 
Ctenotus delli Storr, 1974 0 0.00 2 0.08 
Notechis scutatus (Peters, 1861) 0 0.00 2 0.08 
Parasuta gouldii (Gray, 1841) 0 0.00 1 0.04 
Varanus gouldii (Gray, 1838) 0 0.00 1 0.04 

 4 
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Fig. 3.4 

Reptile abundance of restored and reference sites were compared using PCA. All restored 

sites, regardless of YPR, are similar in their composition, and there is some limited overlap 

of older restored sites with some reference sites, but are mostly dissimilar from reference 

sites. 
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Fig. 3.5 

Reptile community similarity to reference sites (Ref) at different restoration age 

groupings (1-5, 6-10, 11-15 and 16-20 years post restoration). The numbers above the 

bars indicate the sample size for the reference sites and the restoration ages and error 

bars indicate 95% confidence intervals. The similarity index ranges from 0.0-1.0 with a 

score of 1.0 representing sites which have all the same species as reference sites and a 

score of 0.0 representing sites which have none of the same species as reference sites. 
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Table 3.3 

Models of species abundances in restored and reference habitat, significant species 

models are in bold. Positive estimates indicate that the species were detected more often 

in reference sites, whereas negative estimates indicate they were detected more often in 

restored sites. 

 

Species Estimate 
(±SE) 

t-value p-value 

Morethia obscura 4.45(0.74) 5.99 <0.001 

Egernia napoleonis 1.57(0.20) 7.89 <0.001 

Hemiergis initialis 2.76(0.66) 4.20 <0.001 

Acritoscincus trilineatus -0.51(0.87) -0.58 0.561 

Menetia greyii 3.19(0.96) 3.34 0.001 

Lerista distinguenda 3.84(0.56) 6.81 <0.001 

Aprasia pulchella 0.41(0.11) 3.82 <0.001 

Pogona minor -0.44(0.18) -2.42 0.017 

Christinus marmoratus 0.48(0.15) 3.18 0.002 

Diplodactylus lateroides 0.19(0.29) 0.65 0.517 

Tiliqua rugosa 0.04(0.10) 0.40 0.687 

Varanus rosenbergi 0.03(0.07) 0.42 0.680 

Cryptblepharus plagiocephalus 0.61(0.17) 3.64 <0.001 

Lialis burtonis 0.01(0.00) 2.40 0.018 

Ramphotyphlops australis 0.10(0.12) 0.82 0.416 

Ctenotus labilardieri 0.97(0.20) 4.93 <0.001 

Parasuta nigriceps -0.04(0.05) -0.82 0.412 

 

 

with location variables alone (Table 3.4). Models of species richness, overall species 

abundance and individual species abundance for Diplodactylus lateroides, Pogona 

minor and Lerista distinguenda models did not explain a significant amount of the 
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variation. For significant models all species had a significant fraction of their variation 

explained by site variables (A. trilineatus; adjusted R2 = 0.35, M. obscura; adjusted R2 = 

0.35, M. greyii; adjusted R2 = 0.05 and H. initialis; adjusted R2 = 0.22) and for one 

species each by landscape variables (M. greyii; adjusted R2 = 0.09) and location (A. 

trilineatus; adjusted R2 = 0.24 (Fig. 3.5).  

 

3.4.4 Hierarchical partitioning – landscape and site variables 

Analyses of landscape and site variables showed that, independently, variables differed 

in their individual effects on the variance of reptile abundance (Figs. 3.6, 3.7 and 3.8). 

M. greyii abundance decreased with canopy height (t = -2.31, p = 0.023) and distance to 

reference forest (t = -2.63, p = 0.010). A. trilineatus abundance increased with litter 

cover (t = 2.92, p = 0.004), whereas M. obscura abundance decreased as litter cover 

increased (t = -3.70, p = <0.001). H. initialis abundance increased with understorey 

density (t = 3.78, p = 0.001) and canopy height (t = 2.48, p = 0.015). A. trilineatus 

abundance was decreased in sites (location) in the western portion of the study area (t = 

-5.68, p = <0.001). 
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Table 3.4 

Summary of results of the relative importance of landscape or site variables or location 

on community metrics and species abundance models. Significant models are in bold, 

and the model, and residual degrees of freedom for each variable are landscape (5, 88), 

site (8, 88) and location (2, 88). 

 

Species Variable F p-value 
Adjusted 

R2 Residuals 

A. trilineatus 
Landscape 0.78 0.590 0.00 

0.68 Site 2.32 0.030 0.24 
Location 7.23 0.010 0.35 

M. obscura 
Landscape 1.98 0.085 -0.01 

0.55 Site 5.97 0.005 0.35 
Location 1.94 0.130 0.20 

M. greyii 
Landscape 3.15 0.020 0.09 

0.79 Site 2.90 0.010 0.05 
Location 0.96 0.360 0.04 

L. distinguenda 
Landscape 1.57 0.170 -0.01 

0.99 Site 1.35 0.180 -0.03 
Location 2.82 0.060 -0.01 

H. initialis 
Landscape 0.90 0.520 -0.03 

0.78 Site 3.22 0.005 0.22 
Location 1.92 0.160 0.06 

P. minor 
Landscape 1.45 0.190 0.01 

1.00 Site 0.90 0.490 -0.01 
Location 0.15 0.860 0.01 

D. lateroides 
Landscape 1.64 0.150 0.03 

0.87 Site 1.51 0.150 0.08 
Location 0.53 0.560 0.03 

Species Richness 
Landscape 0.35 0.900 -0.04 

0.97 Site 1.83 0.098 0.07 
Location 0.58 0.550 0.00 

Species Abundance 
Landscape 1.09 0.360 -0.03 

0.96 Site 1.92 0.074 0.05 
Location 0.21 0.780 0.00 

Community Composition 
Landscape 1.17 0.270 0.00 

0.74 Site 2.94 0.005 0.23 
Location 2.734 0.005 0.13 
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Fig 3.6 

Venn diagrams displaying the 8 fractions and their associated variance of the RDA 

output (landscape and site variables and location), the variation explained for all 

significant models:  community composition and the individual abundances of A. 

trilineatus, M. obscura, M. greyii and H. initialis. 
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3.5 Discussion 

In this study, site variables explained most of the variation in the data for reptile 

community composition and individual species abundances, in comparison to landscape 

variables. Reptiles, which are poikilothermic (Heatwole and Taylor, 1987), often have 

specific habitat requirements and changes in vegetation structure are likely to alter the 

thermal environment and, thus, influence reptile community composition as restoration 

succession proceeds based on site and/or landscape variables (Twigg and Fox, 1991; 

Cunningham et al., 2007; Brown et al., 2008; Brown, 2010; Brown et al., 2011; Craig et 

al., 2012). Site variables and location explained more variation in community 

composition than landscape variables. Reptile community composition is likely 

influenced by the structural changes due to post-disturbance succession of the 

restoration; for example, some species rapidly recolonise restored sites and then 

decrease in abundance (i.e., M. obscura; (Craig et al. 2012)), while, other species slowly 

recolonise as the vegetation becomes more dense (i.e., A. trilineatus and H. initialis; 

Majer and Nichols, 1998; Nichols and Nichols, 2003; Craig et al., 2012). I did not 

determine what influences rare species recolonisation of restored sites, beyond potential 

links with descriptive statistics, but I identified likely landscape or site variables or 

location influences on common species’ abundances (species with >50 detections). 

Landscape variables did not explain a significant amount of the variation in the 

community metrics and for most species abundances and this suggests that in relatively 

non-fragmented landscapes that site specific variables and when species arrive, and 

therefore species assembly, may be more influential in species composition and 

persistence than landscape variables. 

 

Overall, reptile abundance was lower in restored sites than in reference sites and more 

effort was required to acquire detections in restored sites in comparison to reference 
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Fig. 3.7 

The percent of independent effects of each landscape variable (x-axis) on the abundance 

of M. greyii. Note * indicates significance at the 0.05 level. Landscape variables are 

distance to nearest reference habitat (DistRef), pit size (Area), percent of restored and 

reference forest within multiple radii from the center of the pit 50 m (Ref50m), 100 m 

(Ref100m) and 400 m (Ref400m). 

 

sites, which resulted in five additional cryptic or rare species being detected in restored 

sites (Lidicker and Koenig, 1996; Brown, 2010). However, most species (10 of 17 

detected in both reference and restored sites) were detected significantly more often in 

the reference habitat than in restored sites. Only Pogona minor was more common in 

restored sites, which implies that their recolonisation is not limited by either landscape 

or site variables. Additionally, the lack of common or uncommon species (see Chapter 

2) that depend on CWD such as L. distinguenda and E. napoleonis in restored sites may 

also influence species assembly over time as their ecological niches are filled by other 

species. The descriptive statistics of some rare species (<12 detections) support the 

habitat trends identified in Chapter 2 (Christinus marmoratus, decreased understory or 

* 
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0-1 m cover, Ctenotus labillardieri; increased canopy cover, and Ramphotyphlops 

australis australis; dense understory. Although it is difficult to identify what may be 

restricting species recolonsation of restored sites with such few detections, these 

consistent habitat trends in reference and restored forest provide insight into the species 

habitat requirements, and with additional detections the potential to detect and 

successfully restore rare species will increase. 

 

 

Fig. 3.8 

The percent of independent effects of each site variable (x-axis) on the individual 

abundance of A. trilineatus, M. obscura, M. greyii and H. initialis. Note * indicates 

significance at the 0.05 level. Site variables are: percent cover in the three strata 0-1, 1-2 

and 2-5m; percent cover of leaf litter (LL); percent canopy cover (CC); overstorey 

density (OD; stems ha-1); coarse woody debris (CWD; m3 ha-1).  

* 

* 

* 

* 

* 
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Fig. 3.9 

 The percent of independent effects of site location (x-axis) on the abundance of 

A.trilineatus. Note * indicates significance at the 0.05 level. Location is the geographic 

coordinates of Easting and Northing based on the sites xy location. 

 

In contrast, for more common species, specific landscape and site variables identified 

potential barriers to recolonisation, and the relative abundance of A. trilineatus, H. 

initialis and M. greyii were all related to site variables which increase as the restoration 

ages, including increased leaf litter and understorey density (Grant, 2006). In contrast, 

M. obscura, which prefers open forest (Bush et al., 2007; Craig et al., 2012), was 

negatively related to leaf litter, and this species was more common in young restored 

sites. These predictions are consistent with habitat preferences in other studies where H. 

initialis and A. trilineatus preferred increased cover and older restoration (Nichols and 

Bamford, 1985; Craig et al., 2012), and the presence of M. greyii was linked to 

increased leaf litter (Chapter 2, in reference habitat). Landscape variables only 

significantly influenced one species, M. greyii, which had higher abundance in trapping 

* 
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grids within restored sites that were close to reference habitat. M. greyii is one of the 

smallest Australian skinks (Smyth and Smith, 1974), and their small size may restrict 

their dispersal ability. Common reptiles in other restored sites post timber and mining 

have been positively influenced by the distance to source populations (Kanowski et al., 

2006; Márquez-Ferrando et al., 2009), but also determined to be unaffected by the 

degree of fragmentation in more fragmented agricultural landscapes (Schutz and 

Driscoll, 2008), which suggest that species specific traits (i.e., dispersal, home range) 

are important to define a priori. In this study restored sites are generally surrounded by 

a the high proportion of reference habitat which may have reduced landscape effects 

and increased the relative importance of site variables, allowing us to focus on 

determining barriers associated with habitat suitability at the site level. Our results 

suggests that focussing solely on site variables is adequate for the reptile community 

generally, but even in these non-fragmented landscapes there may still be some species 

(i.e., M. greyii relative abundance increased with decreased distance to reference 

habitat) that are influenced by the landscape context.  

 

In agricultural and other highly fragmented environments, the distance to reference 

habitat and patch size was determined to be important for fauna recolonisation (for 

reptiles (Kanowski et al., 2006) and birds (Andrén, 1994)); however, I determined 

landscape variables to be limited in their importance to reptiles within our non-

fragmented study area. Many reptiles generally have low vagility and skink species 

have been documented to move relatively short distances (maximum of 60m; Ctenotus 

sp. in South Australia; (Read, 1998)); however, reptiles were able to disperse from 

source populations to the restored areas and were are not negatively influenced by 

landscape variables (in general) in our study area. Therefore, other terrestrial 

vertebrates, which have higher vagility (Lidicker and Koenig, 1996), are not likely to be 
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impacted by landscape variables either in our study area. However, highly vagile 

species, such as birds, may benefit from corridors in fragmented landscapes in the first 

few years (Robichaud et al., 2002), but habitat suitability also influences their 

recolonisation of fragmented landscapes (Mac Nally and Horrocks, 2002). In non-

fragmented environments, species with low vagility, such as common invertebrates in 

the order Hemiptera, recolonised restored sites, but species with limited dispersal 

abilities (i.e., species with reduced wings) and specialist requirements were slower or 

failed to recolonise restored sites (Moir et al., 2005). Reptiles and other organisms with 

low vagility are likely to be slow to recolonise restored sites, but they may benefit from 

the patchy and non-fragmented landscape context of restoration in the study area, as all 

trapping grids in restored sites surveyed for reptiles were close to reference habitat, and 

all the restored patches were contiguous with reference habitat.  

 

Vegetation structure of restored areas does not always converge with reference habitats 

even after decades (Twigg and Fox, 1991; Kanowski et al., 2003), thus understanding 

what features are important to fauna species, and hence what might be manipulated to 

facilitate recolonisation, within the restored site will be useful to guide future restoration 

activities. Vegetation succession models (Grant, 2006) suggest that restored sites may 

require continued management if they are to resemble reference habitat; therefore, 

thinning, burning, thinning and burning, and the addition of habitat piles (i.e., logs and 

rocks) are all options that are considered by Alcoa. I determined that community 

composition was likely linked to site variables, which suggests recolonisation of most 

species may be restricted by the lack of suitable vegetation structure, and the addition of 

logs, or other habitat components that are slow to develop may be required to increase 

the likelihood of reptile recolonisation (Márquez-Ferrando et al., 2009). Coarse woody 

debris is an important habitat component of native woodlands, and its increasing loss 
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has been listed as a potential cause for the decrease in reptile abundance and occupancy 

in box-ironbark forests of south-eastern Australia (MacNally and Brown, 2001; Fischer 

et al., 2004; Brown et al., 2008).  Coarse woody debris is important for reptiles and 

other fauna species as it provides shelter, refuge, basking, nesting and foraging habitat 

(Brown, 2010; Craig et al., 2010; Christie et al., 2012). The current management regime 

at the Huntly mine site is to add coarse woody debris to restored sites (1 habitat pile per 

ha-1), which may increase the likelihood of recolonisation by reptiles species such as E. 

napoleonis (Christie et al., 2012) and L. distinguenda. In other areas in Australia, the 

addition of rocks (Webb and Shine, 2000) and logs (Michael et al., 2004) have been 

shown to increase the presence of reptiles, including skinks. Common species are 

generally better able to persist in smaller areas and lower quality habitat (Smith et al., 

1996) than uncommon species, unless they have specialized habitat requirements, such 

as being CWD dependent. Therefore, at Huntly, emphasis on maintaining habitat 

suitability through site variables and management prescriptions will likely promote the 

return of the most reptile species and increase biodiversity over time. Overall, this study 

shows that even if many species are able to recolonise restored sites (all species in 

reference habitat documented in restored sites), but modified restoration practices may 

be necessary for species to persist in the restoration as it ages and habitat filters that 

restrict or promote recolonisation may develop. This includes restoration and 

management practices such as thinning or adjusting seeding or fertiliser rates to reduce 

the amount of understorey cover for species which prefer open areas (M. obscura (Craig 

et al., 2012)) or adding in coarse woody debris for species that are dependent on CWD. 

