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Abstract 

Savanna is characterised by a C4 grass understorey and a discontinuous overstorey 

of trees, and occurs across the globe in regions of high mean annual temperature, and 

intense seasonality in rainfall and productivity. An understanding of the patterns of tree 

biomass in mesic savannas has remained an ecological conundrum, largely due to the 

complexity and spatio-temporal heterogeneity of these environments. Yet, understanding 

the dynamics of these systems is of substantial applied and theoretical significance. I 

therefore aimed to answer the question: What determines the spatial pattern of tree biomass 

in Australian tropical mesic savannas? To answer this question, I focussed on a savanna 

system dominated by Eucalyptus tetrodonta, which occupies 450, 000 km2 of north 

Australia and accounts for 3% of global savanna lands. I combined use of remote sensing, 

landscape ecology, data syntheses and statistical modelling. Further, I aimed to investigate 

this question at four spatial scales: sub-continental (1000’s km); regional (100’s km); 

landscape (10’s km) and the level of the individual. Investigating this problem from 

different perspectives enabled to me to attempt to quantify the relative roles of rainfall, 

fire, mega-herbivory and resource-limitation in determining patterns of savanna tree 

biomass.  

 

At the sub-continental scale, and from 700 -1700 mm mean annual rainfall (MAR), 

I found tree biomass increased with MAR; MAR limited potential savanna tree biomass 

yet, this potential was not often realised. Further, I found evidence consistent with the role 

of disturbance in generating spatial variability in savanna biomass. As an example, areas 

subjected to experimental fire treatments showed tree biomass could change by +/- 50% 

over 25 years under a variety of fire regimes.  

 

At the regional scale, across a geographically restricted rainfall gradient (1200 -

1600 mm MAR) in Kakadu National Park, and over a 40 year period of observation, the 

greater variability in fire activity and the inherently higher tree cover in more mesic areas 

resulted in a greater dynamism of tree cover compared to the drier end of the rainfall 

gradient. Fire was an important process determining deviations in tree cover below a MAR 

determined potential.  
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At the landscape scale (10’s km), and over a 40 year period of observation, change 

in tree cover tracked inter-annual variation in rainfall. Controlling for rainfall, I showed 

that frequent fire led to declines in tree cover and biomass and large-mammal herbivory 

promoted an increase in tree cover, likely via the altered spatial and temporal patterning of 

fire due to changes in grass fuel loads.  

 

Fire is a pervasive feature of these ecosystems, modifying vegetation structure and 

biodiversity. The most important way in which fire limits savanna tree cover is thought to 

be via its effects on sapling trees, which need several years without fire to grow large 

enough to enter the canopy. I found evidence for a recruitment bottleneck in four savanna 

tree species including E. tetrodonta. Further, I found a positive interaction between tree-

tree competition and fire on the recruitment of saplings. This was evidence for the 

importance of fire in driving cycles of canopy growth and renewal.  

 

Across a range of spatial and temporal scales tree cover and biomass in E. 

tetrodonta dominated savannas is highly spatially and temporally variable, primarily in 

response to rainfall, fire and their interaction. The historical and spatial perspective 

provided by this thesis shows the importance of fire in maintaining this savanna system. In 

the light of this knowledge I make a number of recommendations to help achieve fire 

management regimes that maintain heterogeneity and population viability of these systems.  
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Introduction 
 Savannas are a major component of the world’s vegetation, covering ~20% of the 

global land surface, more than is covered by either temperate or boreal forests (Scholes & Hall 

1996). Savannas are variously defined, and this umbrella term encompasses a wide variety of 

vegetation structures (Scholes & Archer 1997).  Attributes of the savanna biome are: 1) the co-

dominance of two contrasting plant functional types, trees and C4 grasses, and 2) strong annual 

seasonality in rainfall (Sarmiento 1984; Frost et al. 1986). The annual seasonality of rainfall 

dictates the major seasonal fluctuations in resources. Hence, the co-dominance of two plant 

functional groups with markedly different strategies in dealing with climatic seasonality. Trees 

are long-lived, and mature individuals are able to persist through seasonal dry periods and are 

generally highly fire adapted (Gignoux et al. 1997; Hoffmann 1998; Bond & Midgley 2001; 

Bond & Midgley 2003; Hoffmann & Solbrig 2003), an attribute that not only contributes to 

their persistence through fire episodes, but also through other forms of environmental 

stochasticity, specifically drought, herbivory and severe weather (Bellingham & Sparrow 

2000; Higgins et al. 2000; Bond & Midgley 2001; Bond & Midgley 2003; Vesk 2006). In 

contrast, C4 grasses are relatively short-lived and either senesce or are largely dormant during 

seasonal dry periods. The C4 grass layer promotes the prevalence of fire in these systems. 

