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        Abstract 

The paradigm of prescribed burning with ecological goals, known as ecological burning, has become common 

practice in fire-prone regions worldwide. This includes using prescribed fire to create heterogeneous environments 

to aid in the conservation of vegetation communities in flammable ecosystems. The intensity of these fires is 

important as it dictates the immediate and interactive effects of fuel consumption and soil heating, both of which can 

trigger change in vegetation composition and influence the post-fire successional pathway of the vegetation 

community. Overarching environmental factors interact with ecological burning practices and influence vegetation 

response post-fire. This thesis aimed to disentangle and understanding interactions and relationships between 

understory shrub and herbaceous species diversity, climatic and environmental variability, and fire-disturbance in a 

fire-prone heathy-woodland vegetation community. It studies the theories of plant diversity pattern and succession 

currently incorporated into ecological burning practices in southeast Australia and examines how current practices 

are influencing a fire-prone vegetation community.  

Chapter 2 tested successional theory in the soil seedbank of heathy-woodland and explored its relevance to the 

currently used growth stage management paradigm across a climatic gradient. No consistent post-fire pattern was 

found and the classic model of succession was not evident in the soil seedbank. Environmental and spatial 

variability across the region was found to influence variation in soil seedbank composition more than time since fire.  

Chapter 3 investigated factors that influenced heathy-woodland understory plant diversity at different scales to test 

the theory that climatic factors influence diversity at larger scales and fire history at smaller scales. It also tested 

Dynamic Equilibrium Model (DEM) predictions that ecosystem productivity interacts with disturbance at small 

scales to govern species competition. Aboveground diversity followed expected patterns as predicted by the DEM, 

whilst belowground diversity did not at some scales. The sensitivity of above- and belowground diversity to fire 

history increased in regions of higher productivity, which suggests that the patterns of plant diversity in the region 

align with the DEM theory of scale dependent plant diversity influences.    

How plant communities respond to prescribed fire is a function of fire intensity, which influences fuel consumption, 

soil heating, and the recruitment of species through seed germination post-fire. To understand how prescribed 

burning practices influence these processes chapter 4 combined an experimental approach with observational studies 

of soil heating following fire to understand the link between fire, soil heating and seed germination cues. Soil 

temperatures during prescribed fires predominately failed to reach temperatures found to trigger germination of 

species with physical dormancy. Experimental heating of soil cores collected from the field found that moisture 

content likely governs heat transfer in soil cores, which suggests that current burning practices in the spring and 

autumn when soil moisture is higher will not maximise recruitment of species requiring heat to break their physical 

dormancy. This may have positive and negative effects as it may conserve seeds in the seedbank for future 

recruitment events; for example, following an unexpected wildfire soon after prescribed burning, but it may also 

drive changes in aboveground composition by favouring species without physical dormancy. 
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A key question of this thesis and a key knowledge gap for forest managers is determining what the optimal growth 

stage distribution required to conserve current heathy-woodland biodiversity is and what the appropriate prescribed 

burning regime likely to achieve this distribution is. Chapter 5 estimated the optimal growth stage distribution for this 

ecosystem by modelling the geometric mean of the relative abundance for above- and belowground species diversity 

data. It then utilised the LANDIS-II landscape simulation model to conduct a scenario analysis of varying prescribed 

burning regimes to determine the best option for achieving the optimal growth stage distribution.  The outcomes of 

this analysis found that burning 5% of the heathland per year should maximise the geometric mean abundance of 

heathy woodland species over time.  

 

The outcomes of this research suggest that the heathy-woodland vegetation community in southeast Australia is 

resilient to current prescribed burning practices. The present management paradigm does not appear to be having a 

negative influence on current understory diversity. This research does however highlight the importance of 

incorporating regional climatic and environmental variation into ecological burning paradigms as the current 

homogenous application of prescribed burning across the heathy-woodland system studied does not incorporate the 

role these drivers have at broader spatial scales.    
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depths with respect to the next. Point labels represent average temperatures across all depths for each 
soil core, i.e. 274.9 = average of the maximum temperature at 1, 2, 3, and 4 cm depths for that core. Red-

labelled points (e.g. X1cm) represent the centroid points for maximum temperatures at each depth across 

all cores............................................................................................................................................. 102 

Figure 4-7: Maximum soil temperatures measured at the surface and 1, 2, 3, and 4cm beneath the soil 

surface of intact soil cores during experimental heating (n = 128). Size of points relates to organic matter 

content (<2mm, %). A gradient of pre-burn soil moisture contents, from air dry to field capacity, was 

compared in each soil texture. Each negatively linear relationship was significant. ............................ 103 

Figure 4-8: Maximum soil temperatures measured at 1, 2, 3, and 4cm beneath the soil surface during 

experimental heating of two intact soil cores with the same texture but different moisture contents. Black 

lines represent low core moisture (6.1 %) and grey lines high core moisture (24.9 %). Difference of 
temperature at each depth in low versus high moisture core is significant (P ≤ 0.001 for all). ............. 104 

Figure 4-9: Maximum temperature distributions in the three core moisture blocks: low =  0 - 10 %; mid 

= 10-20 %; and high = >20 %. Low moisture: n = 50, mean and s.d. = 6 ± 2.5 %. Mid moisture: n = 53, 

mean and s.d. = 15.2 ± 2.9 %. High moisture: n = 30, mean and s.d. = 24 ± 3.4 %. Each graph represents 
a depth of measurement: 1, 2, 3, and 4 cm. Post-hoc analysis indicated consistent differences between 

Low and High moisture contents (indicated as P and F values on graphs). Soil texture did not 

significantly affect maximum temperature at any depth. .................................................................... 105 

Figure 5-1: Study area in the Otways Ranges. (a) Anglesea region heathy-woodland distribution. (b) Fire 

history and sites (black dots) within the Anglesea region. (c) Layout of six quadrats (3 x 3m) per site 

running from ridge to gully (black dashed line indicates transect, undashed line with “Creek” indicates 
creek). Aboveground species census and thirteen soil seedbank cores collected within each quadrat. . 122 

Figure 5-2: LANDIS-II parametrisation methods. (a) Heathy-woodland distribution around Anglesea. 

(b) Initial community/ecoregions raster based on aspect, topographic position, and TSF. (c) Example 

grid layout of landscape used to populate initial communities. Gird numbers correspond with species 
populated and age cohorts (left). (d) Fire management zones (e.g. bushfire management zone had 

increased prescribed fire). (e) Once parametrised, LANDIS-II simulates succession within landscape 

grids whilst introducing disturbance such as fire. ............................................................................... 128 
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1 - Introduction 
Prescribed burning is the purposeful application of fire into the landscape and is a commonly applied land 

management tool (Turner et al. 1994). Prescribed burning is primarily used for broad-scale wildfire management 

and human asset protection through reducing fuel loads (Moritz et al. 2014). This burning is also increasingly used 

for achieving ecological outcomes such as conserving and protecting biodiversity; which is known as ecological 

burning (Penman et al. 2011). Debate around how successful and how useful ecological burning is at reducing the 

risk of biodiversity loss in flammable ecosystems is increasing. Penman et al. (2011) suggest that inadequate 

empirical data of ecological burning paradigms worldwide make it challenging to assess the effectiveness of their 

practice through landscape-scale modelling methods. They suggest that empirical examination of current 

ecological burning paradigms across landscapes is necessary to fill this data and knowledge gap. This lack of data 

can be partly attributed to the fact that ecological burning paradigms worldwide are being developed as adaptive 

management models (Gill 2008; Cheal 2010; van Wilgen et al. 2011; Burrows and McCaw 2013). Land 

management agencies are ‘learning by doing’ through developing guidelines based on limited data, determining 

management objectives, undertaking these management practices, and learning from the results (van Wilgen et al. 

2011).   

  

Prescribed burning practices can alter the natural fire regime and impact landscape diversity (Romme 1982). Two 

considerable differences between wildfires and prescribed fires are their intensity and their spatial and temporal 

extent. Prescribed fires are much smaller and generally less intense fire events, which will interact differently with 

plant diversity. Reinhardt et al. (2008) argue that low-intensity prescribed burning could result in a reduction in 

diversity in some ecosystems, as high-intensity fire is needed to maintain populations of certain species and 

communities. Conversely, it is also considered that manipulating prescribed burning to create a greater variety of 

successional, seral or growth stages (common synonyms for vegetation successional stages) can increase habitat 

for a greater diversity of species within the landscape (Suffling et al. 1988; Turner and Romme 1994). In a review 

on fire management for biodiversity conservation, Driscoll et al. (2010) identified knowledge gaps regarding 

ecological burning. Some areas highlighted for further examination in this review included: (1) individual species 

responses to different fire-regimes (e.g. high-intensity wildfire versus low-intensity prescribed fires); (2) how 

spatial and temporal prescribed fire patterns (mosaic burning) influence diversity, and; (3) how different fire 

regimes (e.g. wildfire or prescribed fire) interact with external environmental influences. This review 

recommended more natural experiments and landscape scale simulation modelling to incorporate further 

knowledge into adaptive management practices.  
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Fire intensity is important as it largely determines both species level and community level plant responses to a fire 

event. Low-intensity prescribed fires will often consume less fuel and result in less soil heating than during a 

wildfire, which will favour certain species with certain fire persistence traits (Reinhardt et al. 2008). Many species 

persist after fire through the production of persistent, fire tolerant, and dormant propagules, such as hard-coated 

and physically dormant seed (Auld et al. 2000; Pausas and Bradstock 2007; Orscheg and Enright 2011). Heat is 

essential for breaking physical seed dormancy in a large number of plant species from several families throughout 

fire-prone regions (Keeley 1987, 1991; Baskin et al. 1998; Bell 1999; Keeley et al. 2005). Germination of these 

species’ seed will not occur without temperatures reaching certain values. As the majority of these seeds are found 

within the top soil profile (Carroll and Ashton 1965; Holmes 2002; Auld and Denham 2006), soil heating during 

prescribed fires is important to understand if ecological burning is going to be conducted with the germination of 

these species in mind (Penman and Towerton 2008). A variety of fire regimes within a landscape may therefore be 

necessary to maintain landscape diversity (Turner and Romme 1994; Burrows 2008).    

 

Vegetation succession post-fire is the sequence of changing vegetation communities over time (Kimmins 2004). 

The topics of succession and post-fire ecosystem change have long been debated and no one theory has been 

universally adopted. Classic models of vegetation succession have described a humped shape disturbance–diversity 

pattern characterised by successionally selective species (Egler 1954; Connell and Slatyer 1977; Connell 1978). 

The mid hump represents the highest diversity as it is the period consisting of species selective to early, mid and 

late succession (Connell 1978). Empirical research since the development of these early models suggests that post-

disturbance vegetation community response varies with ecosystem, region, disturbance type, and disturbance 

severity, indicating no unified theory of succession (Christensen 2014; Pulsford et al. 2016). Prescribed burning 

paradigms with ecological goals are being developed and conducted based on post-fire vegetation community 

change (Benkobi and Uresk 1996; Andison and Marshall 1999; Cheal 2010; Burrows and McCaw 2013). The idea 

behind these paradigms is that the manipulation of fire to create a mosaic of vegetation communities in different 

stages of post-fire change across space and time will conserve and maximise plant diversity (Parr and Andersen 

2006; Di Stefano et al. 2013). A key assumption within these paradigms is that fire mosaics can act as surrogates 

for biodiversity and, therefore, “pyrodiversity begets biodiversity” and spatial and temporal fire patchiness results 

in increased diversity (Martin and Sapsis 1992; Parr and Andersen 2006). Therefore, empirical examination of 

post-fire diversity patterns is necessary and important, as it will help address this assumption and develop 

knowledge to be incorporated into future practice.      
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Prescribed burning and conservation planning currently occurs at landscape-scales or broader (Sarr et al. 2005). 

The strength of factors influencing plant diversity and post-fire vegetation community change vary with scale (Sarr 

et al. 2005). Theory and empirical studies have highlighted the importance of environmental heterogeneity for 

species diversity at landscape-scales (Richerson and Lum 1980; Currie and Paquin 1987; O'Brien et al. 2000; Sarr 

et al. 2005), suggesting post-fire change in a similar plant community across a landscape will likely be variable 

(Whittaker et al. 2001). Post-fire community development can be faster in regions of higher productivity, resulting 

in faster growing and maturing species out-competing slower growing and maturing species (Huston 1979). 

Prescribed fire frequency is important in regions of different productivity as more frequent fire in a region of 

higher productivity may prevent species out-competing (Huston 1979; Sarr et al. 2005), suggesting a larger scale 

diversity influence, namely productivity, can interact with a smaller scale diversity influence, namely prescribed 

fire. This suggests that prescribed fire paradigms that incorporate post-fire plant community change need to 

consider landscape-scale environmental and climatic variation.    

 

Fire and the environment interact with plant diversity in numerous ways. It is considered that around 70 % of 

Australian plants need or tolerate fire (Gammage 2012). These plants often recruit using fire persistence traits (e.g. 

re-sprouting or soil seedbank) (Pausas et al. 2004) and establish due to the fire freeing up resources (Keeley et al. 

2005). Environmental and climatic variation interacts during a fire event through determining site conditions such 

as soil and fuel moisture, which govern fire severity (Keeley 2009), and during post-fire succession through 

influencing productivity and competition (Huston 1979; Keith and Bradstock 1994; Sarr et al. 2005; Pausas and 

Bradstock 2007).  Pausas and Bradstock (2007) concluded that general models of south-east Australian plant fire 

responses need to consider both fire-disturbance and productivity influences concurrently, as relationships between 

the two may vary with region.  

 

In Victoria, south-east Australia, a growth stage classification and management model, known as growth stage 

management, has become central in prescribed burning practices for both fuel reduction and ecological goals 

(Cheal 2010). This model integrates the fire-disturbance ecology of individual plant species with the post-fire 

successional processes of the vegetation communities for which they belong and sets guidelines around the ideal 

period for which to conduct prescribed burning in different communities. Known as the tolerable fire interval 

(TFI), this is set as the interval between the time it takes for the slowest species to reach maturity and the fastest 

species to senesce in the absence of fire (Cheal 2010). Growth stage management works on the premise that 
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creating a spatial representation of vegetation communities in different compositions, temporal stages of growth, 

reproductive maturity, and competition should maximise plant diversity (Parr and Andersen 2006). It is considered 

that creating this heterogeneous environment will increase the landscapes resilience to fire-disturbance as all 

successional stages and species in different compositions will be represented (McCarthy 2012). It is often unclear, 

however, how these spatial representations of vegetation communities link to biodiversity outcomes (Di Stefano et 

al. 2013). In particular, land managers are currently uncertain what spatial representation they should be managing 

for to maximise diversity and ecosystem resilience. Do to this uncertainty a method for determining the proportion 

of growth stages that maximises vegetation species diversity has been developed (Di Stefano et al. 2013). This 

method involves determining the geometric mean of species’ relative abundance (Buckland et al. 2005) in each 

growth stage and using optimisation to determine the growth stage distribution that maximises species diversity (Di 

Stefano et al. 2013). Land managers can then determine the spatial extent of burning needed to reach this estimated 

optimal distribution. Growth stage management and optimisation are adaptive management practices conducted in 

heathy-woodland, a Mediterranean sclerophyllous shrubby ecosystem of south-east Australia, across a diverse 

range of environmental conditions and wildfire histories.  Management of plant diversity in this ecosystem is based 

on its Ecological Vegetation Division (EVD) (Department of Sustainability and Environment 2012) and fire 

history but does not currently incorporate the influence of environmental variation. 

 

Study objectives 

In this doctoral thesis, I examined how current heathy-woodland understory biodiversity is responding to 

prescribed burning paradigms in interaction with overarching environmental influences. To achieve this, four data 

chapters examined the interaction between fire, environment, and heathy-woodland understory vegetation (Fig. 

1.1). In Chapter 2, I examined the influence of fire history, environmental factors, and spatial variability on soil 

seedbank species diversity pattern. The aims of Chapter 2 were to test for discernible successional patterns of 

species richness in the soil seedbank with time since fire and to explore variability in soil seedbank composition in 

relation to fire history and environmental influences across space. In Chapter 3, I explored the factors influencing 

heathy-woodland understory at different scales for aboveground and soil seedbank diversity separately. The aims 

of this chapter were: (1) to determine if factors influencing diversity vary with scale; (2) determine if these factors 

influence above- and belowground diversity differently; and, (3) determine if fire-disturbance history and 

productivity are interacting to influence diversity. In Chapter 4, I examined prescribed fire severity in heathy-

woodland as a function of fuel consumption, soil heating, and germination promotion of species with physically 

dormant seed. In this chapter I tested the hypothesis: (1) soil moisture will be negatively related to maximum 
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temperatures at depths of 1 - 5 cm below the soil surface; (2) soil texture will not directly regulate soil heating; (3) 

heat germination functions will be differential between common hard-coated species; and, (4) soil temperatures at 

2 cm below the soil surface during spring and autumn prescribed burns will not reach the temperature thresholds 

required to trigger abundant germination of studied species. In chapter 5, I simulated the prescribed fire-regime 

that may achieve the growth stage distribution calculated to conserve and maximise current heathy-woodland 

understory diversity. Part of this thesis has been published as a peer reviewed paper and the remaining has been 

written in a paper-based format with ‘I’ being replaced by ‘we’ throughout.  

 

 
 

 

 

 

Figure 1-1: The structure of the thesis comprises four data chapters investigating the interaction between current prescribed burning paradigms, 

environmental variation, and heathy-woodland understorey vegetation. Chapters 2 and 3 are examining the diversity theory incorporated into 

current management of this ecosystem. The 4
th
 and 5

th
 chapters are examining current prescribed burning paradigms in this ecosystem.      
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Abstract 

Soil seedbanks play a key role in the post-fire recruitment of many plant species. Seedbank diversity can be 

influenced by spatial variability (e.g. geographic location), environmental variability (e.g. soils) and temporal 

disturbance heterogeneity (e.g. time since fire, TSF) across the landscape. Unlike for aboveground vegetation, 

relationships between these factors and soil seedbank diversity remain largely unknown. Partitioning the 

influence of spatial and environmental variability from that of TSF, and explaining how these factors interact 

with seedbank diversity, will assist conservation managers in their application of prescribed burning. We 

germinated soil seedbank samples from sites ranging from 1 to 75 years since fire in a heathy-woodland 

ecosystem across the Otway Ranges in Victoria, Australia. We also measured spatial and environmental 

variability across sites to partition the influence of these variables and TSF on propagules available for 

recruitment. We found weak positive relationships between seedbank richness and TSF; however, these 

relationships varied across the landscape. We found composition did not change considerably over time, 

suggesting, in this ecosystem, pre-fire age is not strongly influencing propagules available for recruitment post-

fire. Our results suggest that spatial and environmental variability influence seedbank composition more than 

TSF. 
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Introduction 

Understanding how ecological diversity responds to disturbance is an important part of managing and conserving 

ecosystems (Levin and Paine 1974; Hall et al. 2012). The process of vegetation succession following disturbance is 

characterised by a sequence of changing plant communities over time (Kimmins 2004). Classic models of plant 

succession have described an early post-disturbance increase in species diversity as pioneer species recruit, a 

climax in the mature stages as species co-exist, and a decrease thereafter as the shorter-lived species senesce 

(Connell 1978). However, empirical research indicates that this humped shape plant–succession–diversity 

relationship rarely occurs (Randall Hughes et al. 2007). In reality, the relationship varies with ecosystem, region, 

disturbance type, and disturbance severity, indicating that a single unified theory of succession in plant diversity is 

unlikely (Christensen 2014). Disturbance type and severity can influence subsequent plant–disturbance– 

regeneration trait responses (Bellingham and Sparrow 2000) and rates of ecosystem structure and competition 

process restoration (Keeley 2009). This variation has resulted in considerable debate regarding the merit of classic 

theories (Fox 2013), with models of plant–diversity-disturbance relationships becoming more complex, stochastic 

and region specific (Richards et al. 1999; Korovin et al. 2011). 

 

Despite debate around the nature of the relationship between plant  diversity  and  time  since  disturbance,  forest 

managers worldwide are classifying and managing biodiversity in ecosystems based on developmental stages 

(Benkobi and Uresk 1996; Andison and Marshall 1999; Cheal 2010; Burrows and McCaw 2013). Known 

synonymously as successional, seral or growth stages, they are defined using the ecological characteristics of co-

occurring vascular plant species. These characteristics include species developmental traits (time to reproductive 

maturity or mortality), functional and fire persistence traits, and relationships to regional physiographic variables 

(Cheal 2010). 

 

Fire persistence traits in plants include re-sprouting from lignotubers or epicormic buds (termed re-sprouting), 

germinating solely from seeds banked in the soil or canopy (termed obligate seeding), or both in combination 

(termed facultative) (Noble and Slatyer 1980; Pausas et al. 2004). Soil banked seed can be transient or persistent 

(Garwood 1989), leading to changes in composition and therefore propagules available for recruitment over time. 

Transience and persistence is influenced by life history traits, seed production, seed dormancy mechanism 

(Thompson and Ooi 2010), seed morphology and seed longevity (Auld et al. 2000), all of which are species 

specific. Seed produced early after disturbance can enter the soil profile and remain dormant but viable for many 

years (Livingston and Allessio 1968). This persistence is often related to seed size and shape (Garwood 1989), due 
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to the higher burial probability of smaller seed with rain percolation into soil (Warr et al. 1993) or ant harvesting 

(Beaumont et al. 2011). Soils with higher water-holding capacity can stimulate germination of non-dormant seed 

while also speeding up the degradation of dormant seed in the soil (Moreno-Casasola et al. 1994). Therefore, the 

physical and chemical properties of soil can directly affect the composition of propagules available at the time of 

disturbance (Warr et al. 1993). 

 

The soil seedbank plays an important role in plant community conservation (Amiaud and Touzard 2004). Despite 

this importance, forest managers typically focus on the diversity–disturbance relationships of aboveground 

vegetation communities (Cheal 2010; Suganuma et al. 2014). It is theorised that soil seedbank diversity should 

increase and then decrease with time since disturbance (Amiaud and Touzard 2004). However, empirical research 

has found a continual increase (Milberg 1995), continual decrease (Pickett and McDonnell 1987; Roberts and 

Vankat 1991; Bakker et al. 1996; Omand et al. 2014) or no pattern (Ne'eman and Izhaki 1999; Wills and Read 

2007) over time. These findings match those described for aboveground vegetation: a lack of a single unified 

pattern of change (Christensen 2014). Soil seedbank research has mostly occurred in long abandoned grasslands, 

Juniperus shrub lands or tropical forests. There is a relative paucity of research on soil seedbank dynamics in 

sclerophyllous forest ecosystems with dense shrub understories (Parker and Kelly 1989; Auld et al. 2000). Species 

with soil-stored seed dominate these ecosystems (Auld et al. 2000), suggesting this seedbank will be important for 

their post-fire persistence (Keeley 1991; Pausas et al. 2004). 

 

Within the Mediterranean sclerophyllous shrubby ecosystems of Australia, prescribed burning is occurring across a 

diverse range of environmental conditions. This burning is predominantly a fuel reduction treatment aimed at 

wildfire risk reduction to human life and assets; however, it is also increasingly being used for the protection and 

promotion of ecological values (Penman et al. 2011). In south-west Australia, prescribed fire is used to manage fire 

regimes and conserve biodiversity through the maintenance of spatial and temporal patterns of growth stages 

(Burrows and McCaw 2013). In south-east Australia, the growth stage classification model has formed the basis of 

prescribed burning practices for wildfire management (Cheal 2010). Land managers in Victoria, south-east 

Australia, are attempting to apply a suite of prescribed burning regimes to create a mix of growth stages across a 

landscape as a means of conserving biodiversity (Di Stefano et al. 2013). However, spatial variability in plant–

diversity–disturbance dynamics are not well understood in shrub dense forest ecosystems, such as heathy-

woodland, where this burning generally occurs (Cheal 2010). Soil seedbank diversity can be influenced by spatial 

variability (e.g. geographic location) (Ne'eman and Izhaki 1999), environmental variability (e.g. soils) (Warr et al. 
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1993) and temporal (e.g. time since fire, TSF) (Zammit and Zedler 1988) heterogeneity. Understanding the relative 

influence of each of these factors will assist managers in conserving biodiversity through prescribed burning. 

 

In this study, we examined the species richness and composition of a soil seedbank with increasing TSF, 

environmental variability and spatial variability in a fire-prone heathy-woodland in the Greater Otway National 

Park of south-east Australia. A combination of wildfire and prescribed burning has created a range of TSF, which 

have been categorised into growth stages from juvenile to old (Department of Primary Industries 2013). To 

disentangle the independent effects of TSF, environment and space at a landscape scale, we examined the soil 

seedbank in heathy-woodland within three discrete regions within the Park. We had two primary aims. First, we 

examined species richness of the seedbank with TSF in each region to test for discernible patterns. Second, we 

examined the drivers of seedbank composition by exploring the role of fire, environmental factors and spatial 

variability separately and in interaction. We predicted that, as with the aboveground flora (Cohn et al. 2015), 

environmental and spatial variability would influence seedbank diversity more than would TSF. This research will 

inform managers about soil seedbank dynamics within the ‘successional stages’ used to manage plant diversity and 

test the appropriateness of current management practices in this region. 
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Materials and Methods 

Study area 

The study area is located within the heathy-woodlands of the Otway Ranges region, 130 km west of Melbourne in 

south-east Australia (Fig. 2.1). The climate is Mediterranean type (Dodson 2001), with warm summers, mild 

winters and winter-dominant rainfall. The vegetation is dry sclerophyll, characterised by a low Eucalyptus baxteri 

(Benth.) Maiden & Blakely ex J.M. Black (Brown Stringybark) dominated overstorey and diverse heathy 

understorey. This community has been described as heathy-woodland in the Ecological Vegetation Class (EVC) 

classification system used in Victoria (Department of Sustainability and Environment 2012). Three discrete 

heathy-woodland regions exist around the townships of Anglesea, Forrest and Carlisle River (Fig. 2.1a). Although 

classified as the same EVC, land managers have described two slightly different forms of heathy-woodland within 

the three regions. The first is common and widespread around Forrest and Carlisle River, and the second around 

Anglesea. Common understorey species used to classify the two forms are listed in Appendix 2.1. Wildfire last 

burnt the Anglesea region in 1983 and the Forrest and Carlisle River regions in 1939. Since 1983, all regions have 

been the subject of prescribed burning, resulting in a highly heterogeneous fire history within the heathy-woodland, 

making it particularity suited to research regarding plant seedbank richness and composition in response to TSF. 