 

3.6 Conclusions 

Our results highlight the fact that it is not possible to completely restore habitat, and 

hence that habitat destruction should be minimized, and restoration used as a last resort. 
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I showed that, even after 20 years, reptile communities in restored mine sites were not 

similar to those in reference habitat, which was also the case following sand mining and 

subsequent restoration (Twigg and Fox, 1991). Fauna, and specifically reptile, 

recolonisation may require a decades or centuries for some species, and may require 

continued management if the goal is for restored sites to resemble reference sites. I 

concluded that site variables are likely more influential in explaining reptile presence in 

restored mine sites than landscape variables, and that landscape variables were likely 

not a barrier to recolonisation for most species, however this is influenced by species' 

vagility and the landscape context. Overall, improving habitat suitability, through 

modifying site variables and continued management, is an important factor in 

facilitating reptile recolonisation of restored sites in disturbed landscapes.  
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4.1 Abstract 

To maintain biodiversity by alleviating the impacts of habitat loss, restoration is often 

conducted to restore suitable habitat for fauna. However for restoration to be successful 

and provide suitable habitat for fauna population persistence, analysis of the vegetation 

succession in restored areas is required to assess how the proportion of suitable habitat 

changes over time. I generated models to assess the likelihood of reptile persistence 

across a mined and restored landscape, which may change dynamically as the 

restoration ages, to help guide future reptile studies in the region. There is very limited 

ecological information on many of the reptiles in the study region in south-western 

Australia, since they are rare and difficult to detect, and hence I chose three species with 

different habitat requirements to generate habitat suitability models and provide 

methodology that can be followed for all other species once initial data is collected. I 

modelled the predicted proportion of suitable habitat across the landscape to assess the 

potential landscape-level impacts of habitat filters, which slow or restrict species 

recolonisation of restored patches and limit population persistence. I also modelled the 

likely influence of management manipulations (overstorey tree thinning and the 

addition of habitat piles) on the area of suitable habitat. Model output indicated that, 

after the completion of mining, approximately 26% of the landscape will likely be 

mined and restored. The predicted proportion of suitable habitat for all species 

decreased from pre-mining levels by between 2-22.5%, and management in restored 

areas may increase the proportion of suitable habitat for some species, but for our focal 

species the prediction is that suitable habitat will increase by 5% at most. Overall, 

current mining rates likely do not appear to greatly influence the most commonly 

detected species, and the proportion of suitable habitat remained above 70% after the 

completion of mining, but this needs to be confirmed through additional surveys and 

long term monitoring. Additionally, the influence of mining and restoration on rare and 
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patchy species may not be as positive and management and different survey methods 

are likely required in restored areas to reduce habitat filters that slow or restrict 

population persistence of all species.  

 

4.2 Introduction 

Anthropogenic habitat loss has been identified as the main cause of biodiversity loss 

and increased extinction rates (Baillie et al., 2004). To alleviate the impacts of habitat 

loss, restoration is often conducted to increase the area of suitable habitat (Lockwood 

and Pimm, 1999; Block et al., 2001; Morrison, 2009). Restoration aims to improve 

degraded habitat and reduce the potential for population extinction by increasing the 

area of suitable habitat above the critical threshold required to maintain populations 

(Fahrig, 2001). Habitat suitability of restored sites will vary along a continuum for any 

particular species and may also vary temporally, even within the same restored site. As 

the restored patches age, species may occupy, or not occupy, restored patches 

depending on how habitat suitability changes with post-disturbance succession (Wiens, 

1995; Hobbs and Harris, 2001). Increasing the area of suitable habitat available through 

restoration is particularly critical for rare species which are likely less able to persist in 

the landscape than common, more generalist species, and as more of their habitat is lost, 

populations of rare species may become less connected and less likely to persist in the 

landscape (Rompré et al., 2010). Additionally, if restored patches do not provide 

suitable habitat and ameliorate the effects of habitat loss, species’ populations may fall 

below critical thresholds of suitable habitat required to maintain populations (Fahrig, 

2001; Rompré et al., 2010). Therefore, activities which decrease the amount of suitable 

habitat, such as mining, need to include consideration of the potential impacts on fauna 

population persistence and aim to retain or restore adequate amounts of habitat in the 

landscape. 
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Most species will occupy or avoid restored areas depending on the habitat structure 

(Majer, 1989c; Hobbs and Norton, 2004; Craig et al., 2012), and this changes with post-

disturbance succession (Wiens, 1995; Hobbs and Harris, 2001). In early stages of 

restoration some habitat variables develop rapidly to resemble the reference condition, 

while others will take decades, or even centuries, to resemble the reference condition 

(Halle and Fattorini, 2004). The identification of habitat variables in restored areas that 

act as habitat filters which impede, or slow, fauna recolonisation can be useful in 

assessing the total area of suitable habitat in the landscape over time. Craig et al. (2012) 

recognized both dynamic and unidirectional habitat filters. For example, overstorey 

density is a dynamic habitat filter, which may make restored patches unsuitable for 

species at particular ages of restoration, whereas the presence of coarse woody debris 

(CWD) is a unidirectional filter, which is absent from restored patches initially and 

develops slowly over time (Craig et al., 2012). Understanding the influence of dynamic 

and unidirectional habitat filters on species occupancy may assist in determining if 

restored patches are suitable, or unsuitable, habitat over time, for individual species to 

recolonise and populations to persist (Craig et al., 2012). Therefore, predicting what 

proportion of the landscape contains unsuitable patches for an individual species at any 

point in time will assist in decision making relating to ongoing management of restored 

patches to reduce habitat filters in restored patches and increase the area of suitable 

habitat for the most species (Craig et al., 2012).  

 

In our study area, where ethical considerations limit the length of trapping sessions (4 

day5/night sessions, with 2 weeks between sessions), it is often not logistically feasible 

to determine which patches are occupied by a particular species, and which are not, 

through field-based sampling even over multiple seasons (see Chapters 2 and 3). 

Therefore, to assess the potentially occupancy of restored patches and hence the 
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predicted total area of suitable habitat, models are commonly used to inform 

management and help maintain populations in restored patches by predicting the 

impacts of management on facilitating fauna recolonisation and population persistence 

(Young, 2000). The likelihood of the persistence of fauna populations has been 

modelled using fauna habitat requirements to predict species’ responses to disturbance, 

management practices and potential changes under climate change (Havel, 1980; 

Lindenmayer, 2000; Barton et al., 2009; Christie et al., 2012; Lindenmayer et al., 2012), 

and spatially explicit population models may be used to simulate the population 

dynamics of selected species in response to habitat loss (Dunning Jr et al., 1995; 

Morrison et al., 1998). Landscape-level analysis enables the calculation of the area of 

suitable habitat in the landscape and, by incorporating succession within restored 

patches and fauna species’ habitat requirements, this information can be used to develop 

models which predict potential landscape-level population changes based on the area of 

suitable habitat. A landscape-level approach is required to ensure that an adequate 

proportion of restored patches are suitable for fauna at any point in time in the 

landscape, and to determine if management is required to reduce habitat filters 

identified in restored patches and increase the area of suitable habitat. Habitat suitability 

models focussing on general habitat requirements can be applied to any group of 

terrestrial fauna including birds, mammals, amphibians and reptiles. However, I focused 

on reptiles, as they are one of the slowest groups to recolonise restored patches due to 

specific microhabitat requirements (i.e., thick leaf litter, dense understorey, exfoliating 

bark (Nichols and Bamford, 1985; Nichols and Nichols, 2003; Nichols and Grant, 

2007)) and they are susceptible to habitat filters, that cause habitat suitability to 

fluctuate for some species, as the restoration ages (Craig et al. 2012). 
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I used habitat suitability modelling to predict the proportion of suitable habitat available 

over multiple time-steps in a mining landscape for reptile species as the restoration 

undergoes post-disturbance succession. These predictions provide a basis for future 

studies to follow and an option for further studies to validate the findings. This study 

used data from monitoring completed at Alcoa of Australia’s (hereafter, Alcoa) Huntly 

mine region in the northern Jarrah (Eucalyptus marginata) forest. Many of the reptiles 

in the region have habitat requirements in reference habitats that group into three main 

categories; open forest, closed forest or CWD dependent (Chapter 2). However, as 

many of the reptiles are rare or difficult to detect, and thus have uncertain habitat 

requirements, I chose three common species with different habitat requirements to 

generate habitat suitability models. Reptile communities in all restoration sites fail to 

converge on communities in reference habitat  (Craig et al., 2012), suggesting that 

improvements to restoration practices and management can still be made to facilitate 

fauna recolonisation and population persistence in the restored patches (Christie et al., 

2013). In our study area, two habitat filters in the restored patches have been identified: 

1) overstorey density, and 2) coarse woody debris (CWD; Craig et al., 2012). I focussed 

on predicting to what extent the vegetation structure of restored patches reduced the 

area of suitable habitat in the landscape and to what extent management techniques may 

reduce habitat filters and increase the area of suitable habitat and, hence, the likelihood 

of reptile population persistence, which can then be tested through additional studies. 

Specifically, I aimed to: 

 

1) Predict changes in the proportion of suitable habitat, from pre-mining to the 

completion of mining, for three reptile species with general habitat requirements of the 

reptile community, two characterised by overstorey cover that can act as a dynamic 
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filter (open forest and closed forest) and one by the volume of CWD, which is a 

unidirectional filter.  

 

2) Assess the potential role of management practices, such as overstorey tree thinning or 

the addition of habitat piles, for mitigating the effects of unidirectional and dynamic 

filters on the area of suitable habitat available for the three representative species of 

reptiles. 

 

3) Provide recommendations for designing studies to test management practices to 

potentially mitigate the effects of unidirectional and dynamic filters on reptile species in 

restored habitat and maximise the probability of population persistence in a post-mining 

landscape.  

 

4.3 Methods 

4.3.1 Study area 

The Huntly mine region (~32°36´S, 116°06´E, Fig. 4.1) is located in the northern Jarrah 

forest of south-western Australia. The Jarrah forest is a dry, open sclerophyll forest, 

endemic to south-western Australia where the canopy is dominated by the eucalypts 

Jarrah and Marri (Corymbia calophylla). Huntly has a Mediterranean climate (Dell and 

Havel, 1989) experiencing cool, wet winters and hot, dry summers (Gardner and Bell, 

2007). Alcoa mines bauxite in the northern Jarrah forest and clears and restores 

approximately 550 ha of mid-slope and ridge-top forest annually (Koch, 2007a). Most 

mid-slope and some ridge-top forest occurs over a duricrust which contains bauxite and 

is mined, whereas, stream zones lack the duricrust containing bauxite, and are never 

mined. The mining process involves complete removal of the vegetation, topsoil and 

approximately 1-2 m of overburden and 5 m of duricrust to obtain the bauxite ore 
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(Koch, 2007a). Topsoil is retained and returned after mining completion and vegetation 

regrows from the seedbank, direct seeding, and hand-planting of some species (Koch, 

2007a). The restored areas are generally small (mean ± SE = 20.04 ± 1.50 ha, range = 

1.8-62.8) and are interspersed within an intact forest matrix that makes up the majority 

of the landscape (Fig. 4.1). Fauna species are not reintroduced, but expected to 

recolonise restored areas passively from the surrounding reference habitat. The Huntly 

mine region has been mined progressively towards the northeast (Fig. 4.1), therefore, 

restored areas within the Huntly region are of varying ages (1-44 years post restoration 

(YPR)) with completed mining and restoration being located in the southwest with 

current and future mining located in the northeast (see Appendix IX for mine site 

regions). 

 

Alcoa’s restoration prescriptions have advanced since restoration began (Gardner and 

Bell, 2007). Restoration undertaken pre-1988 consisted of non-local eucalypts whereas 

restoration established from 1989-1999 consisted of native (Jarrah, E. marginata and 

Marri, C. calophylla) eucalypt species, with high eucalypt (~ 2,500 trees ha-1) and 

legume densities (2.5 legume plants per m2) dominated by large, shrubby species. 

Lastly, current restoration prescriptions (since 2000) include a reduced seeding rate of 

eucalypts and legumes (~1,400 trees ha-1 and ~1 legume plant m2, respectively) and 

include smaller ground covering legume species. Legumes are added to the restoration 

to add nitrogen to the soil, and fertilizers are added to boost the fertility of the soil.  

 

Timber within the mine lease belongs to the state government and any useful timber is 

removed before clearing for mining and the timber waste is either chipped for firewood, 

mulch or charcoal production and the excess is burnt or returned to mine-pits in habitat 

piles (Koch, 2007a). Waste logs, stumps and rocks are also added to restoration as 
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habitat piles at a rate of 1 habitat pile ha-1 (Koch, 2007a; Grigg and Steele, 2011). The 

habitat piles contain an average of 3 large logs, 1.4 small logs and 0.9 stumps (Grigg 

and Steele, 2011). However, the volume of CWD is much higher in the unmined areas 

(average of 121 logs ha-1) than the restored areas (average of 3 logs ha-1; Whitford et al., 

2008).  

 

4.3.2 Reptiles of the Jarrah forest 

Reptiles, in our study area, likely have three main habitat requirements (although further 

studies are required to verify this, Chapter 2 and 3) including species that require 1) 

open forest 2) closed forest and 3) coarse woody debris (Table 1). The rarity of most 

species, and hence lack of information and detections on them, precludes the modelling 

of individual species until additional studies and sampling methods are used. Therefore, 

I selected a single, commonly detected species from each main habitat requirement to 

produce models which can then be field verified. Using three common species allowed 

us to incorporate capture rate data from each classification of forest habitat present at 

Huntly into the models to better predict landscape-level population fluctuations over 

time.  