Rainfall, available soil nutrients, fire, herbivory and climate stochasticity are important 

features shaping savannas (Skarpe 1992; Williams et al. 1996; Scholes & Archer 1997; House 

et al. 2003; Sankaran et al. 2004; Sankaran et al. 2005; Wiegand et al. 2006). Poorly 

comprehended is the relative importance of these factors in determining patterns of savanna 

biomass in time and space (Sankaran et al. 2004). 

 

 Savannas are geographically extensive and occur in over 20 countries and on all 

continents except Antarctica. Tropical savannas cover much of Australia, South America and 

Africa, with smaller savanna areas spread throughout South-East Asia, India and Central 
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America (Scholes & Archer 1997). Temperate savannas occur in the United States, Europe, 

Australia and Russia, and extend across ~ 5 million Km2 (Werner 1991). Temperate savannas 

are not the focus of this thesis and from here on, the term ‘savanna’ will be used to refer to 

tropical savanna.  

 

 In this thesis I aim to quantify the relative importance of correlates/determinants of tree 

cover, woody biomass and plant demographics in Australian mesic savannas across four spatial 

scales. Understanding savanna dynamics is difficult, in part because the ecological factors 

determining savanna distribution and structure are themselves only partly understood. The 

spatial pattern of savannas is determined by complex interactions among atmospheric 

chemistry, climate, rainfall, soils, fire and herbivory, which all interact at various spatial and 

temporal scales (Skarpe 1992; Scholes and Archer 1997; Gillson 2004; Beerling & Osborne 

2006). As tropical savanna tree cover and biomass is a product of this complex of factors, it 

tends to be variable at landscape, regional and continental scales (Sankaran et al. 2005). 

Furthermore, tree cover and biomass is highly responsive to changes in environmental and 

climatic conditions (Skarpe 1992; Scholes and Archer 1997; Moreira 2000; Fensham et al. 

2003; Scholes et al. 2003; Archibald et al. 2004; Augustine and Mcnaughton 2004; Augustine 

and McNaughton 2006; Fensham et al. 2005), and hence, savanna tree cover and biomass is 

temporally variable, and this in part produces the spatial variability due to landscape and 

regional variance in climae. Finally, the cause(s) of change in savanna tree cover is one of the 

classic problems of ecology; and this is closely tied to the lack of a coherent theory regarding 

tree-grass coexistence (Sankaran et al. 2004), and it remains largely unresolved, has resisted 

the formulation of generalised explanatory models from local to global scales (Furley et al. 

1992; Scholes & Archer 1997; Sankaran et al. 2004) and is perhaps one of the most interesting 

applied and theoretical issues in ecology.  
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The biological, cultural, economic, and ecological roles of savannas  

 Savannas do not receive the attention given to tropical rainforests, yet they too can be 

centres of biodiversity (Myers et al. 2000). As an example, the Cerrado in central South 

America has been ranked as one of the top 25 terrestrial biodiversity hotspots (Myers et al. 

2000), where 44% of vascular plants, 30% of amphibians, 20% of reptiles, and 12% of 

mammals are endemic (Silva & Bates 2002). In African savannas, the diverse grazer and 

browsing fauna and associated mammal predators represent a concentration of the world’s 

large mammal species (du Toit 2003). In north Australia, the Arnhem Land plateau,  parts of 

the Cape York Peninsula and Kimberley region are centres of plant and animal endemism 

(Woinarski et al. 2006), with savannas having a higher biodiversity than adjacent monsoon 

vine forest patches (Woinarski et al. 1999). Further, embedded within the Australian savanna 

biome are areas of high plant and animal endemism such as and fire-sensitive rainforests 

(Bowman 2000) which are reliant on the surrounding savanna for protection from fire.  