The three regions also differ in annual average rainfall and temperature (Table 2.1), allowing investigation of 

potential interactions between post-disturbance diversity processes, environmental variation and regional 

productivity. 

 

Using fire history layers from geographic information system (GIS) datasets, the landscape was stratified into 

categories that represent growth and development stages in post-fire heathy-woodland (Cheal 2010): 0–3 

(juvenile); 4–10 (young); 11–30 (mature); and > 30 (old) years since fire. Local forest managers refer to these as 

‘growth stages’; however, in the context of this research they will be called ‘successional stages’. Fig. 2.2 

illustrates the vegetation structure and biomass consistent within the four stages. Using a chronosequence approach 

we established 71 sites, representative of the four successional stages, across the three regions (Table 2.1). The 

chronosequence method is a space-for-time sampling tool for studying the temporal dynamics of plant 

communities across multiple timescales (Walker et al. 2010). An assumption of using TSF as a temporal scale is 

that the resulting community dynamic is a consequence of the last fire, and not the entire fire history or last fire 

type (prescribed or wildfire). Chronosequences are suitable for measuring plant diversity and soil characteristic 

changes at decadal to millennial timescales. Therefore, at the timescale sampled here (1–75 years) this approach is 

appropriate (Walker et al. 2010). Further, this was a natural experiment, meaning an optimal sampling design with 
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sites having identical fire histories is difficult to achieve. We have attempted to address the assumptions of this 

design through independent ageing of sites (see below) and including fire history parameters in the data analyses. 

Criteria for site selection included (1) heathy-woodland of a minimum size of 1 ha; (2) being burnt by separate 

fires allowing sample independence (Fig. 2.1b); and (3) replicating each successional stage (Table 2.1). Different 

wildfire histories between regions resulted in an unbalanced design with some small sample sizes, which was 

addressed by using TSF as a continuous variable in most analyses (indicated in the Methods), rather than 

successional stage as a categorical variable. 

  

Figure 2-1: Study area in the Otway Ranges. (a) Sites, indicated by black dots, within the three heathy-woodland regions (Anglesea, Forrest and 

Carlisle River) in south-eastern Australia. (b) Fire history and sites (black dots) within the Anglesea region. (c) Layout of six quadrats per site 

running from ridge to gully (black dashed line indicates transect, undashed blue line indicates creek). There were 13 soil seedbank cores and three 

soil analysis cores within each quadrat. 
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Heathy-woodlands have a high understorey biomass with an often-sparse overstorey. Fuel reduction fires often aim 

to reduce around 90% of this understorey biomass (Department of Primary Industries 2013), meaning prescribed 

fire is often more severe than in adjacent ecosystems and somewhat congruent with the effects of wildfire. For this 

reason, we assumed the most recent fire consumed all understorey biomass at our sites, and the next fire will do the 

same, resetting the system to the juvenile stage. This assumption is important, as the purpose of this research is to 

ascertain if burning at different TSF would result in different juvenile stage compositions from the soil seedbank, 

or if there is no difference; meaning juvenile compositions are independent of pre-fire successional stage. To 

validate the GIS mapping of TSF and the assumption of understorey consumption in the last fire at the site scale, 

we independently aged at least 30 individual Banksia marginata shrubs using growth whorls (Jenkins et al. 2005). 

 

 
   Table 2-1: Climate and landscape variables describing the three heathy-woodland regions 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

  

Rainfall and temperature as measured by the Bureau of Meteorology for Anglesea, 
Forrest, and Carlisle River 

 
Anglesea Forrest Carlisle River 

Size (ha) 6187 1500 11509 

Rainfall  (mm) 
   

   Annual mean 814 1041 1070 

   Summer mean 45 51 54 

   Winter mean 83 121 123 

Temp (°C) 
   

   Annual mean max 18.2 17.7 18.5 

   Annual mean min 10.6 6.9 6.8 

   Summer mean 18.1 16.8 17.1 

   Winter mean 10.8 7.9 8.4 

Altitude (m) 40 - 200 170 - 190 130 - 230 

Growth stage, sites sampled 
   

   Juvenile (0 - 3 yrs) 3 2 4 

   Young (3 - 10 yrs) 8 7 2 

   Mature (11- 30 yrs) 13 8 7 

   Old (> 30 yrs) 5 6 6 

total (n) 29 23 19 
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Sampling and treatment 

Transects were established randomly within each site, extending from ridge to gully, to sample topographic 

variation. At each of three positions (ridge, mid-slope and gully), two 3 x 3-m quadrats were sampled (Fig. 2.1c). 

Small soil cores (6-cm diameter, 5-cm depth) were extracted at 13 positions in each quadrat and bulked, resulting 

in three composite soil samples per transect (26 cores per topographic position). Cores sampled the top 5-cm soil 

layer where most seeds are found (Carroll and Ashton 1965) and surface litter was included (i.e. in the soil core) as 

a source of fresh seed (Enright and Kintrup 2001). The sampling intensity of soil per experimental unit of six 

quadrats (78 soil cores, 0.22 m-2, 1.10 m3, 0.41%) was consistent with similar studies (Enright and Lamont 1989; 

Wills and Read 2007). Soil cores were collected in the two consecutive autumns (February–April of 2013 and 

2014) to capture seeds released in spring and summer (Enright and Kintrup 2001). 

 

For logistical reasons, composite soil seedbank samples were treated separately, and then the data pooled for the 

whole transect (the experimental unit) for subsequent analyses. Composite soil samples were air-dried, sieved (4-

mm diameter) to remove litter, rock and other non-soil substrate, and mixed thoroughly. Each composite sample 

was further divided into three sub-samples for treatment. Smoke and heat enhance the germination of many species 

within heathy-woodland (Enright and Kintrup 2001). Therefore, one sub-sample was treated with high heat and 

smoke, one low heat and smoke, and one no heat or smoke and kept at room temperature (control). High and low 

heat treatments occurred by heating samples in aluminium trays to a depth of 2-cm in ovens at 95⁰C for 60 and 6 

min, respectively. Temperatures were measured at 1-cm depth in each sample using sensors (DS1922 L I-buttons; 

Maxim Integrated Products, www.maxim-ic.com). The high heat frequently reached 80⁰C, known to maximise 

germination of hard-coated shrub seeds (Auld and O'Connell 1991), and the low heat frequently matched the 30–

50⁰C found to promote sedge and grass species germination (Warcup 1980). We applied smoke to the heated soil 

samples after they had cooled. Smoke water production followed Enright and Kintrup (2001), using a combination 

of fresh and dry foliage from Eucalyptus baxteri and associated understorey shrub species. Pre-heated sub-samples 

were soaked with 400 mL of smoke water, mixed thoroughly, and allowed to sit. Heat and smoke were used in 

combination to maximise germination, rather than to compare results from treatments. 
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Soil seedbank samples were spread to 2.5-cm depth within plastic seedling trays and placed randomly in a climate-

mediated (~16⁰C at night and 26⁰C during the day) glasshouse with automatic irrigation. Due to limited glasshouse 

space, two trial periods ran from August 2013 to January 2014 and May 2014 to October 2014, each for 24 weeks. 

Tray positions were re-randomised throughout the trial to reduce position bias. Identifying, counting and removing 

of seedlings occurred periodically to reduce competition and increase germination. Identification occurred through 

reference to expert opinion and available literature (Walsh 2003; Mayfield 2013; Bull 2014). Once germinates 

ceased appearing, we turned the soils to promote germination of any remaining seeds within the soil profile. 

 

We derived environmental variables from digital data layers and measurements in the field at the time of sampling 

(Table 2.2). Data layer variables included landscape parameters obtained from CSIRO soil and landscape grids 

(CSIRO 2015); site-scale climatic variables obtained from spatial interpolations of monthly data between 1950 and 

2000 (BIOCLIM 2013);  and site-scale fire variables generated from spatial datasets in ArcMap 10. In addition to 

those described above, we collected 18 soil samples (three within each quadrat) using bulk density rings (6.5-cm  

diameter, 5-cm depth) (Fig. 2.1c) to measure site-scale soil bulk density, organic matter content, particle size, pH 

and electrical conductivity (Roberts 1986; Carter 1993; Wilke 2005) (Table 2.2). 

 

  

Mature (11-30yr) 

 Old (>30yr) 

Juvenile (0-3yr) 

Young (4-10yr) 

Figure 2-2: Vegetation structure and biomass consistent within the four post-fire successional stages. The juvenile stage is 

characterised by complete understory consumption. Understorey vegetation slowly increases with time until the shrub layer is again 

dominant in the mature and wanning stages. 
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                          Table 2-2: Environmental predictor variables collected either on site or through digital GIS layers 

DEPI, Department of Environment and Primary Industries  

Field measured predictors -soil Unit  Method of measurement  Citation 

Clay content % Particle size analysis  Wilke, 2005 

Silt content  % Particle size analysis  Wilke, 2005 

Sand content  % Particle size analysis Wilke, 2005 

Bulk Density  g/cm
3
 Oven dry weight  Wilke, 2005 

Organic matter content % Loss on ignition  Wilke, 2005 

Soil pH  -  1:5 soil water solution Wilke, 2005 

Soil electroconductivity  dS cm–1 1:5 soil water solution Wilke, 2005 

Field measured predictors -landscape Unit  Method of measurement  Citation 

Northness (cosine-transformed degrees) ⁰ Compass Roberts, 1986  

Westness (sine-transformed degrees) ⁰ Compass Roberts, 1986  

Slope  % Clinometer, 3 x long transect  -  

Basal area m
2
/ha Basal sweep, 3 x long transect   -  

Time since fire  years Counting Banksia whorls  Jenkins et al. 2005 

Digital layer measured predictors -soil Unit  Description  Citation 

Available water capacity % Soil water holding capacity http://www.clw.csiro.au/ 

Total nitrogen % Mass fraction of total nitrogen http://www.clw.csiro.au/ 

Total phosphorus % Mass fraction of total phosphorus http://www.clw.csiro.au/ 

Digital layer measured predictors -landscape Unit  Description  Citation 

Rainfall  mm/year Average annual rainfall (1950-2000) http://www.worldclim.org/bioclim 

Topographic wetness index  -  Relative wetness of site http://www.clw.csiro.au/ 

Plan curvature  -  Rate of change of aspect (across slope) http://www.clw.csiro.au/ 

Profile curvature  -  Rate of change of slope http://www.clw.csiro.au/ 

Net radiation January (Summer)  -  Mean monthly solar radiation http://www.clw.csiro.au/ 

Net radiation July (Winter)  -  Mean monthly solar radiation http://www.clw.csiro.au/ 

Time since fire  years Year of last fire  DEPI* 

Fire frequency count Recorded fire count http://www.clw.csiro.au/ 

Fire type   -  Last fire type (Prescribed or Wildfire) http://www.clw.csiro.au/ 
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Statistical analyses 

Aim 1: Species richness patterns with time since fire 

Regression analysis examined relationships between species richness of the seedbank (response variable) and TSF 

(predictor variable). We used TSF as a continuous variable here as we were interested in the functional form of 

richness patterns along a continuous scale. We fitted linear, quadratic and logarithmic models to the raw data for 

each region separately, and the raw data pooled across all the regions. To explore the effect of the spatially nested 

design at a landscape scale (raw data pooled across all regions), we used linear mixed models (LMMs), which rely 

on the response variable (in this case richness) having a normal (Gaussian) distribution (Quinn and Keough 2002). 

Count data, such as richness, would normally have a Poisson distribution (Bolker et al. 2009); however, data 

explo- ration indicated LMMs were appropriate. We used region as a random effect and TSF, site location (latitude 

and longitude), and average annual rainfall as fixed effects. We modelled the single, additive and multiplicative 

effects of each fixed variable. 

 

Mixed models were used because the random effect allows for nested data structures (as in this study) and spatial 

autocorrelation (in this case between sites (fixed) within the same region (random)). To compare the goodness of 

fit for all models we relied on restricted maximum likelihood estimation and Akaike’s Information Criterion for 

small sample size (AICc) (Zuur et al. 2009; Mazerolle 2011). Model assumptions were validated by (1) plotting 

residuals vs fitted values to verify homogeneity; (2) examining a histogram of the residuals for normality; and (3) 

plotting residuals vs each fixed explanatory variable to check independence (Zuur et al. 2009). Modelling, 

validation and model selection were undertaken in R using the packages ‘lme4’ and ‘AICcmodavg’ (R version 

3.0.2, AICcmodavg version 1.32; Mazerolle 2011) and following the methods of Zuur et al. (2009). 

 

Aim 2: Composition change with time since fire, environmental factors and spatial variability 

Constrained ordination procedures explored site- and landscape-scale influences on seedbank composition. This 

technique allowed us  to  determine  which  set  of environmental variables best explained seedbank composition 

(Ter Braak and Šmilauer 2012), and if they were acting independently of  fire. We initially included TSF as a 

continuous predictor variable; however, its contribution was small so it was subsequently omitted from further 

modelling. We were also more interested in examining the temporal processes influencing composition with TSF, 

rather than time itself. To produce an independent subset, collinearity in environmental variables was reduced 

using principal components analysis and normality of the remaining checked (IBM SPSS Statistics ver. 20; IBM 

2011).  
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Abundance data were log(x + 1) transformed to reduce the influence of abundant species. Initial de-trended 

canonical correspondence analysis results indicated short gradient lengths (i.e. linear relationships) and the use of 

redundancy analysis (RDA) was appropriate (Ter Braak and Šmilauer 2012). 

 

To account for spatial structuring of seedbank composition variation, a matrix based on the latitude and longitude 

of each site was constructed containing the terms for a cubic trend surface polynomial ((X + Y) + (X x Y) + (X2 + 

Y2) + (X2 x Y) + (X x Y2) + (X2 x Y2)) (Borcard et al. 1992). By using this method we were able to separate and 

partition the effects of spatial variability from the effects of environmental variability (Šmilauer and Lepš 2014). 

Partial-redundancy analysis (pRDA) then described the capacity of the measured environmental variation to 

explain seedbank composition after controlling for the effect of spatial variation. Forward selection determined the 

marginal and conditional effect of each environmental and spatial variable on composition during each ordination 

procedure (RDA, surface polynomial construction and pRDA) and built an environmental model that best 

explained total variation. Monte Carlo permutation (999 permutations) tested the statistical significance of the 

relationship between the species matrix and each environmental and spatial variable, with those significant (P ≤ 

0.05) added to the model. Variance partitioning (Borcard et al. 1992) then enabled separation of the drivers of 

seedbank composition into the independent effect of (a) environmental variability; (b) spatial variability; and (c) 

the shared effect attributable to spatio-environmental co-variation. Analyses were completed using CANOCO for 

Windows   ver. 5.03 (Ter Braak and Šmilauer 2012). To facilitate interpretation of these composition models, we 

tested for relationships between the contributing environmental variables and TSF, latitude, and longitude (as 

continuous variables) using correlation analysis, and fire count (fire history), last fire type (fire history) and region 

(as categorical variables) through univariate ANOVA analysis (IBM SPSS Statistics ver. 20 (IBM 2011)). 

 

To further explore patterns in composition with TSF, we calculated the relative abundance and absolute densities 

(seedlings m-2) of different functional groups (life form and fire persistence traits) within the successional stages. 

Life forms included shrub, herb, sedge and grass. Fire response traits included facultative (R/S), obligate seeding 

(S) and re-sprouting (R). Here we used successional stage as a categorical variable. 
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Results 

A total of 26 923 seedlings germinated. We identified 92 species, with a further 6 taxa identified to genus level. 

This included 43 shrub and sub-shrub species (termed shrubs hereafter), 31 herbs, 11 sedge, 5 grass, 1 twiner and 1 

tree species (Table S1). Of the seed-banking species listed in the aboveground EVC classification, 98 % were 

present in the juvenile and young stage seedbanks, 92 % in the mature and 75 % in the old (Table S1). Epacris 

impressa was the most abundant species when considering seedlings m-2 of soil collected from the field (averages: 

Anglesea 45 m-2, Forrest 162 m-2, Carlisle River 41 m-2), accounting for 64% of all seedlings. Soil treatments 

promoted germination of sedge, grass and hard-coated shrub seeds. Banksia whorl counts were significantly 

correlated with GIS fire history mapping (r = 0.85, P < 0.001), indicating this method was a useful validation tool. 

However, this correlation was stronger within the range of 2–20 years, after which the Banksia whorls 

underestimated the TSF reported on the fire mapping. 

 

Aim 1: Species richness patterns with time since fire 

Regression modelling suggested no consistent pattern in seed- bank richness with TSF. Different models were 

significant (P ≤ 0.05) for each region and all had low explanatory power (R2 values, Table 2.3). Model selection 

techniques indicated that for Anglesea a logarithmic model and for Carlisle River a linear model best fit the 

relationship, although other models, being within two AICc scores, had a similar degree of support. The quadratic 

model had the best fit for explaining the relationship in Forrest (Table 2.3, Fig. 2.3). Each model of best fit was 

significant but had consistently low explanatory power. The models did, however, describe a consistent initial 

increase in richness in the early years since fire, after which patterns differed throughout the later years (Fig. 2.3). 

 

Across all regions, the pooled data suggested significant patterns in seedbank richness using all three models. AICc 

scores indicating the linear model best explained this pattern, although again its explanatory power was low (Table 

2.3, Fig. 2.3). With the inclusion of covariates, LMMs suggested richness was best explained with the interactive 

fixed effects of TSF and site location, and the random effect of region (Table 2.4). This interaction indicates that 

TSF best explained richness across the landscape when the spatial nesting of sites within each region was 

accounted for. Average annual rainfall was highly correlated with site location (r = -0.902), and therefore used as a 

covariate in a separate model. The inclusion of rainfall also improved model fit (Table 2.4). 
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Table 2-3: Relationships between species richness within the soil 

seedbank and time since fire 

 
 

Table 2-4: Models of richness with time since fire  

and added covariates 

 

 

  

Lower Akaike’s Information Criterion (AICc) scores indicate better  

model fit 

Region Equation Model Summary 

R
2
 F Significance  

(P) ( α = 0.05) 

AICc 

Anglesea  Linear 0.06 3.2 0.080 189.9 

Logarithmic 0.12 6.8 0.012 186.5 

Quadratic 0.14 3.8 0.029 187.9 

Forrest  Linear 0.06 1.3 0.271 85.5 

Logarithmic 0.17 4.0 0.059 82.8 

Quadratic 0.42 6.8 0.006 78.0 

Carlisle River  Linear 0.44 13.4 0.002 72.8 

Logarithmic 0.39 10.7 0.005 74.6 

Quadratic 0.48 7.3 0.006 74.8 

All regions  Linear 0.16 17.4 <0.001 337.6 

Logarithmic 0.18 19.9 <0.001 341.5 

Quadratic 0.16 8.8 <0.001 339.7 

Ordered from best to worst fit, Δ AICc = change in Akaike’s Information 

Criterion. R2
 = variance explained by the entire model. k = number of 

parameters. Response variable: species richness.  All models with region as 

random factor 

Model k AICc Δ 

AICc 

AICc

Wt 

R
2
 

TSF x site location
A
 7 490.17 0 0.74 0.38 

TSF + site location
A
 6 492.79 2.61 0.20 0.33 

TSF + rainfall (annual 

average) 5 495.92 5.75 0.04 0.32 

TSF x rainfall (annual 

average) 6 497.95 7.78 0.02 0.31 

TSF 4 499.56 9.39 0.01 0.27 
A
latitude and longitude  

Figure 2-3: Models of best fit for species richness relationships 

with time since fire. Anglesea, logarithmic; Forrest, quadratic; 

Carlisle River, linear; All, linear. Points are mean and standard 

error for richness from multiple sites with the same time since 

fire. Dotted lines are 95% confidence intervals for model 

predictions. 
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Aim 2: Composition change with time since fire, environmental variability and spatial variability 

Overall, environmental, spatial and spatio-environmental variability described 32.2 % of the variation in seedbank 

composition. The initial RDA showed that spatial variability (X
2
 + Y

2
 + X x Y) accounted for 16 % of variation in 

seedbank composition (pseudo-F = 13.4, P =0.002). Environmental variability initially described 20.4 % of 

composition variation using a model with five environmental variables (bulk density, basal area, northness, clay 

content and silt content).  When accounting for space (pRDA), this environmental model independently described 

16.2 % of the variation, indicating that 4.2 % was attributed to shared co-variation (Table 2.5). Spatial variability 

independently described 11.4 % of the variation. All five environmental variables had only a small spatial 

component in the variation they explained, ranging between 0.2 and 5.2 % (Table 2.5). Variation in the 

environmental variables that influenced composition increased with age as successional stage groupings became 

less defined (Fig. 2.4). ANOVA results reported that basal area, northness and silt content did not differ 

significantly between fire variable categories, suggesting they were likely making independent contributions (Table 

2.6). Bulk density differed significantly between regions (Table 2.6), suggesting it is part of the spatially structured 

environmental component (4.2 %). As expected, bulk density was negatively correlated with soil sand (r = -0.395, 

P ≤ 0.001) and organic matter (r = -0.477, P ≤ 0.004) content. Bulk density also varied significantly between 

successional stages, primarily due to a lower density observed in the juvenile stage. Clay content varied 

significantly between successional stages, due to the soil in the mature stage having a higher content. Both these 

results are evident in the pRDA ordination results (Fig. 2.4). Fire frequency varied significantly with northness, 

suggesting that prescribed burns often occur more on north-facing slopes. 

 

Relative and total abundances of each functional group contributing to the composition of the soil seedbank    

changed but did not follow a consistent pattern with TSF. All groups were represented in each successional stage 

(Fig. 2.5, showing only groups that changed). Facultative (R/S) shrubs contributed most to the overall composition 

in each successional stage and region, although the overwhelming abundance of Epacris impressa influenced these 

results. Between regions, we found the relative abundance of (R/S) shrubs, 34 species in total, higher at Forrest 

(driven by the single species Epacris impressa), (R) sedges higher at Anglesea, and (S) herbs higher at Anglesea 

and Carlisle River. The density (seedlings m-2) of (R/S) shrubs increased and then decreased with TSF in both 

Anglesea and Carlisle River. The density of (R) sedges decreased with TSF at Carlisle River. 
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Table 2-6: Environmental variables contributing to composition models and their relationships with landscape-scale categorical and 

continuous variables 

TSF, time since fire 

 

 

Environmental  variable  

Significance (P) (alpha = 0.05) Correlation (R
2
) 

Successional 

Stage 
Fire frequency   

Fire type 

(prescribed/wildfire) 
Region  TSF   Longitude  Latitude  

Bulk density (g/cm
3
) 0.017 0.126 0.050 0.001 <0.01 0.30 0.27 

Basal area (m
2
/ha) 0.160 0.958 0.016 0.322 0.01 <0.01 <0.01 

Northness (cosine-degrees) 0.245 0.002 0.171 0.947 0.02 <0.01 <0.01 

Clay content (%) 0.001 0.074 0.516 0.970 0.07 0.01 <0.01 

Silt content (%) 0.227 0.361 0.005 0.802 0.08 <0.01 <0.01 

Figure 2-4: Ordination results presenting relationships between site seedbank composition (successional stages) 

and the five modelled environmental variables (controlling for spatial effects). Bubble plot size relates to time 

since fire. Shading relates to richness with darker indicating higher richness. Shown are weak groupings of 

juvenile and young successional stages and increased variation in the environmental variables influencing 

composition with increasing age (older successional stage) as groups become less defined. 

Contribution to 

spatial structure  

Variation 

described (%) 
Pseudo-F

Significance 

(P) (alpha = 0.05)

Variation 

described (%) 
Pseudo-F

Significance 

(P) (alpha = 0.05)

Δ change in 

variation described (%) 

Bulk density (g/cm
3
) 9.3 5.7 0.002 4.1 3.8 0.002 5.200

Basal area (m2/ha) 4.2 3.5 0.002 5.1 3.1 0.002 0.900

Northness (Cosine-degrees) 2 1.6 0.04 2.2 1.7 0.018 0.200

Clay content (%) 2 1.7 0.036 2.2 1.7 0.016 0.200

Silt content (%) 2.9 2.4 0.002 2.6 1.6 0.02 0.300

Total 20.4 16.2 6.800

Environmental  variables used in RDA and pRDA models

Environmental  variable 

Constrained - without controlloling for space Partial-constained- controlling for space 

Table 2-5: Environmental predictors with significant relationships with the seedbank composition matrix 
Variables used to model composition variation using redundancy analysis and partial-redundancy analysis 
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Figure 2-5: Relative abundances (a) and absolute seedling densities (seedlings m2) (b) of species groups in each successional stage in the three 

regions of Anglesea (top), Forrest (middle) and Carlisle River (bottom). R, resprout, S, seeder 

 

Discussion 

We found a weak positive relationship between soil seedbank richness and TSF; however, the nature of this 

relationship varied between regions. Results suggest that TSF in combination with spatially structured variability is 

most likely driving richness patterns. This indicates that regional variation, which could be environmental or 

climatic, is helping to drive richness patterns. Our results also suggest that environmental and spatial variability are 

attributing more to variation in seedbank composition than TSF. 