 

Open forest species – Morethia obscura 

M. obscura is an open forest, which has low overstorey density and percent cover 

(Smith et al., 1996; Bush et al., 2007; Craig et al., 2010; Smith, 2011; Craig et al., 

2012). The abundance of M. obscura in restoration has been shown to decrease over 

time due to the increased understorey density of restoration established from 1989-1999 

(Craig et al., 2012). M. obscura occupancy has been shown to respond positively to 

overstorey tree thinning of older restoration, as thinning decreases the overstorey 

density (Craig et al., 2010).  
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Fig. 4.1  

Map of Huntly displaying the current (end of 2012) and approved clearing, projected 

post-2012 clearing is not shown, but will occur in the northern region.  
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Table 4.1 

Potential habitat requirements (open or closed forest, CWD, or other specialization; 

Other) for species present in the Jarrah forest based on community composition analysis 

(Chapter 2) and knowledge on the species. The species modelled in this study are in 

bold. 

Species Open Closed CWD Other 
Acritoscincus trilineatus (Gray, 1838)   X     
Christinus marmoratus (Gray, 1845)   X X   
Cryptoblepharus buchananii Gray, 1838 X       
Ctenotus labillardieri (Duméril and Bibron, 1839)   X X   
Diplodactylus lateroides Doughty & Oliver, 2013 X   X   
Egernia napoleonis (Gray, 1838)   X X   
Hemiergis initialis Werner, 1910   X   X 
Lerista distinguenda (Werner, 1910) X     X 
Menetia greyii Gray, 1845 X       
Morethia obscura Storr, 1972 X       

 

Closed forest species – Acritoscincus trilineatus 

A. trilineatus prefers habitats with dense understorey and is often associated with stream 

zone vegetation (Nichols and Bamford, 1985; Craig et al., 2012). It is one of the few 

species that was more common in restored areas than in reference habitat; ~8 

detections/1000 trap nights in reference habitat versus ~10 detections/1000 trap nights 

in older restored areas established pre-2000. Based on their preference for dense 

habitats, populations of A. trilineatus are expected to decrease in response to tree 

thinning (Nichols and Grant, 2007; Craig et al., 2010).  

 

Coarse woody debris dependent species – Egernia napoleonis 

E. napolenis is associated with high volumes of CWD (Craig et al., 2012) and requires 

decaying logs and hollow-bearing trees for survival (Craig et al., 2009; Christie et al., 

2013). The volume of CWD is higher in stream zones and reference mid-slope forests 

than restored patches, in fact, CWD is almost absent from restored patches (Whitford et 
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al., 2008). Consequently, E. napoleonis is often observed in reference and stream zones, 

but has been recorded very rarely in restored sites (Craig et al., 2012).  

 

4.3.3 Habitat suitability models 

I used predictive habitat models to assess the potential landscape-level impacts of 

habitat filters on the proportion of suitable habitat available for individual reptile 

species and their likelihood of persisting across a post-mining landscape. I also 

modelled the likely influence of removing potential habitat filters to species 

recolonisation and population persistence in restored patches through management 

manipulations. Habitat models for 3 reptile species (M. obscura, A. trilineatus and E. 

napoleonis) were developed to predict the proportion of suitable habitat available at the 

Huntly mine site in 5 year time-steps from before mining began until the completion of 

mining and restoration was over 20 years old. Due to a paucity of data and information 

on reptiles in the Jarrah forest I lacked information on habitat use, life history traits, 

movement and other behaviours from data or expert opinion to build more robust 

models and therefore, present the proportion of suitable habitat available using capture 

rates to determine the likely proportion of occupied habitat and recognize the limitations 

in our models (Johnson, 1980; Boyce, 1992; Marcot et al., 2001). There were 5 steps in 

developing and implementing the habitat models (for steps 1-5 see detailed descriptions 

following the brief explanations here): 

 

1) Identification of forest habitat – Determine the area of suitable habitat 

available in all landscape classifications, unmined (mid-slope and stream-zone) and 

restored (based on age; 1-5, 6-15 or 15+ years post restoration (YPR)), and restoration 

prescriptions (pre-1989, 1989-1999 or post-2000; see restoration prescription 

explanations below). 
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2) Classification of forest habitat – Calculate the area of habitat in each 

landscape classification from pre-mining to post-mining in 5 year time-steps from pre-

mining (~1963) to post-mining (2042). The current year is represented by 2012 based 

on restoration data provided by Alcoa. 

 

3)  Reptile capture rates – Select representative reptile species for habitats 

characterised by open forest, closed forest and high volumes of CWD.  Then, I used 

data from reptile surveys completed at Huntly from 2005-2012, and Alcoa long term 

fauna monitoring, to calculate species’ capture rates in each landscape classification and 

converted this to the proportion of habitat occupied (see calculations in section below).  

 

4) Management – Management options of overstorey tree thinning or habitat pile 

addition to prior or future restoration were added into models to determine their 

influence on the proportion of suitable habitat available for each species after the 

completion of mining.  

 

5) Final models – Run models to predict the proportion of habitat occupied by 

each reptile species to generate the proportion of suitable habitat available in 5 year 

time-steps for the 3 representative species.  

 

1) Identification of forest habitat 

To determine the area of land at Huntly that is available for mining I first divided the 

habitat into 2 categories based on areas that are suitable for mining (mid-slope and 

ridge-top forest, hereafter labelled collectively as ‘mid-slope forest’) and those that are 

never mined (stream zones). Stream zones, which have a thick understorey, and are 

more dense than the open, mid-slope Jarrah forest (Koch, 2007b), were classified by 
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creating a 50 m buffer around streams. I obtained data on the total hectares mined and 

restored in the Huntly region from Alcoa GIS layers. The restored areas were then 

divided into 3 age categories (1-5, 6-15 and 16+ YPR) following a state-and-transition 

model completed for restoration in the area (Grant, 2006). Additionally, I took the 

changing restoration prescriptions into account and sub-divided the restoration into 3 

categories; pre-1989 (planted non-local eucalypts), 1989-1999 (native eucalypts, with 

increased tree and legume density) and 2000+ (native eucalypts, with decreased tree 

densities). Restored areas established pre-1989 and from 1989-1999 are known to 

become more dense over time and have increased understorey and overstorey density 

due to high legume and eucalypt densities (Grant, 2006) and the vegetation in these 

areas closely resembles the vegetation that occurs in lower slope and/or stream zones 

(Koch and Hobbs, 2007). Restored areas established post-2000 are expected to have 

decreased understorey and overstorey density due to the changes in restoration 

prescriptions from pre-1989 and 1989-1999 restoration. Management prescriptions were 

applied to restored areas >6 YPR as restoration younger than 6 YPR contained very 

little vegetation cover or CWD (see Fig. 4.2 for photos of all landscape classifications). 

 

2) Classification of forest habitat 

I assessed the proportion of suitable habitat available for reptile species based on past, 

current and future mining. To do this I generated layers in ArcMap 10.1 depicting the 

habitat available in the past in 5 year time-steps (prior to mining, -10 and -5 years ago), 

current (0), and future (+5, +10, +15, +20, +25 and +30 years into the future) based on 

mining which has occurred, has been approved, or is projected to occur. Future 

projections of mining were based on assumption that 550 ha will be cleared and restored 

each year for the next 10 years (a total of 5500 ha) when mining at Huntly will finish, 

based on a 10 year completion plan. In the years after the mine completion (+15, +20, 



96 
 

+25 and +30) the restoration aged and the proportions of suitable habitat occupied were 

allowed to change until the restoration reached 20 years post-restoration in 2042.  

 

 

Fig. 4.2 

Examples of all habitat classifications: mid-slope forest (a), stream zone (b), 0-5 YPR 

(c), 2000+ (d), 1989-1999 (e) and pre-1989 (f), and management options: overstorey 

thinning (g) and habitat pile addition (h). 

 

3) Reptile capture rates 

I determined the species’ capture rates for each landscape classification including mid-

slope forest, restoration, stream zone and management options (overstorey tree thinning 

and habitat pile addition; see section below) based on reptile survey data collected at 

Huntly from 2005-2012. The influence of detectability on the data was minimised by 

assessing reptile abundance and monthly temperatures and significant monthly 
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variations (due to high or low temperatures; see Appendix VII for ANOVA results and 

survey removals). Reptile surveys were completed in all landscape classifications 

except for stream zones, and capture rates in stream zones were estimated from Alcoa’s 

long-term fauna monitoring data.  Capture rates were standardized to the number of 

captures per 1000 trap nights. The landscape classification with the highest capture rate 

was then defined as the “optimal” habitat for that species and it was assumed that all 

habitat in this classification was occupied. The proportion of habitat occupied was based 

on a comparison between this optimal landscape classification and all other landscape 

classifications and resulted in the proportion of habitat occupied. For example the 

optimal habitat for M. obscura as the mid-slope forest (18.55 detections/1000 trap 

nights) which was represented by a proportion of 1.00, meaning that all of these 

landscapes could be occupied, and restoration established from 1989-1999 (3.86 

detections/1000 trap nights) was represented by a proportion of 0.21 (3.86/18.55). All 

reptile surveys in restored sites established post-2000 were completed when the 

restoration was <6 YPR and thus have the same capture rates and proportions as 0-5 

YPR. 

 

4) Management 

I added management options (overstorey tree thinning and habitat pile addition) to 

predict the conservation benefit and economic factors in maintaining reptile populations 

when dynamic and unidirectional habitat filters are present (increased overstorey 

density and the absence of CWD, respectively). Alcoa currently aims to thin the 

restored areas established from 1989-1999 to between 500 and 1000 eucalypt stems per 

hectare (Grant, 2006). Additionally, Alcoa may thin the pre-1989 restoration to 

densities between 500 and 1000 eucalypt stems per hectare, thus I assessed the outcome 

of thinning only the 1989-1999 restoration and both the 1989-1999 restoration and pre-
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1989 restoration. The volume of CWD in restored patches is currently being evaluated, 

and Alcoa aims to increase the amount of CWD returned to 10 logs ha-1 (scattered rather 

than piled: equates to ~ 3 habitat piles ha-1) or, potentially, 20 logs ha-1 (~6 habitat piles 

ha-1). However, 50 logs ha-1 (~16.5 habitat piles ha-1) has been recommended to assist 

the recolonisation of E. napoleonis (Christie et al., 2012); and thus was modelled as the 

maximum volume of CWD added. Additionally, I estimated the potential cost to Alcoa 

for each management model to assist in determining the economic potential of the 

management being implemented. Cost estimates were provided by Alcoa in 2014 and 

are based on their current management regimes.  

 

5) Final models  

I ran multiple models to predict the influence of mining on the proportion of suitable 

habitat and the likelihood for population persistence for each representative species. As 

fauna likely never use 100% of the suitable habitat available, I randomly selected the 

proportion of habitat occupied from ± 0.00-0.05 of the calculated proportion (Pr) in 

Table 1; however the proportion of habitat occupied was not allowed to be > 1.0 or < 

0.0). For example, the proportion of habitat occupied by M. obscura in 1989-1999 

restoration was 0.20, and therefore I allowed this proportion to vary randomly between 

0.15 and 0.25. The proportion of habitat occupied was then multiplied by the proportion 

of available habitat for each landscape classification (unmined; mid-slope and stream 

zone, restoration; 0-5 YPR, 2000+, 1989-1999 and pre-1989, and management options; 

overstorey tree thinning or habitat pile addition) in each time-step. This process was 

repeated (n=1000) to reduce the variation in our results and all results were averaged to 

determine the proportion of habitat occupied for each landscape classification and each 

time-step to produce an estimate of the proportion of suitable habitat available across 

the landscape.  
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A general model (Current Mining) based on the area that has been mined, and is 

planned to be mined over the next 10 years, was completed for each representative 

species based on the proportion of habitat occupied and changes in the vegetation over 

time. Additional models, including management options (overstorey tree thinning; 

Current Mining + Thinning, or the addition of habitat piles; Current Mining + Habitat 

Pile) were also run for representative species. For the Current Mining + Thinning 

models (M. obscura and A. trilineatus only), overstorey tree thinning was added from 

the current time-step and applied to the older restoration (1989-1999; Current Mining + 

Thinning 1 and pre-1989 and 1989-1999 restoration; Current Mining + Thinning 2).  

For each 5 year time-step 1000 ha of older restoration was transferred from the older 

restoration classification to the thinned classification. I assessed 3 models which added 

habitat piles to the restoration completed in future time-steps (+5 and +10 years). These 

models included adding habitat piles at an increased rate of 10 logs ha-1, 20 logs ha-1, 

and 50 logs ha-1 (Current Mining + Habitat Piles 1, Current Mining + Habitat Piles 2 

and Current Mining + Habitat Piles 3, respectively). Therefore, in each 5 year time-step, 

from 2012 – 2022 the new restored sites contained habitat piles at a rate of 10 logs ha-1, 

20 logs ha-1, and 50 logs ha-1. Current management options modelled are purely 

conceptual and were completed to assist Alcoa with creating restoration that ensures 

population persistence, but are not based on commitments by Alcoa. 

 

4.4 Results 

No E. napoleonis were detected in 3 YPR habitat pile surveys (the only surveys, that 

included variations in the number of habitat piles to the current prescription), therefore, 

I estimated the proportion of habitat occupied by E. napoleonis for models by 

examining management options based on mid-slope Jarrah forest, which contains on 

average of 121 logs ha-1 representing the highest proportion (1.0) and the management 
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options of 10 logs ha-1, 20 logs ha-1 and 50 logs ha-1 had predicted occupancy 

proportions of  0.08, 0.17 and 0.41, respectively (i.e., 10 logs ha-1/121 logs ha-1 = 0.08; 

Table 4.1).  

 

The landscape within the Huntly mine site contained ~90% mid-slope forest and ~10% 

stream zones before mining began (pre-mining ~1963). In 2012 approximately 15% of 

the total Huntly landscape had been mined. As mining progresses mid-slope forest is 

cleared and restored, which will result in projected changes in the area of each habitat 

type. It is predicted that after the restoration sites have undergone succession to the 

point where I have no information on what it will do (30+ years from now; 2042), 

Huntly will contain ~64% mid-slope forest, 10% stream zones, and ~26% restoration  of 

varying prescriptions. The majority of the restoration will contain restoration 

prescriptions post-2000 (19%), with 3% and 4% of the landscape from pre-1989 and 

from1989-1999, respectively (Fig. 4.3).  