 

 Australian savannas are heterogeneous and vast environments. Over large areas there 

can be a lack of topographic variation and relative uniformity in vegetation structure and 

species composition (Woinarski et al. 2007). Yet there can be high degrees of local and 

landscape variation in species richness and abundance which are not reflective of broader 

patterns of rainfall or soil properties (Woinarski et al. 2005). Rather, this variability is 

reflective of the nuances of the landscape and environmental histories, a primary influence 

being fire. This has profound implications for the biodiversity of Australian savannas, as, the 

ecology of individual species may be largely reliant on the temporal and spatial heterogeneity 

of the savanna environment at different scales. This means that contiguity of Australian 

savanna environments over vast areas is essential to maintaining species richness, and that of 

the fire-sensitive habitats embedded within the savanna (Palmer & Woinarski 1999; Woinarski 

& Dawson 2001; Woinarski et al. 2001; Whitehead et al. 2003; Woinarski & Fisher 2003; 
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Whitehead et al. 2005). Australians savannas are remote and sparsely populated, with minimal 

infrastructure, and land tenure concentrated on conservation, Indigenous and pastoral use. 

Because of this, Australian eucalypt-dominated savannas are some of the most contiguous 

landscapes remaining on the planet (Woinarski & Dawson, 2001) and offer the best 

opportunity to understand patterns of savanna biomass (Woinarski et al. 2007). Yet, without a 

quantified and predictive understanding of the variability of savanna biomass in time and 

space, appropriate management of these environments is virtually impossible. 

 

 Currently, savannas are inhabited by one-fifth of the world’s population and the 

proportion is ever-growing (Scholes & Archer 1997). It is estimated that savanna lands are 

being cleared at a rate of 1% per year for large scale agriculture and grazing; this is about twice 

the rate of tropical rainforest deforestation (Grace et al. 2006). Savannas are economically 

important for production of cattle, as the great majority of the world’s cattle are located in 

savanna regions (Scholes & Archer 1997; Sharp & Whittaker 2003). Savannas are important 

sources of potable water and have potential for carbon sequestration (Williams et al. 2005).  At 

subsistence levels unchanged savanna environments remain important sources of foods and 

cultural materials (Russell-Smith et al. 1997b). Globally, tenure of savanna lands comprises 

pastoral, Indigenous, conservation, private uses and, to a lesser extent, military tenure, with the 

disparate management aims of conservation, subsistence livelihoods, tourism, grazing, and 

conversion for large-scale agriculture and mining. As such, savannas are centres of cultural and 

economic activity, and an understanding of the dynamics and functioning of this biome is 

important for its appropriate and sustainable management and maintenance of habitat integrity. 

Although the savanna biome is productive in terms of ecosystem services, it is, nevertheless, 

under threat due to anthropogenic pressures. In particular, ecological stress is being placed on 

the system due to agricultural development; the mismanagement of fire; over-exploitation; and 

faunal changes (Woinarski et al. 2007). 
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 Tropical savannas can be productive landscapes; globally, savannas are responsible for 

30% of global NPP, in spite of covering a land surface half that proportion (Grace et al. 2006). 

Total NPP per year in savannas is estimated to be in the league of 19.9 Gt C yr-1, while the 

average per hectare is 7.2 t C ha-1 yr-1 (Grace et al. 2006). Net primary productivity ranges 

from 1 to 12 t C ha-1 yr-1 (Grace et al. 2006). The soil carbon pool for the savanna biome is 

200 – 300 Gt C which equates to 10 – 30 % of world soil carbon. Savanna carbon fluxes are 

highly seasonal, reflective of the seasonal climate (Scholes & Hall 1996). Savanna burning 

results in an efflux of carbon estimated to be around 5 – 8 Gt C yr-1 (Scholes & Hall 1996). 

There is high inter-annual variability in carbon fluxes due to disturbance by fire (Beringer et 

al. 1995; Beringer et al. 2003; Hutley et al. 2005; Cernusak et al. 2006;).  

 

 Savanna ecosystems are an important biome, not just because of their large spatial 

extent and productivity, but also because of the burning that occurs throughout large areas 

every year. Savannas burn frequently and thus the dynamics of these systems have large 

impacts on the global energy and carbon balances (Santos et al. 2003). Savanna burning drives 

large fluxes of methane, carbon and NOx to the atmosphere (Scholes & Hall 1996). In fact, 

savanna burning generates more than half of all NOx gases emitted by fire (Hobbs et al. 2003). 

Savanna burning generates fluxes of black aerosols to the atmosphere that absorb solar 

radiation and increase tropospheric heating (Beerling & Osborne 2006). Thus there is a 

reduced net flux of energy to the land surface. This has consequences for the development of 

rainfall (Andreae et al. 2004; Koren et al. 2004). Keeley & Rundel (2005) suggested that there 

were critical interactions between fire, C4 grasses and atmospheric C02 that drove the rapid 

expansion of savanna vegetation. Implicit in this argument is not only the role of fire as an 

ecosystem engineer, but also that of aerosols derived from extensive biomass burning in 

modifying regional climates in favour of savannas, an argument extended by other authors 
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(Bond & Keeley 2005) and an argument supported by various climate models (Görgen et al. 