 

The overarching aim of this research was to ascertain if a discernible post-fire plant richness and composition 

pattern was evident in the seedbank of this heathy-woodland. Further, if a pattern did exist, this research aimed to 

explain the influence of TSF and/or spatial and environmental variability. Our results suggest no clear richness or 

composition pattern with TSF, indicating that propagules available for recruitment may stay constant with 

increasing time. Prescribed burning consumes most aboveground biomass in this ecosystem, indicating a return to 
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the juvenile stage regardless of the pre-fire successional stage. Therefore, and most importantly, our results also 

suggest that seedbank compositions at both the juvenile and young stages may not be significantly different from 

stands at older successional stages. These results also highlight that the propagules from all different functional 

types are likely to be available for recruitment soon after fire. Additionally, most species present in the juvenile 

and young age class seedbanks are included in the aboveground composition classification list used for growth 

stage management, indicating that a significant change in species composition post-fire is unlikely. Although no 

strong relationship between TSF and richness was evident, there was a consistent initial increase in richness early 

after fire within and across all regions. This indicates that repeated fires at short intervals could favour certain 

species and functional groups over others (Enright et al. 2015). 

 

Our findings suggest that the soil seedbank richness of this ecosystem does not follow a predictable pattern with 

increasing TSF. Although significant patterns existed both within and across all regions, relationships were weak 

and had low explanatory power. Further, there were multiple functional models of best fit in two regions, 

suggesting that overall the response of seedbanks in heathy-woodland systems of south-east Australia are 

inconsistent. Given the importance of regionally specific aboveground vegetation patterns, this response is not 

surprising and suggests that a unified theory on plant richness with succession may not be achievable. However, 

significant linear relationships were highlighted, contradicting other research undertaken in the same ecosystem 

(Wills and Read 2007) that found no significant relationships, and other ecosystems finding higher richness at early 

successional stages, which then declined with time (Livingston and Allessio 1968; Pickett and McDonnell 1987; 

Roberts and Vankat 1991; Amiaud and Touzard 2004). 

 

We conclude that environmental and spatial variability influenced species composition more than did TSF, which 

is supported by the findings of Ne'eman and Izhaki (1999). At a landscape scale, soil bulk density explained the 

largest amount of variation in seedbank composition, suggesting that it may be the largest driver of variation 

between regions. Bulk density is influenced by a soil’s organic matter content and affects soil water-holding 

capacity. Lower bulk density often indicates higher organic matter content, as in this case, and greater porosity 

(Gupta and Larson 1979), which can lead to higher productivity (Field et al. 2009). Higher porosity could also 

affect the ability of seeds to move into the soil through rain percolation and persist in the seedbank (Warr et al. 

1993). Later successional stage seedbanks still dominated by seed from early successional species have been 

attributed to this movement (Warr et al. 1993; Slijepcevic et al. 2013). The bulk density of soils can also influence 

the non-dormant portion of the seed of many species in the inter-fire period. Changes in bulk density can influence 
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soil moisture content, which can stimulate non-dormant seed germination but also speed up the degradation of 

dormant seed (Moreno-Casasola et al. 1994). 

 

Our results also suggest that the relative abundance of functional trait groups stays reasonably uniform with TSF 

(Fig. 2.5). This suggests that a diversity of plant functional traits is present from the initial post-fire period through 

to later successional stages. Facultative (R/S) shrubs contributed most to the overall composition in each 

successional stage in each region. This conflicts with the findings of Roberts and Vankat (1991), who found shrubs 

absent in early, but present in late succession. Dominance of a single species in the seedbank aligns with the 

findings of past research within heathlands in general (Granstrom 1988; Zammit and Zedler 1988). The lack of 

seed from obligate seeding shrubs (in this case larger seeds) could be attributed to herbivores (Vander Wall et al. 

2006), ant movement to localised positions (Beaumont et al. 2011), or the lack of obligate seeding species in the 

observed aboveground vegetation (Appendix 2.1). 

 

If the management goal is to maintain species diversity broadly across this ecosystem, then our results indicate it is 

unlikely that prescribed burning will cause significant changes in aboveground species richness or composition 

post-fire. However, both the richness and composition data did include a spatially structured component, 

suggesting that specialised species exist only within a single region or successional stage. For example, Pultenaeae 

laxiflora (S shrub) (only in old Anglesea) and Hibbertia acicularis (R/S shrub) (only in young, mature and old 

Carlisle River) are specialist species, with abundant seeds in only one or a few successional stages in a single 

region. Aotus ericoides (R/S shrub) only occurred in high abundance in the mature stage in Carlisle River and the 

old stage in Forrest. Epacris impressa (R/S shrub) and Isolepis inundata (S herb) are generalist species, with 

abundant seeds in all successional stages and regions (Appendix 2.1). Further, the overlap between the species 

found in the soil seedbank and those listed in the EVC for aboveground management decreased with TSF, 

indicating that some species prominent in management decisions considering aboveground species diversity may 

be disappearing from    the seedbank with time. Therefore, if the management goal is to maximise diversity 

through prescribed burning, management practices should consider the variability in species richness and 

composition associated with TSF combined with environmental and spatial variability. The current mosaic burning 

approach (Cheal 2010), combined with consideration of region-specific environmental processes, may therefore be 

the most appropriate prescribed burning regime to apply in heathy-woodland communities in south-east Australia. 
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Research in Mediterranean plant communities suggests that aboveground vegetation may be an important driver of 

soil seedbank composition (Ne'eman and Izhaki 1999; Rodrigo et al. 2012). It is likely that the composition of 

aboveground species is contributing to the unexplained variation in the seedbank researched here. Although such 

data would contribute to improved models, here we focussed on obtaining a better understanding of the soil 

seedbank, as this is where the knowledge is lacking in management paradigms. When considering other aspects of 

the fire regime the influence of aboveground species compositions may be greater. Frequent fire at a site with a 

high abundance of obligate seeding species aboveground could result in a decline of these species in the soil 

seedbank. The soil-stored seed of these species could be diminished if inter-fire intervals are too short for seedbank 

replenishment (Orscheg and Enright 2011; Enright et al. 2015). The seasonality of the fire could also affect the 

seedbank response if many of the aboveground species were obligate seeding with physiological dormancy, as they 

are known to delay germination until post-fire seasonal conditions are advantageous (Ooi et al. 2004; Tuckett et al. 

2010). Fire severity could affect the seedbank response if many of the aboveground species are obligate seeding 

and serotinous (Cowling et al. 1987) or have hard-coated physically dormant seed (Auld and O'Connell 1991). 

However, in this soil seedbank study, our findings suggest a low abundance of obligate seeding species and a high 

abundance of facultative species. The fact that this is mimicked in the aboveground composition (see Appendix 2.1 

for both aboveground and seedbank) suggests that, at the community level, heathy-woodland ecosystems may be 

resilient to a wide range of fire regimes (prescribed, wildfire or in interaction). 

 

Conclusions 

Prescribed burning as a management practice is increasing worldwide in fire-prone ecosystems such as heathy-

woodlands. Therefore, it is of critical importance to consider the role of seedbanks in the response of the 

community to these changing fire regimes. Given the importance of seedbanks to the conservation of plant 

communities, increasing our understanding of plant–soil dynamics is important for developing holistic and robust 

management regimes. These regimes may need to be regionally specific if we are to prevent homogenising plant 

diversity and promote the conservation of biodiversity across the distribution of fire-prone woodlands in south-east 

Australia and beyond. 
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3 - Scale dependent interactions between multiple factors influence plant 

diversity in a Mediterranean ecosystem 
Introduction  

Previous empirical research suggests hierarchical patterns in factors influencing plant diversity (Whittaker et al. 

2001; Sarr et al. 2005).  Climatic governed productivity (e.g., water-energy dynamics) is often found to influence 

species distribution, composition (Benayas et al. 2002; Forey et al. 2008), and richness patterns (O'Brien 1998; 

Hawkins et al. 2003; Field et al. 2009) at large spatial scales, such as across landscapes. At meso-scales, such as 

within regions of similar climate, environmental heterogeneity (e.g. soil edaphics) is suggested to influence plant 

diversity through governing nutrient and moisture accessibility (Sarr et al. 2005). At fine-scales, such as within 

vegetation communities and across topographic gradients (Harris et al. 1996), disturbance history (e.g., time since 

fire (TSF) or fire-frequency) is often found to influence plant diversity through governing localised resource and 

competition processes (Huston 1979; Enright et al. 1994; Lavorel 1999; Forey et al. 2008; Keeley 2009). Although 

the detectability of certain factors is stronger at certain scales, it is understood that all factors are likely interacting 

across scales to influence plant diversity through processes such as competition (Urban et al. 1987; Whittaker et al. 

2001). Therefore, climatic variation and environmental heterogeneity, which exist at all scales, interact with fire 

history to shape plant diversity patterns.  

 

Wildfire and fire management paradigms also occur across a range of scales. Individual wildfires can have small 

spatial impacts that cumulatively affect landscapes or, in the case of mega-fires, can affect entire landscapes in one 

event. Fire management typically affects smaller spatial units (i.e. stands) which cumulatively affect landscapes 

over time. The manipulation of fire management paradigms across landscapes to promote, conserve, and optimise 

plant diversity is now common practice within fire-prone regions (Parr and Andersen 2006; Driscoll et al. 2010; Di 

Stefano et al. 2013; Moritz et al. 2014). The process of plant succession following disturbance, characterised by a 

sequence of changing plant community growth stages along a temporal continuum (Kimmins 2004), is often used 

in the planning of these “growth stage” management paradigms (Cheal 2010; Burrows and McCaw 2013). Patch 

mosaic burning, the manipulation of fire to create a mosaic of patches representative of a range of these growth 

stages across space and time, is considered to conserve plant diversity (Parr and Andersen 2006). The influence of 

fire on plant diversity is regularly evident within a vegetation community (Cary et al. 1995; Alvarez et al. 2009; 

Franklin et al. 2011). Within Mediterranean sclerophyllous ecosystems the fires’ immediate effects (e.g. intensity, 

fuel consumption and patchiness) interact with the local species’ fire-persistence traits and landscape position to 

influence post-fire plant competition processes (Noble and Slatyer 1980; Bellingham and Sparrow 2000; Stephan 
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et al. 2010). However, quantifying this influence on these ecosystems across large scales is difficult due to strong 

external productivity signatures (Sarr et al. 2005). The relative importance of disturbance, like fire, to plant 

diversity may vary with productivity in the landscape. Understanding this relationship remains an ecological 

challenge that is fundamental to the management and conservation of biodiversity and warrants further research 

(Sarr et al. 2005). 

 

The dynamic-equilibrium model (DEM) (Huston 1979) predicts that ecosystem productivity interacts with 

disturbance to determine species coexistence. Huston (1979) proposed that on productive sites strong competitors 

could eliminate poor competitors if disturbances are infrequent. On less productive sites competition may occur 

slower, or even incompletely, allowing more species to co-exist with both infrequent and frequent disturbance. A 

long term experimental test of this hypothesis proved it useful in grasslands (Laliberte et al. 2013). This suggests 

that fire frequency may be more important for maintaining species diversity on more productive sites in the 

landscape (Huston 2003; de Bello et al. 2006; Odion and Sarr 2007; Alvarez Cansino et al. 2013). As both fire and 

conservation management often occur at landscape-scales, determining the applicability of the DEM predictions in 

fire-managed landscapes can inform managers of the importance of fire to plant diversity along productivity 

gradients. Although these conceptual models have heuristic value, detailed empirical studies are still needed to 

illustrate how these interactions play out in natural landscapes (Sarr et al. 2005).  

 

Plant diversity can be expressed as the number of species existing in a measured area (Gotelli and Colwell 2001),  

known as richness (Simpson 1964), or the variation in species compositions between measured areas (Anderson et 

al. 2011), known as beta-diversity (Whittaker 1960). Plant diversity also consists of two community assemblage 

pools: above- and belowground (i.e. soil seedbank). Diversity indices and successional processes aboveground are 

easy to measure, well understood, and integrated in land management practices worldwide (Benkobi and Uresk 

1996; Andison and Marshall 1999; Cheal 2010; Burrows and McCaw 2013). Diversity indices and successional 

processes belowground are more difficult and expensive to measure (Auld et al. 2000). This has resulted in a 

relative paucity of research on soil-seedbank dynamics in sclerophyllous forest ecosystems with dense shrub 

understories (Auld et al. 2000; Chick et al. 2016), despite their importance for recruitment and conservation after 

disturbance (Amiaud and Touzard 2004; Pausas et al. 2004). Few studies have analysed and compared 

aboveground and associated belowground diversity in Mediterranean ecosystems (Torres et al. 2012; Torres et al. 

2013), meaning knowledge of this relationship is lacking. Understanding the relative importance and interaction of 

diversity influences on above- versus belowground diversity will assist managers in conserving and promoting 

biodiversity with prescribed fire.  
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In this study, we associated patterns of understory plant species richness and beta-diversity with environmental, 

productivity, and fire disturbance variables across three discrete geographic regions of a fire-prone heathy-

woodland in the Otway Ranges, Victoria. Our main aims were: (1) determine if factors influencing diversity vary 

with scale; (2) determine if these factors influence above- and belowground diversity differently; and, (3) 

determine if fire-disturbance history and productivity are interacting to influence diversity. To address these aims 

we measured understory aboveground and soil-seedbank plant richness and beta-diversity at different scales 

(Scheiner 1992) along with related predictor variables. 

 

Materials and Methods  

Study area 

The study area is located within the heathy-woodlands (Department of Sustainability and Environment 2012) of 

the Otway Ranges region 130 km west of Melbourne, in south-east Australia (Fig. 3.1). The climate in this region 

is considered a quasi-Mediterranean-type (Dodson 2001), with warm summers, mild winters, and winter dominant 

rainfall. Vegetation is characterised as dry sclerophyll and dominated by a short overstorey of 

Eucalyptus baxteri (Benth.) Maiden & Blakely ex J.M.Black (Brown Stringybark) and a diverse heathy 

understorey comprising shrubs from the families: Fabaceae, Ericaceae, Myrtaceae, Proteaceae, Thymelaeaceae, 

Xanthorrhoeaceae and Dilleniaceae. Three discrete heathy-woodland distributions exist around the townships of 

Anglesea, Forrest, and Carlisle River (Fig. 3.1A). From east to west across the three regions annual average 

precipitation increases, water-energy balances (aridity index) decreases, and soil fertility increases slightly (Table 

3.1), allowing investigation of post-disturbance change in species richness and composition in regions of different 

productivity (DeSiervo et al. 2015). Wildfire last burned the Anglesea region in 1983 and the Forrest and Carlisle 

River regions in 1939. Since 1983 all regions have been the subject of small-scale prescribed burning (< 400 to 

~1000 ha) to satisfy fuel reduction and ecological goals (Department of Primary Industries 2013). The Anglesea 

region has been subject to more prescribed burning; which, combined with the 1983 wildfire, means the average 

inter-fire interval is lower in this region and higher in the west along with productivity (Table 3.1). This has 

resulted in a highly heterogeneous fire history within the heathy-woodland, making it particularly suited to 

research regarding plant diversity in response to fire disturbance and testing DEM predictions of disturbance 

regimes interacting with productivity to generate diversity gradients.  
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We used fire history mapping to stratify the landscape based on years since last fire (wildfire or prescribed). For 

mosaic-scale analysis (discussed below), the landscape was further stratified into categories that represented the 

growth and development stages, termed ‘growth stages’, in post-fire heathy-woodland (Cheal 2010): 0-3 yrs 

(juvenile); 4–10 yrs (young); 11–30 yrs (mature); and >30 yrs (old). We established seventy-one sites across the 

three regions that represented a temporal gradient within these four growth stages (Table 3.1). To validate the fire 

history mapping and the assumption of aboveground consumption in the last fire at the site scale, we aged at least 

30 individual Banksia marginata shrubs using growth whorls (Jenkins et al. 2005). Ten individuals were sampled 

within a 20-meter radius of the three sampling points established along transects (see below). Criteria for site 

selection included: (1) heathy-woodland of a minimum size of 1 ha; (2) being burnt within separate fires allowing 

sample independence (Fig. 3.1b); and, (3) representing different time since fires to provide a good representation 

of site ages.  

 

Plant diversity sampling and soil treatments  

Transects were established randomly within each site, extending from ridge to gully in order to sample for 

topographic position. At three positions (ridge, mid slope and gully), two 3m × 3m quadrats were sampled (Fig. 

3.1c).  To sample aboveground vegetation, we completed a census of species diversity within each quadrat by 

counting densities of individuals for all shrub, sub-shrub, and herbaceous species. Concurrently, to sample soil 

seedbank (belowground) diversity, small soil cores (6 cm diameter, 5 cm depth) were extracted at 13 positions in 

each quadrat and bulked, resulting in three composite soil samples per transect (26 cores per topographic position). 

The cores sampled the top 5 cm soil layer as this is where most seeds are found (Carroll and Ashton 1965). Surface 

litter was included (i.e. in the soil core) as it can represent a source of fresh seed (Enright and Kintrup 2001) and 

we wanted to sample all available seed at that specific TSF. The sampling intensity of soil per experimental unit of 

six quadrats (78 soil cores, 0.22 m-2, 1.10 m-3, 0.41%) was consistent with similar studies (Enright and Lamont 

1989; Wills and Read 2007). Soil core collection occurred in autumn of 2013/14 to capture seeds released in spring 

and summer (Enright and Kintrup 2001).  
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We treated the composite soil-seedbank samples separately and then pooled the data across each transect for 

landscape-scale analyses or left it separate for topographic-scale analyses (see below). Composite soil samples 

were air-dried, sieved (4 mm diameter) to remove litter, rock, and other non-soil substrate, and mixed thoroughly. 

Each composite sample was further divided into three sub-samples for treatment. Smoke and heat enhance the 

germination of many species within heathy-woodland (Enright and Kintrup 2001). Therefore, one sub-sample was 

treated with high heat and smoke, one low heat and smoke, and one no heat or smoke and kept at room 

temperature (control). High and low heat treatments occurred by heating samples in aluminium trays to a depth of 

2 cm in ovens at 95°C for 60 and 6 minutes, respectively. Temperatures were measured at 1 cm depth in each 

sample using sensors (DS1922 L I-buttons; Maxim Integrated Products, www.maxim-ic.com). The high heat 

Figure 3-1: Study area in the Otways Ranges. (a) Sites, indicated by black dots, within the three heathy-woodland regions (Anglesea, 

Forrest, and Carlisle River) in south-eastern Australia. (b) Fire history and sites (black dots) within the Anglesea region. (c) Layout of six 

quadrats (3 x 3m) per site running from ridge to gully (black dashed line indicates transect, undashed line with “Creek” indicates creek). 

Thirteen soil seedbank cores and three soil analysis cores within each quadrat. 
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frequently reached 80°C,  known to maximise germination of hard-coated shrub seeds (Auld and O'Connell 

1991).The low heat frequently matched the 30 – 50°C found to promote sedge and grass species germination 

(Warcup 1980). We applied smoke to the heated soil samples after they had cooled. Smoke water production 

followed Enright and Kintrup (2001), using a combination of fresh and dry foliage from Eucalyptus baxteri and 

associated understory shrub species. Pre-heated soil sub-samples were soaked with 400 ml of smoke water, mixed 

thoroughly, and allowed to sit. Heat and smoke were used in combination to maximise germination, rather than to 

compare results from treatments. 

Table 3-1 Climate, landscape, and soil fertility variables describing the three heathy-woodland regions 

Rainfall and temperature as measured by the Bureau of Meteorology for Anglesea, Forrest, and Carlisle River  
Soil parameter values (%, mean ± s.e.) based on site particle size and soil analysis as per methods  

Growth stages based on growth stage categories 
Fire count = prescribed fires per site since last wildfire (Anglesea - 1983, Forrest and Carlisle River - 1939) 

Bottom - linear regression analysis of east to west (longitude) relationships with productivity factors   

  Anglesea Forrest Carlisle River 

Size (ha) 6187 1500 11509 

Rainfall  (mm)    
   Annual mean 814 1041.2 1070.3 
   Summer mean 45.1 50.9 53.8 
   Winter mean 83.1 120.9 123 

Temp (°C)    
   Annual mean max 18.2 17.7 18.5 
   Annual mean min 10.6 6.9 6.8 
   Summer mean 18 16.8 17.1 
   Winter mean 10.8 7.9 8.4 

Altitude (m) 40 - 200 170 - 190 130 - 230 

Sites (growth stage, n) 
 

  

   Juvenile (0 - 3 yrs) 3 2 4 

   Young (3 - 10 yrs) 8 7 2 

   Mature (11- 30 yrs) 13 8 7 
   Old (> 30 yrs) 5 6 6 

Growth stage total (n) 29 23 19 

Average inter-fire interval  19.1(± 1.5) SE 30.4 (± 1.6) SE 32.1 (± 2.7) SE 

Fire count 
   1 11 1 1 

2 9 7 8 
3 19 8 9 
4 1 0 2 

  Lower fertility Moderate fertility Moderate fertility 

Soil texture / fertility  Clay Loam/Clay  Sandy Loam/Loam  Sandy Loam/Loam 
   Clay content (%) 25.0 (± 2.1) SE 18.8 (± 2.3) SE 13.4 (± 2.0) SE 
   Sand content (%) 47.8 (± 2.0) SE 52.0 (± 3.0) SE 53.6 (± 1.9) SE 
   Silt content (%) 27.1 (±0.9) SE 34.1 (± 1.5) SE 32.0 (± 0.7) SE 
   Organic matter (%) 3.1 (± 0.3) SE 4.0 (± 0.8) SE 4.1 (± 0.5) SE 

        

East to west gradients  r
2
 F Sig (P) 

Precipitation ~ longitude 0.96 2133 <0.001 

Temperature  ~  longitude -0.61 113 <0.001 

Aridity Index ~ longitude -0.52 79.37 <0.001 

Clay ~ longitude -0.15 5.65 0.024 

Silt ~ longitude -0.02 0.82 0.372 

Sand ~ longitude 0.10 3.69 0.064 

Organic Matter ~ longitude 0.12 4.41 0.044 
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Soil-seedbank samples were spread to 2.5 cm depth within plastic seedling trays and placed randomly in a climate-

mediated (approximately 16°C at night and 26°C during the day) glasshouse with automatic irrigation. Due to 

limited glasshouse space, two trial periods ran from August 2013 to January 2014 and May 2014 to October 2014, 

each for 24 weeks. Tray positions were re-randomised throughout the trial to reduce position bias. Identifying, 

counting, and removing of seedlings occurred periodically to reduced competition and increase germination. 

Identification occurred through reference to expert opinion and available literature (Walsh 2003; Mayfield 2013; 

Bull 2014).  