 

4.4.1 Representative models 

Current Mining 

The proportion of suitable habitat before mining was predicted to be higher than after 

the completion of mining, and all restoration was >20 YPR, for the 3 species assessed 

(Fig. 4.4). The predicted proportion of suitable habitat decreased, after the completion 

of mining and all restoration was >20 YPR, by 22.65% for E. napoleonis, 10.86% for 

M. obscura, and 5.02% for A. trilineatus. The restoration was more dense in past time-

steps (-10 and -5 years ago, i.e., 2002 and 2007) than currently (2012) and these older 

time-steps were predicted to have an increase of suitable habitat for A. trilineatus and a 

decrease for E. napoleonis and M. obscura. In all models the rate of suitable habitat loss 

for E. napoleonis and M. obscura decreased until the completion of mining and all 

restoration was >20 YPR (+30 years in the future, 2042). 
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Table 4.2 

Capture rates (detections/1000 trap nights; CR) and proportions (Pr) of M. obscura, A. 

trilineatus and E. napoleonis estimated from surveys in mid-slope forest, stream zones, 

restoration, and management trials. Estimates denoted with * were determined based on 

the proportion of detections in reference and stream zone sites from Alcoa’s long term 

fauna monitoring program. The proportions were converted to the proportion of the area 

of that habitat that was occupied by the relevant species. The capture rates and 

proportions for habitat piles vary by the number of habitat piles added and thus a range 

is provided. The predicted influence of habitat piles were not assessed for non-coarse 

woody debris dependent species (M. obscura and A. trilineatus) and therefore, N/A (not 

applicable) values are present in the table for these species. 

 
  Reptile Species 

   M. obscura A. trilineatus E. napoleonis 
Classification of forest habitat CR Pr CR Pr CR Pr 

Unmined Mid-slope 18.55 1.00 8.36 0.57 4.12 1.00 
Stream zone 9.28* 0.50 8.36* 0.57 3.09* 0.75 

Restored 

0-5 YPR 11.38 0.61 2.26 0.15 0.08 0.02 
2000+ 11.38 0.61 2.26 0.15 0.08 0.02 

1989-1999 3.65 0.20 14.60 1.00 0.24 0.06 
Pre-1989 3.86 0.21 12.35 0.85 0.39 0.09 

Management 
Overstorey 

thinning 10.08 0.54 2.30 0.19 N/A N/A 
Habitat piles N/A N/A N/A N/A 0.00 0.00 
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Fig. 4.3 

The percent of each landscape classification present at the Huntly mine site before 

mining occurred (pre-mining: ~1963), current (2012), and predicted after the 

completion of mining and all restoration is >20 YPR (post-mining; model projection at 

2042).  
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Fig. 4.4 

Current Model output for the representative species, A. trilineatus, E. napoleonis and 

M. obscura. The predicted proportion of suitable habitat decreases over time for all 

species; however, most drastically for E. napoleonis (22.65%). The current time-step is 

represented by 0. 

 

Current Mining + Thinning 

The models predict that overstorey thinning decreased the proportion of suitable habitat 

available for A. trilineatus, and increased the proportion of suitable habitat for M. 

obscura relative to the Current Mining model (Fig. 4.5). The predicted proportion of 

suitable habitat for A. trilineatus relative to the Current Mining model decreased by 

3.30% for Current + Thinning 1 and by 5.41% for Current + Thinning 2 after mining 

was completed and all restoration was > 20 YPR (2042). Contrarily, the predicted 

proportion of suitable habitat for M. obscura increased by 0.68% for Current + Thinning 
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1 and 1.76% for Current + Thinning 2 relative to the Current Mining model after mining 

was completed and all restoration was > 20 YPR (2042). 

 

 

Fig. 4.5 

Current (Mining) + Thinning model predictions for A. trilineatus (a) and M. obscura 

(b). The overstorey thinning of restoration established from 1989-1999 (Thinning 1) and 

from pre-1989 and 1989-1999 (Thinning 2) was modelled. 

 

Current Mining + Habitat Pile 

The models predicted that as the number of habitat piles increased from 10 to 50 logs 

ha-1, the proportion of suitable habitat for E. napoleonis increased relative to the Current 

Mining model by 0.67% if 10 logs ha-1, 1.87% if 20 logs ha-1 and 5.06% if 50 logs ha-1 

were added to all restoration completed from 2012 until 2042 when mining was 

completed and all restoration was > 20 YPR (Fig. 4.6). 
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Fig. 4.6 

Current (Mining) + Habitat Pile model predictions for E. napoleonis. The addition of 3, 

6 and 16.5 habitat piles ha-1 was modelled (Models 1, 2, and 3, respectively). The 

current (2012) time-step is represented by 0. 

 

4.4.2 Cost of implementation 

On average it costs ~ AUD$1200 ha-1 to thin the overstorey, therefore a cost of 

AUD$2,496,000 would be required to thin all of the old restoration (1989-1999; 2080 

hectares) to a stem density of ~600 stems ha-1, and an additional AUD$2,088,000 to thin 

restoration established pre-1989 (additional 1740 ha). In our models this took place over 

10 years, with 100 ha being thinned annually in Current Mining + Thinning 1 and 200 

ha being thinned annually in Current Mining + Thinning 2.  If all future restoration 

(5500 hectares in our models) contains additional habitat piles, the annual cost would be 

approximately AUD$1,332,000 for 10 logs ha-1AUD$2,664,000 for 20 logs ha-1 and 
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AUD$7,260,000 for 50 logs ha-1based on a cost of AUD$800 per habitat pile. All costs 

are based on estimate provided by Alcoa in 2014.  

 

4.5 Discussion 

The models completed provide a prediction of the short- and long-term impacts of 

mining on changes in the total area of suitable habitat for reptiles as mining proceeds 

and restored patches undergo succession. After the completion of mining, 

approximately 26% of the landscape at Huntly will be mined and restored, resulting in a 

patchwork of restored patches within a matrix of reference habitat. Open and closed 

forest species (M. obscura and A. trilineatus) occupy both reference forest and restored 

patches, and the predicted proportion of suitable habitat for these species was reduced 

by ~10 and 5% post-mining, respectively. On the other hand, E. napoleonis has 

specialised habitat requirements, being CWD dependent and the restored patches did not 

provide suitable habitat for them at any age, and their predicted proportion of suitable 

habitat decreased by 22.5% post-mining. Therefore, E. napoleonis populations will 

likely decrease linearly as habitat is removed, even with current restoration efforts. In 

order to test these model predictions and assess management options, additional surveys 

should be completed to increase species detections. Currently, Alcoa’s long-term fauna 

monitoring surveys 4 restoration and 6 reference sites every 5 years at Huntly (Alcoa 

2007a). I suggest that Alcoa survey a greater range of restoration patches (i.e., 3-20 

years post-post restoration; measuring both vegetation and fauna), and also complete 

additional studies on the influence of management options including CWD and 

overstorey density (i.e., thinning) over multiple years.  

 

In regards to management options, the predictive models suggest that adding habitat 

piles likely only increase the proportion of suitable habitat by 1-5%, for common 
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species, other species may benefit from these management options and as the number of 

detections of rare species increase these links may be assessed and validated. For 

example, Christinus marmoratus or Cryptoblepharus buchananii would likely increase 

in abundance with any increase in the number of logs added to restored patches (Craig 

et al., 2014), whereas E. napoleonis likely requires a minimum of 50 logs ha-1 to 

recolonise restored patches and would likely not increase in abundance at log densities 

lower than this (Christie et al., 2012; Craig et al., 2014). Critical thresholds required to 

maintain populations are generally between 70 and 90% habitat cover lost, and habitat 

loss of ~26% in our study area is well below this threshold (Andrén, 1994; Homan et 

al., 2004). However, critical thresholds required to maintain populations are generally 

lower for rare and specialised species than common, generalist species, as common 

species have larger populations and greater genetic variability, and are hence less prone 

to extinction in disturbed landscapes (Boyce, 1992; Rompré et al., 2010; Mills, 2013). 

Conversely, rare species often occupy small parts of the landscape, which may well be 

cleared and restored, are less likely to use restoration as suitable habitat due to their 

specialisation and are more likely to lose connectivity between populations with 

concomitant losses of genetic diversity (Mills, 2013). Therefore, to avoid falling below 

critical thresholds required to maintain populations of rare and specialised species, 

which may not occupy restored areas, management of restored patches to improve 

habitat suitability may be necessary to promote population persistence of rare species in 

restored patches. Additionally, any increase in the area of suitable habitat would likely 

increase the chance of population persistence and, with climate change and a landscape 

with many rare and specialised species, it might be prudent to do as much as possible to 

maintain suitable habitat for all species.  
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A further outcome from the models is a prediction of the extent to which additional 

management within restoration areas may improve the habitat suitability of restored 

patches for some species. Therefore, the cost of restoration and management options 

required to restore flora and fauna needs to be considered and assessed, and a balance 

between the conservation benefits and economic costs of implementing these restoration 

and management achieved. Alcoa currently spends ~AUD$34,000 ha-1 on restoration 

(Gardner and Bell, 2007), and increasing this to provide habitat for the population 

persistence of reptile, and other fauna, may not be practical, especially if the predicted 

proportion of suitable habitat increases by only 2 to 5% (maximum for M. obscura and 

E. napoleonis in management modelling scenarios, respectively). However, there may 

be ways to reduce the costs of such management options or factor in other ecosystem 

and economic benefits. The costs of habitat pile addition may reduce the amount of 

money spent burning waste timber; Alcoa spends ~AUD$2,940,750 annually burning 

waste timber that could be put into habitat piles (equates to 3675 habitat piles 

containing 3 logs ha-1; V. Stokes, pers. comm.). However, the amount of waste timber 

(~103,648 tonnes) is much greater than the amount needed for adding even 50 logs ha-1 

to new restored patches (V. Stokes pers. comm.). Therefore the reduction may only be 

feasible if it eliminates the need to cart waste timber offsite to be burnt, which is the 

most expensive method (~66 ha carted and burnt at a cost of ~$11,000 ha-1) or, if Alcoa 

places high priority on maintaining biodiversity. Other benefits have been identified for 

overstorey tree thinning, beyond increased reptile persistence of mid-slope Jarrah forest 

species (e.g., M. obscura), such as increased water flow and tree diameter at breast 

height (DBH) to increase wood yield for timber harvest (Grant et al., 2007), which may 

be more likely to warrant the implementation of management options.  
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Other management options could also be assessed, such as thinning and burning and 

variations within how to add CWD to restored sites (i.e., habitat piles; large log piles vs. 

spread out piles) and retaining debris after overstorey thinning are being trialled at 

Huntly. These may offer alternatives, or improvements, to the current management 

option of thinning, which has been shown to increase or decrease the abundance of 

reptiles in the region based on species specific habitat requirements (Craig et al., 2010). 

From an economic viewpoint, management to conserve reptiles may not be worth the 

added cost and effort; however, if management options are altered (habitat piles versus 

burning) or provide other benefits to forest management (overstorey tree thinning for 

increased water flow and timber yields), the management options may be warranted and 

reptiles and other fauna diversity may benefit.  

 

As are most models, the models in this study were limited in a number of ways, mainly 

due to the dearth of information available on reptile populations and habitat 

requirements in our study area and therefore, they provide a testable hypotheses on 

species habitat requirements that can be validated with occupancy models. Ideally 

habitat presence would not be used to predict population persistence because the 

presence of habitat does not imply species occupancy (Redford, 1992), and the 

landscape context of habitat will also influence occupancy. However I was restricted by 

the lack of ecological data on even the most commonly detected species in the study 

area. Therefore, I used the information available, trapping data on relative abundances 

in each of the classifications of forest habitat, (noting that additional surveys in post-

2000 restoration are required to better predict the proportion of habitat occupied) to 

inform the model prediction of the area of suitable habitat across the landscape for each 

species. The next step is for studies to continue to assess the predictions and 

management option influences on reptile species occupancy and composition. Although, 
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the current models lack basic meta-population information on species recolonisation 

and extinction rates (because of <1% recapture rates for all species over all surveys), 

they are an improvement on neglecting to consider the landscape-level impact of habitat 

loss on reptiles in production areas, due to a lack of species information on life history 

and behaviours. Species specific information in regards to dispersal or movement 

potential, home range size (if species have one), life span, reproductive age, number of 

young, etc. would allow the generation of species specific models that estimate the 

number of individuals that could inhabit the suitable habitat within a landscape, rather 

than just providing a prediction on the percent of habitat occupied (Fagen, 1988; Boyce, 

1992; Dunning Jr et al., 1995; Fahrig, 2001; Goble, 2006; Mills, 2013). Specifically, 

information on dispersal potential would be valuable to improve the accuracy of 

models; however, radio-tracking is not an option in our study area due to the small size 

of many of the reptiles of interest. Therefore, for the majority of reptiles in our study 

area, monitoring should focus on increasing the number of detections of reptile species 

(see Appendix X for species sampling recommendations). Pitfall traps are the most 

commonly used method for surveying reptiles (Ryan et al., 2002; Garden et al., 2007b) 

but other techniques such as coverboards, remote cameras paired with drift fences 

could, and radio-transmitters (although see the restrictions on size above) could be used 

to obtain the most information possible on specific species (Nowak and Persons, 2010; 

Murphy and Murphy, 2011; Pagnucco et al., 2011). Furthermore, new technologies, 

such as harmonic radar, may assist in determining dispersal potential for species <2 g in 

future studies (Gourret et al., 2011); however, the ability of this technique to be used in 

the Jarrah forest is unknown and its use may be restricted by the dense understorey 

vegetation in some habitats (stream zones, older restoration).  
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Additionally, other disturbances in the region, such as fire, need to be considered if we 

are to improve the accuracy of landscape-level models as it can influence habitat 

suitability and fauna species composition (Whealen, 1995; Santos and Poquet, 2009; 

Nimmo et al., 2012).  However, we do not know how reptiles in the Jarrah forest 

respond after either natural fire or prescribed burns. Elsewhere fire had a limited or 

short-term effect on reptile abundance (Lunney et al., 1991), and preliminary results 

suggest that the impact of prescribed burning on reptile abundance is short-term (Craig 

et al., 2010; Smith, 2011). However, fire may have to have long-term effects on reptile 

species composition (Nimmo et al., 2012), our models are limited in their ability to 

document these changes as our estimates were modelled in 5 year time-steps. At 5 year 

time-steps, succession in restored areas is more likely to influence reptile composition 

than fire, as restoration sites <16 years post restoration are not burnt. Therefore, as 

restoration sites age, and are subject to a managed fire regime, further studies should be 

completed to determine the impacts of fire in restored sites and the landscape. Overall, 

any additional information on species specific traits or other disturbances in the region 

will help to inform models and increase their potential to accurately estimate population 

persistence in the landscape. 