2006; Snyder et al. 2004). As a result of the large area savannas cover and because savannas 

burn frequently, they have an enormous influence on global and regional energy, water and 

carbon balances, and the products of their combustion influence atmospheric chemistry 

(Beerling & Osborne 2006; Grace et al. 2006). Thus, understanding the landscape scale 

dynamics of the savanna tree-grass balance is of immense practical as well as scientific 

interest. 

 

 Tropical and polar regions are likely to be most affected by anthropogenic climate 

change and increased environmental stochasticity (Hughes 2003; Scholze et al. 2006). The 

effects of climate change are generally predictable for polar, boreal and temperate regions 

(Hughes 2003), yet our understanding of climate change and environmental stochasticity in in 

the climatically active tropical regions relative to these areas is poor. Tropical savannas 

constitute a large proportion of the earth’s tropical zones and, with anthropogenic climate 

change, tropical savannas may expand in area. This will occur via conversion of tropical 

rainforest to savanna, due to warming and drying (Nepstad et al. 1999), and the encroachment 

of trees in tropical grasslands due to increased atmospheric CO2 (Bond et al. 2003; Bond et al. 

2005). As a result of the replacement of rainforest with savanna, it is likely there will be large 

increases in biomass burning (Cox et al. 2000). 

 

 Shifts in ecosystem structures can affect climate by changing the partitioning of carbon 

between the land and atmosphere (Pitman et al. 2004; Pitman and Narisma 2005; Görgen et al. 

2006). There is strong evidence that regional-scale changes in the land surface may cause 

regional- and continental-scale changes in climate (Hoffmann et al. 2002; Snyder et al. 2004; 

Görgen et al. 2006). For these reasons, understanding extensive fire-mediated savannas and 

their dynamics at multiple spatial and temporal scales is important. It is pertinent to understand 
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the influence of environmental stochasticity and disturbance by fire on savanna existence, 

persistence and patterns of biomass. In Australia there is scant quantified understanding of the 

extent of spatial and temporal heterogeneity of savanna tree cover and biomass, nor is there a 

quantitative understanding of the role of fire and climate in altering the spatial and temporal 

dynamic of savanna tree cover and biomass.  

 

Theories of savanna tree and grass coexistence 

 Over the decades, numerous theories of savanna tree and grass coexistence have been 

put forward (Walker & Noy-Meir 1982; Walker 1987; Jeltsch et al. 1998; Higgins et al. 2000; 

Jeltsch et al. 2000; van Langevelde et al. 2003; Wiegand et al. 2006), yet none singularly 

account for the wide variety of vegetation structures and the broad range of climatic 

circumstances over which savannas occur (House et al. 2003; Sankaran et al. 2004). There are 

large areas where annual water-limitation is the driving force in the emergent vegetation 

structure; that is, canopy closure can not be achieved because of competition for water 

resources, i.e. arid and semi-arid savanna ecosystems (Sankaran et al. 2004; Wiegand et al. 

2006). Of great interest, are mesic savanna regions, where competition for water resources is 

not likely to be the factor limiting tree cover. In these mesic systems, other processes, or a 

complex of processes likely govern both the physiological limits to tree cover and the spatio-

temporal fluctuations in tree cover. Although, the picture is not straightforward and there is 

extensive debate about how and why savannas persist in environments that receive high annual 

rainfall (Higgins et al. 2000; House et al. 2003; Sankaran et al. 2004; Wiegand et al. 2006). 

Contributing to this debate is a major aim of this thesis. Theories of persistence fall into two 

broad categories, those reliant on stochastic processes and those reliant on competition and 

resource limitation in generating savanna persistence (House et al. 2003; Sankaran et al. 2004). 