 

Predictor variables 

We derived predictor variables from digital data layers and measurements in the field at the time of sampling 

(Table 3.2). Data layer variables: landscape variables obtained from CSIRO soil and landscape grids  (CSIRO 

2015); site-scale climatic variables obtained from downscaling spatial interpolations of weekly bioclimatic 

(BIOCLIM 2013) data between 1981 and 2010 (Stewart and Nitschke 2015 – submitted); site-scale water-energy 

dynamics and dryness represented by the Aridity Index (Nyman et al. 2014); and, site-scale fire history variables 

generated from mapping. The Aridity Index is a measure of productivity, with an increased aridity value indicating 

a less productive region (Nyman 2014). In addition, we collected 18 soil samples (three per quadrat) using bulk 

density rings (6.5 cm diameter, 5 cm depth) (Fig. 3.1C) to measure site-scale soil bulk density, organic matter 

content, particle size, pH, and electrical conductivity (Roberts 1986; Carter 1993). As with previous research 

(Hawkins et al. 2003; Field et al. 2009), we combined all variables known to influence productivity directly 

through physiological effects or indirectly through resource availability and termed them climate/productivity 

(C/P) factors. These variables were combined as productivity is often modelled using climatic proxies, making it 

meaningless to distinguish them (Hawkins et al. 2003). We termed all variables describing soil as edaphic/nutrient 

(E/N) factors, all variables describing the landscape as landscape/topographic (L/T) factors, and all fire history 

variables as fire/disturbance (F/D) factors. 
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          Table 3-2: Environmental variables 

Soil, landscape, climate, and fire model variables used in linear mixed effects (LMM) and generalised dissimilarity (GDM) modelling 

Edaphic/Nutrients variables - LMM and GDM models 

Field measured predictors Unit Scale Method of measurement Citation 

Clay content % 18m
2 
- topography Particle Size Analysis Wilke, 2005 

Silt content % 18m
2 
- topography Particle Size Analysis Wilke, 2005 

Sand content % 18m
2 
- topography Particle Size Analysis Wilke, 2005 

Bulk Density g/cm
3
 18m

2 
- topography Oven dry weight Wilke, 2005 

Organic matter content % 18m
2 
- topography Loss on ignition Wilke, 2005 

Soil pH - 18m
2 
- topography 1:5 soil water solution Wilke, 2005 

Soil electroconductivity dS cm–1 18m
2 
- topography 1:5 soil water solution Wilke, 2005 

Digital layer predictors Unit Scale Description Citation 

Available water capacity % 90m
2
- transect Soil water holding capacity http://www.clw.csiro.au/ 

Total nitrogen % 90m
2
- transect Mass fraction of total nitrogen http://www.clw.csiro.au/ 

Total phosphorus % 90m
2
- transect Mass fraction of total nitrogen http://www.clw.csiro.au/ 

 

 
 

  

Landscape/Topographic variables - LMM and GDM models 

Field measured predictors Unit Scale Method of measurement Citation 

Northness  

(Cosine-transformed degrees) ⁰ Transect Compass Roberts, 1986  

Westness  

(Sine-transformed degrees) ⁰ Transect Compass Roberts, 1986  

Slope  % Transect Clinometer, 3 x long transect  -  

Digital layer predictors Unit Scale Description Citation 

Topographic wetness index  -  90m
2
- transect Relative wetness of site http://www.clw.csiro.au/ 

Plan curvature  -  90m
2
- transect Rate of change of aspect (across slope) http://www.clw.csiro.au/ 

Profile curvature  -  90m
2
- transect Rate of change of slope http://www.clw.csiro.au/ 

Climate/Productivity variables - LMM and GDM models 

Digital layer predictors - bioclimatic variables representing annual trends 

 
Unit  Scale Description  Citation 

Annual precipitation  mm/year 250m
2
 - transect Sum of mean monthly (1981-2010) 

Stewart and Nitschke  

submitted 

Average annual temperature  ⁰C 250m
2
 - transect 

Mean weekly (mean max, mean min) 

(1981-2010) 

Stewart and Nitschke  

submitted 

Temperature annual range ⁰C 250m
2
 - transect Average annual range (1981-2010) 

†
 

Stewart and Nitschke  

submitted 

Isothermality   ⁰C 250m
2
 - transect 

Mean diurnal range/Temp annual range 

(1981-2010) 

Stewart and Nitschke  

submitted 

Net annual radiation   Rn 20m
2
 - topography Average daily radiation (1990 - 2012) Nyman et al. 2104 

Aridity Index AIB 20m
2
 - topography Water-energy balance (1990 - 2012) Nyman et al. 2104 

Basal area m
2
/ha Transect Basal sweep, 3 x long transect   -  

Fire-disturbance variables - LMM and GDM models 

Field measured predictors Unit Scale Description Citation 

Time since fire  years 18m
2 
- topography Counting banksia whorls  Jenkins et al. 2005 

Digital layer predictors  Unit  Scale Description  Citation 

Time since fire  years Transect Year of last fire  DELWP* 

Fire frequency count Transect Recorded fire count DELWP * 

Average inter-fire interval  years Transect Average period between fires since 1967 DELWP * 

*Department of Environment, Land, Water and Planning  

† Difference between the max temperature of warmest period and the min temperature of coldest period 

 

     



60  

Statistical analyses 

Species richness influences with scale   

We used linear mixed modelling (LMM) (Zuur et al. 2007; Bolker et al. 2009; Zuur et al. 2009) to examine the 

relationship between richness and predictor variables at two scales: mosaic  (growth stage - ~300 m2 - used as a 

surrogate for meso), and topographic (fine - ~18 m2). Mixed modelling allows for nested data structures and spatial 

auto-correlation to be introduced as random effects into a standard logistic regression model (Zuur et al. 2009). In 

this case, sites within the same region or topographic positions within the same site are likely to be more related 

than sites from different regions or topographic positions in other sites (Zuur et al. 2009). To examine relationships 

between richness, predictor variables, and longitude (east to west) at the landscape-scale (across all regions) we 

used general linear modelling (LM) with no random effect and with topographic wetness index (TWI) as a 

surrogate for topographic position. We also used linear regression to examine productivity variable relationships 

across the longitude of the three regions from east to west (Table 3.1). We checked normality in above- and 

belowground richness data and modelled each separately as above (Quinn and Keough 2002). Normality was 

checked for all predictor variables and transformations performed where necessary. To reduce collinearity in 

predictor variables we generated a pairwise correlation matrix (Zuur et al. 2009), with only variables with an R ≤ 

0.5 used in the same model (Tabachnick and Fidell 2001). We initially divided uncorrelated candidate predictor 

variables into the C/P, E/N, L/T, and F/D factor groups and modelled species richness as a response to each 

following the methods of Zuur et al. (2009). As this grouping method may not consider every possible predictor 

variable iteration and could bias towards certain predictors, we also ran and compared 160 possible model 

iterations using all uncorrelated variables (not in groups) and developed full models of richness at each scale. For 

topographic-scale statistical analysis, we used values for each predictor variable at each topographic position. We 

averaged these values across each transect for mosaic- and landscape-scale analysis.  

 

To select random effects for each model, we initially constructed ‘beyond optimal’ structures containing all 

uncorrelated fixed effects and their interactions and assessed if a mixed effect model design was better than an 

ordinary regression model. To test this we modelled the beyond optimal structure without a random effect (fitted 

using generalised least squares), with different random intercept effects, and with different random intercept and 

slope effects, and compared results (Zuur et al. 2009). Restricted maximum likelihood (REML) estimated all 

models and allowed us to apply the likelihood ratio test using P values corrected for testing on the boundary 

(Johnson and Omland 2004; Zuur et al. 2007) and Information-theoretic model selection (AICc scores and 

weights) to ascertain if random effects improved model support (Burnham and Anderson 2002). At the mosaic-
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scale, the random structure that improved model performance was the nested structure of growth stage within 

region, both as categorical factors (e.g. region/growth stage). At the topographic-scale, the nested random structure 

of topographic position within region, both as categorical factors (e.g. region/topographic position), was best. 

Growth stage and topographic position were not considered as random effects for the fire and landscape models, 

respectively, as TSF and TWI (corresponds with topographic position) were continuous variables within the fixed 

structures.  

 

To select fixed effects for each factor group model at the mosaic- and topographic-scale we constructed beyond 

optimal models with all fixed variables, interaction terms, and the pre-chosen random effects; dropped each fixed 

effect in turn; and, using  likelihood ratio tests, inspecting the significance of dropping each fixed effect, with those 

significant kept (Zuur et al. 2009). We then compared factor groups containing only significant variables using 

maximum likelihood (ML) rather than REML, as this is the correct method for comparing models with different 

fixed effects but the same random effects (Zuur et al. 2009).  At both scales, the comparison of the 160 candidate 

full models also used ML; however, the final full model was fit and reported on using REML. To further evaluate 

factor group and full model fit we used three metrics: (1) R: the correlation (Pearson’s) between the raw observed 

and model predicted data; (2) marginal R2: the variance explained by fixed factors; and, (3) conditional R2: the 

variance explained by both fixed and random factors (Nakagawa et al. 2013). Post-modelling examination of 

residual errors satisfied assumptions of normality and homogeneity (Zuur et al. 2009). Modelling and analysis was 

undertaken in R (R Core Team 2015). Pairwise correlations and normality analysis was undertaken using the 

packages ‘highstat’ and ‘nortest’. LM and LMM was undertaken using the packages ‘lm’, ‘lme4’ and 

‘AICcmodavg’ (Mazerolle 2011) and following the methods of Zuur et al. (2009).  

 

Landscape scale beta-diversity  

To analyse beta-diversity along landscape-scale predictor variable gradients, we used generalised dissimilarity 

modelling (GDM) (Ferrier et al. 2002; Ferrier and Guisan 2006; Ferrier et al. 2007). GDM is a ‘distance’ 

approach, in which dissimilarities in biological composition between pairs of survey sites (beta-diversity), 

represented as Bray–Curtis (or similar) metric dissimilarity measures, are related to environmental or geographical 

distances using matrix regression techniques (Ferrier et al. 2007). This form of variation partitioning allows a 

separation of the composition variation related to each factor group, which in turn allows an indication of the 

relative importance of each. We only modelled beta-diversity at the landscape scale as GDM is only appropriate at 

this scale (Ferrier et al. 2007). 
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We modelled above- and belowground composition separately; however, aboveground dissimilarity measures 

were used as a predictor variable when modelling belowground beta-diversity, allowing for an indirect 

comparison. We used non-metric multidimensional scaling (nMDS) (Clarke 1993) to simplify the aboveground 

composition data into three vegetation variables for subsequent use in belowground modelling (nMDS1, nMDS2, 

nMDS3) (Ferrier et al. 2007; Penman et al. 2011). Three dimensions were required to ensure the stress of nMDS 

was at an acceptable level; less than 0.20 (Clarke 1993). Only variables increasing the proportion of variance 

explained by ~ 5 % and over were included in final models. GDM presents beta-diversity as a function of variation 

in each predictor. The shape of this function is represented by three I-splines, the values of which are defined by 

the predictor data distribution (Ferrier et al. 2007). To facilitate model interpretation, we extracted I-spline values 

for each predictor and plotted each beta-diversity function in graphical form. Modelling was undertaken in R (R 

Core Team 2015), nMDS using the package ‘vegan’ (Oksanen et al. 2015) and GDM with the package ‘gdm’ 

(Manion et al. 2015).  

Results 

Species richness influences with scale  

Aboveground richness ranged from 11 to 34 species, with a mean of 21.5 ± 0.6 (SE) per transect sampling area, 

consisted of 98 total identified species, and had a negative relationship with TSF (Fig. 3.2). The most common 

taxa found aboveground were Leptospermum continentale, Leptospermum myrsinoides, and Dillwynia glaberrima 

(all facultative shrubs). Belowground richness ranged from six to 27 species, with a mean of 16.1 ± 0.6 (SE) 

species per transect sampling area, consisted of 73 identified species and 6 taxa identified to genus level, and had a 

positive relationships with TSF (Fig. 3.2). The most common belowground taxa were Epacris impressa 

(facultative shrub), Epacris breviflora (facultative shrub), and Platysace heterophylla (obligate seeding herb). 

Multiple life forms and functional traits constituted both above- and belowground species (Appendix 2.1). When 

using the aridity index as a surrogate for productivity (Nyman et al. 2014), aridity increased from west to east, 

indicating more productivity in the west. Aboveground richness had a weak but significant positive relationship 

with site aridity, whilst belowground richness had a weak but significant negative relationship with site aridity. 

Aboveground richness had a weak but significant positive relationship with longitude, whilst belowground 

richness had a weak but significant negative relationship with longitude, indicating richness higher above- but 

lower belowground in the east (Fig. 3.2).  
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The performance order of the best factor group models and the strength of their relationship with aboveground 

richness was different than with belowground richness at all scales (Appendix 3.1). The C/P factor group model 

had the best relationship with aboveground richness at the landscape- and mosaic-scale, whist a F/D factor group 

had the strongest relationship at the topographic-scale (Table 3.3). The best performing full model (all variables 

considered ungrouped) for aboveground richness at the landscape-scale constituted a combination of C/P, F/D, and 

E/N factors. This included a weak positive relationship with longitude, a weak negative relationship with rainfall 

and soil clay content, and a stronger positive relationship with temperature, indicating aboveground richness 

higher in the less productive Anglesea region. The F/D factor group model had the strongest relationship with 

belowground richness at the landscape, mosaic, and topographic scale (Table 3.3). At the landscape scale, C/P and 

F/D constituted the best performing full model of belowground richness. This included a weak negative 

relationship with longitude, aridity index, and clay content, and the stronger positive relationship with TSF, 

indicating richness is higher in the more productive Carlisle River region with a larger average-inter-fire interval. 

Variables from most factor groups constituted the best performing full model of above- and belowground richness 

at the mosaic- and topographic-scales (Table 3.3 and Appendix 3.1).   

 

 

  

Figure 3-2: Above- and belowground species richness relationships with disturbance (above - TSF as surrogate), productivity 

(middle- Aridity Index as surrogate), and longitude from east to west (bottom).  Aboveground richness  is grey line and 

belowground  is black thicker line. Dotted vertical lines indicate community growth and developmental stages included in 

management paradigms for this ecosystem. 
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Table 3-3 Top linear mixed models of species richness 

Top factor group models (C/P = climate/productivity, L/T = landscape/topographic, F/D = fire/disturbance, E/N = edaphic/nutrients) and constituted 

significant variables 

Random effects used in variable ground models: landscape = none; mosaic = region/growth stage; topographic = region/topographic position    

Final model = best model when all variables (not in groups) were considered. Full model results include interactions between variables. INT = 

interactions 

Three measures of fit are presented for each model; marginal r
2 
(r

2
 (m)), conditional r

2
 (r

2
 (c)), and R (Pearson’s)  

TSF = time since last fire, AIFI = average inter-fire interval, TWI = topographic wetness index, AI = aridity index, Rad = radiation 

  
Variable relationships Full model relationships 

Scale Top model V1 INT V2 INT V3 INT V3 r
2 
(m) r

2 
(c) R 

Response = aboveground richness 
          

Landscape 
Climate/Productivity Temp (+ + +) X Precip (- -) 

    
0.36 n/a 0.72 

Full Model Temp (+ + +) + Precip (- -) + TSF (- -) + Clay ( - -) 0.41 n/a 0.65 

Mosaic 
Climate/Productivity Temp (+ + +) + Precip (- -) 

    
0.36 0.47 0.72 

Full Model Clay (- -) X pH ( - -) + Rad ( - ) + AI (+) 0.39 0.80 0.83 

Topographic 
Fire/Disturbance AIFI (- -) 

  
  

  
0.14 0.36 0.61 

Full Model AIFI (- -) 
      

0.14 0.36 0.61 

Response = belowground richness 
          

Landscape 
Fire/Disturbance TSF (+ +) 

      
0.19 n/a 0.44 

Full Model TSF (+ +) X AI (- -) + Clay (-) 
  

0.39 n/a 0.66 

Mosaic 
Fire/Disturbance TSF (+ +) 

      
0.19 0.26 0.51 

Full Model TSF (+ +) X Temp (-) X AI (-) 
  

0.26 0.69 0.76 

Topographic 
Fire/Disturbance TSF (+ +) 

      
0.13 0.22 0.46 

Full Model TSF (+ +) X AI (-)   
  

0.19 0.30 0.54 

(+) = positive relationship r2
 < 0.1 but > 0.05, (+ +) = positive relationship r2

 > 0.1, (+ + +) = positive relationship r2
 > 0.2  

Equal for negative (e.g.  (-)  = negative relationship r2
 < 0.1)    

 
Landscape scale beta-diversity  

The aboveground GDM comprised five factors that explained 35.1% of beta-diversity, with aridity index 

explaining most, followed by average inter-fire-interval. C/P factors described more beta-diversity overall than 

other factor groups (Table 3.4). Aboveground species turnover (beta-diversity) increased with the aridity index 

(Figure 3.3), and this C/P factor was the best explanatory variable. Average inter-fire interval (years) was the F/D 

factor that explained most aboveground species turnover. The relationship between the two suggests a constant 

increase in turnover with increasing inter-fire interval. The belowground GDM comprised five factors that 

explained 31.1% of beta-diversity, with aboveground vegetation composition explaining the most, followed by 

average annual temperature. C/P factors described the most overall belowground beta-diversity (Table 3.4). 

Average annual temperature, a C/P variable, was the best explanatory variable of belowground species turnover 

(beta-diversity) (Figure 3.4). Fire-frequency was the only F/D factor that explained any beta-diversity. Its function 

suggests that between one and three fires composition turnover is gradual, but then accelerates between three and 

four fires. Due to only a single site with four fires, this analysis was also conducted without this site and described 

beta-diversity dropped from 4.4 to 1.2% (Table 3.4).  
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Table 3-4: Generalised dissimilarity modelling results 

Total composition variance explained by environmental and fire disturbance history correlates explaining > 4 % 

Total variance explained for full model with geographic location above, relative variance explained by variables separately below 

R = pearsons correlation between observed and model predicted values 

 
Aboveground  

 
Seedbank  

 

  
variance 

explained (%) R  

variance 

explained (%) R  

Full model 35.1 0.64 31.1 0.56 

Variables  

Relative % 

explained   
Relative % 

explained   

Landscape/topography          

Geographic site location* 1 
 

0.2 
 

Aboveground vegetation dissimilarity (nMDS)  -  
 

10 
 

Topographic wetness index 5.1 
 

 -  
 

Total landscape/topography 5.2 
 

10.2 
 

Climate/productivity  
    

Annual precipitation (mm/year)  -  
 

4.8 
 

Average annual temperature (°C)   - 
 

7.6 
 

Aridity Index  (AIB) 9.7 
 

 -  
 

Total climate/productivity  9.7 
 

12.4 
 

Edaphic/nutrients      

Total soil phosphorus (%)  -  
 

4.1 
 

Soil bulk density (g/cm3) 4.7 
 

 -  
 

Total edaphic/nutrients  4.7 
 

4.1 
 

Fire-disturbance 
    

Time since fire (years) 6.9 
 

 -  
 

Average inter-fire interval (years) 7.7 
 

 -  
 

Fire frequency (count)  -  
 

4.4
$
, 1.3^ 

 

Total fire disturbance 14.6 
 

4.4 
 

*latitude and longitude 
$ 
all sites included in model  

^without 4 fire frequency site in model  
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Figure 3-3: Aboveground GDM fit (top left and right) and functions of compositional turnover (beta-diversity) along the five factor 

gradients explaining > 4 %. Geographic variation function also included. X-axis indicates change in factor along gradient, Y-axis the 

rate of compositional turnover as a partial ecological distance. For example, along the gradient of temperature change (top right) species 

composition stays stable from 13 to 13.4°C, after which composition turnover increases and sites become more compositionally 

different. 
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Figure 3-4: Belowground GDM fit (top left and right) and functions of compositional turnover (beta-diversity) along the five factor 

gradients explaining > 4 %. Geographic variation function also included. X-axis indicates change in correlate along gradient, Y-axis the rate 
of compositional turnover as a partial ecological distance. 
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Productivity interacting with disturbance  

Aboveground richness had a consistent weak negative relationship with TSF across the productivity gradient; 

however, only one relationship at higher productivity in the west was significant. Belowground richness was 

significantly more sensitive and had stronger positive relationships with TSF at higher productivity in the west. 

These relationships were also stronger below- than aboveground (Fig. 3.5). Above- and belowground beta-

diversity was more sensitive and was described more by TSF at higher productivity than at lower productivity. 

These relationships were also stronger above- than belowground. Composition change occurred more rapidly in 

early-succession (<15 years) both above- and belowground with increased productivity, which continued 

belowground but plateaued mid succession and then continued aboveground. At lower productivity, composition 

turnover was less pronounced and slower aboveground, but opposite belowground where dissimilarity did not 

occur until mid-succession (>15 years) (Fig. 3.6). 

 

  

Figure 3-5: Above- and belowground (left and right respectively) species richness relationships with time since fire within the three regions 

representing different productivity.  Showing belowground richness significantly, and aboveground richness slightly, more sensitive and better 

explained by time since fire at higher productivity. Overall, belowground richness is more sensitive to time since fire then aboveground richness. 

Dotted lines indicate the four post-fire successional stages used in management paradigm: 0-3 yrs (juvenile); 4–10 yrs (young); 11–30 yrs (mature); 

and >30 yrs (old). 
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Figure 3-6: GDM functions of above- and belowground compositional turnover (beta-diversity), left and right column respectively, along the gradient of 

time since fire in the three regions representing lower and higher productivity. X-axis indicates time since fire gradient, Y-axis the rate of compositional 

turnover as a partial ecological distance. Showing beta-diversity more sensitive and explained more by TSF at higher productivity. Dotted lines indicate the 
four post-fire successional stages used in management paradigm: 0-3 yrs (juvenile); 4–10 yrs (young); 11–30 yrs (mature); and >30 yrs (old). 
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Discussion  

Climate/productivity (C/P), edaphic/nutrient (E/N), landscape/topography (L/T), and fire/disturbance (F/D) are 

strong, hierarchical, and mutli-scaled factors influencing plant diversity (Huston 1979; Sarr et al. 2005). Based on 

Dynamic Equilibrium Model (DEM) (Huston 1979) predictions and previous studies in the region (Cohn et al. 

2015) and internationally (Forey et al. 2008; Field et al. 2009), C/P influences on diversity should be most 

detectable at landscape-scales, F/D influences at topographic-scales, and E/N and L/T influences at mosaic-scales. 

We detected scale-dependent factor group influences that followed these relationships for above- but not 

belowground richness. The best full models of above- and belowground richness generally had a combination of 

variables from most factor groups. Above- and belowground beta-diversity at a landscape-scale was best explained 

by C/P, closely followed by F/D. These results suggest some degree of detectability for most factors at each scale 

and all factors likely influencing diversity and interacting across scales, as predicted by the DEM.  Above- and 

belowground richness and beta-diversity relationships with disturbance changed with productivity rates across the 

landscape, also aligning with DEM predictions. Our results highlight the importance of considering landscape-

scale C/P influences on the smaller-scale post-disturbance processes integrated into fire management paradigms. 

 

The scale dependent importance and detectability pattern of factor groups influencing aboveground plant diversity 

in this study are well understood (Connell and Orias 1964; Macarthur 1965; Pianka 1966; Kleidon and Mooney 

2000; O'Brien et al. 2000; Field et al. 2009). Although they did not conform for belowground diversity, it is 

possible to use an understanding of aboveground process to explain belowground process. DEM predictions held 

in our study, although above- and belowground diversity reacted differently. With increased productivity, the 

initially high post-fire aboveground diversity (Franklin et al. 2011) is likely to develop and reach reproductive age 

quicker and produce more propagules, but also out-compete faster. Whilst aboveground diversity is out-competing 

and decreasing if fire is too infrequent, soil-seedbank diversity remains constant or increases (Milberg 1995). 

Inversely, if fire is too frequent (discussed below) and productivity is lower, soil seedbank diversity may not fully 

replenish (Ooi 2012), whilst aboveground diversity is remaining high. This is evident in our study, as richness was 

lower aboveground and higher belowground in the more productive west where the average inter-fire-interval 

(AIFI) is longer, than in the less productive east where AIFI is shorter. Aboveground composition turnover 

patterns at higher productivity could suggest a mid-succession ecosystem transition into competition exclusion, 

whilst belowground patterns could suggest the soil-seedbank continues diversifying.  
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If inter-disturbance intervals are long the seed of the out-competed species aboveground could decompose, 

particularly with increased energy in the system (Moreno-Casasola et al. 1994), making them no longer available 

after the next disturbance. The positive belowground richness relationships with TSF in this study increased in 

strength and beta-diversity was more pronounced in early succession in the regions of higher productivity and 

longer AIFI’s. This suggests diversity is initially lower in the juvenile and young growth stages (0-10yrs) in the 

more productive and less disturbed west. This could be due to increased aboveground competition pre-fire, and 

increased seed decomposition rates, which are known to be variable with size and sometimes rapid for related 

species, in the longer inter-fire intervals (Auld et al. 2000). Fire-frequency was the only significant disturbance 

factor related to belowground beta-diversity at a landscape-scale, although these results were strongly influenced 

by a single site in the more productive west that was burnt four times. This site had an average inter-fire interval of 

24 years, was in the juvenile stage at the time of sampling (2 yrs since fire), and was significantly different due to 

the lack of a single species, Epacris impressa, in the soil-seedbank. This species’ small seed could be decomposing 

rapidly with infrequent fire, rather than disappearing due to frequent fire. A lack of replication at high fire 

frequencies suggest cautious interpretation of these results with further research needed to determine their broad 

applicability. 

 

Although TSF is a consistent disturbance measure in Mediterranean sclerophyllous forests, such as in this study, 

the immediate effects of fire and the post-fire productivity influences are often more important to measure and 

understand than time itself, as they govern competition processes (Walker et al. 2010). The intensity and severity 

of fire influences the germination of hard-coated seed with physical dormancy through soil heating (Bradstock and 

Auld 1995), lignotuber re-sprouting rates through resource allocation (Bellingham and Sparrow 2000), and 

ecosystem structure and competition restoration rates (Keeley 2009). These factors shape the post-fire productivity 

driven competition processes and, therefore, the floristic pathway measured in chronosequence studies (Walker et 

al. 2010). It is possible that the composition of fire-persistence traits is different within the three regions of this 

study, causing the increased sensitivity of richness and beta-diversity at higher productivity where prescribed fires 

are likely more intense.   
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Our results suggest that patch mosaic burning and growth stage management is useful for maintaining floristic 

diversity in this system. However, these disturbance regimes need to align with varying rates of community 

development, due to local productivity, to accommodate for interactions that are undetectable at the scale 

management practices are generally developed. Our results for above- and belowground diversity influences 

suggest that creating a spatial representation of communities in different temporal stages of growth, reproductive 

maturity, and competition might theoretically maximise aboveground plant diversity (Parr and Andersen 2006), 

however the productivity of a site is likely interacting to influence belowground plant diversity differently. The 

soil seedbank (richness and beta-diversity) was more sensitive to disturbance at all scales and at higher 

productivity. This suggests that when constructing management paradigms with ecological goals across 

productivity gradients, consideration of, and research on, soil seedbank dynamics is important.  
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4 - Soil heat transfer during prescribed burns: low soil heating implications 

for post-fire recruitment 

 

Introduction 

Prescribed fire is a common landscape management paradigm used to reduce fuel loads for broad scale wildfire 

mitigation and human asset protection (Turner et al. 1994). Ecological goals are increasingly included in this 

paradigm in order to protect, regenerate and conserve biota in native forests worldwide (Kenny et al. 2004; Cheal 

2012; Wilson et al. 2014). The ability of managers to achieve ecological goals using prescribed fire has prompted 

reviews of current practice (Driscoll et al. 2010; Penman et al. 2011). Penman et al. (2011) concluded that 

insufficient data currently exists to determine the success of ecological burning programs and recommended 

further empirical research is required to understand the long-term impacts of these programs on biodiversity. 