 

Our study suggests that restoration that provides habitat for common species may 

reduce the negative influence of surface mining and subsequent restoration on fauna 

recolonisation and population persistence. Even with restoration that provides habitat 

for common species, fauna and restored patches need to be monitored and evaluated 

over time to verify model predictions. Reptiles within the study area have either 

generalist or specialised habitat requirements, and our results relating to the study 

species may provide guidance for the conservation of other reptiles with similar habitat 

requirements; however this requires further studies and at the present time most reptile 
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habitat requirements are uncertain due to rarity; see Table 4.1). Skinks in eastern 

Australia, within a logged forest, have shown similar responses to habitat succession as 

open and closed species at Huntly (Lunney et al., 1991). For example, Lampropholis 

delicata was only observed in old regrowth post-logging (closed forest), whereas, 

Lampropholis guichenoti was most common just after logging (open forest; Lunney et 

al., 1991). Hence, the habitat suitability models and general habitat requirements 

considered here could apply to other episodic disturbances where the vegetation 

undergoes post-disturbance succession (e.g., logging, fire, etc.) when species 

information on life history traits and behaviour are absent. Additionally, fauna, such as 

birds, ground mammals, reptiles, amphibians and invertebrates may overlap with each 

other in their habitat requirements (McElhinny et al., 2006). Therefore, in regions where 

suitable habitat is reduced by disturbances and data on species’ abundance or occupancy 

is available, it may be possible to extrapolate our general models to develop studies that 

assess the population persistence of other species and faunal groups across the 

landscape. With additional information, monitoring and the support of occupancy 

modelling, the methods used in this chapter may be extended to assess the area of 

suitable habitat pre and post-disturbance to identify potential species at-risk of 

extinction.  

 

4.6 Conclusions 

Fauna are not always able to recolonise restored patches passively and their 

recolonisation depends on the many factors including species’ dispersal potential, the 

spatial arrangement of habitat patches within the landscape, complex combinations of 

habitat requirements, and biotic and abiotic interactions (Majer, 1989c; Parmenter and 

MacMahon, 1992; Miller and Hobbs, 2007; Brudvig, 2011). Therefore to improve 

restoration, so that it provides suitable habitat for the maximum number of species, it is 
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important that we continue to monitor and evaluate restored patches over time and 

continue to collect data to improve habitat suitability models and generate studies to test 

them. The information on restored patches will increase our understanding of meta-

population structure in disturbed landscapes where the matrix contains reference habitat 

to achieve population persistence in restored patches and the landscape. Our initial 

models suggest that mining and restoration (at present rates) may not greatly influence 

the likelihood of the population persistence of common species, but it may influence 

species with specialised habitat requirements, which rarely recolonise restored patches, 

if more area in the landscape is mined. Populations of rare and specialised reptiles rarely 

recolonise restored patches, and require species specific survey efforts potentially using 

new sampling techniques, as their populations may decrease linearly as more land is 

cleared and removed, and management options in restored patches may become 

necessary to maintain fauna populations by improving habitat suitability for these rare 

and specialised species. However, if mining and restoration occurs on <30% of the 

landscape, then the added cost of the management (e.g., overstorey or the addition of 

coarse woody debris (Christie et al., 2012; Christie et al., 2013) may not be warranted 

unless the management has additional benefits to the ecosystem, such as timber 

production and increased water flow (Bullock et al., 2007; Benayas et al., 2009), but 

further studies are required to verify this. Overall, in production landscapes that contain 

many rare species I suggest that a precautionary approach needs to be adopted, even if 

only a minority of the landscape contains reference habitat and models be developed to 

assist with predicting habitat requirements that can be assessed as new monitoring 

techniques are developed and species detections increase over monitoring years. Mine 

restoration should ideally aim to restore the full suite of habitat types and successional 

stages (in the same proportion) that existed pre-mining as this will provide suitable 
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habitat for the greatest number of recolonising species and maximise the probability of 

persistence of all species, particularly those that are rare and specialised.  
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5 Discussion 

 

5.1 Summary of findings 

This study showed that reptiles were able to recolonise restored mine sites as all species 

detected in reference habitat were detected in restored sites. However, most species 

were rare in reference and restored sites. The 5 most abundant skink species (M. 

obscura, A. trilineatus, H. initialis, M. greyii and L. distinguenda) in reference habitat 

made up the majority (>80%) of detections with all other species detected (n=16) 

having detections accounting for <7% of the total detections (Chapter 2). Similarly in 

restored sites the 4 most common skinks (A. trilineatus, M. obscura, H. initialis and M. 

greyii) made up >80% of detections and all other species (n=22) accounting for <5% 

each of the total detections (Chapter 3). Additionally, reptile community composition 

never converged on reference habitat. The lack of convergence may be due to post-

disturbance vegetation succession resulting in the development of habitat filters which 

slow or restrict species recolonisation or population persistence (Craig et al., 2012). 

Unidirectional habitat filters may restrict or slow the return of species which are 

dependent on specialised or mature habitat features (such as tree hollows and fallen 

logs), and these species may not be able to recolonise or persist in restoration sites until 

a century or more has elapsed (Nichols and Grant, 2007; Thompson et al., 2008; Craig 

et al., 2010; Craig et al., 2012).  Species that require these features were more abundant 

in reference sites than restored sites (e.g., E. napoleonis capture rates/1000 trap nights, 

reference habitat = 4.12 and restored sites = 0.15). Additionally, the majority (10 of the 

17) of species detected in both reference and restored sites were significantly more 

abundant in reference habitat than restored sites, with only P. minor being detected 

significantly more often in restored sites. 
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Site and landscape variables in restored sites influence reptile community composition 

and, as the restoration ages, reptiles are likely influenced by changes in vegetation 

structure and the thermal environment (Twigg and Fox, 1991; Cunningham et al., 2007; 

Brown et al., 2008; Brown, 2010; Brown et al., 2011; Craig et al., 2012). In this study 

the partitioned effects of variables on the reptile community composition and individual 

reptile species abundances (A. trilineatus, M. obscura, M. greyii and H. initialis) 

indicated that site variables explained more of the variance in reptile abundance than 

landscape variables. The relative abundances of A. trilineatus, H. initialis and M. greyii 

were all related to site variables that increase as restoration ages, whereas M. obscura 

was more common in young restored sites. Species that become more abundant over 

time (A. trilineatus, H. initialis and M. greyii) may not require any management to 

recolonise or persist in restored areas; however, M. obscura, is subject to dynamic 

filters and is, therefore, of management concern. M. greyii was the only species to be 

influenced by landscape variables, potentially due to their small size and short dispersal 

capability as they were unable to reach restored sites that were farther away from 

reference habitat (Smyth and Smith, 1974). Community composition and all significant 

individual species abundances were influenced by site variables; therefore, focussing 

solely on site variables when restoring forest may be adequate to maintain reptile 

diversity at our study site. However, even in relatively unfragmented landscapes there 

may still be some species that are restricted by their vagility and landscape context (i.e., 

M. greyii relative abundance increased with decreased distance to reference habitat) and 

landscape context likely influences the ability of some species to recolonise restored 

sites. 

 

This study predicted that, at current mining levels, <30% of the area at Huntly has been 

cleared and restored, neither the suitability of restored sites nor the management of the 
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restored sites would decrease the area of suitable habitat by more than ~23% of the area 

of suitable habitat available prior to mining. E. napoleonis was predicted to be the most 

influenced by a reduction in habitat and for that species the post-mining landscape was 

predicted to contain a maximum of 22.5% less suitable habitat than the pre-mining 

landscape, and the addition of logs at 50 logs ha-1 was predicted to increase the 

proportion of suitable habitat by 5%. The other species modelled M. obscura and A. 

trilineatus were predicted to be less impacted by mining (10 and 5% suitable habitat 

reduction, respectively) and restoration management (1-2% increase for M. obscura and 

2-5% decrease for A. trilineatus in the proportion of suitable habitat). This implies that 

if restoration provides habitat for common species, mining and restoring <30% of the 

landscape is unlikely to have significant negative effects on population persistence at 

the landscape level, but additional monitoring and subsequent analyses on potential 

habitat filters are required to verify model predictions. The models also suggest that 

mining and restoring >30% of the landscape is more likely to negatively influence 

population persistence of specialised species, such as E. napoleonis, which rarely, if 

ever, recolonise restored areas. Populations of species which rarely, if ever, recolonise 

restored areas will likely continue to decrease linearly as more land is cleared and 

removed, and management of restored sites may become necessary to maintain their 

populations by increasing the area of suitable habitat. However, if mining and 

restoration does not influence >60% of the landscape, then the added cost of the 

management (overstorey thinning to reduce understorey cover for species which prefer 

open areas (M. obscura; Craig et al., 2012) or the addition of coarse woody debris 

(CWD) for species that are dependent on CWD (E. napoleonis; Christie et al., 2012; 

Christie et al., 2013) may not be warranted unless the management has additional 

benefits in terms of ecosystem services, such as timber production or increased water 

flow (Bullock et al., 2007; Benayas et al., 2009). 
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This study shows that even if many species are able to recolonise restored sites (i.e., if 

all species detected in reference habitat are detected in restored sites), improved 

restoration practices and monitoring techniques may be necessary for community 

composition in restored sites to converge on reference habitat. Habitat loss will decrease 

the proportion of suitable habitat for fauna and in a multiple-use forest, such as the 

Jarrah forest which is used for logging, mining, recreation and water catchment (Dell 

and Havel, 1989; Gardner and Bell, 2007), all uses will affect the proportion of suitable 

habitat present and hence the likelihood of population persistence. Suitable habitat for 

rare species is especially challenging to identify and restore, but restoration aimed at 

restoring habitat for rare species may benefit other fauna populations (Thomas, 2009). 

Therefore, improving habitat suitability for all species through modifying site variables 

and continued site-based management is an important key to restoration success in 

disturbed landscapes to promote fauna recolonisation and population persistence.  

 

5.2 Limitations of the study 

5.2.1 Multiple use forest and lack of data 

This thesis focused on the impacts of mining, as it is the most prominent disturbance in 

the region; however, there are also other disturbances and we do not know how they 

influence reptile populations and whether their influence is independent of mining or 

interacts with it. For example, fire is an important disturbance in the Jarrah forest 

ecosystem and has been shown to influence reptile composition over time in other 

landscapes (Whealen, 1995; Santos and Poquet, 2009; Nimmo et al., 2012). We do not 

know how reptiles respond after natural fire or prescribed burns in our study area, but 

preliminary results in the Jarrah forest suggest that the impact of prescribed burning on 

reptile abundance is relatively short-term (Craig et al., 2010; Smith, 2011), therefore it 
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is unlikely to have a long-term effect on reptile population persistence in the study area 

but further studies, as the restoration ages, are required to verify this.  

Metapopulation models, population viability analysis (PVA), or Bayesian belief 

networks and other models which incorporate additional species specific data such as 

colonisation, extinction, dispersal potential, lifespan, fecundity, home range size and 

other life history traits would be an improvement on the habitat suitability models 

(Boyce, 1992; Fahrig, 2001; Marcot et al., 2001). However, species specific information 

on dispersal, home range, colonisation or extinction rates, fecundity or lifespan is not 

available for the majority of the species detected. As studies increase in the region and 

more information is gained it will greatly increase the ability to accurately predict 

population persistence in the region. The habitat suitability models generated in this 

research are a first step in determining the potential influence of mining and restoration 

on reptiles and they will only be expanded on and improved as additional species 

specific information is obtained through the use of new detection methods and 

continued monitoring.   

 

5.2.2 Detection methods and monitoring 

Even using a multi-year data set we were unable to determine habitat requirements and 

the relative influence of landscape and site variables for most individual species. 

Standard modelling techniques often require more detections than were obtained for the 

majority of our species (occupancy modelling and variance partitioning required > 50 

detections, and binomial regressions >10 detections). Community composition analyses 

provide a starting point for understanding the rare species, but there is an obvious need 

to increase detections of rare and specialised species to understand their habitat 

requirements. Increased survey effort is often required to detect rare species. With the 

increased survey effort in restored habitat in the Jarrah forest, five additional cryptic or 
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rare species were detected in restored sites that were not observed in reference sites 

(Chapter 3). Improved survey methods are clearly required in order to increase detection 

rates for more species.  

 

There is no perfect method for detecting all species and species and individuals often go 

undetected, regardless of the survey method used, even when they are known to occur 

(Bury and Corn, 1987; Spence-Bailey et al., 2010; Murphy and Murphy, 2011; Driscoll 

et al., 2012). Pitfall traps are the most commonly used method for surveying reptiles 

(Ryan et al., 2002; Garden et al., 2007b), but other techniques such as coverboards, 

remote cameras paired with drift fences could, and radio-transmitters could be used to 

obtain the most information possible on specific species (Nowak and Persons, 2010; 

Murphy and Murphy, 2011; Pagnucco et al., 2011). These alternative techniques to 

pitfall traps, may be applicable to provide more detections of target rare species 

(Murphy and Murphy, 2011: see future research for suggestions), and hence provide 

more information through analyses with increased detections on rare species to guide 

the provision of suitable habitat to support the reptile diversity present in the region.  

 

However, even with new detection techniques, continued monitoring of fauna as the 

restoration ages is key to understanding species occupancy and persistence. 

Recolonisation by common, rare and specialised species, and ultimately species 

assembly and occupancy, depends on the landscape context and habitat suitability 

(Miller and Hobbs, 2007) both of which vary as the restoration ages. Therefore, in order 

to facilitate fauna recolonisation and population persistence it is important that we 

understand how species assemble and the associated habitat filters that may restrict their 

occupancy in restored sites (Hobbs and Norton 2004). This can be predicted and 

potentially influenced by removing potential filters (i.e., dense vegetation, competition; 
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invasive species) based on information on habitat, foraging, and breeding requirements 

(Wetzel, 1958; Fox and Fox, 1986; Majer, 1989c; Craig et al., 2012) that can be gained 

through the combination of new detection methods and continued monitoring.  