Differing perceptions of what drives savanna vegetation dynamics, promotes co-existence and 

prevents transition to forest reflects that most studies are site-specific and small in scale.  
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Competition- based models 

 The rooting niche separation hypothesis was formalised by Walker & Noy-Meir 

(1982). This theory is based upon the concept that trees and grasses can only coexist when 

intra-specific competition for soil water resources is stronger than inter-specific competition 

for soil water. Utilising this theory fire, grazing, browsing and climate variability are not 

responsible for the coexistence of trees and grasses, but only serve to modify the relative 

abundance of each (Walker & Noy-Meir 1982). It has been repeatedly noted that the rooting 

niche assumption is not supported in many savannas, despite coexistence of trees and grasses 

in these environments (Scholes & Archer 1997; Higgins et al. 2000; House et al. 2003; 

Sankaran et al. 2004). However, this model, despite its lack of wide applicability, remains 

deeply embedded in the ecological psyche of savanna ecology. 

 

Demographic- based models 

 Coexistence of trees and grasses can also be hypothesised as a product of stochastic 

processes such as temporal and/or spatial variability in herbivory, fire and climate (Jeltsch et 

al. 1998; Higgins et al. 2000; Jeltsch et al. 2000; Sankaran et al. 2005; Sankaran et al. 2004; 

Gardner 2006; Wiegand et al. 2006). These stochastic processes differentially affect trees and 

grasses, and the different life stages of each (Higgins et al. 2000). For example, in mesic 

savannas trees are most sensitive to drought and fire at the sapling stage of life (Prior et al. 

1997; Higgins et al. 2000; Hoffmann & Solbrig 2003). Sapling trees generally do not die post-

fire, but are often top-killed. Sapling trees thus require significant resources to regain their 

previous size, and it is the length of time to reattain their previous size post-fire, theoretically 

creating a demographic bottleneck in the recruitment of savanna trees due to the probability of 

a successive fire event, thus creating a “fire-trap” for the growth and recruitment of saplings to 

more fire-tolerant adult stages (Higgins et al. 2000; Bond & Midgley 2001; Gardner 2006). 

Fire thus maintains the coexistence of trees and grasses, as tree species without plant traits that 
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allow for the survival of repeated disturbance events, would otherwise be eliminated from the 

savanna (Hoffmann 1998; Hoffman & Franco 2003; Hoffman et al. 2003; Russell-Smith & 

Setterfield 2006). This prevents the recruitment of forest species that are fire sensitive, but may 

also shade out the light sensitive C4 grass layer; effectively eliminating fire from the system as 

frequent fire relies on the presence of a grass layer. Thus, the basis to this set of models is the 

reliance on stochastic processes of fire and herbivory in determining tree-grass coexistence. 

The demographic model of persistence, and the role of disturbance, has increasingly become a 

dominant paradigm in explaining the exisitence of savanna systems (Sankaran et al. 2004). 

 

How to integrate these theories in the future? 

 Fundamentally, these two classes of models are based on completely different 

mechanisms for coexistence. However, theories rooted in either stochastic mechanisms, 

competitive mechanisms or niche separation in generating persistence are not necessarily in 

opposition; rather it is highly likely that tree and grass coexistence is a product of a complex of 

factors operating at various scales of influence. Across large climatic gradients, generally of 

rainfall, that the relative influence of rainfall, soil nutrients, soil drainage, fire and herbivory 

shift due to interactions between these mechanisms altering gradients of productivity by 

changing growth rates of both trees and grasses. A fundamental issue with both sets of theories 

is scale, or rather the absence of it. Generally, discussions of tree and grass coexistence are 

either scale-free or examined at a single scale. However, it is clear the persistence of savannas 

operates at multiple spatial and temporal scales; just as the mechanisms that promote 

coexistence do. Clearly, integrating these two sets of theories, or at least understanding how 

the relative role of the aforementioned factors may operate in a semi-arid compared to a mesic 

savanna requires perspectives congnisant of these large gradients of productivity over which 

savannas are found, and how plant demography and landscape trends in cover and biomass 
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may operate from population to continental scales. Further discussions of theories of savanna 

tree and grass coexistence are embedded within Chapters 2-5 and are expanded upon therein. 

 

The importance of spatial scale in understanding savannas 

 Scale is essential to the analysis and understanding of ecology (Levin 2000). There is 

such variable evidence for the relative roles of fire, climate, and herbivory in determining plant 

demographic responses and patterns of woody cover and biomass, and this is reflected in the 

lack of a cohesive theory in predicting vegetation response to changes in these factors. It is 

then necessary to ask, what does the scale of observation tell us about the savanna dynamic in 

question? The processes determining savanna persistence at any scale may vary in their 

importance (Gillson 2004). Similarly, while a pattern of savanna dynamics may be observed at 

a spatial or temporal scale, an alternative dynamic may be evident at an alternate scale (Skarpe 

1992; Scholes & Archer 1997; Gillson 2004). Hence it is important to understand the temporal 

and spatial scaling of factors determining a savanna dynamic and the residual effects of 

sampling. 