Driscoll et al. (2010) highlighted the need for further examination of individual species fire-persistent responses 

to different fire regimes (e.g. wildfire versus prescribed). Prescribed fire influences vegetation communities 

through the causation of mortality and the stimulation of regeneration in the post-fire period (Dickinson and Ryan 

2010; Stephan et al. 2010). Prescribed fires are often sufficiently intense to consume most leaf litter, small woody 

debris and standing fuel without significantly damaging the canopy (McArthur 1966; Cheney et al. 1992; 

Tolhurst 1999; Burrows and McCaw 2013), resulting in lower fuel consumption and soil heating than what 

typically occurs during wildfire (Neary et al. 1999; Hollis et al. 2011). Soil heating is an important consequence 

of fire that has divergent impacts on ecological processes in different ecosystems. For example, fine root 

mortality occurs when temperatures exceed 60°C in boreal forest (Zeleznik and Dickmann (2004), while seed 

germination is promoted at > 60°C in dry sclerophyllous forests (Auld and O'Connell (1991). Understanding how 

fire intensity governs soil heating within an ecosystem is important for understanding the potential impacts on 

plant mortality and post-fire plant responses.   

 

Research on soil heating during fire received a flux of interest in boreal and Mediterranean forests of the Northern 

Hemisphere between the 1970’s and 1990’s (Frandsen and Ryan 1986; Steward et al. 1990; Valette et al. 1994) to 

address concerns about mortality of belowground tissues. However, measured temperatures were generally low, 

meaning concern, along with the research, decreased. With the increased use of prescribed fire in fire-prone 

Mediterranean ecosystems, these low temperatures have become the concern. Heat is an important trigger for 

cueing seed germination in a large number of plant species within these ecosystems (Keeley 1987, 1991; Baskin 

et al. 1998; Bell 1999; Keeley et al. 2005). Germination in these species will not occur unless temperatures reach 
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thresholds, suggesting that their post-fire recruitment could be affected by interactions between fire intensity and 

soil heating. Within the dry sclerophyllous forest of south-east Australia, temperatures between 60° and 100°C   

are required to trigger high proportions of germination in many plant species within the Fabaceae family (Auld 

and O'Connell 1991; Read et al. 2000; Enright and Kintrup 2001; Hill and French 2003; Orscheg and Enright 

2011). The few studies on soil profile temperatures during prescribed fires in these south-east Australian forests 

have measured temperatures of 54 and 42  °C (Raison et al. 1986), 50 and 30°C (Bradstock and Auld 1995), and 

40.3 ± 19.1°C and 25.0 ± 11.7°C  (Penman and Towerton 2008) at 2 and 5 cm depth, respectively. Bradstock et 

al. (1992) measured temperatures ranging from120° to 60°C within the soil profile from 0 to 5 cm depth. Whilst 

these temperatures are considered sufficient to promote low-levels of germination, they are not high enough to 

stimulate high-levels for many species (Auld and O'Connell 1991). These findings have raised concern that, in 

Australia, low-intensity prescribed fires resulting in low soil temperatures may decrease the ability of these 

species to germinate post-fire (Bradstock and Auld 1995; Penman and Towerton 2008) and influence post-fire 

community composition by favouring certain species over others (Morrison 2002). If a prescribed fire is 

conducted with the ecological objective of restoring or promoting populations of obligate seeding species with 

physical, a hotter fire may be needed to restore aboveground populations from the soil seedbank. Current practice 

with ecological outcomes may be overlooking this element, meaning ecological goals for these species may not 

be attained. 

 

Soil heating during fire is a function of radiation aboveground and soil conduction belowground (Campbell et al. 

1995). The fire’s intensity, residence time, and the subsequent energy release from fuel consumptions of different 

type (Neary et al. 1999) govern radiation aboveground. Belowground, the heat transfer from aboveground 

radiation is a function of the soil’s thermal conductivity (Jury and Horton 2004), heat capacity, and moisture 

content (Hungerford et al. 1991; Busse et al. 2005), which, in turn, depend on a complex array of soil physical 

properties such as porosity, texture, bulk density, and organic matter content (Abu Hamdeh et al. 2000). 

Previously developed models have attempted to predict soil heat transfer using variables measured in situ during 

experimental fires (Busse et al. 2010) or in constructed experimental substrates with artificial heating (Scotter 

1970; Aston and Gill 1976; Steward et al. 1990; Campbell et al. 1995; Keane et al. 1995; Preisler et al. 2000; 

Enninful and Torvi 2008). These models have proven difficult to transfer to different systems and have drastically 

overestimated soil heating in other constructed experimental substrates (Kreye et al. 2011; Kreye et al. 2013). 

This difficulty relates to the different fuel (e.g. flammability, mass, structure), soil (e.g. water holding capacity), 

and environmental (e.g. climatic) conditions throughout the fire-prone forests of the world (Neary et al. 1999). 
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For this reason, the development of regionally specific models of soil heating may be necessary and extremely 

useful to incorporate into ecological burn planning. 

 

Soil moisture and texture are key conduction mechanisms regulating downward and lateral heat transfer in soil 

profiles during fire. However, the relative importance and interaction of the two is not fully understood (Busse et 

al. 2005). Previous research has found negative relationships between soil moisture and heat transfer (Raison et 

al. 1986; Campbell et al. 1995; Busse et al. 2005; Enninful and Torvi 2008; Busse et al. 2010). The relationship 

between soil texture and heat transfer; however, has rarely been analysed (Busse et al. 2010), with the majority of 

field studies only considering one soil texture (Cook 1939; Floyd 1966; Vines 1968; Scotter 1970) and laboratory 

studies using only one homogenous substrate (Aston and Gill 1976; Campbell et al. 1995; Enninful and Torvi 

2008). Few studies have used a factorial design with multiple soil textures and moisture contents, making it 

difficult to compare the results of different studies (Campbell et al. 1995; Abu Hamdeh et al. 2000; Busse et al. 

2010). Busse et al. (2010) found soil moisture had a strong influence, and soil texture a weak influence, on heat 

transfer. Alternatively, Abu Hamdeh et al. (2000) found both soil moisture and texture had a strong influence on 

heat transfer. Both studies used disturbed and artificially constructed soil samples. The compaction difference 

between disturbed and undisturbed soils can cause overestimation of thermal conductivity (Busse et al. 2010). 

Additional research on the relative importance of soil moisture and texture for heat transfer regulation during fire 

is needed and would help provide practical guidelines for land managers conducting ecological burning.   

We aimed to explore the processes governing heat transfer through soils of different structure and moisture 

content under prescribed fires within a heathy-woodland in the Greater Otway National Park of Victoria, south-

east Australia. With this knowledge, we then aimed to predict the germination responses of eleven common hard-

coated Fabaceae species to varying fire intensity within this ecosystem. To achieve replication, control 

experimental conditions, and minimise the spatial variability of fire intensity and severity, we performed 

experimental heating on intact soil cores and seed ecology experiments in the laboratory. We also assessed if soil 

heating during prescribed fires in this ecosystem reached the required heat germination trigger points for the 

researched species. We tested the following hypotheses: (1) soil moisture will be negatively related to maximum 

temperatures at depths of 1 - 5 cm below the soil surface, (2) soil texture will not directly regulate soil heating; 

however, it will have an indirect effect through governing the soils water holding capacity, (3)  heat germination 

functions will be differential between common hard-coated species; and, (4) soil temperatures at 2 cm below the 

soil during spring and autumn prescribed burns will not reach the temperature thresholds required to trigger 

abundant germination of studied species.   
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Materials and Methods  

Study area 

The study area is located within the heathy-woodlands of the Otway Ranges region 130 km west of Melbourne, in 

southeast Australia (Fig. 4.1). The vegetation is dry sclerophyll and characterised by a low Eucalyptus baxteri 

(Benth.) Maiden & Blakely ex J.M.Black (Brown Stringybark) dominated overstorey and a diverse heathy 

understorey comprising shrubs from the families: Fabaceae, Ericaceae, Myrtaceae, Proteaceae, Thymelaeaceae, 

Xanthorrhoeaceae and Dilleniaceae. Three discrete heathy-woodland regions exist around the townships of 

Anglesea, Forrest, and Carlisle River (Fig. 4.1). Soil texture and structure differs across the region, with higher 

clay content in the Anglesea region and higher sand content in the Carlisle River region. Wildfire last burned the 

Anglesea region in 1983 and the Forrest and Carlisle River regions in 1939. Since 1983 all regions have been the 

subject of small-scale prescribed burning (~100 to ~1000 ha) to satisfy fuel reduction and ecological goals 

(Department of Primary Industries 2013). Heathy-woodlands have a high understorey biomass, low surface fine 

fuel load, and an often-sparse overstorey. Fuel reduction fires often aim to reduce around 90% of this understorey 

biomass (Department of Primary Industries 2013).  

Figure 4-1: Study area of three heathy-woodland regions in the Otways Ranges (Anglesea, Forrest, and Carlisle River) 
in southeast Australia. Black dots indicated soil core sites.  Black stars indicate prescribed fire sites.  
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Experimental warming  

We conducted a factorial soil heating experiment in the laboratory using intact soil cores taken from seven sites 

within the study area. Factors included soil moisture (between ~1 % moisture content and field capacity) and soil 

textures (representing the variability found across the region). We extracted soil cores from the ridges of seven 

sites (Fig. 4.1), with care given during their collection and transport to minimize physical disturbance. At each 

site we collected between 14 and 20 cores (108 in total) of 15-cm-diameter and to 6-cm depth using polyvinyl 

chloride (PVC) rings with 1-cm-thick walls. We determined this sample depth as studies in similar ecosystems 

have found the majority of seeds from present species within the first 5-cm of the soil profile (Carroll and Ashton 

1965; Holmes 2002; Auld and Denham 2006). We collected cores after rain to facilitate a clean insertion of the 

PVC ring and ensure optimal core stability during removal and transport. Extraction occurred through removing 

surface litter, gently tapping the PVC ring into the soil using a rubber mallet, loosening and removing all soil 

outside the ring, inserting a flat shovel horizontally under the bottom of the core to allow removal from the 

underlying substrate, and removing the core and wrapping it in parafilm to avoid moisture loss during transport. 

Six smaller cores were collected (6.5-cm-diameter, 5-cm-depth) immediately around the larger cores for site soil 

characterisation. We determined soil bulk density, porosity, water holding capacity, and organic matter content 

following the methods of Wilke (2005). We determined soil percent clay, silt, and sand using the hydrometer 

method (Department of Sustainable Natural Resources 2002). To facilitate explanation of factor effects, we 

determined the thermal conductivity, heat capacity, thermal resistivity, and thermal diffusivity of each soil and 

moisture content using a KD2 thermal property meter (Decagon Devices, Pullman, WA). Table 4.1 presents soil 

characteristics and thermal properties. Cores with different characteristics held different moisture holding 

capacities. Figure 4.2 shows the distribution of moisture contents per soil texture used during experimental 

heating and the distribution of site soil textures on the texture triangle with corresponding organic matter and bulk 

density values. 
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Table 4-1: Soil Characteristics and Thermal Properties. Experimental Heating Radiative Energy Release and Byram Intensity  
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Figure 4-2: Above - The distribution of moisture treatments per soil texture used during experimental heating. Below - The 
distribution of site soil textures within the soil texture triangle with corresponding organic matter and bulk density values  (size 
corresponding to value). Showing sites with more sand had more organic matter and lower bulk density.  
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We wet soil cores within PVC rings to field capacity and placed them in a glasshouse to equilibrate and dry until 

they reached target moistures (between 0.7 and 31.4 % v/v – depending on the soil).  We heated each core surface 

with a propane burner (Stoof et al. 2011) from 20 cm above for 4mins. This heating time and distance from 

surface was determined as it resulted in maximum surface temperatures and radiative energy releases similar to 

those measured during previous experimental and grass fires  - between 500° to 800°C (Cook 1939; Floyd 1966; 

Raison et al. 1986; Valette et al. 1994; DeBano et al. 1998; Busse et al. 2010; Stoof et al. 2013) and from 40.8 to 

above 150 kw m-2 (Linteris and Rafferty 2008; Cruz et al. 2011), respectively. Four minutes was also similar to 

the average time of heating spikes measured under fires with I-buttons in the field (discussed below). 

Thermocouples recorded temperatures (K-type, 1.5 mm diameter) at the surface and 1-cm increments (from 1- 4-

cm) down the soil profile (Fig. 4.3) to represent the depth soil-stored seeds sit in the field. We positioned soil 

cores on stands and inserted thermocouples horizontally and to a positon where the tips were centralised in the 

soil core and directly underneath the propane flame. Temperature recordings at 1-s intervals started for a period 

prior to heating to obtain the starting temperature, and continued for the period after heating until the core had 

returned to pre-heated levels. A concentrated flame was used because only the tip of the thermocouple probe 

measured the temperature and all tips were aligned in the very centre of the soil column (Stoof et al. 2011). 

 
  

Figure 0-3: Soil core heating factorial experiment set up with propane gas torch 20 cm above the core. Shows thermocouples at 1-cm 
intervals diagonal down the soil column with the top thermocouple held in place using a clamp. 
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On average 31.2 grams of gas burnt during the 4-minute heating period of the cores. We used the Stefan-

Boltzmann law for emitted thermal radiation from flames to calculate the energy released during this period 

(Mendes-Lopes et al. 2003; Knight and Sullivan 2004; Gomez-Mares et al. 2010). The radiated energy per unit 

time from a blackbody is proportional to the fourth power of the absolute temperature and can be expressed with 

the Stefan-Boltzmann Law as:  

q = ɛσ T4 A, 

where; q = heat transfer per unit time (kW m−2), ɛ = the flame emissivity, σ = 5.6703 x 10-8 (W m-2 K-4) - the 

Stefan-Boltzmann Constant,  T = absolute temperature in Kelvin (K), and A = area of the emitting body (m2). 

Emissivity is a measure between 0 and 1, with 1 being the emissivity from a perfect black box. In this case the 

black box was assumed near perfect, and emissivity was set as 0.8, as the propane flame was of sufficient size to 

completely cover the measuring thermocouple with its depth (Knight and Sullivan 2004). Average radiative 

energy released during all heating procedures is presented in Table 4.1.  

 

Ordination procedures determined which set of factors/variables best explained soil heating. Collinearity analysis 

of predictor variables produced an independent subset and normality of these was checked (IBM SPSS Statistics 

ver. 20; IBM 2011). We considered all factors and predictor variables presented in Table 1 for modelling. The 

response variable matrix consisted of the maximum temperatures reached at 1, 2, 3, and 4-cm depth in each soil 

core. Initial de-trended Canonical Correspondence Analysis results indicated short gradient lengths (i.e. linear 

relationships) and the use of Redundancy Analysis (RDA) was appropriate (Ter Braak and Šmilauer 2012). 

Forward selection determined the marginal and conditional effect of each factor and predictor variable during the 

ordination procedure. Monte Carlo permutation (999 permutations) tested the statistical significance of the 

relationship between the response matrix and each factor and variable, with those significant (P < 0.05) added to 

the model. Those found significant were than fitted on a MNDS ordination of points representing the max 

temperatures reached at each 1-cm increment in each soil core. To facilitate interpretation of these models, we 

tested for relationships and variation between predictor variables significantly influencing heat transfer and 

maximum temperatures reached at different soil depths. For continues predictor variables (i.e. moisture content), 

we used general linear models. For categorical predictor variables (i.e. soil texture), we used univariate ANOVA 

analysis. RDA analysis was completed using CANOCO for Windows ver. 5.03 (Ter Braak and Šmilauer 2012). 

All other analysis was completed in R (R Core Team 2015): NMDS and predictor variable fitting using the 

‘Vegan’ package; general linear modelling using the ‘nlme’ package; and, ANOVA’s using the base package.  
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Soil temperature measurements during low intensity prescribed fire  

We measured soil temperatures during five prescribed fires within the heathy-woodland across the region (Fig. 

4.1) to compare experimental laboratory soil heating with heating during low-intensity fires in the field. All fires 

were conducted as fuel reduction burns using normal operational practices during favourable conditions in 

different seasons – three during autumn, one during spring, one during summer – between 2012 and 2014. 

Ground crews used drip torches to ignite spot and line fires along boundary roads and internal lines where 

appropriate and safe. Ground crews also collected weather data during each burn. We derived soil characteristics 

at these sites from CSIRO soil and landscape digital layer grids (CSIRO 2015). Due to operational limitations, we 

could not measure the soil moisture content in burn blocks at the time of, or just prior to, the fires. To attempt to 

predict this, we modelled soil moisture through parameterising the Java Newhall Soil Climate Simulation model 

(jNSM version 1.6; nrcs.usda.gov/wps/portal/nrcs/; verified 29 Feb. 2016) with site-scale monthly averaged 

precipitation and temperature data from 1950 to 2000 (BIOCLIM 2013). We established 9 m2 quadrats randomly 

at three positons along topographic gradients (ridge, mid-slope and gully) throughout the burn block prior to each 

fire and measured fuel loads within each using overall fuel assessments procedures (without surface fuel) (Hines 

2010). Additionally, we measured surface fuel in 0.5 m2 quadrats placed randomly throughout each 9 m2 quadrat. 

This included leaf litter cover (%) and depth (mm), fine woody debris cover (FWD, %) (< 6 cm diameter), and 

course woody debris cover (CWD, %) (> 6 cm diameter). Table 4.2 reports fire weather and burn block soil and 

fuel characteristics. All fuel measurements were repeated post-fire to determine fuel consumption and fire 

intensity. The amount of energy released by the surface and near surface fuels during the fires, thought to control 

soil heating (Bradstock et al. 1992), was determined as the product of the fuel consumed per unit area (kg m2) and 

a heat yield value (H). A generic value of H=18700 kJ kg was used here (Alexander 1982), consistent with values 

reported elsewhere (Sullivan et al. 2002; Morandini et al. 2013). 
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Table 4-2: Prescribed Fire Site Characteristics and Fire Day Weather 
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In each 0.5-m2 quadrat DS1922 L I-buttons (Maxim Integrated Products, www.maxim-ic.com, accessed March 

2014) measured soil temperatures 2-cm below the mineral soil surface at 60-second intervals during each fire. 

Prior to surface fuel assessments, we dug a small trench, inserted the I-button horizontally into the side at the 

required depth, and returned the soil into the trench and the fuel above the trench. We used a depth of 2-cm as it is 

deep enough to measure temperatures within the upper 5-cm of the soil known to contain the majority of soil-

stored seeds and not too shallow and greatly disturbing the soil profile, which could have influenced our results. 

Further, 2-cm was useful depth from which we could predict temperatures down to 5-cm and up to the surface 

using the first order fire effects model FOFEM (discussed below). Some quadrats did not burn during the fires 

and were subsequently used as controls.  

 

A model inference approach using generalised linear models (GLMs) determined the function of the maximum 

temperature measured by the I-buttons with relation to site and fire factors. Pre-modelling, log transformation 

ensured a normally distributed response variable - the maximum temperature reached for each I-button. To reduce 

collinearity in predictor variables we generated a pairwise correlation matrix (Zuur et al. 2009), with only those 

with an R ≤ 0.5 used in the same model (Tabachnick and Fidell 2001). Predictor variables considered included the 

site and season of the burn, the consumption of fuels (surface, near, and elevated - measured by before and after 

visual assessments), and site soil characteristics (sand, silt, clay, bulk density). We used Akaike’s Information 

Criterion (AIC) to determine the best model(s) from all possible subsets of the above factors (Akaike 1998; 

Burnham and Anderson 2002). We also applied the principle of Occam’s Razor and excluded all models that 

were more complex than the best model (Ellison 2004), i.e. those with more variables. Post-modelling 

examination of residual errors satisfied assumptions of normality and homogeneity (Zuur et al. 2009). Modelling 

was undertaken in R (R Core Team 2015), pairwise correlation and normality analysis using the packages 

‘Highstat’ and ‘nortest’, and GLM using the packages ‘lme4’ and ‘AICcmodavg’ (Mazerolle 2011). 

 

We compared maximum soil temperatures at 2-cm depth during the prescribed burns with temperatures predicted 

by the First-Order Fire Effects Model (FOFEM version 5.7; frames.nbii.gov /metadata /tools /FOFEM_5.7.html; 

verified 14 Feb. 2010). Model parameterisation used the input values for soil texture, fine surface load 

consumption (t ac), near surface load consumption (t ac), and predicted soil moisture (%), as these are the factors 

found to govern soil temperatures during fires in similar ecosystems (Raison et al. 1986; Bradstock and Auld 

1995; Penman and Towerton 2008). The duff load was set at zero. 

 



94  

 

Seed ecology 

We developed germination response curves to heat for 11 prominent hard-coated Fabaceae species found within 

the heathy-woodland community to determine if measured soil temperatures during the fires would promote 

recruitment. For many species in this family, Auld and O’Connell (1991) found germination triggered at 

temperatures of 40, 60, 80 and 100 °C, with the highest proportion of germination for many occurring in the 

temperature range 80–100 °C. Other studies have found similar temperature thresholds for other Australian 

species: 40°C –Hill and French (2003); 60°C – Portlock et al. (1990); Thomas et al. (2003); 80°C – Kenny 

(2000); Morris (2000); Read et al. (2000); Hill and French (2003); 100°C – Brown et al. (2003). Therefore, to 

examine the germination responses to heat for the local species, we treated seeds with oven heating at 40, 50, 60, 

80, 90, 100, 110, and 120 °C for 10 minutes following the methods of Auld and O’Connell (1991). Species 

researched were: Acacia mucrunata, Acacia myrtifolia, Acacia suaveolens, Acacia verticillata, Aotus ericoides, 

Daviesia leptophylla, Dillwynia cinerascens, Dillwynia sericea, Dillwynia glaberrima, Platylobium 

obtusangulum; and Pultenaea daphnoides. Seeds were collected in Spring/Summer 2014 from species occurring 

around the sites where soil cores were extracted and seed treatments occurred in Autumn 2015. Treated samples 

included 3-4 replicates of between 30 and 90 seeds (depending on availability of seed (e.g. D glaberrima – one 

replicate for each treatment) for each species at each temperature treatment (Appendix 4.1).  I-buttons determined 

the exact temperature the soil had reached at the time the seed was added to its surface, which was sometimes 

different to the oven setting. This occurred through preheating a small volume of air-dried soil from the field in an 

aluminium tray with an i-button buried just below the surface. Temperature logging continued during the oven 

seed heating treatment to conclude exact maximum temperatures reached, resulting in a continuous scale of 

treatment (Fig. 4.4). Post-heating incubation of seeds occurred for a period of 8 weeks. We then calculated the 

proportion of seed germination for each species and treatment, plotted each as a point, and fitted a generalised 

additive model to examine heat/germination response functions. Generalised additive modelling was undertaken 

in R using the ‘mgcv’ package (Wood 2004).    
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Results 

Seed ecology 

The proportion of germination for all species increased with heat treatments compared to controls. We observed 

differential responses between species as the shape of the heat germination relationships differed considerable 

(Fig. 4.4). Seven species had high trigger points and the highest proportion of germination (> 50 %) between 90° 

and 110°C: A. mucrunata; A. verticillata;  A. myrtifolia;  A. sauvealons; A. ericoides;  D. sericea;  and, P. 

daphnoides. Three species had low trigger points, 31 to 72 % germination between 50° and 60 °C: P. 

obtusangulum; D. cinerascens; and, D. glaberrima. Acacia mucrunata and A. verticillata, had very similar 

responses with low proportions of germination (< 25 %) until temperatures reached between 75° and 120°C, with 

a sharp increase occurring at around 100°C. Pultenaea daphnoides, D. sericea, and D. leptophylla exhibited 

higher proportions of germination between 50° to 110 °C (Fig. 4.4).  Dillwynia glaberrima had a low temperature 

trigger point with a unimodal response in germination which peaked between between 40° and 75°C and then 

declined at temperatures > 75°C. These results indicate two major temperature ranges for promoting high 

proportions of germination of these species:  80 to 100°C for the Acacia species and 50° and 75°C for all other 

species. They also highlight three major trigger points - 80°C for the Acacia species, 50°C for D. glaberrima, and 

60°C for all others. 

 

Soil temperature measurements during low intensity prescribed fire  

Fire effected 102 of the 117 quadrats established to measure fuel consumption and soil temperature. Between 0.4 

and 23 MJ, or 2 and 95 kW s, of energy was released in the consumption of surface and near surface fuels during 

the fires. Across all fires a mean (±1 s.d.) of 95 ± 11 % of elevated vegetation, 96 ± 8 % of near surface 

vegetation, 84 ± 25 % of leaf litter, 92 ± 10 % of FWD and 98 ± 4 % of CWD were consumed. Maximum 

temperatures at 2-cm ranged from 20.1° to 67.3°C with a median of 33.5 °C and a mean (±1 s.d.) of  34.7 ± 8.5 

°C. Fuel consumption and subsequent soil temperature details for each fire are presented in Table 4.3 and Figure 

4.5. The highest temperatures occurred when nearly 100 % of surface fuels combusted in quadrats within sites 

with higher soil silt contents and lower modelled soil moistures. Maximum temperatures in the control quadrats 

ranged from 16° to 26°C (n = 15). Temperatures at 2-cm failed to reach 40 °C, the lowest germination trigger 

temperature identified for the studied species, in 82 of the effected quadrats. All failed to reach > 80 °C, the 

trigger point for Acacia germination (Fig. 4.5).  
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Figure 4-4: Differential responses heat germination relationships for eleven hard-coated Fabaceae species from the 

heathy-woodland of the region. Showing significant increases in germination rates with heating compared to controls at 

25 °C. Shaded areas represent temperature windows of highest of highest germination rates. Lines represent generalised 

additive modelling of germination proportion points.  
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Table 4-3: Average Fuel Consumption (%) and Temperatures (°C) 

 

  

Five fuel categories: n = number of I-buttons/quadrats with category type pre-burn,    CWD = course woody debris, FWD = fine woody debris 

Site Alcoa Breakfast Kings Woodlands Shiney 

Season Autumn Autumn Summer Autumn Spring 

Elevated 
     

n 10 12 60 13 7 

Mean  (%) 99.80 82.00 94.50 100 100 

s.d 0.42 17.14 9.94 0 0 

s.e 0.13 4.95 1.28 0 0 

Severity H 
    

      
Near Surface 

     
n 10 12 60 13 7 

Mean (%) 99.60 88.33 95.42 99.23 99.57 

s.d 0.52 11.15 8.15 2.77 0.73 

s.e 0.16 3.22 1.05 0.77 0.28 

      
Surface 

     
n 10 4 60 13 7 

Mean (%) 98.00 87.50 84.03 85.00 58.57 

s.d 2.58 11.90 26.38 22.27 24.10 

s.e 0.82 5.95 8.34 6.18 9.11 

      
CWD 

     
n 10 2 60 13 7 

Mean (%) 100 100 97.47 98.00 99.61 

s.d 0 0 4.31 2.65 0.35 

s.e 0 0 0.56 0.73 0.13 

      
FWD 

     
n 10 2 60 13 7 

Mean (%) 100 100 90.02 92.69 100 

s.d 0 0 8.62 16.41 0.00 

s.e 0 0 1.11 4.55 0.00 

      

      

Modelled Soil Moisture (%) 13 14  -  15.3 9  - 10 17.5 11.5  - 12 

Max temp (°C) 67.9 62.5 50.60 38.2 52.6 

Min temp (°C) 21.1 25.6 22.00 20.1 23.5 

Mean temp(°C) 39.2 36.5 33.50 30 38.2 

s.d 13.4 11.7 6.7 6.2 9.6 
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Figure 4-5: Max temps for each prescribed fire in each season. Above – maximum temperature range at 2 cm depth during each fire. Control 

temperatures significantly lower (P ≤ 0.001). Vertical dotted lines and shaded area indicate the two lowest threshold temperatures for seed 

germination. Starting from left: Control – n = 15; Autumn – n = 13; Autumn – n = 11; Autumn – n = 10; Spring – n = 9; Summer – n = 60. 