 

5.3 Management recommendations 

Restored areas did not converge to reference ecosystems, and site variables were 

determined to be more influential than landscape variables on reptile species’ 

abundances. Therefore, management interventions that modify site variables that act as 

habitat filters over time may be needed to promote reptile recolonisation of restored 

areas. This includes overstorey tree thinning, increasing the density of CWD, and 

potentially altering the frequency of burning. Trees in restoration sites established prior 

to 2000 become very dense over time (Grant 2006), and thinning of these areas 

increases the amount of suitable habitat for open forest species (Craig et al., 2010). 

Additionally if the debris from overstorey tree thinning (i.e., trees) is left behind after 

thinning, the abundance of some CWD dependent species (Christinus marmoratus or 

Cryptoblepharus buchananii) may increase in abundance (Craig et al., 2014). However, 

some species such as E. napoleonis require logs >40 cm diameter at breast height 

(DBH) for occupancy (Christie et al., 2012) and will unlikely be influenced by the 

retention of thinning debris. If E. napoleonis is a species of concern to maintain the only 

option may be to focus on returning high log volumes to restored sites or accept that 

restored sites will likely not provide habitat requirements for E. napoleonis and, 

therefore put effort in limiting the area of suitable reference habitat that is removed to 

decrease the impact of habitat loss on this species. 

 

High log volumes are essential for some reptile species, but habitat piles are expensive 

to construct ($800/habitat pile), and the likelihood of increasing the number of habitat 
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piles to a number that has been recommended, 50 logs ha-1, is unlikely. However, 20 

logs ha-1, or 10 logs ha-1 may be feasible, and Alcoa’s current standard is to restore 5 

logs ha-1. Alcoa has recently trialled spreading CWD rather than piling it, and this has 

resulted in greater spatial coverage of restored pits with CWD compared to original 

practices involving the creation of habitat piles from multiple pieces of CWD (V. 

Stokes, pers. comm.). However, CWD dependent species likely require more CWD than 

this, and it is unlikely that all CWD dependent species will recolonise restored areas 

(Christie et al., 2013; Craig et al., 2014). Additionally, the modelled addition of CWD 

to restored sites did not greatly increase the proportion of suitable habitat. Therefore, 

unless CWD is added at an increased rate of 50 logs ha-1 or more it is unlikely to 

facilitate recolonisation of restored sites by E. napoleonis or other CWD dependent 

species that require large amounts of logs ha-1. However, some CWD dependent 

species, such as C. marmoratus or C. buchananii, may benefit from the addition of less 

than 50 logs ha-1 in restored sites (Craig et al., 2014). 

 

At a landscape level the predicted proportion of habitat changed by management in 

restoration sites was relatively small (in the model, the predicted proportion of suitable 

habitat was increased by 1-2% and 1-5% for M. obscura and E. napoleonis, 

respectively). Therefore, the added cost of overstorey thinning and CWD addition may 

be unwarranted if they are unlikely to have much of an influence population persistence 

(although they may have other benefits). This may allow more informed allocation of 

funds and may be useful to government agencies that eventually resume the land. 

Overall, our results suggest that management actions in landscapes with <30% habitat 

loss may do little to increase the proportion of suitable habitat for common species. 

However, in addition to continued monitoring, management should consider the spatial 

arrangement of mine and restoration sites to maintain rare species, as connections with 
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source populations are likely required to increase the ability of rare species to disperse 

into restored areas. 

 

5.4 Future research 

5.4.1 New criteria for fauna restoration 

There is an obvious need to establish methods and monitoring at all mine sites that 

consider fauna restoration, as well as flora, if landscape are to resemble historic 

ecosystems post-mining (Cristescu et al., 2012). The aims of this monitoring should to 

be based on site specific, landscape and historic factors for restoration to be successful 

in terms of species composition based on comparisons with reference habitat species 

composition (Brudvig, 2011). However detailed information on site, landscape and 

historic factors are often not available. This lack of information increases the need for 

developing methods and monitoring plans to assess disturbance impacts on species 

composition particularly in highly disturbed landscapes, such as mine sites. However, in 

Australia only ~20% of mining companies were determined to have specific aims for 

fauna restoration post mining (versus ~70% having aims for flora restoration post 

mining; Brennan et al., 2005).  

 

Additionally, when fauna are evaluated in mine site restoration the presence of fauna 

species in restored areas is typically used to indicate recolonisation (Nichols and Grant, 

2007). However, as knowledge of ecosystem restoration advances so should the criteria 

with which fauna recolonisation is measured. Data on fauna recolonisation and the level 

of information it provides may increase from presence to abundance to recruitment 

(Morrison, 2009). Improving our understanding of fauna recolonisation may be 

important as simply detecting a species in an area does not imply use, and the definition 

of recolonisation needs to include criteria that indicate recruitment (and potentially 
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population persistence) of restored areas by fauna species. Recruitment has been used as 

a measure of restoration success for flora (Monie et al., 2013), but is not often used for 

fauna. However, studies documenting juvenile abundance in species-specific restoration 

projects are a first step in developing new criteria for large-scale restoration projects 

(i.e., post-mining restoration; Croak et al., 2013). Species presence may be documented 

in sink or fragmented non-functional habitat, but successful restoration requires 

population persistence (Smallwood, 2001). A proxy for persistence could be the 

presence of juveniles, which may imply that if breeding is occurring the habitat is likely 

suitable for reptile populations, and hence that the restored areas may not be acting as 

sinks in the landscape. However juveniles may be present in unsuitable habitat and the 

site may be a sink even if juveniles are present if the mortality rate exceeds the 

recruitment rate (Pulliam, 1988); therefore, we need to understand the metapopulation 

structure to understand if populations persist independent of the source population. 

However, recruitment is still much better than presence/absence or abundance data as it 

increases our knowledge on fauna demographics. Additionally, restored sites may act as 

ecological traps and breeding may be a response to an environmental cue and may not 

necessarily represent that the habitat is suitable for species recolonisation or indicate 

population persistence (Schlaepfer et al., 2002). As we know very little about the 

reptiles within the Jarrah forest, the possibilities of misidentifying sinks or ecological 

traps are a possibility. Analysis of re-trapped individuals (between seasons or years) 

may help to determine source-sink dynamics, unfortunately <1% of marked individuals 

were re-trapped during over all the surveys completed at Huntly and analysis of these 

individuals to determine population persistence was not possible. However, recruitment 

while not perfect, it is a much better measure of restoration success than mere presence.  
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To advance restoration criteria in this study area, and gain more information on 

populations in the region it would be beneficial to complete long term fauna monitoring 

in March or April when the majority of reptile young are present versus, or in addition 

to, December and July surveys, which are currently completed by Alcoa every 5 years. 

More reptiles may be detected in December, but the presence of juveniles provides 

additional information on the success of restoration. The possible combination of adults 

and juveniles present, only adults present, only juveniles present, or neither present may 

help to develop a source-sink continuum to better understand the population dynamics 

and promote the recolonisation and population persistence of species based on 

vegetation structure and the presence of juveniles and adults in restored areas. In this 

research, March surveys did not provide enough information to complete statistical 

analysis to identify the influence of landscape or site variables on juvenile presence. 

However, with more surveys (and detections), this would be possible. A change of 

survey time from December and July to March or April might be the first step in 

advancing restoration criteria from an assessment of where species are occurring to one 

that assesses if species are using, and potentially persisting, in the restored areas.  

 

5.4.2 Improved general knowledge on common and rare species 

Due to the small size and cryptic behaviours of reptiles in the northern Jarrah forest and 

in many other places, this research suggests that new detection methods, such as remote 

cameras paired with drift fences, be trialled as an alternative method and radio-

transmitters be used to obtain additional information on species behaviour. Remote 

cameras have been determined to be as effective as pitfall trapping for salamanders 

(Pagnucco et al., 2011), and camera traps may increase the number of species detected, 

by allowing surveys to be completed over a longer period of time with less effort. Small 

reptiles and lack of obvious distinguishing features in some reptiles may be a limiting 
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factor in detection and distinguishing between species in photographs (Pagnucco et al., 

2011). However, these survey techniques provide options to obtain detections of rare 

and specialised species that are more cost effectively than trapping.  

 

Majer (2009) stated the need for standardized survey protocols within and between 

regions so that data may be combined and analysed at a landscape-level to obtain a 

better understanding of species distributions and habitat requirements. Collaborative 

efforts to obtain data on rare species would provide larger data sets over landscapes and 

provide long-term datasets. Rare species distributions and habitat requirements can be 

more accurately defined with an increased number of detections over a large spatial 

scale (see e.g., How and Shine, 1999; Murphy and Murphy, 2011; Kaufman et al., 

2012). One way to increase the number of data points would be to promote fauna 

reporting by citizen scientists including the general public, or workers if in a production 

area. Information on common and rare species presence and location could be obtained 

and with new technology (i.e., smartphones with GPS and cameras) photos could be 

acquired easily for species verification purposes. Datasets on rare species may take a 

long time to acquire, but non-traditional methods may be an effective way to obtain 

additional data to augment models for rare species. Scientists could promote species of 

interest (both common and rare) within their community and be more open to obtaining 

data from all possible sources. 

 

5.4.3 Climate change 

Worldwide climate change is projected to impact biodiversity loss as much or more than 

habitat loss (Sala et al., 2000).  Species may evolve and adapt to changing climate 

pointing to the importance of the maintenance of genetic diversity: therefore more 

research on species genetics in restored habitats, assessing habitat loss, fragmentation, 
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and population bottlenecks is required to prevent species extinctions (Rice and Emery, 

2003). Climate models project that the temperature in south-western Australia will 

increase and the annual rainfall will decrease in the future (Beer and Williams, 1995; 

Walsh et al., 2004). The potential influence of climate change on reptiles is unknown, 

but reptiles are greatly dependent on the thermal environment and are often associated 

with increased temperatures (Heatwole and Taylor, 1987), and increases in temperature 

have the potential to alter their behaviours and survival in reference and restored areas. 

Changes in the vegetation structure (e.g., increased tree and other plant mortality due to 

lack of water) and increased temperatures may influence the number of basking sites, 

the availability of shade to regulate body temperature, vegetation cover for protection 

from predators, and the availability of invertebrates and food sources. Therefore 

additional modelling which includes climate change predictions would be useful, and 

would be greatly improved by increased biological data (e.g., dispersal potential, critical 

temperatures, fecundity, home range size and life span) on reptiles in the region. 

 

5.5 Final conclusions 

Reptiles are important in ecosystems as prey and predators (Dial and Roughgarden, 

1995), but they are often understudied in restoration in comparison to other vertebrates 

(Majer, 2009; Brudvig, 2011). This study used a long-term data set to determine the 

habitat requirements of reptile species about which very little was previously known. 

Most rare reptiles were predicted to have habitat requirements that were similar to 

common species, and this suggests that rare species may benefit from restoration aimed 

at maintaining habitat heterogeneity required for the common species. However, these 

generalizations do not identify specific habitat requirements for rare species, and, with 

few detections, the habitat groupings are tentative and would be improved with 
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additional research on the reptile species in the region using species specific detection 

methods (as suggested in Chapter 4).    

 

Restoring landscapes is a very complex process, and this is especially the case if the aim 

is to return all species and not just functional groups. In general there is little emphasis 

on restoring habitat for rare and specialised species, perhaps due to the difficulty in 

detecting them and hence understanding their habitat requirements, and the potential of 

them being functionally redundant. However rare species may become more important 

in the system as climate change modifies the landscape (Main, 1982; Yachi and Loreau, 

1999) and their persistence may be critical to ecosystem function in the future. 

Therefore, there is a need to conserve and maintain rare and specialised species and 

improve detection methods (potentially harmonic radar or remote cameras) to detect 

rare and specialised species and new criteria developed to assess and promote the 

successful restoration of all, or the most, species.  

  

Restoration on its own, or as a supplement to existing habitat, will not restore all fauna 

and maintain biodiversity (Márquez-Ferrando et al., 2009). Although for common 

species, with general habitat requirements, it likely provides enough suitable habitat for 

their populations to persist. Rare or specialised species may be more important to 

conserve and maintain biodiversity than common species that occur at other locations 

and have widespread distributions. Additionally rare or specialised species, likely, 

derive little to no benefit from restoration if their habitat requirements and behaviours 

are not understood. Ideally all species would be studied prior to planned disturbances, 

but as this is rarely, if ever, possible, the most logical way to facilitate their 

recolonisation and population persistence is through maintaining habitat heterogeneity 

across the landscape and physical connections between restored patches with reference 
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habitat until we can develop methods of detection and data analysis that enable us to 

understand their habitat requirements and species life history characteristics that will 

eventually assist us in identifying habitat filters (Craig et al., 2012) to ultimately 

improve restoration techniques.  

 

Overall, restoration provides an important tool to assist in the maintenance of regional 

biodiversity in production landscapes and thus global biodiversity. However, this 

requires restored sites that facilitate and support the recolonisation of rare species 

recolonisation and their population persistence. Reptiles are a particularly hard group to 

study, but they are important to consider in restoration success because of their 

specialised habitat requirements and importance in the ecosystem as both predators and 

prey. Detecting, and therefore, studying rare species (including reptiles) is challenging 

as they likely require non-traditional methods to increase detection numbers and spatial 

scale, but it’s important to encourage the development of new models and methods to 

analyse their habitat requirements and distributions and to identify potential filters that 

restrict their recolonisation of restored sites. The application of improving methods and 

analysis of rare species to promote species recolonisation and population persistence in 

restored sites is important to maintaining regional and global biodiversity anywhere 

humans are disturbing landscapes, which includes most areas of the world. 
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6 Appendices 
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Appendix I  

Sites were surveyed for reptiles between 2005 and 2012, but not in all years as 

displayed below. The number of grids includes the number of reference and restored 

sites that were surveyed. 

   
Reptile Surveys 

  
1 2 3 4 5 6 7 8 9 

2005 Oct x x               
Dec x x               

2006 

Mar x x        
May x x           
Oct   x x         
Dec   x x         

2007 Mar     x             
May     x             

2009 
Oct     x     
Nov     x     
Dec     x     

2010 

Mar         x         
Oct           x x     
Nov           x x     
Dec           x x     

2011 

Mar      x x   
Oct        x x 
Nov        x x 
Dec        x x 

2012 March               x x 
  # grids 30 16 16 32 24 24 12 10 24 
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Appendix II 

The five most commonly detected reptiles in the Jarrah forest during surveys from 

2005-2012; a) Acritoscincus trilineatus, b) Hemiergis initialis, c) Lerista distinguenda, 

4) Menetia greyii and 5) Morethia obscura. 