 

 This thesis examines mesic savanna dynamics in central north Australia at four spatial 

scales. Large scale, temporal and spatial analyses are critical for understanding the structure 

and dynamics of ecosystems (Gaston & Blackburn 2000; Wu & David 2002). Savannas are 

dynamic landscapes, constantly responding to local variation in disturbance, regional changes 

in climate, and global changes in atmospheric chemistry. As such, savannas are inherently 

patchy landscapes, where spatial and temporal variation in a number of biophysical and 

historical factors operates at varying scales of influence. Without studying savannas in a 

spatially and temporally explicit framework it would be impossible to gain a comprehensive 

understanding of savannas their dynamics (Levin 2000; Wu & David 2002; Gillson 2004; 

Wiegand et al. 2006). A combination of spatial and temporal site information is required to 
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make adequate inference about patterns in savanna tree cover and biomass and of the relative 

importance of biophysical and disturbance factors in determining this dynamic (Gillson 2004; 

Wiegand et al. 2006).   

 

 Many ecological studies are conducted over short periods (less than 10 years) while 

ecosystem dynamics on the more ‘macro’ (50 year-century) scales have been largely neglected 

by ecologists (Lunt 2002). Changes are likely to be occurring at the 50 year-century scales that 

are not obvious from short-term surveys. Examples of this include the fact that short term 

climatic conditions will not be typical of conditions over the longer term and that the 

individuals of many species survive for decades: thus gradual successional changes may not be 

noticeable in the short term (Lunt 2002). An understanding of ecological change over large 

temporal and spatial scales is consequently critical for achieving sustainable land management 

throughout Australia.  

 

The Australian summer monsoon 

 The monsoonal climate, and especially the monsoon-associated precipitation, is likely 

critical in the evolution, persistence, function and dynamics of the north Australian savanna 

biome (Bowman 2002; Ladiges et al. 2003). Without an understanding of the functioning of 

these climate systems, interpretation of Australian savanna dynamics is limited. An 

understanding of the Australian monsoonal climate and its evolution provides a valuable 

context for unravelling an understanding of the persistence and patterns of biomass in 

Australian tropical savannas. Savannas as we know them are likely approximately six to eight 

million years old (Huang et al. 2001; Keeley & Rundel 2005; Zhisheng et al. 2005; Osborne & 

Beerling 2006), as the development of the contemporary Australian savanna biome appears 

tightly linked with the expansion of C4 grasses and the increasing development of strongly 
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seasonal monsoonal climates (Keeley & Rundel 2005; Zhisheng et al. 2005; Beerling & 

Osborne 2006).  

 

The Asian monsoon is a major component of the regional and global climate (An 

2000). Summer monsoons are one of the most energetic elements of the global climate system 

(Suppiah 1992; An 2000; Kershaw et al. 2003a; Wang et al. 2005; Wang et al. 2006). The 

Australian monsoon is a modest component of the Asian monsoon system, and dominates the 

moisture balance across north Australia, with rainfall rapidly diminishing inland from the coast 

(Suppiah 1992; Wang et al. 2005). The seasonality of the monsoon circulation over the north 

Australian continent produces dry winters and warm, wet summers (Suppiah 1992). The 

Australian monsoon usually begins in December and ends in March (Suppiah 1992; Cook & 

Heerdegen 2001). The length of the monsoon season shows considerable variability on an 

inter-annual timescale (Suppiah 1992). Seasonality of rainfall in Australian tropical savannas is 

more extreme than found in monsoonal tropics elsewhere (Cook & Heerdegen 2001). 

Monsoonal rains are preceded by transitional, convective storm- driven rainfall (Nicholls et al. 

1982), which accounts for ~ 30% of total wet season rainfall in the form of intense 

thunderstorm activity (Nicholls et al. 1982).  

 

 In the Austral summer a high pressure system forms over Siberia due to the presence of 

the Tibetan plateau (An 2000). The Siberian high pressure system forces cold air south across 

the equator. As these air streams move over tropical oceans, the air becomes warm, moist and 

unstable. These air streams converge with south-easterly trade winds to form a monsoon 

trough, which is a broad belt of low pressure, bringing rain to the north Australian continent. 