Below – number of measured maximum temperatures at 2 cm across all fires that exceeded germination trigger points: 40, 60, and 80°C. 
Counts for trigger points not additive, i.e. those above 40°C are not included with those below 40°C.    
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The best model (GLM) in the multi-model inference approach indicated the maximum temperature reached was a 

function of the proportion of surface fuel burnt, the site of the burn, the site’s soil silt content, and a site and silt 

content interaction. However, a model with similar support also included the additive effect of the predicted soil 

moisture within this function. All other competing models, i.e. those within two AIC points, were more complex 

and excluded (Table 4.4). As sites were burnt in different seasons, the predictor variable ‘site’ could also be used 

as a surrogate for ‘season’. Within the top models, maximum temperature was significantly affected by the 

magnitude of surface fuel burnt (R2 = 0.04, P = 0.037, F = 4.44), the predicted soil moisture (R2 = 0.16, P = 0.004, 

F = 3.60), and the soil bulk density (R2 = 0.05, P = 0.039, F = 4.39). Maximum temperature was not significantly 

affected by site or soil silt content individually, but in interaction these variables were the most important in the 

model (R
2 

= 0.29, P = 0.0001, F = 4.41).   

 

Table 4-4: Comparison of competing models of soil heating during prescribed fires using Akaike Information Criterion 

Models of maximum temperature function (T ~). Site = location of burn. % Surf = percentage surface litter burnt. Silt = soil silt content. BD 

+ soil bulk density. Moisture = modelled soil moisture on burn day.  Complexity = number of factors. Ordered from best to worst fit, ΔAICc 

= change in Akaike’s Information Criterion. Shaded models indicate those within two AIC points of the best model. Cum.Wt = cumulative 

weight of models. R2
= variance explained by the entire model.  

 

Model Description Complexity  AICc ΔAICc Cum.Wt R
2
 

     
 

T ~ % Surf + Site + Site X Silt 12 -21.9211 0 0.233303 0.32 

T ~ % Surf + Moisture + Site X Silt 13 -21.7053 0.215736 0.442751 0.32 

T ~  % Surf + Site X BD + Silt 14 -21.0749 0.846157 0.595571 0.33 

T ~ % Surf + Site X BD 14 -20.5076 1.413477 0.710648 0.31 

T ~ % Surf + Site X Silt X BD 19 -20.1214 1.799699 0.805516 N/A 

T ~ site X silt 11 -19.6101 2.311 0.878983 
 

T ~ Moisture + Silt + Site X Silt 12 -17.1369 4.784175 0.900316 
 

T ~ Site X BD + Silt 12 -16.9014 5.01964 0.91928 
 

T ~ % Surf + Moisture 8 -16.4889 5.432221 0.934709 
 

T ~ % Surf  X Site + Site X Silt 16 -16.487 5.434062 0.950123 
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FOFEM modelling had moderate ability to predict maximum soil temperatures at 2-cm depth during the five 

prescribed fires, with a correlation of 0.6. This correlation was stronger at lower temperatures and weaker at 

higher temperatures, indicating FOFEM overestimates the higher temperature ranges observed during the 

prescribed fires. FOFEM overestimated temperatures at 2-cm depth by an average of 8.4 ± 7.5°C and 

underestimated temperatures by an average 3.8 ± 5.6°C. As FOFEM also predicts temperature profiles at 1-cm 

increments from the surface, it was possible to work up and down the soil profile from 2-cm to estimate 

maximum temperatures at these increments. These estimations suggested soil temperatures at 1-cm consistently 

reached 40°, 60°, and 80°C, the full range of germination trigger temperatures for many of the local species. 

These temperatures were never predicted at 3 – 5 cm.  

 

Experimental warming  

We found an incremental and statistically significant (P ≤ 0.001, pseudo-F = 637.9) decline in temperature with 

increasing soil depth and moisture for all soil textures. The average maximum surface temperatures ranged from 

383° to 486°C. The raw maximum surface temperatures ranged from 592° to 668°C. The radiative heat flux at the 

soil surface ranged from 31.7 to 44.5 kW m-2, which transfers to a fire intensity of 7619 – 10679 kW m-1 over the 

four minutes (assuming a constant heat release) (Table 1). Maximum temperatures at the four depths ranged from: 

31° to 266°C at 1-cm (mean and standard error 89 ± 4.8°C (s.d. 53.7°C)) (Clay Loam/Cay at 18.4 % moisture and 

Sandy Clay Loam at 7.6 % moisture respectively); 22.8° to 213°C at 2-cm (mean and standard error of 54 ± 2.1°C 

(s.d. 24°C)) (Sandy Clay Loam at 25.8 % moisture and Sandy Clay Loam at 7.6 % moisture respectively); 18° to 

63C at 3-cm (mean and standard error of 37 ± 0.9°C (s.d. 10.2°C)) (Clay Loam/Cay at 18.4 % moisture and 

Sandy Clay Loam at 9.5 % moisture respectively); and 19.8° to 66.4°C at 4-cm (mean and standard error of 33 ± 

0.7°C (s.d. 8.3°C)) (Sandy Clay Loam at 22.8 % moisture and Sandy Clay Loam at 1.8 % moisture respectively). 

Whilst surface temperatures measured at all soil core surfaces would kill the seed of present species, the average 

temperatures at 1-cm depths (89°C) reached the highest trigger point for germination of all species tested here and 

in other research (Auld and O'Connell 1991). Average temperatures at 2- and 3-cm (54° and 37°C respectively) 

reached the lowest germination trigger temperature for most species tested here and in other research (Auld and 

O'Connell 1991). Average temperatures failed to reach any trigger points after 3-cm depth. The average 

temperature at 2-cm during experimental heating was consistent with those measured at 2-cm during the 

prescribed fires, indicating the heating time of 4 minutes taken from the residence time measured with the I-

buttons was appropriate.  
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RDA analysis found three predictor variables (moisture content, thermal conductance and organic matter < 2mm 

content (OM)) had significant relationships with soil heating. Moisture content was significantly correlated with 

thermal conductance (R = 0.80) so each was modelled separately with OM. Of these, moisture content and OM 

explained the most (15.4 % and 3.4 %, respectively), with increasing moisture directly negatively related to 

heating at all depths. Separately, thermal conductance explained 9.9 % with OM 3.4 % (Fig. 4.6, showing vectors 

for both moisture content and thermal conductance). Fitting these variables as vectors onto an unconstrained 

ordination (NMDS) showed moisture positively related to lower average soil core temperatures and negatively 

related to three out of the four centroids for maximum temperature values at different soil depth (Fig. 4.6). 

Analysing this relationship at each soil depth separately, we found a negative and significant relationship between 

heating and moisture content at the surface and all depths. Although soil texture and OM content did not 

significantly affect heating at any depth, increased OM was positively related to greater water holding capacity 

meaning cores with higher OM also recording the lowest temperatures at all depths (Fig. 4.7). Moisture content 

significantly affected the function of the soil heating by decreasing the maximum temperature and increasing the 

heating period (Fig. 4.8, showing two cores of exact type with different moisture content). When soil core 

moisture was binned into low (0-10%), mid (10-20%), and high (>20%) content, we found significant differences 

between maximum temperatures in low versus high at all depths (Fig. 4.9).  
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Figure 4-6: Above - RDA results presenting relationships between the maximum temperatures reached at the four soil core depths 

and three modelled predictor variables with significant explanatory contributions. Moisture (%), P ≤ 0.001, explained 15.4 %. 

Organic Matter <2mm (%) (OrgaMat), P ≤ 0.031, explained 3.4 %. Thermal Conductance (W m
-1

 K
-1

)) (TherCond), P ≤ 0.042, 

explained 9.9 %. Below – Non-metric multidimensional scaling ordination of heated soil cores with significant predictor variable 

vector overlay using EnvFit. Each point represents the dissimilarity of a soil core heating at all depths with respect to the next. Point 

labels represent average temperatures across all depths for each soil core, i.e. 274.9 = average of the maximum temperature at 1, 2, 

3, and 4 cm depths for that core. Red-labelled points (e.g. X1cm) represent the centroid points for maximum temperatures at each 

depth across all cores.     
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Figure 4-7: Maximum soil temperatures measured at the surface and 1, 2, 3, and 4cm beneath the soil surface of intact soil cores during 

experimental heating (n = 128). Size of points relates to organic matter content (<2mm, %). A gradient of pre-burn soil moisture contents, 
from air dry to field capacity, was compared in each soil texture. Each negatively linear relationship was significant. 
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Figure 4-8: Maximum soil temperatures measured at 1, 2, 3, and 4cm beneath the soil surface during experimental heating of two intact soil 

cores with the same texture but different moisture contents. Black lines represent low core moisture (6.1 %) and grey lines high core moisture 
(24.9 %). Difference of temperature at each depth in low versus high moisture core is significant (P ≤ 0.001 for all). 
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Figure 4-9: Maximum temperature distributions in the three core moisture blocks: low =  0 - 10 %; mid = 10-20 %; and high = >20 %. Low 

moisture: n = 50, mean and s.d. = 6 ± 2.5 %. Mid moisture: n = 53, mean and s.d. = 15.2 ± 2.9 %. High moisture: n = 30, mean and s.d. = 24 ± 3.4 

%. Each graph represents a depth of measurement: 1, 2, 3, and 4 cm. Post-hoc analysis indicated consistent differences between Low and High 
moisture contents (indicated as P and F values on graphs). Soil texture did not significantly affect maximum temperature at any depth. 
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Discussion 

Soil heating during fires is important for the post-fire recruitment of many obligate seeding plant species that 

require heat to break physical dormancy and stimulate germination. We found soil moisture and surface fuel 

consumption (or energy released to the soil surface) the main drivers of soil heating, both in the field and 

laboratory (H1). Soil texture was not a direct influence (H2), although it did have an indirect influence as it 

governed the water holding capacity of the soil cores. During prescribed fires, maximum temperatures at 2cm 

below the soil surface rarely reached the main germination trigger points for the tested species (H3). We found 

differential heat germination triggers and relationships for local hard-coated seeds (H4). Using predictive 

modelling parameterised with field conditions had some success with a moderate correlation found between 

temperatures measured during prescribed burns and predicted using FOFEM. This modelling also indicated that at 

1-cm temperatures would reach necessary germination trigger points. During the experimental heating, average 

temperatures at 1-cm depth reached the highest trigger point for germination in all species tested, whilst at 2- and 

3-cm they reached the lowest germination trigger temperature for most species tested. Our results highlight the 

importance of considering soil moisture and surface fuel loads if ecological burns are to promote germination of 

present hard-coated seeds. These results also highlight the need to consider the depth of soil heating during 

prescribed burns and how this may interact with seeds present throughout the soil profile. 

 

While surface soil temperatures spike rapidly during heating, such as from a fire (Robichaud et al. 2000; Busse et 

al. 2005), belowground temperatures rise slowly in both dry and moist soils. In dry soil, air acts as a good 

insulator (Parsons and DeBenedetti 1979), and in wet soils, all moisture must be evaporated before temperatures 

will exceed 95°C (Jury and Horton 2004). During heating, most of the conduction takes place through a relatively 

small cross-sectional area at the point of surface contact between particles. The presence of a water film increases 

the effective surface area for thermal contact, leading to greater heat transfer (Busse et al. 2005). Equally 

important, water has ~23 times greater thermal conductivity than air (Jury and Horton 2004). At higher moisture 

contents, however, thermal conductivity is reduced per unit of water as additional energy is required for 

evaporation. For this reason, it is stipulated that burning when soils are dry increases the likelihood of elevated 

soil heating due to the lower energy required to heat air-filled pores compared with water-filled pores (Busse et 

al. 2005; Stoof et al. 2011). Agreeing with these principles and previous research (Frandsen and Ryan 1986; 

Hartford and Frandsen 1992; Valette et al. 1994; Campbell et al. 1995), we found thermal conductance and 
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moisture content positively correlated, and both negatively related to soil profile heat flux with depth. Therefore, 

the soil moisture content at the time of prescribed fires is an important ecological consideration, as it is likely 

influencing the severity and extent of heat transfer into the soil surface.  

 

Experimental warming  

Maximum surface temperatures during the experimental heating of this research fell within those measured 

during previous prescribed fires in dry sclerophyllous forest (Raison et al. 1986), grass fires (Cook 1939; Floyd 

1966), experimental fires using intact soil cores (Valette et al. 1994; Busse et al. 2010), and laboratory heating 

using a propane torch (Stoof et al. 2011). Overall, flame radiosity during this study was less than that found in 

active crown fires (Butler et al. 2004), but within that reported from previous field (Butler 1993; Cruz et al. 2011; 

Thompson et al. 2015) and laboratory (Linteris and Rafferty 2008) experimental fires. It was also similar to the 2 

- 95 kW m-2 of energy released by the surface and near surface fuels consumed during the prescribed burns 

researched here (discussed below). Maximum soil core profile temperatures during the experimental heating of 

this research fell within those measured during previous experimental fire (Raison et al. 1986; Bradstock and 

Auld 1995; Busse et al. 2010) and propane torch (Stoof et al. 2011) heating studies. They also align with those 

measured during prescribed fires in our study (discussed below). A consideration from our study is the direct 

propane heating downward onto the soil surface. Traditionally, the majority of radiant heat from flames during 

fires is expelled upwards (Cruz et al. 2011); however, as our soil surface temperatures, subsequent energy 

releases, and soil profile temperatures fit with values from real fire in the field, the method used here has proven 

accurate.  

 

Downward and lateral heat transfer in soil profiles is a function of, amongst other things, soil moisture and soil 

physical texture. Previous research has highlighted a negative relationship between soil moisture and heat transfer 

or flux (Campbell et al. 1995; Enninful and Torvi 2008; Busse et al. 2010; Stoof et al. 2011). Although previous 

research has found soil texture not significantly affecting soil heat fluxes (Busse et al. 2010), it does govern the 

soils available water capacity (AWC) through its porosity and organic matter content (Jury and Horton 2004), 

therefore indirectly affecting heating. Further, a common principle of soil physics is that it is an inefficient 

medium for heat transfer and that high temperatures are most often restricted to the surface layer (Jury and Horton 

2004). These relationships and principles held in our study as heat fluxes significantly declined with increasing 

soil moisture and depth, and soil core water holding capacity changed with texture, porosity, and organic matter 

content.  



108  

 

Soil temperature measurements during low intensity prescribed fire  

Previous research presents soil heating during low-intensity fire in dry sclerophyllous forest as a function of 

surface and near surface fuel consumption and fire residency time (Aston and Gill 1976; Raison et al. 1986; 

Bradstock and Auld 1995; Penman and Towerton 2008). Maximum soil temperatures reached during this research 

ranged from 40.3 ± 19.1 to 54 °C and 25.0 ± 11.7 to 42 °C at 2 and 5cm depth respectively. In our study, 

temperatures at 2 cm ranged from 20.1° to 67.3°C with a mean of  34.7 ± 8.5 °C, therefore aligning more with 

those measured by Penman and Towerton (2008). Fuels at our sites consisted of generally sparse leaf litter to a 

depth of 3 cm, less than 5 % surface coverage of FWD and CWD, and near surface vegetation cover varying from 

10 to 80 % - depending on site age. These fuels, like those of Penman and Towerton (2008), would have resulted 

in a relatively short fire residency time during each prescribed burn. However, although our results found soil 

temperature related to surface fuel consumption, they also highlight the importance of soil moisture, texture, and 

physical properties, such as organic matter, when considering downward soil heat fluxes. 

 

FOFEM has been found to significantly overestimate soil temperatures measured in intact soil cores under 

moderate to intense experimental fires (Busse et al. 2010). FOFEM generally overestimated temperatures at 2 cm 

depth during these low-intensity prescribed burns to within 5° to 10 °C, which is a smaller difference. The soil-

heating algorithm in FOFEM was developed based on models derived by Campbell et al. (1995) and verified with 

packed soil columns. The large overestimation found by Busse et al. (2010) could indicate that heating models 

developed using disturbed soils generally overestimate soil temperatures during moderate to intense fires. The 

smaller overestimation we found could indicate that with increased refinement, research, and sensitivity analysis, 

it is feasible that this modelling technique could more accurately predict temperatures throughout the soil profile 

under low-intensity fires. Importantly for land managers, we parameterised FOFEM with a relatively coarse 

measurement of fuel consumption (i.e. a pre- and post-fire fuel hazard assessment of t ha-1 and % burnt), 

predicted soil moisture contents from soil climate simulation modelling, and soil texture characteristics predicted 

in digital layer grids. This highlights a non-laborious method of predicting soil temperatures during planning and 

practice of ecological burning to promote germination of physically dormant species with higher soil 

temperatures from more intense fires (Morrison 2002). Further research is needed to assess these results relative 

to others. 
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Seed ecology 

For many species within Australian fire prone ecosystems, germination is highest between the temperatures 80° 

and 100 °C (Auld and O'Connell 1991; Kenny 2000; Morris 2000; Read et al. 2000; Hill and French 2003). In our 

study, some species had high germination at these temperatures, and some at lower temperatures (between 50° 

and 60 °C), indicating species-specific heat germination requirements. For example, A. mucrunata and A. 

verticillata  had high heat requirements, agreeing with Auld and O'Connell (1991). P. obtusangulum and D. 

cinerascens had lower heat requirements, agreeing more with Thomas et al. (2003). While all surface 

temperatures reached during the experimental heating in our study would kill the seed of the local Fabaceae 

species, the average temperatures measured at 1 cm depth would be sufficient to trigger considerable levels of 

germination in all species. The average temperatures measured at 2 cm would only be sufficient to break 

dormancy widley in D. leptophylla, D. glaberrima, D. sericea, P. obtusangulum, and P. daphnoides.  The Acacia 

spp. would have exhibited very limited germination. Taking into account past research (Bradstock and Auld 

1995) and temperature measurements from this study, we stipulate that a fine ground and near surface fuel 

consumption of between 0.8 and 1.6 kg m-2 over soil with ~10 % water content would result in high germination 

of these researched species seed in the top 2 cm of soil.   

 

Conclusion 

The challenge for biodiversity managers is to develop a range of fire management strategies that enable sufficient 

germination of fire-dependent species to maintain floral diversity while ensuring the prescribed burns achieve the 

wildfire management objectives. In developing such strategies, consideration should be given to the site’s soil 

moisture, soil characteristics, and surface fuel loads at the time the fire is to be conducted. Depending on the 

management objective, burning when conditions are slightly dryer may result in higher soil temperatures and 

increase the germination of certain species. An alternate objective could be to conduct a cooler burn to retain un-

germinated seed of these species in the soil in case of further prescribed burning or an unexpected wildfire. In this 

case a key question would be what the cumulative effect of multiple burns is on the soil stored seed of these 

species and when does this store deplete with time and therefore require a sever burn to stimulate recruitment. 
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5 - Modelling optimal growth stage distributions for biodiversity 

conservation and ecosystem resilience  

 
 

Introduction 

In many regions of the world the increased use of prescribed fire is a popular subscription for reducing the risk of 

larger, more frequent, and more intense wildfires due to recent climate change (McKenzie et al. 2004; Simmons et 

al. 2004; Pitman et al. 2007). Prescribed fire is predominantly a fuel reduction treatment aimed at wildfire risk 

reduction to human life and assets (Moritz et al. 2014); however, it is also increasingly being used in an attempt to 

conserve and protect biodiversity in flammable ecosystems worldwide (Kenny et al. 2004; Driscoll et al. 2010; 

Wilson et al. 2014). Using prescribed fire to manipulate patterns of vegetation community successional stages, 

known synonymously as seral or growth stage management, has become a commonly adopted conservation 

strategy in these ecosystems (Parr and Andersen 2006; van Wilgen et al. 2011; Spies et al. 2012). However, recent 

research has advised against the blanket application of this approach as not all growth stage patterns may be 

ecologically meaningful (Parr and Andersen 2006; Maravalhas and Vasconcelos 2014) and the link between these 

patterns and biodiversity in a given region often remains largely unknown (Driscoll et al. 2010). In addition, the 

cumulative impacts of prescribed fire and future wildfires over time remain largely unknown. Cumulative effects 

occur due to the accumulation of change in an ecosystem generated by multiple agents interacting sequentially in 

time and space (Nitschke 2008). In our case, deterministic prescribed fire overlain by stochastic wildfires may lead 

to synergistic and/ or additive effects that could affect ecosystem structure, species richness, and key ecological 

processes (Nitschke 2008). This makes the application of growth stage management uncertain and highlights the 

need for clearly defined and measurable conservation objectives from such management (Kelly et al. 2015). 

 

Decision making models used to apply management paradigms, such as growth stage management, can be broadly 

categorised into optimisation or simulation approaches (Mathey et al. 2008). Optimisation models can be used to 

clearly define conservation objectives and attempt to provide precise solutions; however, they can be constrained 

by the large size of planning problems and the nonlinearity of spatial relationships (Mathey et al. 2008). 

Simulation models are not constrained by the nonlinearity of spatial relationships instead they predict the 

consequences of managing for conservation objectives (Nitschke et al., in press). By integrating both modelling 

methods managers can develop conservation objectives, assess the achievability of these objectives, and determine 

the management strategy most likely to achieve the desired conservation outcome(s). 
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Research in forests worldwide has found that different growth stages often have different species diversity (e.g. 

relative species abundance) (Capitanio and Carcaillet 2008; Franklin et al. 2011; Duff et al. 2012). Using the 

geometric mean of species’ relative abundance (G) as a diversity index (Buckland et al. 2011) it is possible to 

calculate the optimal vegetation growth stage structure (GSS) that maximises species diversity across a landscape 

through a technique called growth stage optimisation (GSO) (Di Stefano et al. 2013; Giljohann et al. 2015; Kelly 

et al. 2015). To date this technique has been undertaken using above-ground vegetation diversity data (Di Stefano 

et al. 2013) without including the associated soil-seedbank (below-ground) diversity. Above-ground vegetation 

diversity, however, is often not representative of total vegetation diversity in Mediterranean ecosystems. Negative 

relationships between above-ground diversity and TSF have been reported (Morrison and Cary 1995; Gill 1999; 

Freestone et al. 2015), whilst variable (Wills and Read 2007) or weak positive relationships (Milberg 1995; Chick 

et al. 2016) have been found below-ground. Further, in certain Mediterranean ecosystem growth stages species 

found below-ground have been absent above-ground (Wills and Read 2007). This divergence in species diversity 

pattern highlights the importance of considering the below-ground community when developing vegetation 

conservation targets for prescribed fire regimes.  

 

Although GSO can calculate the optimal vegetation GSS objective it does not forecast the prescribed fire regime 

needed to achieve this GSS in real-world landscapes (Driscoll et al. 2010; Penman et al. 2011). Landscape-level 

disturbance and succession models, such as LANDIS-II, can simulate fire-disturbance driven change in plant 

composition and growth stage pattern across a landscape (Scheller et al. 2007; Gustafson and Sturtevant 2013). 

Despite this capability, LANDIS-II has never been used to simulate and predict the fire-regime needed to reach the 

optimal vegetation GSS in a fire-managed landscape or simulate future change in a diversity index, such as G, 

from alternate fire-regimes. Empirical research examining the effects of prescribed burning practices on current 

biodiversity at landscape-scales is vital to parametrise, test, and develop this simulation modelling. 

 

Within Victoria, Australia, the existing wildfire risk reduction management plan focuses on minimising risk to 

people, property, infrastructure, and economic activity, whilst maintaining and improving the resilience of natural 

ecosystems (Department of Environment and Primary Industries 2014). To have the greatest impact on reducing 

wildfire risk this will primarily involve fuel management (fuel reduction) in areas assessed as having high wildfire 

risk and surrounding high value assets. The current plan, reaching to 2050, includes significantly increasing 

prescribed burning around towns and high value assets such as water and electricity providing infrastructure 

(Department of Environment and Primary Industries 2014).  
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In this research we integrated a GSO model with a landscape simulation model through scenario analyses to:  (1) 

established a community-level GSS target that maximises species diversity in the fire-prone heathy-woodlands 

located in the Greater Otway National Park in Victoria, south-east Australia; and, (2) determine the cumulative 

effects of alternative management regimes and wildfire on target GSS. After an extreme wildfire event in Victoria 

an increase in prescribed burning to cover around 5% of public land was recommended (Teague 2010). This 

recommendation, in combination with the high wildfire risk around this town, has resulted in a planned increase in 

prescribed burning throughout this region (Department of Environment and Primary Industries 2014).  