 

 

 

 

 

 

 

 

 

 

 

a) b) 

c) e)

_) 

d) 
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Appendix III 

The following tables contain descriptive statistics on common, uncommon and rare reptile 

species detected in the Jarrah forest. Yes indicates the values of sites where the species were 

detected and no indicates the values of sites where the species were not detected. 
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  A.trilineatus H.initialis L.distinguenda 

 Common yes no yes no yes no 

0-1m 

Max 67.70 43.21 67.70 53.40 62.82 67.70 

Min 15.83 4.42 4.42 23.42 15.83 4.42 

Mean 46.70 31.24 44.04 40.28 38.56 50.34 

SE 2.50 2.49 2.77 2.11 2.32 2.77 

1-2m 

       
Max 65.08 25.89 65.08 15.08 35.18 65.08 

Min 0.30 0.67 0.67 0.30 0.30 0.67 

Mean 16.63 9.65 16.15 8.13 13.92 16.99 

SE 2.44 1.69 2.41 1.36 1.80 2.96 

2-5m 

       
Max 44.03 16.25 44.03 15.60 44.03 34.13 

Min 0.08 0.00 0.08 0.00 0.08 0.00 

Mean 14.92 4.29 13.59 6.61 11.74 14.20 

SE 1.83 1.16 1.89 1.24 1.96 1.73 

LL 

       
Max 100.00 99.33 100.00 99.70 99.70 100.00 

Min 68.33 79.42 68.33 73.58 79.42 68.33 

Mean 92.60 93.40 93.08 90.32 93.76 91.44 

SE 1.27 1.14 1.14 1.96 0.91 1.57 

CC 

       
Max 62.75 55.78 62.75 55.77 58.81 62.75 

Min 0.00 28.60 0.00 43.03 0.00 0.00 

Mean 41.34 43.71 40.98 48.28 41.75 41.90 

SE 3.16 1.51 3.03 0.96 2.42 3.51 

OD 

       
Max 18647.83 3472.22 18647.83 2963.14 8065.01 18647.83 

Min 416.72 645.03 416.72 729.74 416.72 1000.00 

Mean 3567.56 1835.62 3416.57 1706.80 2167.13 4626.56 

SE 663.70 192.65 638.16 165.88 321.24 808.62 

CWD 

       
Max 520.93 260.42 520.93 508.28 520.93 413.28 

Min 0.67 4.13 0.67 41.68 0.67 1.64 

Mean 156.14 96.79 139.51 181.16 166.39 114.78 

SE 26.87 16.34 24.04 37.17 28.19 20.55 
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   M.greyii M.obscura 

  Common yes no yes no 

0-1m 

 Max 66.00 67.70 66.00 67.70 

 Min 21.08 4.42 4.42 15.83 

 Mean 43.68 43.44 43.72 41.77 

 SE 2.29 3.62 2.53 6.20 

1-2m 

      
 Max 65.08 32.27 65.08 32.00 

 Min 0.30 0.67 0.30 1.33 

 Mean 16.93 11.00 15.15 16.67 

 SE 2.41 2.10 2.32 3.67 

2-5m 

      
 Max 44.03 34.13 44.03 14.75 

 Min 0.08 0.00 0.00 9.00 

 Mean 12.54 13.43 12.85 11.88 

 SE 1.97 1.62 1.91 0.69 

LL 

      
 Max 100.00 99.75 100.00 94.75 

 Min 73.58 68.33 68.33 93.70 

 Mean 93.63 90.60 92.67 94.23 

 SE 1.14 1.44 1.27 0.13 

CC 

      
 Max 62.75 61.95 62.75 46.04 

 Min 0.00 0.00 0.00 42.10 

 Mean 43.64 37.24 41.68 44.07 

 SE 2.39 3.92 2.98 0.47 

OD 

      
 Max 18647.83 6218.82 18647.83 4050.81 

 Min 416.72 1000.00 416.72 2359.10 

 Mean 3397.19 2781.12 3222.15 3204.96 

 SE 705.32 253.64 626.38 202.20 

CWD 

      
 Max 520.93 413.28 520.93 388.97 

 Min 4.13 0.67 0.67 153.73 

 Mean 147.81 135.41 136.57 271.35 

 SE 25.38 26.19 24.93 28.12 
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  E.napoleonis C.marmoratus C.buchananii 

Uncommon yes no yes no yes no 

0-1m 

Max 67.70 52.87 67.70 66.00 56.00 67.70 

Min 4.42 15.83 4.42 15.83 4.42 15.83 

Mean 48.64 33.96 31.70 47.14 36.20 46.57 

SE 2.65 1.94 3.34 2.18 2.68 2.56 

1-2m 

       
Max 65.08 26.50 32.00 65.08 35.18 65.08 

Min 0.30 0.92 0.67 0.30 0.67 0.30 

Mean 15.75 14.24 15.26 15.22 16.20 14.85 

SE 2.65 1.69 2.04 2.46 2.00 2.49 

2-5m 

       
Max 44.03 17.34 16.25 44.03 44.03 33.00 

Min 0.00 0.08 0.08 0.00 0.00 0.33 

Mean 16.16 6.33 7.14 14.47 11.18 13.44 

SE 1.92 1.14 1.06 1.96 2.71 1.44 

LL 

       
Max 100.00 99.25 99.33 100.00 99.25 100.00 

Min 68.33 79.42 88.67 68.33 86.80 68.33 

Mean 92.72 92.84 95.46 91.96 93.80 92.35 

SE 1.37 0.98 0.62 1.34 0.62 1.41 

CC 

       
Max 62.75 56.59 51.57 62.75 56.59 62.75 

Min 0.00 0.00 0.00 0.00 0.00 0.00 

Mean 44.44 36.79 38.54 42.78 43.34 41.20 

SE 2.70 3.17 2.72 2.97 2.73 3.00 

OD 

       
Max 18647.83 3391.67 4050.81 18647.83 6218.82 18647.83 

Min 491.86 416.72 416.72 491.86 416.72 491.86 

Mean 4216.95 1312.59 2120.05 3547.43 2308.02 3586.43 

SE 688.59 154.94 237.97 674.83 345.49 682.77 

CWD 

       
Max 413.28 520.93 520.93 508.28 520.93 508.28 

Min 1.64 0.67 7.87 0.67 2.15 0.67 

Mean 121.21 188.47 187.10 131.58 135.68 147.70 

SE 18.56 34.46 28.70 24.30 28.96 24.22 
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  C.labillardieri D.lateroides 

Uncommon yes no yes no 

0-1m 

Max 67.70 63.07 60.58 67.70 

Min 4.42 23.17 23.42 4.42 

Mean 42.24 44.52 41.92 44.28 

SE 3.33 2.22 2.07 2.92 

1-2m 

     
Max 65.08 35.18 35.18 65.08 

Min 0.30 0.92 1.08 0.30 

Mean 16.66 14.28 19.00 13.73 

SE 3.09 1.74 1.66 2.54 

2-5m 

     
Max 34.13 44.03 44.03 34.13 

Min 0.55 0.00 0.08 0.00 

Mean 14.72 11.51 9.66 14.05 

SE 1.71 1.95 2.35 1.62 

LL 

     
Max 100.00 99.33 99.75 100.00 

Min 79.42 68.33 79.42 68.33 

Mean 94.50 91.61 92.72 92.78 

SE 0.96 1.37 1.03 1.32 

CC 

     
Max 61.95 62.75 61.95 62.75 

Min 0.00 0.00 28.60 0.00 

Mean 46.75 38.53 45.90 40.18 

SE 2.68 2.95 1.55 3.26 

OD 

     
Max 8065.01 18647.83 8065.01 18647.83 

Min 729.74 416.72 416.72 920.88 

Mean 3147.37 3270.37 2000.28 3709.53 

SE 353.39 740.57 433.00 655.50 

CWD 

     
Max 508.28 520.93 520.93 388.97 

Min 7.87 0.67 4.13 0.67 

Mean 165.24 130.29 207.35 119.04 

SE 27.63 23.92 36.10 18.65 
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  A.pulchella P.nigriceps P.minor 

 Rare   yes no yes no yes no 

0-1m 

Max 63.07 67.70 53.40 67.70 66.00 67.70 

Min 21.08 4.42 26.67 4.42 45.71 4.42 

Mean 43.87 43.56 40.03 43.83 55.86 42.87 

SE 2.74 2.72 3.20 2.70 2.42 2.68 

1-2m 

       
Max 26.50 65.08 12.50 65.08 65.08 35.18 

Min 0.30 0.67 0.30 0.67 32.27 0.30 

Mean 10.09 16.30 6.40 15.77 48.67 13.21 

SE 1.84 2.42 1.46 2.37 3.92 1.79 

2-5m 

       
Max 15.60 44.03 15.60 44.03 34.13 44.03 

Min 0.58 0.00 0.08 0.00 8.42 0.00 

Mean 5.78 14.24 7.84 13.09 21.27 12.28 

SE 1.17 1.89 1.85 1.87 3.07 1.79 

LL 

       
Max 99.70 100.00 99.70 100.00 100.00 99.83 

Min 68.33 73.58 93.75 68.33 91.50 68.33 

Mean 91.19 93.09 96.73 92.52 95.75 92.58 

SE 2.05 1.03 0.71 1.25 1.02 1.25 

CC 

       
Max 55.77 62.75 55.77 62.75 56.04 62.75 

Min 0.00 0.00 40.84 0.00 50.82 0.00 

Mean 34.40 43.35 48.30 41.42 53.43 41.11 

SE 3.63 2.72 1.78 2.95 0.62 2.93 

OD 

       
Max 2963.14 18647.83 2963.14 18647.83 6218.82 18647.83 

Min 416.72 451.96 451.96 416.72 2985.31 416.72 

Mean 1448.77 3587.87 1707.55 3312.90 4602.07 3137.48 

SE 197.99 647.80 300.14 621.67 386.48 620.76 

CWD 

       
Max 520.93 508.28 345.62 520.93 42.87 520.93 

Min 1.64 0.67 109.69 0.67 25.28 0.67 

Mean 134.73 146.24 227.66 139.22 34.07 150.95 

SE 32.96 24.06 28.20 25.28 2.10 25.57 
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  R.australis T.rugosa V.rosenbergi 

 Rare   yes no yes no yes no 

0-1m 

Max 63.07 67.70 60.58 67.70 51.90 67.70 

Min 41.52 4.42 26.67 4.42 43.25 4.42 

Mean 52.29 43.08 43.49 43.62 47.31 43.26 

SE 2.58 2.70 2.87 2.71 0.74 2.79 

1-2m 

       
Max 25.89 65.08 18.09 65.08 24.87 65.08 

Min 3.33 0.30 1.08 0.30 2.08 0.30 

Mean 14.61 15.27 10.56 15.67 9.79 15.74 

SE 2.70 2.36 1.47 2.41 2.21 2.36 

2-5m 

       
Max 13.67 44.03 12.33 44.03 15.50 44.03 

Min 0.55 0.00 0.08 0.00 1.25 0.00 

Mean 7.11 13.14 4.18 13.60 7.78 13.26 

SE 1.57 1.87 1.19 1.86 1.22 1.90 

LL 

       
Max 79.42 100.00 99.75 100.00 85.00 100.00 

Min 68.33 73.58 93.42 68.33 73.58 68.33 

Mean 73.88 93.91 95.64 92.49 81.16 93.85 

SE 1.32 0.94 0.60 1.27 1.11 1.09 

CC 

       
Max 28.60 62.75 61.95 62.75 43.03 62.75 

Min 16.27 0.00 40.84 0.00 12.02 0.00 

Mean 22.43 42.99 52.86 40.78 31.61 42.77 

SE 1.47 2.85 1.83 2.93 2.88 2.88 

OD 

       
Max 2900.00 18647.83 2578.57 18647.83 1190.93 18647.83 

Min 763.93 416.72 451.96 416.72 922.98 416.72 

Mean 1831.97 3305.36 1225.19 3408.29 1094.28 3420.56 

SE 255.31 622.84 198.79 625.88 25.14 626.58 

CWD 

       
Max 13.25 520.93 413.28 520.93 352.69 520.93 

Min 1.64 0.67 4.13 0.67 41.68 0.67 

Mean 7.44 152.56 254.34 133.95 155.49 143.22 

SE 1.39 25.33 37.07 23.95 28.98 25.38 
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Appendix IV 

Detection probability and occupancy estimates for the common reptile species detected 

in the Jarrah forest.  
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Appendix V 

Top models for binomial logistic regressions of uncommon species and their AICc 

scores, ΔAICc, model weight and liklihood ratio test p-value (LR test). Note for D. 

lateroides, only models with ΔAICc < 1 are listed as there was not clear top model and 

the majority were ΔAICc ≤ 2. 
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  AICc ΔAICc Weight LR test 
E. napoleonis         

OD+0-1m 33.95 0 0.53 <0.01 
OD 35.39 1.44 0.26 <0.01 

OD+0-1m+1-2m 35.76 1.82 0.21 <0.01 

C. labillardieri        
null 49.23 0.00 0.26 N/A 
CC 49.30 0.07 0.25 0.14 
LL 49.99 0.76 0.18 0.22 

2-5m 50.75 1.52 0.12 0.39 
CWD 51.02 1.79 0.11 0.49 

1-2m 51.23 2.00 0.09 0.61 

D. lateroides        
OD 43.75 0.00 0.09 0.11 

CWD 43.82 0.07 0.09 0.12 
CC+OD 44.00 0.25 0.08 0.10 

null 44.00 0.25 0.08 N/A 
CWD+OD+1-2m 44.01 0.26 0.08 0.07 

CWD+1-2m 44.16 0.41 0.08 0.11 
CWD+OD 44.16 0.41 0.08 0.11 
OD+1-2m 44.45 0.70 0.07 0.12 

C. marmoratus        
0-1m 35.90 0.00 0.22 0.01 

0-1m+1-2m 36.48 0.58 0.17 0.02 

0-1m+2-5m 36.68 0.78 0.15 0.02 
0-1m+CC 37.56 1.66 0.10 0.03 

LL+0-1m+2-5m 37.69 1.79 0.09 0.03 
LL+0-1m 37.72 1.82 0.09 0.04 

0-1m+1-2m+CC 37.78 1.88 0.09 0.03 
0-1m+1-2m+2-5m 37.79 1.89 0.09 0.03 
C. buchananii        

0-1m 43.11 0.00 0.30 0.08 
null 44.00 0.89 0.19 N/A 

0-1m+1-2m 44.26 1.15 0.17 0.11 
CWD+0-1m 44.80 1.69 0.13 0.20 

OD 45.06 1.95 0.11 0.28 

OD+0-1m 45.10 1.99 0.11 0.17 
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Appendix VI 

Temperature and rainfall averages for the surveys and long term trends. 