The land-sea thermal contrast acts as a seasonal preconditioning for the onset of the summer 

monsoon (An 2000; Huang et al. 2001; Wang et al. 2005). The sensible heating of the 

continent leads to a reversal of the meridional temperature gradient between the Arafura Sea 
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and the Australian continent (Hung & Yanai 2004), and sets up a thermally induced 

meridional-vertical circulation which helps to transport low-level moist air inland to intensify 

the monsoonal circulation (Hung & Yanai, 2004). A single monsoon trough may last several 

days to weeks, and numerous troughs (e.g. two – seven) form during the course of a single wet 

season (Suppiah 1992).  Low pressure systems within a monsoon trough may intensify over the 

shallow Coral, Arufura, or Timor seas or the Gulf of Carpentaria, and develop into cyclones. 

Cyclones are important structuring events in the history of north Australia, as they disperse 

immense amounts of energy via intense rain and wind (Wilson & Bowman 1987; Wilson & 

Bowman 1994). In terms of the savanna biome, the impacts of cyclones can be visible for 

decades, as severe cyclones can clear-fell vegetation over hundreds of square kilometres 

(Wilson and Bowman 1987; Bowman & Panton 1994; Wilson & Bowman 1994). Most 

recently, this occurred in 2006, when Cyclone Monica struck the Arnhem Land coast. In 2005 

Cyclone Ingrid, a large intense tropical cyclone, caused severe damage to parts of the Cobourg 

Peninsula and the Tiwi Islands, where large areas of savanna were clear-felled. 

 

Figure 1. Damage from Cyclone Monica in 2006 near Oenpelli, Northern Territory 
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 In north-eastern Australia, the El Nino Southern Oscillation (ENSO) is an 

important driver of rainfall and rainfall variability (Cook & Heerdegen 2001). The ways in 

which ENSO and the Australian monsoon interact currently and in the past is extremely 

poorly understood (Wang et al. 2005). It is likely that ENSO variability is currently 

changing, yet this appears to have larger climate ramifications for southern than northern 

Australia. ENSO has a particularly strong effect on savanna tree cover at decadal to 

century timescales in the Eastern Australian semi-arid savanna ecosystems (Fensham & 

Holman 1999; Fensham et al. 2005) and arid ecosystems (Holmgren et al. 2006; Letnic & 

Dickman 2006). 

 

The evolution of the Australian monsoon 

 The Asian monsoon originated with Cenozoic uplift of the Himalayas and Tibetan 

Plateau and this profoundly affected the regional and global climate (Table 1) (Quade et al. 

1989; Harris 2006). There was a dramatic change in the character of the Asian monsoon about 

8 Ma (Table 1) (An et al. 2001) coinciding with the development of the seasonal high pressure 

system over the Tibetan Plateau and Siberia (Harris 2006). The strength of the Australian 

monsoon is largely determined by northern hemisphere insolation on Australian monsoonal 

rainfall on millennial time scales (Wang et al. 2005; Harris 2006). Changes in the intensity of 

the monsoon over the course of millennia are also related to precessional orbital variations, 

Milankovitch cycles and tectonics (Kershaw et al. 2003a; Kershaw et al. 2003b; Wang et al. 

2005; Wan et al. 2006). Over shorter timescales, monsoon systems respond to large-scale 

forcing associated with atmospheric [CO2] (Kershaw et al. 2003a; Kershaw et al. 2003b). The 

role of regional scale internal feedbacks have also been investigated, including those associated 

with clouds, soil moisture, surface albedo and vegetation, and can change the nature of the 

monsoon (Andreae et al. 2004; Görgen et al. 2006; Rotstayn et al. 2007). Given that fire is 
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affected by and interacts with such regional phenomena, it is likely that there exist complex 

indirect feedbacks between the monsoon, vegetation, the extent and season of fire, and regional 

aerosols (Miller et al. 2005; Beerling & Osborne, 2006). There has been recent evidence of the 

importance of the Asian haze (a product of biomass burning and fossil fuel burning) in 

changing the date of onset and duration of the East Asian and Indian monsoon systems 

(Andreae et al. 2004; Ramanathan et al. 2005; Rotstayn et al. 2007) and the impact of this on 

north Australian rainfall changes (Rotstayn et al. 2007).  

 

The evolution of Australian savanna ecosystems 

It can be argued that the antiquity of the savanna biome, the evolution and rapid 

radiation of C4 grasses and the development of monsoonal climates are tied (Zhisheng et al. 