 

Materials and Methods 

There are three elements to our methods: (a) collecting species abundance data above- and belowground in all 

growth stages characterised within heathy-woodland; (b) using optimisation to predict the distribution of growth 

stages that may maximise diversity across the landscape; and (c) predicting the future prescribed fire regime that 

may achieve this distribution. 

 

Study area and plant diversity sampling  

The study area is located within the heathy-woodlands of the Otway Ranges region 130 km west of Melbourne, in 

Victoria, south-east Australia (Fig. 5.1). The climate in this region is considered a quasi-Mediterranean-type 

(Dodson 2001), with warm summers, mild winters, and winter dominant rainfall. Vegetation is characterised as 

dry sclerophyll and dominated by a short overstorey of Eucalyptus baxteri (Benth.) Maiden & Blakely ex 

J.M.Black (Brown Stringybark) and a diverse heathy understorey comprising shrubs from the families: Fabaceae, 

Ericaceae, Myrtaceae, Proteaceae, Thymelaeaceae, Xanthorrhoeaceae and Dilleniaceae. Three discrete heathy-

woodland distributions exist around the townships of Anglesea, Forrest, and Carlisle River (Fig. 5.1A). Wildfire 

last burned the Anglesea region in 1983 and the Forrest and Carlisle River regions in 1939. The general wildfire 

regime for this vegetation community in this region is estimated as infrequent, from 20 to 100 years, medium-

intensity shrub fires in spring or summer (Murphy et al. 2013). Since 1983 all regions have been the subject of 

small-scale prescribed burning (from ~ 100 to ~1000 ha) to satisfy fuel reduction and ecological goals 

(Department of Primary Industries 2013). This has resulted in a highly heterogeneous fire history within the 

heathy-woodland, making it useful for measuring plant diversity in different post-fire growth stages. 
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We used fire history mapping to stratify the landscape, based on years since fire, into categories that represented 

the growth and development stages, termed ‘growth stages’, in post-fire heathy-woodland (Cheal 2010): 0-3 yrs 

(juvenile); 4–10 yrs (young); 11–30 yrs (mature); and >30 yrs (old). We established seventy-one sites, 

representative of a temporal gradient within these four growth stages, across the three regions (Table 5.1).  To 

validate the fire history mapping and the assumption of aboveground consumption in the last fire at the site scale, 

we aged at least 30 individual Banksia marginata shrubs using growth whorls (Jenkins et al. 2005). Ten 

individuals were sampled within a 20-meter radius of the three sampling points established along transects (see 

below). Criteria for site selection included: (1) heathy-woodland of a minimum size of 1 ha; (2) being burnt within 

separate fires allowing sample independence (Fig. 5.1b); and, (3) representing different time since fires to provide 

a good representation of site ages.   
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Table 5-1: Growth stages sampled in the three regions 

Growth stages based on growth stage categories 

  Anglesea Forrest Carlisle River 

Size (ha) 6187 1500 11509 

Sites (growth stage, n) 
 

  

   Juvenile (0 - 3 yrs) 3 2 4 

   Young (3 - 10 yrs) 8 7 2 

   Mature (11- 30 yrs) 13 8 7 
   Old (> 30 yrs) 5 6 6 

Growth stage total (n) 29 23 19 

Average inter-fire interval  19.1(± 1.5) SE 30.4 (± 1.6) SE 32.1 (± 2.7) SE 

    

  

(b) 

(c) 

Figure 5-1: Study area in the Otways Ranges. (a) Anglesea region heathy-woodland distribution. (b) Fire history and sites (black dots) 

within the Anglesea region. (c) Layout of six quadrats (3 x 3m) per site running from ridge to gully (black dashed line indicates transect, 

undashed line with “Creek” indicates creek). Aboveground species census and thirteen soil seedbank cores collected within each quadrat. 

(a) 
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Transects were established randomly within each site, extending from ridge to gully in order to sample for 

topographic position. At three positions (ridge, mid slope and gully), two 3m × 3m quadrats were sampled (Fig. 

5.1C).  To sample aboveground vegetation, we completed a census of species diversity within each quadrat. This 

included a density count of individuals for all shrub, sub-shrub, and herbaceous species. Concurrently, to sample 

soil seedbank (belowground) diversity, small soil cores (6 cm diameter, 5 cm depth) were extracted at 13 positions 

in each quadrat and bulked, resulting in three composite soil samples per transect (26 cores per topographic 

position). Cores sampled the top 5 cm soil layer as this is where most seeds are found (Carroll and Ashton 1965). 

Surface litter was included (i.e. in the soil core) as it can represent a source of fresh seed (Enright and Kintrup 

2001) and we wanted to sample all available seed at that specific TSF. The sampling intensity of soil per 

experimental unit of six quadrats (78 cores; surface area: 0.220 m-2; volume: 0.011 m-3) was consistent with 

similar studies (Enright and Lamont 1989; Wills and Read 2007). Soil core collection occurred in autumn of 

2013/14 to capture seeds released in spring and summer (Enright and Kintrup 2001).  

 

We treated the composite soil-seedbank samples separately and then pooled the data across each transect for 

landscape-scale analyses or left it separate for topographic-scale analyses (see below). Composite soil samples 

were air-dried, sieved (4 mm diameter) to remove litter, rock, and other non-soil substrate, and mixed thoroughly. 

Each composite sample was further divided into three sub-samples for treatment. Smoke and heat enhance the 

germination of many species within heathy-woodland (Enright and Kintrup 2001). Therefore, one sub-sample was 

treated with high heat and smoke, one low heat and smoke, and one no heat or smoke and kept at room 

temperature (control). High and low heat treatments occurred by heating samples in aluminium trays to a depth of 

2 cm in ovens at 95°C for 60 and 6 minutes, respectively. Temperatures were measured at 1 cm depth in each 

sample using sensors (DS1922 L I-buttons; Maxim Integrated Products, www.maxim-ic.com). The high heat 

frequently reached 80°C,  known to maximise germination of hard-coated shrub seeds (Auld and O'Connell 1991). 

The low heat frequently matched the 30 – 50°C found to promote sedge and grass species germination (Warcup 

1980). We applied smoke to the heated soil samples after they had cooled. Smoke water production followed 

Enright and Kintrup (2001), using a combination of fresh and dry foliage from Eucalyptus baxteri and associated 

understory shrub species. Pre-heated soil sub-samples were soaked with 400 ml of smoke water, mixed 

thoroughly, and allowed to sit. Heat and smoke were used in combination to maximise germination, rather than to 

compare results from treatments. 
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Soil-seedbank samples were spread to 2.5 cm depth within plastic seedling trays and placed randomly in a climate-

mediated (approximately 16°C at night and 26°C during the day) glasshouse with automatic irrigation. Due to 

limited glasshouse space, two trial periods ran from August 2013 to January 2014 and May 2014 to October 2014, 

each for 24 weeks. Tray positions were re-randomised throughout the trial to reduce position bias. Identifying, 

counting, and removing of seedlings occurred periodically to reduce competition and increase germination. 

Identification occurred through reference to expert opinion and available literature (Walsh 2003; Mayfield 2013; 

Bull 2014).  

 

Growth stage optimisation  

We calculated the growth stage structure that maximised species diversity (G) for heathy-woodland plants using a 

modification of the method described in Di Stefano et al. (2013) to quantify the precision associated with the 

resulting growth stage proportions. Firstly, the raw abundance data from each species within each growth stage 

were resampled with replacement to generate a species by growth stage matrix containing mean abundance values. 

We then used a optimisation routine on this matrix to determine the proportions of each growth stage that resulted 

in the maximum value of G for that iteration of the data.  This process was repeated 1000 times and we derived the 

mean and 95% lower and upper confidence limits for each growth from the resulting distributions of values. G 

cannot be calculated if  abundance is  zero (i.e. a species did not occur in a growth stage) (Buckland et al. 2011), 

so we replaced all zeros with 0.001. We repeated this procedure on the above-ground, below-ground, and 

combined above- and below-ground data separately.  For the combined analysis both above- and below-ground 

data were included as separate entities, ensuring that the optimal growth stage structure reflected the fact that that 

many species required a different mix of growth stages to support above- and below-ground components of their 

lifecycle. Optimisation was conducted in the R statistical environment (R Core Team 2015) using the he nloptr 

package (Johnson 2015) while resampling was performed using a purpose-written script. 

 

To assess the sensitivity of the modelled value of G to sub-optimal growth stage structures we, firstly, compared 

the optimal structure generated at each iteration of the resampling process to a randomly generated alternative 

structure. The difference between the optimal and alternative structures was calculated as ∑|𝑜𝑖 − 𝑎𝑖|/𝑛 where oi 

represents the proportion of the optimal landscape in growth stage i and ai represents the proportion of the 

alternative landscape in the same growth stage. The resulting index reflects the mean absolute difference between 

the optimal and alternative proportions. Next, we used regression analysis to determine the strength and magnitude 

of the relationship between index values (x-axis) and the proportional reduction in G (y-axis) attributable to each 
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pair of optimal and alternative growth stage structures. Increasingly rapid and predictable declines in y with x 

represent increasing sensitivity of modelled species diversity values to departures from the optimal growth stage 

structure. Regressions were run in R using the package ‘lm’(Mazerolle 2011).  

 

 

LANDIS-II simulation modelling  

We parameterised LANDIS-II with only aboveground data from the Anglesea region heathy-woodland 

distribution. LANDIS-II is a spatially explicit and stochastic model of forest landscape dynamics that simulates 

community succession with the incorporation of disturbance such as fire, which is linked to landscape age (He and 

Mladenoff 1999).  LANDIS-II was used to predict growth stage re-distribution under different prescribed fire 

regimes and to ascertain which level of prescribed burning resulted in the distribution of growth stages similar to 

the GSO outputs. LANDIS-II simulates plant community succession across a landscape with the interaction of 

disturbances (He and Mladenoff 1999) (Fig. 5.2e). Input maps and data to parameterise LANDIS-II included an 

ecoregion map that represented edaphic variability (ridge to gully communities) and associated regeneration 

coefficients for modelled species, an initial species community map which identified unique species compositions 

and age class distributions, a fire management zone map for the region, species vital attribute and successional 

characteristic data, and fire disturbance parameter data. We developed the initial community map by dividing the 

heathy-woodland landscape (Fig. 5.2a) into 30 X 30 m grids and defining each and populating these with initial 

communities based on the field collected abundance data. Aspect, topographic wetness index, and fire history 

polygons were merged (Fig. 5.2b). Similarity percentage analyses (SIMPER; Clarke (1993)) established the main 

species contributing to composition with topographic position, aspect, and growth stage, and we populated initial 

community grids based on these results (Fig. 5.2c). We developed a fire management zone map of the region by 

dividing the heathy-woodland distribution into zones used by land managers (Fig. 5.2d). These included the 

bushfire management zone, for fuel reduction around key assets and towns, and landscape management zone, for 

fuel reduction and ecological burning (Department of Sustainability and Environment 2012). Due to the 

fragmented distribution of heathy-woodland in the study area we ran the simulations separately for the Anglesea 

and the Carlisle River parts of the study area. The same prescribed fire scenarios were applied to both landscapes 

and the results were combined. 
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Prescribed and wildfires were simulated using the dynamic BASE fire module. We divided the landscape into the 

fire management zones used by local managers to allow different fire regimes to be set in different zones. This 

module was chosen as it provides a deterministic approach to simulating prescribed fires. We used the dynamic 

fire regime function to switch to a wildfire regime at a predetermined time step, followed by a return to the 

prescribed fire regime at the following time step.  This simple approach is reflective of the interaction between 

wildfires and planned burning in the region where the majority of wildfires occur at the beginning of a year 

(summer is January/ February) and in our study wildfire was modelled to effect the majority of the study area so 

planned burning would not be necessary in the year of simulated wildfire. The heathy-woodland ecosystem has a 

high understorey biomass with an often-sparse overstorey, meaning this biomass generally recovers quickly after 

fire. Fuel reduction fires often aim to reduce around 70-90% of this understorey biomass (Department of Primary 

Industries 2013), meaning prescribed fire is often already severe in young stands. This is congruent with how fire 

severity is determined by the BASE fire module in LANDIS-II (He and Mladenoff 1999). For this reason, we set 

high severity for stands > 10 years old to reset the age of these cells to zero. 

     

Fire regime scenarios  

Simulated fire scenarios included prescribed burning of 0, ~2, ~5, and ~ 9% of the study area every year for 70 

years without wildfire or with wildfire at either time step 5, 25, or 20 and 30 in the same scenario. We ran 10 

replicates of each scenario in each landscape. We choose wildfire at either of these time steps as it covered the 

timeframe of the wildfire return interval for this region. We chose the simulation period of 50 years as this is 

similar to the timeframes of current management planning in this region (Department of Environment and Primary 

Industries 2014). We set the mean, maximum, and minimum size of prescribed fires to 150, 200, and 100 hectares, 

respectively, as we wanted fire sizes analogous to those applied by local managers (Department of Primary 

Industries 2013). Fire ignition and spread in LANDIS-II involves random selection checking of locations for 

ignition suitability and spread into other neighbouring grids, which is determined by an ignition co-efficient (He 

and Mladenoff 1999). The ignition co-efficients for prescribed fires were set to ensure burning would not return to 

grids before it had reached the minimal fire tolerable interval for this ecosystem of 12 years (Cheal 2010). A ten 

years inter-fire interval was chosen for the double wildfire scenario as within the recommended TFI for this 

ecosystem (Cheal 2010) and so this would represent an ecologically stressful scenario. During wildfire time steps 

the ignition co-efficient was set to 1 in all zones as we wanted fire to cover much of the landscape.  
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Simulated scenario analyses 

To assess trends in G change during each fire scenario and in relation to the optimal G we calculated the GSS and 

corresponding G at each of the 60 time steps of each scenario. To do this, we established the GSS based on our 

four stages (juvenile, young, mature, old) using LANDIS-II stand age statistics and then calculated corresponding 

G for each using the 1000 resampled relative abundance data (above- and below-ground combined) from original 

GSO calculations. We then plotted the mean of all G values for each year a to examine the function of change over 

the scenario period. All analyses were undertaken in R. LANDIS-II stand age statistics using the ‘raster’ package.  
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Figure 5-2: LANDIS-II parametrisation methods. (a) Heathy-woodland distribution around Anglesea. (b) Initial community/ecoregions raster 

based on aspect, topographic position, and TSF. (c) Example grid layout of landscape used to populate initial communities. Gird numbers 

correspond with species populated and age cohorts (left). (d) Fire management zones (e.g. bushfire management zone had increased prescribed 
fire). (e) Once parametrised, LANDIS-II simulates succession within landscape grids whilst introducing disturbance such as fire.    

  

(d) 

(c) 

(e) 
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Results 

We identified 102 species in the above-ground sample, which ranged from 11 to 34 (mean = 21.5 ± 0.6 (SE)) per 

site.  We identified 92 species, with a further 6 taxa identified to genus level, in the below-ground sample. This ranged 

from six to 27 species (mean = 16.1 ± 0.6 (SE)) per site.     

 

Growth stage optimisation 

We found marked contrasts in the shapes of the optimal growth stage structure associated with the aboveground, 

belowground and combined sample (Fig. 5.3). Aboveground, the optimal landscape comprised over 50% juvenile 

and young vegetation with only 20% of the landscape in the oldest growth stage. In contrast, a landscape 

dominated by mature and old growth stages maximised species diversity belowground. The combined sample 

rendered a hump-shaped growth stage structure with the optimal landscape containing more young and mature 

vegetation than juvenile or old.    

 

The value of the species diversity index (G) was moderately sensitive to departures from the optimal growth stage 

structure.  For example, G declined slowly as index of departure values increase up to around 0.1 (Fig. 5.4), 

suggesting that small to moderate departures from the optimal distribution, represented by a mean difference in 

growth stage proportions of <10%, would result in quite small reductions in the species diversity index.  Further, r2 

was high (enter r2 here) indicating a highly consistent and predictable trend.  Nevertheless, the maximum 

predicted decline in G was around 40% (Fig. 5.4), suggesting that very large departures from the optimal growth 

stage structure may result in substantial declines in species diversity.  

 

Fire regime scenarios  

Although the objective was to simulate 2, 5 and 9% prescribed fire per year in a given scenario, the amount of fire 

in a given year varied; however on average the target was achieved throughout the simulations (Fig. 5.5). This 

variation represents the reality of current practice where the spatial extent of prescribed burning fluctuates due to 

operational procedures and guidelines. Wildfires burnt the majority of the heathy-woodland distribution in the year 

they occurred (5, 25, or 20 and 30). Prescribed fire was minimal for the first 8 years after all wildfires. The 

prescribed fire sizes were analogous to the range, in hectares, of current burns conducted in this ecosystem (Fig. 

5.5) (Department of Primary Industries 2013). In addition, gullies were relatively untouched, as is the common 

management practice.   
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In the absence of wildfire, increasing the extent of prescribed fire each year from ~2 to ~5%  resulted in an 

increase in juvenile and young vegetation, a decrease in old vegetation, and little change in mature vegetation and 

G closer to optimal for total diversity (Fig. 5.6) at the end of the simulation time period (60 years). Burning 5 % 

resulted in a growth stage distribution more optimal for above- and below-ground diversity combined.  Wildfire at 

5 or 25 years of each prescribed fire scenario had minimal effect on GSS’s and conservation outcomes at year 50. 

Wildfires at both year 20 and 30 resulted in more younger or mature vegetation (Fig. 5.6). Trends in G were not 

markedly different over the timeframe of each scenario (Fig. 5.7). A sharp increase in G occurred within the first 

12 years, which then remained close to optimal for the next 40 years in the absence of wildfire. All scenarios 

reported G patterns within 10% of each other. Wildfire decreased G by around 50% in the year it occurred, after 

which ~15 years of prescribed burning was required to steadily return it to near pre wildfire levels. 
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Figure 5-3: Growth stage distributions predicted to maximise biodiversity using aboveground, 
belowground, and combined data. Modelling based on species abundance. 

Figure 5-4: Sensitivity of G to departures from the optimal GSS. Departure from the maximised G value (y-axis) was represented as 

the proportional change in the G of species abundances relative to the optimal GSS. Departure from the optimal GSS (x-axis) was 

quantified using a measure of absolute difference (see methods for details). Points represent alternative distributions (n = 1000) 
generated using simulation. Relationship represented as linear regression (see methods for details).  
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Figure 5-5: Base fire outputs for the first ten years of the 2 and 5 % burning scenarios. Above – maps showing spatial extent of ten years of 
fires. Below – spatial extent of burning per year for the first ten years of the 2 and 5 % scenarios.   
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Figure 5-6: LANDIS-II modelled growth stage structures after 60 years of 0, 2, 5, and 10% prescribed burning each year. Without 
wildfire (second row) and with wildfire at year 5, 25, and 20 and 30 in the same scenario.  
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Figure 5.7: Trends in geometric mean change over each 60 year scenario period. Standard errors included but too small to 

see. Black dashed line  = 5% regime, grey undashed line = 2% regime, black undashed line = ~9%, grey dashed line = . 

Showing maximum G values reached within15 years of each prescribed fire scenario. Also showing sharp decreases in the 
years wildfires occurred. 
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Discussion 

Using prescribed fire to generate a heterogeneous growth stage structure (GSS) in fire-prone vegetation 

communities is a commonly advocated strategy for conserving biodiversity in many regions worldwide (Bradstock 

et al. 2005; Parr and Andersen 2006). We found that in order to link GSS’s with vegetation conservation in 

Mediterranean ecosystems it is not enough to follow the convention that above-ground diversity is representative 

of total diversity. Our GSO modelling found younger vegetation maximised above-ground diversity, whilst older 

vegetation maximised soil-seedbank diversity in this heathy-woodland ecosystem. Accordingly, we found that a 

unimodal GSS maximised total diversity (above- and below-ground). Simulation modelling of GSS change under 

alternate fire scenarios suggested that burning a larger extent of the landscape per year achieved a GSS distribution 

similar to the optimised distribution. In addition, burning a larger extent resulted in a quicker recovery of the GSS 

distribution following wildfire. Scenarios with wildfire resulted in the most dissimilar  relative to the optimal GSS. 

This was due to a marked decrease in G following the wildfire event, which took 15 years to recover. Importantly 

for managers, we found total diversity in this ecosystem was not overly sensitive to any of the fire scenarios (with 

and without wildfire) and all GSS change resulted in moderate G dissimilarity (within 16%) from the optimal 

GSS. This suggests that including the below-ground diversity component in the GSS optimisation reduces the 

sensitivity of this Mediterranean ecosystem to cumulative effects of wildfire and prescribed fire on GSS.  Our 

results also highlight that the cumulative effects of prescribed fire and wildfire are additive (i.e. greater 

dissimilarity in G) but do not appear to be synergistic as G recovers under all scenarios.     

 

Our approach extends the approach of previous research (Di Stefano et al. 2013) as we found the optimal GSS and 

maximised G for total diversity, which included above- and below-ground species pools. It also differed from 

previous research (Kelly et al. 2015) as it not only determined a regional-scale GSS objective, but also used 

simulation modelling to predict the cumulative effects of alternative prescribed fire and wildfire regimes on the 

achievement of the conservation objective. We found above-ground diversity to be a poor surrogate for total 

diversity in this heathy-woodland and a robust and achievable optimal GSS when combining above- and below-

ground diversity in this ecosystem. Trends across the 60 years of simulations demonstrated that all prescribed fire 

scenarios increased the GSS heterogeneity and corresponding G across the landscape in a similar way and within 

10% of each other. Although the slope of the negative relationship between change in maximised G and relative 

entropy demonstrated that this ecosystem’s G is moderately sensitive to departures from the optimal GSS, the 

majority of G change was within 20%. Further, average alternate GSS’s resulting from different simulated fire 
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scenarios also resulted in a dissimilarity in G of within 20% of the optimal GSS. If a management goal is to keep 

the G of this ecosystem within this range, these results suggests that managers may be able to generate alternate 

GSS’s and still achieve this goal even with the cumulative effect of wildfires. Managers taking a more 

conservative approach to conservation, however, may need to a closely approximate the optimal distribution 

calculated for this ecosystem as departures from it might lead to a ~20% drop in diversity.  

Our results suggest that a unimodal GSS should maximise the conservation of plant diversity in this heathy-

woodland.  In Mediterranean fire-prone ecosystems such as this above-ground diversity is often greatest shortly 

after fire, and continues to decrease with time as short lived species senesce (Specht and Specht 1989; Enright et 

al. 1994; Freestone et al. 2015). Reduced quantities of residual post-fire seed have been found in the top 5 cm of 

soil in these ecosystems due to fire cues promoting immediate germination to this depth (Auld and Denham 2006). 

Therefore seedbank diversity will likely increase with TSF as the recovering above-ground vegetation reaches 

maturity and releases propagules (Milberg 1995). Aligning with these previously found patterns, we found 

younger vegetation important for above-ground diversity, older vegetation important for below-ground diversity, 

and total diversity in this Mediterranean ecosystems, as in others (Penman et al. 2008; Pulsford et al. 2016), likely 

following the “initial floristics” model of succession (Egler 1954; Gill 1999). We suggest that a diverse GSS 

consisting of younger stages to maximise above-ground diversity and older stages that favour higher soil-seedbank 

diversity may be the best pattern to manage for in Mediterranean ecosystems. 

 

The conservation objective developed in this research used vegetation species abundance change associated with 

TSF; however, this is not the only fire-disturbance factor that influences diversity. Fire frequency and severity 

interact with vegetation fire-persistence traits and competition processes to influence post-fire species abundance 

(Noble and Slatyer 1980; Bradstock et al. 1997; Bellingham and Sparrow 2000; Alvarez et al. 2009; Watson et al. 

2009). Furthermore, this conservation objective was developed at a regional-scale; however, vegetation diversity is 

influenced by multi-scale and hierarchical factors (Whittaker et al. 2001; Sarr et al. 2005) and it is commonly 

recognised that conservation planning should include multi-scale approaches (Lindenmayer et al. 2008). An 

appreciation of these limitations is necessary when adopting this method and we advocate for managers to 

incorporate these factors into the fire regimes they utilise for managing for the conservation of plant diversity.    
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 All prescribed fire scenarios in this research would result in a considerable amount of burning across the 

landscape, especially those that resulted in GSS’s resembling the optimal GSS. This amount of burning is unlikely 

across the landscape with the fluidity of current policy; however, it may occur in small regions around highly 

valuable assets such as towns. Wildfire management policy in this region has shifted away from burning around 

5% of public land per year (Teague 2010) and is now focused on increasing prescribed burning in high risk areas 

of the landscape. Our results suggest that the target policy of 5% would likely lead to an increase in plant diversity 

in the studied heathy-woodland whilst still maintaining its resilience to future wildfires. 