 

Table VI.I 

The average rainfall (mm) during each survey year, the mean over all survey years (Mean Survey) and the long term mean (1934-2014; Mean All). 

 

 

 

 

 

 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
2004 0.10 4.10 1.30 26.80 183.80 285.20 191.40 287.80 44.20 76.80 51.40 10.20 1163.10
2005 0.00 4.80 29.40 44.20 275.40 224.80 - 150.90 166.20 139.80 31.60 26.80 1093.90
2006 - 2.60 6.80 42.00 52.60 51.60 160.90 263.20 75.90 53.40 39.10 2.60 750.70
2007 26.70 8.50 34.00 113.10 139.40 114.10 274.00 218.30 168.10 102.90 8.10 27.40 1234.60
2008 0.00 7.00 2.20 157.50 132.00 234.70 262.00 29.20 141.30 72.30 81.40 14.60 1134.20
2009 0.90 25.60 8.20 1.20 70.70 289.00 179.60 216.80 238.10 20.70 68.70 1.20 1120.70
2010 0.90 1.70 31.20 62.60 65.40 98.70 176.80 61.60 36.90 32.90 12.20 8.20 589.10
2011 60.20 0.00 0.00 48.80 82.40 234.10 185.40 193.40 136.90 37.40 125.00 109.60 1213.20
2012 3.20 8.60 0.20 85.70 111.50 214.20 50.40 186.80 232.00 56.00 115.70 49.60 1113.90

Mean Survey 11.50 6.99 12.59 64.66 123.69 194.04 185.06 178.67 137.73 65.80 59.24 27.80 1045.93
Mean All 15.50 20.60 26.10 66.10 158.60 240.20 236.80 192.70 132.30 79.60 47.10 20.60 1242.20
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Table VI.I 

The average temperature (°C) during each survey year, the mean over all survey years (Mean Survey) and the long term mean (1934-2014; Mean All). 

 

 

 

 

 

 

 

 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
2004 31.0 31.7 27.9 24.2 18.7 16.9 15.3 15.0 18.0 20.4 23.4 29.3 22.6
2005 30.6 29.8 29.1 22.3 20.5 15.4 16.0 15.6 16.5 18.2 23.2 22.5 21.6
2006 27.9 30.4 28.7 21.0 19.8 17.6 16.2 17.5 18.2 22.0 26.1 29.7 22.9
2007 28.7 29.9 28.2 23.0 17.9 16.9 16.4 16.5 17.2 20.5 27.2 26.3 22.4
2008 31.8 31.0 27.7 21.5 19.5 16.9 15.1 17.0 17.6 21.4 21.6 26.7 22.3
2009 31.8 30.0 26.9 25.9 21.4 15.9 15.0 16.0 15.5 21.8 24.5 30.2 22.9
2010 32.8 31.9 28.9 22.8 19.5 16.6 15.5 16.7 19.6 22.5 27.9 28.9 23.6
2011 31.3 32.8 30.6 24.9 20.7 16.8 15.9 17.4 17.8 22.1 23.6 28.5 23.5
2012 31.8 29.8 29.4 23.2 19.9 16.7 16.6 17.1 18.3 22.2 23.4 29.3 23.1

Mean Survey 30.9 30.8 28.6 23.2 19.8 16.6 15.8 16.5 17.6 21.2 24.5 27.9 22.8
Mean All 29.6 29.6 27.0 22.5 18.5 16.0 15.0 15.7 17.2 20.0 23.6 27.3 21.8
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Appendix VII 

 

To correct for detection probability the November 2010 surveys were removed from 

analysis in Chapter 3 and 4. There was a significant difference in reptile abundance due 

to temperature with the inclusion of November 2010 data, this trapping session was 

unusually hot and reptiles were likely more active than in other years, which artificially 

inflated their abundance (Table III.1). Therefore, we removed November 2010 surveys 

to minimise the influence of detection probability. 

 

Table VII.1. 

 ANOVA results for all November surveys (All surveys) and without November 2010 

(Nov 2010 removed). 

November   DF Sum Sq Mean Sq F-value P-value 
All 

surveys 
Temperature 1 0.073 0.073 28.220 0.000* 
Residuals 47 0.121 0.003     

Nov 2010 
removed 

Temperature 1 0.002 0.002 0.867 0.357 
Residuals 39 0.074 0.002     

 

 

 

 

 

 

 

 

 

 

 

 



147 
 

Appendix VIII 

The following tables contain descriptive statistics site variables where reptile species 

were and were not detected in restored Jarrah forest. A “Yes” indicates the values of 

sites where the species were detected and “no” indicates the values of sites where the 

species were not detected. The habitat variables measured include strata 0-1, 1-2 and 2-

5m; percent cover of leaf litter (LL); percent of bare ground (BG); percent canopy cover 

(CC); understorey density (UD; stems ha-1); overstorey density (OD; stems ha-1); 

canopy height (CH; m) coarse woody debris (CWD; m3 ha-1) 
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yes no yes no yes no yes no

Mean 54.19 41.91 49.43 42.31 41.70 42.72 62.11 42.05

Max 78.13 90.42 82.50 90.42 53.92 90.42 69.07 90.42

Min 30.25 1.60 21.40 1.60 31.30 1.60 56.53 1.60

SE 1.85 1.97 2.48 1.96 0.95 2.01 0.65 1.98

Mean 35.30 25.36 23.86 26.10 25.97 25.98 41.49 25.48

Max 54.00 67.00 46.33 67.00 45.00 67.00 67.00 58.60

Min 10.08 0.00 9.90 0.00 9.67 0.00 18.33 0.00

SE 1.56 1.67 1.63 1.68 1.73 1.68 2.49 1.63

Mean 30.59 13.61 15.05 14.65 1.22 15.26 32.89 14.08

Max 50.93 70.33 29.58 70.33 3.33 70.33 42.33 70.33

Min 13.58 0.00 0.00 0.00 0.00 0.00 18.67 0.00

SE 1.43 1.61 1.08 1.67 0.15 1.65 1.28 1.62

Mean 25.94 42.51 55.04 40.73 67.37 40.35 8.78 42.53

Max 64.58 98.30 96.80 98.30 90.40 98.30 24.00 98.30

Min 0.00 0.00 13.67 0.00 45.00 0.00 0.00 0.00

SE 2.69 3.76 3.32 3.74 2.16 3.73 1.35 3.72

Mean 68.52 55.73 40.13 57.43 29.96 57.68 87.56 55.53

Max 100.00 100.00 85.42 100.00 50.92 100.00 100.00 100.00

Min 33.67 1.30 1.40 1.30 9.60 1.30 65.53 1.30

SE 2.88 3.82 3.44 3.78 2.06 3.79 1.95 3.78

Mean 28.99 22.02 8.82 23.21 0.00 23.43 43.97 21.76

Max 68.46 67.44 42.92 68.46 0.00 68.46 68.46 67.44

Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

SE 2.82 2.58 1.95 2.60 0.00 2.60 3.89 2.53

Mean 11131.55 8252.43 2338.85 8767.18 9246.93 8396.96 9200.00 8407.61

Max 27200.00 42205.51 5216.81 42205.51 19801.49 42205.51 16000.00 42205.51

Min 272.23 236.52 236.52 301.25 548.76 236.52 2000.00 236.52

SE 1059.19 748.09 256.64 771.72 827.66 769.04 715.31 772.21

Mean 11569.84 8313.67 29054.58 7388.76 7222.19 8573.49 2633.33 8706.99

Max 48584.12 95808.38 95808.38 91153.98 28504.97 95808.38 3400.00 95808.38

Min 2100.00 0.00 31.52 0.00 33.48 0.00 2100.00 0.00

SE 1861.32 1711.56 4166.83 1437.74 1448.13 1729.83 69.47 1736.87

Mean 12.78 9.21 13.25 9.22 8.57 9.47 10.12 9.41

Max 25.46 26.70 25.46 26.70 23.18 26.70 13.48 26.70

Min 6.86 0.00 2.40 0.00 3.12 0.00 6.76 0.00

SE 0.67 0.62 1.03 0.60 1.00 0.62 0.34 0.64

Mean 10.29 28.34 45.58 26.20 55.29 25.99 0.00 28.09

Max 59.92 504.69 143.48 504.69 202.51 504.69 0.01 504.69

Min 0.00 0.00 2.12 0.00 0.00 0.00 0.00 0.00

SE 2.48 8.20 6.08 8.08 10.06 7.91 0.00 8.08

T. rugosa C. plagiocephalus C. marmoratus C. labillardieri

CH
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yes no yes no yes no yes no

Mean 52.42 42.26 52.73 42.24 68.16 41.86 57.24 42.37

Max 90.42 82.50 71.42 90.42 72.07 90.42 60.73 90.42

Min 18.80 1.60 39.33 1.60 63.33 1.60 53.75 1.60

SE 3.04 1.93 1.64 1.99 0.45 1.95 0.50 1.99

Mean 27.60 25.91 28.59 25.87 40.20 25.52 50.58 25.46

Max 47.92 67.00 67.00 58.60 47.00 67.00 67.00 58.60

Min 11.30 0.00 4.83 0.00 34.47 0.00 34.17 0.00

SE 1.66 1.68 2.82 1.63 0.65 1.67 2.37 1.63

Mean 19.06 14.48 23.29 14.30 35.89 13.99 27.63 14.40

Max 36.00 70.33 42.33 70.33 38.33 70.33 42.33 70.33

Min 0.00 0.00 5.00 0.00 31.67 0.00 12.92 0.00

SE 1.51 1.65 1.64 1.64 0.37 1.62 2.12 1.63

Mean 33.50 41.82 24.01 42.24 39.67 41.54 45.92 41.38

Max 98.10 98.30 39.58 98.30 70.33 98.30 67.83 98.30

Min 0.42 0.00 8.13 0.00 0.00 0.00 24.00 0.00

SE 4.65 3.69 1.31 3.77 3.68 3.73 3.16 3.74

Mean 65.92 56.12 70.70 55.91 58.78 56.45 41.64 56.84

Max 99.42 100.00 86.13 100.00 100.00 100.00 65.53 100.00

Min 1.30 1.40 58.42 1.30 26.00 1.30 17.75 1.30

SE 4.67 3.75 1.21 3.83 3.85 3.79 3.45 3.79

Mean 34.88 21.92 16.22 22.73 22.82 22.45 0.00 22.94

Max 67.44 68.46 44.18 68.46 68.46 67.44 0.00 68.46

Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

SE 3.62 2.54 2.15 2.61 4.03 2.56 0.00 2.59

Mean 2896.06 8673.08 9648.47 8379.50 11066.67 8347.39 7259.46 8457.33

Max 4960.24 42205.51 27200.00 42205.51 16000.00 42205.51 9600.00 42205.51

Min 997.59 236.52 790.85 236.52 8000.00 236.52 4918.92 236.52

SE 178.74 773.71 1265.54 748.88 440.33 775.24 337.83 774.32

Mean 6974.28 8584.27 15994.06 8192.10 2100.00 8724.19 2223.91 8651.08

Max 15007.47 95808.38 37738.99 95808.38 2300.00 95808.38 2400.00 95808.38

Min 133.36 0.00 2400.00 0.00 1900.00 0.00 2047.82 0.00

SE 671.29 1745.35 1690.13 1715.04 20.41 1736.23 25.42 1728.38

Mean 9.62 9.42 11.17 9.35 6.86 9.51 6.15 9.50

Max 13.48 26.70 15.64 26.70 10.12 26.70 6.76 26.70

Min 3.16 0.00 6.76 0.00 4.94 0.00 5.53 0.00

SE 0.48 0.64 0.37 0.64 0.29 0.64 0.09 0.63

Mean 0.12 28.39 6.03 28.13 0.00 28.09 71.74 26.26

Max 0.46 504.69 23.73 504.69 0.00 504.69 143.48 504.69

Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

SE 0.02 8.12 1.20 8.13 0.00 8.08 10.35 7.96

UD

OD
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Appendix IX 
 

The Huntly mine region contains 6 smaller sections, which have been mined 

progressively towards the northeast (Table IV.1 and Fig. IV.1). Therefore, the restored 

areas within the Huntly region are of varying ages with the completed mining and 

restoration being in the south-west and the current and future mining and restoration in 

the north-east. 

 

Table IX.1.  

Description of Alcoa’s mining areas in south-western Australia near Dwellingup as of 

2012, calculated by dividing the amount of area currently mined by Alcoa by the total 

area of each mining location, and Huntly for the total. 

Location Mine Status 
Total Area 

(ha) 
% Mined 

and restored % Reference 
Myara Current/Future 17490 8.09 91.91 
O'Neil Current 6800 16.79 83.21 
McCoy Current 15730 25.47 74.53 
Huntly1&2 Complete 4565 40.90 59.10 
White Complete 11490 32.24 67.76 
DelPark Complete 4328 29.09 70.91 
Total  60403 19.56 81.46 
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Figure IX.1.  

Six smaller mining areas are located within the Huntly mine site in south-western 

Australia. 
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Appendix X.  
 

Recommendations on species specific methods to increase the number of detections, 

and our overall understanding of reptile species in the Jarrah forest through model 

development and verification. The different trap types are represented by pitfall traps 

(pitfall), coverboards (cb), radio-transmitters (rt), harmonic radar (hr), and remote 

cameras (rc) and the species specific recommendations are based on species size 

(average weight and length) and potential habitat preferences (Table 4.1). Additionally, 

the table contains a ranking of species based on the amount of information known about 

them. Species are ranked from 1-5, with a 5 indicating that habitat requirements in 

reference and restored habitat have been predicted and are supported by studies in the 

Jarrah forest, a 3 indicates a species where habitat preferences have been predicted and 

supported by studies in restored or references sites in the Jarrah forest, and a 1 indicates 

a species where little to no data is available to support potential habitat linkages in the 

Jarrah forest in either reference or restored habitat.  

Species pitfall cb rt hr rc rank 
Acritoscincus trilineatus (Gray, 1838) X   X  5 

Christinus marmoratus (Gray, 1845)  X    1 

Cryptoblepharus buchananii Gray, 1838  X    1 

Ctenotus labillardieri (Duméril and Bibron, 1839)  X    1 

Diplodactylus lateroides Doughty & Oliver, 2013  X    1 

Egernia napoleonis (Gray, 1838)   X  X 3 

Hemiergis initialis Werner, 1910 X X    3 

Lerista distinguenda (Werner, 1910) X X    3 

Menetia greyii Gray, 1845 X X    3 

Morethia obscura Storr, 1972 X X  X  5 
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