 

Conclusion 

We recommend managers in Mediterranean ecosystems should consider both above- and below-ground diversity 

and combine optimisation or simulation approaches when developing vegetation conservation objectives and 

management strategies. Using prescribed fire to create heterogeneous plant communities is current practice 

throughout fire-prone regions, suggesting that optimisation and simulation modelling are important and necessary 

in order to understand the cumulative effects of alternative burning approaches and wildfires on  landscape-level 

plant diversity. With the current lack of empirical data to incorporate into landscape-scale simulation modelling 

(Penman et al. 2011) and the uncertainty around how spatial and temporal prescribed fire patterns influence 

diversity (Driscoll et al. 2010) studies such as this provide an important benchmark on how these limitations can 

be overcome. The outcomes from this work should provide valuable insights into the planning and management of 

this and other fire-prone ecosystems for balancing fuel and conservation outcomes.  
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6 - Synthesis 

 
In this thesis, I have examined heathy-woodland understory diversity in response to current prescribed burning 

paradigms across regions of environmental variability. I tested diversity theory through examining successional 

patterns and factors influencing this diversity at different scales (Chapters 2 and 3). I examined the severity of 

prescribed fires in this vegetation community and related it to seed germination rates of local species with 

physically dormant seed (Chapter 4). Finally, I estimated the optimal prescribed burning regime and growth 

stage distribution that may conserve current heathy-woodland understory diversity (Chapter 5).  

 

Diversity theory in management practice  

The results of chapter 2 suggest no discernible pattern in soil seedbank post-fire diversity, and therefore no 

discernible successional pattern. Although I found weak positive relationships between soil seedbank richness and 

times since fire, these relationships varied across regions. These results suggested the humped shaped 

disturbance-diversity successional pattern was not evident in this heathy-woodland soil seedbank. These results 

also suggest no discernible or consistent successional pattern of richness in this soil seedbank. When considering 

the soil seedbank composition, I found time since fire did not result in considerable change, suggesting in this 

ecosystem the composition pre-fire is not strongly influenced by time since disturbance. Soil seedbank 

composition was influenced by spatial and environmental variability than TSF. Soil bulk density and site basal 

area, both variables representing productivity, described the most variation in soil seedbank composition. Spatial 

variability described a further 11.4 % of variation, suggesting some spatially correlation in describing variables.  

 

In chapter 3 I found the detectable strength of factors influencing plant diversity pattern in this heathy-woodland 

understory varied with scale. Patterns of detectability followed conventional theory aboveground, but not 

belowground. Considering factors in groups, aboveground diversity was related strongest with the 

climate/productivity group at the landscape-scale and mosaic-scale, and the fire/disturbance group at the 

topographic-scale. Belowground richness was related strongest to the fire/disturbance factor group at the 

landscape, mosaic, and topographic scale. At the landscape-scale, the best performing full model (all variables 

considered ungrouped) of aboveground richness consisted of variables from the climate/productivity, edaphic/ 

nutrient, and fire/disturbance groups. This included a weak positive relationship with longitude, a weak negative 

relationship with rainfall and soil clay content, and the stronger positive relationship with temperature, indicating 
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aboveground richness higher in the less productive Anglesea region. At the landscape scale, variables from the 

climate/productivity and fire/disturbance factor groups constituted the best performing full model of belowground 

richness. This included a weak negative relationship with longitude, aridity index, and clay content, and the 

stronger positive relationship with TSF, indicating richness higher in the more productive Carlisle River region 

with a larger average-inter-fire interval. I found above- and belowground beta-diversity related strongest to 

climate/productivity, albeit not by much, at the landscape-scale. Beta-diversity was more sensitive to time since 

fire in the region of higher productivity and with a longer average inter-fire-interval, suggesting the prediction of 

the dynamic equilibrium model holding. That is, increased productivity resulting in species out-competing 

quicker in the absence of disturbance. The results of chapter 3 suggest the detectable strength of factors 

influencing diversity in this ecosystem vary with scale. They also suggest fire-frequency more important in 

regions of higher productivity, as more fire may prevent species out-competing.  

 

Current and future prescribed burning practice  

In chapter 4, I found the heat germination functions of heathy-woodland physically dormant species. Seven 

species required high temperatures and had the greatest germination (from 50 to 100 %) between 90° and 110°C. 

Three species required lower temperatures and had the greatest germination (from 31 to 72 %) between 50° and 

60 °C. Five species had high germination in larger windows of temperature (e.g. 60° to 100°C) and six species 

had high germination in small windows of temperature (e.g. 90° to 110°C). I found minimal soil heating at 2 cm 

depth under prescribed fires in this heathy-woodland ecosystem. This heating was a function of surface fuel 

consumption, soil moisture content, and soil silt content. Eighty-two of the 117 I-buttons measuring temperature 

did not reach above 40°C, the lowest trigger point found to germinate seed from the local physically dormant 

species. Examining the process and factors governing soil heat transfer during fire concluded soil moisture to be 

the most important. Soil moisture content had a significantly negative relationship with maximum temperatures at 

all soil depths in experientially heated intact cores. Soil organic matter content had an indirect influence on heat 

transfer through governing the water holding capacity of the soil cores. Soil with higher organic matter held the 

most moisture. Heat transfer for these cores at their highest moisture content was the lowest of all cores.     
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In chapter 5 I calculated that more newly burnt vegetation was optimal and would maximise current 

aboveground heathy-woodland understory diversity. These results indicate the presence of early, mid, and late 

successional species, and therefore the relay floristic successional pathway, in the aboveground community 

assemblage. Older vegetation was estimated optimal to maximise current belowground diversity. These results 

suggest the soil seedbank not fully replenished until aboveground diversity is fully mature and has produced 

propagules for many years. A diverse distribution of vegetation ages with a slight skew to older was estimated 

optimal to maximise above- and belowground diversity combined (overall diversity). These results suggest this 

ecosystem is resilient to fire-disturbance and vegetation of all ages has diversity value. Overall diversity in this 

ecosystem appears to be following the initial floristics model of succession. That is, all species are present from 

the start; just not above- and belowground at the same time. Species present aboveground in early succession 

might senesce but remain present in the soil seedbank. Prescribed burning of 3 % of the landscape for 50 years 

was estimated to result in a vegetation age pattern across the landscape around Anglesea that was similar to what 

was predicted optimal for current belowground diversity. Prescribed burning of 5 % of the landscape for 50 

years was estimated to result in a vegetation age pattern similar to that calculated optimal for current above- and 

belowground diversity combined. These results suggest that more burning may maximise current overall 

diversity in this ecosystem. However, the LANDIS-II fire extension is simulating fires of varying and patchy 

severity, suggesting that less than 5 % of the heathy-woodland is probably actually burnt.  With policy moving 

from target-based to risk analysis practices, burning at this level is probably unlikely across the landscape; 

however, it may be around high-risk assets such as towns.     

 

  



148  

 

 

Final remarks 

Land managers and researchers face significant challenges and knowledge gaps when developing guidelines for 

prescribed burning paradigms. A better understanding of the complexities of fire and its effect on both natural 

and human modified systems is necessary as prescribed burning practices are going to increase into the future 

with climate change. Researchers need to continue combining empirical examination of current practices in the 

field with landscape-scale simulation and statistical modelling to increase understanding of how ecosystems 

respond to present day adaptive management. Land managers need to define clear measurable objectives and 

monitoring programs within adaptive management frameworks to effectively assess the success or failure of 

current practices. The growth stage management model has proved successful in this ecosystem and I did not 

find it having a detrimental effect on understory diversity. However, it would take a lot of burning across 

environmental variation to reach the optimal growth stage distributed calculated to maximise diversity and 

ecosystem resilience in this heathy-woodland understory. Therefore, regional-scale environmental conditions 

need to be incorporated into all future management models. With the current lack of empirical data to 

incorporate into landscape-scale simulation modelling (Penman et al. 2011) and the uncertainty around how 

spatial and temporal prescribed fire patterns influence diversity (Driscoll et al. 2010) studies such as this one are 

vital. The data collected in this research proved sufficient to, through the modelling methods used, provide 

valuable insights into the management of this and other fire-prone ecosystems.        
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Chapter 2 Appendices 

 

Appendix 2. 1: Common species aboveground and counts of individual seedlings per species (if exceeding 10) in the seedbank trial 

LF = life form. FR = fire response trait (R = resprout, S = seeder, s = weak seeder). Above EVC = species listed in Ecological Vegetation Class classification (Y = yes, N = no).  Seedbank = seedling counts for species germinated in this 

research. J = juvenile, Y = young, M = mature, O = old 

 

  

 

Anglesea Forrest Carlisle River 

 

  

 

Above Seedbank  Above Seedbank  Above Seedbank  

Species LF FR EVC J Y M O EVC J Y M O EVC J Y M O 

Anthericaceae     

    

    

   

  

     
  Laxmannia orientalis 

Herb 
S Y 12 146 35 57 Y 1 5 16 3 Y 0 19 94 98 

Apiaceae 
  

      
    

   
    

    

  Xanthosia dissecta 
Herb 

S Y 3 8 17 5 Y 9 56 77 67 Y 73 27 69 80 

  Xanthosia huegulii 
Herb 

R/S Y 0 69 6 2 Y 12 9 11 0 Y 3 12 17 1 

  Xanthosia leiophylla 
Herb 

R/S Y 23 21 0 0 Y 0 6 18 5 Y 3 21 0 1 

  Xanthosia tasmonica 
Herb 

R/S Y 3 78 61 23 Y 6 17 0 3 Y 23 25 39 80 

Baueraceae 
  

      
    

   
    

    

  Bauera rubioides 
Shrub S N 0 0 0 0 Y 0 0 6 2 Y 5 16 15 10 

  Caryophyllaceae 
  

      
    

   
    

    

  Stellaria flaccida 
Herb 

S Y 57 268 120 32 Y 11 23 19 19 Y 35 24 42 35 

  Centrolepidaceae 
  

      
    

   
    

    

  Centrolepsis arista 
Herb 

S Y 9 131 28 1 Y 3 0 0 1 Y 3 2 1 13 

 Cyperaceae 
  

      
    

   
    

    

  Caustis flexuosa 
Sedge 

R/S Y 2 5 0 7 Y 3 0 1 5 Y 0 0 0 0 

  Caustis restiacea 
Sedge 

R/S Y 0 1 0 0 Y 0 2 46 11 Y 8 10 72 89 

   Lepidosperma concavum 
Sedge 

R/s Y 0 13 11 9 Y 0 20 27 0 Y 9 2 16 11 

   Lepidosperma congestum 
Sedge 

R/s Y 0 6 7 0 Y 1 0 6 0 Y 24 34 11 12 

   Lepidosperma filiforme 
Sedge 

R/S Y 60 138 30 16 Y 1 6 68 0 Y 1 18 3 18 

   Isolepsis inundata 
Sedge 

R/s Y 268 1548 348 159 Y 13 54 40 162 Y 130 27 99 208 

Dillenaceae         
    

   
    

    

  Hibbertia acicularis Shrub R/S N 0 0 0 0 Y 0 0 0 0 Y 0 19 24 9 

  Hibbertia procumbens Shrub R/s N 0 0 0 0 Y 0 0 9 6 Y 0 0 1 6 

  Hibbertia sericea Shrub R/s Y 0 1 0 0 N 0 0 0 0 N 0 0 0 2 

  Hibbertia riparia Shrub R/s Y 0 1 1 6 Y 0 0 0 1 Y 0 2 1 0 

  Hibbertia fasciculata Shrub R/S Y 6 53 54 10 Y 0 1 19 14 Y 2 17 21 5 

Droseraceae 
    

    
    

   
    

    

  Drosera peltata  
Herb S Y 0 52 3 2 Y 8 3 15 0 Y 9 0 0 3 

  Drosera pygmaea 
Herb S Y 0 10 0 0 Y 8 2 7 16 Y 0 0 15 4 

 



 

   
Anglesea Forrest Carlisle River 

 

   
Above Seedbank Above Seedbank Above Seedbank 

Species LF FR EVC J Y M O EVC J Y M O EVC J Y M O 

Epacridaceae 
                 

Brachyloma ciliatum Shrub R/s Y 0 0 1 1 N 0 0 0 0 N 0 0 0 0 

Epacris impressa Shrub R/S Y 354 766 429 95 Y 178 775 2010 977 Y 73 145 432 215 

Epacris breviflora Shrub R/S Y 3 10 66 0 Y 21 43 3 0 Y 408 80 180 401 

Leucopogon glacialis Shrub R/S Y 2 3 67 1 N 0 0 1 0 N 0 0 1 3 

Leucopogon virgatus Shrub R/S Y 0 4 1 0 Y 0 2 3 8 Y 10 2 4 3 

Monotoca  glauca Shrub R/s N 0 0 0 0 Y 0 1 29 8 Y 0 4 4 3 

Monotoca scoparia Shrub R/s Y 0 1 1 0 Y 5 0 31 66 Y 0 0 1 31 

Acrotriche serrulata Shrub R/s Y 0 1 34 1 Y 3 7 0 0 Y 0 3 4 0 

Fabaceae 
                 

Aotus ericoides Shrub R/S N 0 0 12 0 Y 11 0 0 102 Y 7 28 45 24 

Acacia mucronata Shrub S N 0 1 1 0 Y 0 0 0 0 Y 0 0 3 3 

Acacia myrtifolia Shrub S Y 0 7 4 2 N 0 0 0 0 N 0 0 0 2 

Acacia suaveolens Shrub S Y 1 1 3 0 N 0 0 0 0 N 0 0 0 4 

Comesperma calygema Shrub S Y 3 14 6 1 Y 0 2 2 1 Y 0 0 5 5 

Dillwynia glaberrima Shrub R/S Y 0 63 18 2 Y 1 17 43 8 Y 3 11 11 19 

Dillwynia sericea Shrub S Y 0 43 5 0 Y 0 6 5 5 Y 1 0 0 0 

Platylobium obtusangulum Shrub R/S Y 20 17 19 5 Y 3 3 6 0 Y 2 2 0 2 

Pultenaea laxiflora Shrub S N 2 23 2 4 N 0 0 0 0 N 0 0 0 0 

Pultenaea daphnoides Shrub S Y 0 0 12 21 N 0 0 0 0 N 0 0 0 0 

Pultenaea mollis Shrub S Y 0 4 1 13 N 0 0 0 0 N 0 0 0 15 

Sphaerolobium minus Shrub S Y 0 5 2 7 Y 2 0 12 0 Y 0 0 0 5 

Gompholobium ecostatum Shrub R/S Y 0 9 1 3 Y 0 0 4 0 Y 1 0 3 5 

Goodeniaceae 
                 

Goodenia geniculata Herb R/S Y 0 12 3 3 N 0 4 0 0 N 0 0 0 0 

Goodenia lanata Herb R/S Y 0 2 0 0 N 0 1 0 1 N 0 0 0 1 

 

 

 



 

 

 

   
Anglesea Forrest Carlisle River 

 

   
Above Seedbank Above Seedbank Above Seedbank 

Species LF FR EVC J Y M O EVC J Y M O EVC J Y M O 

Haloragaceae 
                 

Gonocarpus humilis Herb R/S Y 13 3 10 1 Y 3 10 4 2 Y 17 16 34 24 

Gonocarpus micranthus Herb S Y 0 0 0 3 Y 1 4 37 0 Y 15 0 0 0 

Gonocarpus tetragynus Herb R/S Y 2 11 3 1 Y 1 11 10 8 Y 5 7 11 21 

Iridaceae 
                 

Patersonia occidentalis Herb R/s Y 0 3 6 8 Y 1 3 6 1 Y 0 1 46 5 

Juncaceae 
                 

Juncus bufonius Sedge S Y 0 30 20 1 Y 12 19 22 41 Y 53 2 14 5 

Juncus pauciflorus Sedge R/s Y 2 10 20 1 Y 24 21 23 14 Y 4 2 10 12 

Juncus planifolius Sedge R/s Y 53 0 0 0 Y 21 12 6 5 Y 250 0 3 2 

Myrtaceae 
                 

Leptospermum continentale Shrub R/S Y 1 9 15 5 Y 0 3 6 6 Y 1 3 5 6 

Leptospermum myrsinoides Shrub R/s Y 5 46 18 5 Y 1 9 11 27 Y 1 31 26 18 

Melaleaca squarrosa Shrub R/S Y 1 0 6 0 Y 0 0 8 1 Y 4 5 11 0 

Pittosporaceae 
                 

Rhytidospermum procrumbens Shrub R/S Y 0 9 5 0 N 0 1 2 0 N 0 0 0 0 

Primulaceae 
                 

Anagallis arvensis Herb S Y 0 34 38 0 Y 0 14 102 3 Y 2 50 122 133 

Proteaceae 
                 

Persoonia juniperina Shrub R/s Y 0 1 1 0 Y 4 4 16 0 Y 3 4 6 3 

Restionaceae 
                 

Hypolaena fastigiata Herb R/s Y 0 8 5 0 Y 24 33 51 8 Y 10 2 9 17 

Rhamnaceae 
                 

Stylidium graminifolium Herb R/S Y 0 5 2 0 Y 1 2 3 5 Y 1 0 5 7 

Spyridium parvifolium Shrub R/S Y 0 89 0 1 N 0 0 0 0 N 0 0 2 3 

Thymelaeaceae 
                 

Pimelia humilis Shrub R/s Y 0 2 1 4 Y 2 2 0 1 Y 1 3 4 1 

Pimelia linifolia Shrub R/S Y 0 1 0 0 Y 2 1 15 1 Y 3 0 13 3 



 

 

Chapter 3 Appendices  

 
Appendix 3. 1: LM and LMM results 

Ordered from best to worst fit. Factor groups: C/P = climate/productivity; L/T = landscape/topographic; F/D = fire/disturbance; E/N = edaphic/nutrients 

Δ AICc = change in AICc. R
2
 = variance explained by the entire model. Response variable: species richness.  

Top two results sections are for linear models without random structures.  

Δ AICc= change in AICc, K = number of parameters , AICcWt = Akaike weight.  Three measures of fit are presented for each model; marginal R2 (R2(m)), conditional R2 (R2(c)), and R (Pearson’s) 

AIFI = Average inter-fire interval, TSF = Time since last fire, TWI = Topographic Wetness Index  

Aboveground - General linear model 

Landscape scale 

Comparison of group models AICc Δ AICc AICcWt P(1st) P(2nd) P(3rd) P(all) F R
2
 R 

  

C/P - Average temp x Precip 445.4 0.0 0.985 <0.001 0.011 - <0.001 12.61 0.36 0.72 - - 

L/T - Plan Curvature +TWI 455.5 10.1 0.006 0.065 0.016 - 0.003 6.50 0.15 0.39 - - 

F/D - TSF x Fire frequency 456.6 11.2 0.004 0.483 0.628 - 0.005 4.72 0.16 0.41 - - 

E/N - Clay content x Soil pH 457.2 11.8 0.003 0.213 0.098 - 0.006 4.50 0.16 0.40 - - 

             

Full  model AICc Δ AICc AICcWt P(1st) P(2nd) P(3rd) P(all) F R
2
 R 

  

Average temp + Precip + TSF + Clay content 430.3 - - - - - <0.001 10.22 0.41 0.65   

Belowground - General linear model 

Landscape scale 

Comparison of group models AICc Δ AICc AICcWt P(1st) P(2nd) P(3rd) P(all) F R
2
 R 

  

F/D  - TSF 450.5 0.0 0.990 <0.001 - - <0.001 17.49 0.19 0.44 - - 

C/P  - Net radiation + Aridity index + Basal  461.1 11.7 0.003 0.721 0.016 - 0.040 3.36 0.08 0.29 - - 

L/T - Plan Curvature x TWI 460.6 10.1 0.006 0.181 0.002 0.180 0.008 2.99 0.24 0.49 - - 

E/N  - Clay content 464.9 14.4 0.001 0.198 - - 0.198 1.69 0.02 0.15 - - 

Full  model AICc Δ AICc AICcWt P(1st) P(2nd) P(3rd) P(all) F R
2
 R 

  

TSF x Aridity index + Clay content 440.2      <0.001 7.50 0.39 0.66   

             



 

 

Aboveground - Linear mixed effect models 

Mosaic-scale 

Comparison of group models Random structure K AICc Δ AICc AICcWt P(1st) P(2nd) R
2 
(m) R

2 
(c) R 

  

C/P  - Average temp + Precip region/growth stage 6 445.4 0.0 0.80 0.000 0.034 0.25 0.47 0.70 - - 

F/D  - TSF x Fire frequency region 6 448.7 3.3 0.15 0.450 0.540 0.14 0.35 0.59 - - 

L/T  - Plan curvature +TWI region/growth stage 6 450.9 5.5 0.05 0.140 0.032 0.10 0.44 0.69 - - 

E/N  - Clay content x Soil pH region/growth stage 8 458.4 13.0 0.00 0.095 0.098 0.11 0.29 0.55 - - 

             

Full  model Random structure K AICc Δ AICc AICcWt P(1st) P(2nd) R
2 
(m) R

2 
(c) R 

  

Clay content x pH Net annual radiation + Aridity index  region/growth stage 12 481.38 0.00 - - - 0.39 0.80 0.83 - - 

 

Topographic-scale 

Comparison of group models Random structure K AICc Δ AICc AICcWt P(1st) P(2nd) P(3rd) R
2 
(m) R

2 
(c)   R 

F/D  - Average inter-fire interval region/topographic position 5 1360.4 0.00 1.00 0.000 
  

0.14 0.36 0.61 
 

C/P  -  Net annual radiation +Aridity index + Basal  region/topographic position 8 1376.0 15.6 0.00 0.084 0.044 - 0.12 0.34 0.59 - 

L/T  - Plan curvature +TWI region 7 1377.1 16.7 0.00 0.016 0.002 - 0.10 0.27 0.57 - 

E/N  - Clay content region/topographic position 5 1386.6 26.2 0.00 0.004 0.775 - 0.03 0.28 0.56  

             

Full  model Random structure K AICc Δ AICc AICcWt P(1st) P(2nd) P(3rd) R
2 
(m) R

2 
(c) R 

 

Average inter-fire interval region/topographic position 5 1364.5 0.00 - - - - 0.14 0.36 0.61 
 

 

 

 

 

 

  



 

 

 

             

Soil seedbank - Linear mixed effect models 

Mosaic-scale 

Comparison of group models Random structure K AICc Δ AICc AICcWt P(1st) P(2nd) R
2 
(m) R

2 
(c) R 

  

F/D  - TSF region 4 451.3 0.0 0.31 0.000 - 0.20 0.26 0.51 - - 

C/P  - Average temp + Precip + Basal region/growth stage 6 452.8 7.36 0.15 0.006 0.201 0.09 0.55 0.72 - - 

L/T  - Plan curvature x TWI region/growth stage 11 450.4 10.0 0.50 0.003 - 0.19 0.61 0.78 - - 

E/N  - Sand content region/growth stage 5 456.6 10.61 0.02 0.207 - 0.02 0.43 0.67 - - 

             

Full  model Random structure K AICc Δ AICc AICcWt P(1st) P(2nd) R
2 
(m) R

2 
(c) R 

  

TSF x Average temp x TWI  region/growth stage 11 421.78 - - - - 0.26 0.69 0.76 - - 

             

Topographic-scale 

Comparison of group models Random structure K AICc Δ AICc AICcWt P(1st) P(2nd) P(3rd) P(4th) R
2 
(m) R

2 
(c) R 

F/D  -  TSF  region/topographic position 6 1315.7 0.00 0.98 <0.001 -  - - 0.13 0.22 0.46 

C/P  - Average temp x Precip x Basal  region/topographic position 8 1323.7 7.99 0.02 0.414 0.772 0.000 - 0.14 0.18 0.45 

L/T  - Northness + Plan Curvature x TWI fRegion  9 1346.7 31.1 0.00 0.030 0.186 0.026 0.357 0.05 0.12 0.33 

E/N  - Clay content x Total soil phosphorus + Soil pH     region/topographic position 15 1348.1 32.4 0.00 0.270 0.095 0.064 - 0.02 0.13 0.39 

             

Full  model Random structure K AICc Δ AICc AICcWt P(1st) P(2nd) R
2 
(m) R

2 
(c) R 

  

TSF x Aridity index region/topographic position 6 1304.9 4.03 
   

0.19 0.30 0.54 - - 

            

             

 

 

 

 

 
 

 



 

Chapter 4 Appendices 

Appendix 4.1: Sample sizes of species used in seed ecology experiment 

Species Vegetation Community  Treatment  n 

Acacia mucrunata Heathy-Woodland 

C/26 106 

40 101 

60 100 

80 106 

90 100 

100 90 

110 100 

120 100 

Acacia myrtifolia Heathy-Woodland 

C/26 190 

40 190 

50 120 

60 190 

80 186 

90 190 

100 182 

110 194 

120 192 

Acacia suaveolens Heathy-Woodland 

C/26 220 

40 220 

50 60 

60 220 

80 220 

90 250 

100 181 

110 183 

120 146 



 

Acacia verticillata Lowland and Foothill forest  

C/26 114 

40 104 

60 104 

80 123 

90 101 

100 104 

110 108 

120 100 

Aotus ericoides Heathy-Woodland 

C/26 150 

40 170 

60 170 

50 100 

80 170 

90 170 

100 170 

110 187 

120 193 

Daviesia leptophylla Shrubby Dry Forest 

C/26 150 

40 105 

60 100 

80 95 

100 130 

110 100 

120 110 

Dillwynia cinerascens Heathy-Woodland 

C/26 103 

40 80 

60 131 

80 96 

90 149 

100 103 

110 93 

120 104 

    

    

    

    



 

    

  C/26 225 

Dillwynia glaberrima Heathy-Woodland 

40 20 

50 18 

60 18 

80 20 

80 20 

100 18 

Dillwynia sericea Heathy-Woodland 

C/26 225 

40 225 

50 226 

60 225 

80 225 

90 227 

100 225 

110 231 

120 232 

Platylobium obtusangulum Heathy-Woodland 

C/26 165 

40 165 

60 165 

80 165 

90 165 

100 165 

110 125 

120 100 

Pultenaea daphnoides Herb-rich Woodland 

C/26 150 

40 150 

60 150 

80 150 

90 150 

100 150 

110 100 

120 150 
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