2005; Beerling & Osborne 2006; Osborne & Beerling 2006). Ground layer vegetation in 

tropical savannas is dominated by grasses utilising the C4 photosynthetic pathway (Beerling & 

Osborne 2006). In geologic time the evolution of the C4 photosynthetic pathway is a relatively 

recent development (Table 1) (Morgan et al. 1994; Jacobs et al. 1999; Kellogg 1999; Fox & 

Koch 2003; Kadereit et al. 2003; Osborne & Beerling 2006). Under climatic conditions of high 

growing season temperatures, low water availability and low atmospheric CO2 concentrations 

C4 grasses have a competitive advantage over C3 grasses, trees and shrubs  (Sage 2004; Sage & 

Kubien 2007). C4 grasses dominate in areas of seasonally warm dry climate and summer 

rainfall (Sage 2004), such as the Australian monsoon tropics. In fact, summer rainfall has been 

shown to be an effective predictor of the distribution and relative abundance of C3 versus C4 

grasses (Murphy & Bowman 2007).  

 

 Low atmospheric CO2 concentrations approximately 20 - 35 Ma (million years ago) are 

thought to have primed the earth for the development of the C4 photosynthetic pathway. 

However radiation of C4 grasses took place in the low latitudes ~ 6-8 Ma (Table 1) throughout 
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Asia and Africa (Quade et al. 1995; Quade et al. 1989; Cerling et al. 1997; Hoorn et al. 2000; 

Retallack et al. 2001); this is co-incident with the development of the Asian monsoon (Table 1) 

(Zhisheng et al. 2005). At this point atmospheric CO2 was estimated to be ~ 280 ppm (Table 1) 

and relatively stable throughout the Miocene (Table 1). In comparison with drought-sensitive 

C3 grasses and shrubs, grasses utilising the C4 pathway would have had great competitive 

advantage in adapting to new and widespread warm and seasonally dry climate conditions 

induced by the development of the monsoon (Osborne & Beerling 2006). Co-incident with the 

shift to C4 dominated areas across north Australia is likely to have been the intensification of 

landscape fire, attributable to seasonal climate and life histories of C4 grasses. With a wet 

summer growing season, and high grass fuel loads these areas would be able to readily ignite 

and carry fire during the warm dry winters. Indeed, during epochs of low atmospheric CO2, a 

positive feedback between grasses and fire is thought to have led to the expansion of the 

savanna biome (Bond et al. 2003). Further, with increasing seasonality of rainfall, there was a 

contraction of rainforest and replacement by open forest at several stages over the last million 

years (Miller et al. 2005). 

 

 Australian tropical savannas are largely dominated by tree species from the genera 

Eucalyptus and Corymbia, part of the Myrtaceae family. The Myrtaceae family has a southern 

Gondwanic distribution (Bowman 2002; Ladiges et al. 2003). Across Australia there were 

several periods of cooling and drying during the Eocene, Oligocene, Miocene and Pliocene; it 

is believed that these periods of drying across the continent, along with the increased 

prevalence of fire, drove the expansion of open forests and the contraction of rainforests. 

During the Palaeogene, rainforests were dominant across north Australia (Bowman 2002; 

Ladiges et al. 2003; Miller et al. 2005). This interpretation is consistent with the biogeography 

of a number of Australasian plant groups that show a monsoonal climate of some form had 

existed in northern Australia since around the mid-Tertiary (Crisp et al. 1995; Greenwood 
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1996; Bowman 2002; Crisp et al. 2004;). Thus, the origins of Eucalypt savannas in their 

current form may well be ~ 8 Ma, but the development of Eucalypts is much older, and it is 

highly likely that fire was a large part of the landscape since at least 30 Ma (Greenwood 1996; 

Ladiges et al. 2003).  

 

Eucalyptus tetrodonta- dominated savannas as a model system 

Unlike the great majority of the world’s seasonally dry tropics, Australian savanna 

vegetation is predominantly evergreen (Bowman & Prior 2005). Savanna regions of Africa and 

South America are dominated by deciduous vegetation, have generally more fertile soils and 

shorter, less intense dry seasons (Bowman & Prior 2005). It is has been variously hypothesised 

that Australian climate and soil infertility has driven the evolution of the Australian evergreen 

savanna tree species. Australian tropical savannas receive the most seasonally concentrated 

rainfall (Cook & Heerdegen 2001) and the dry season lasts between six and nine months. 

Further, the date of onset and withdrawal of rainfall can be highly variable (Heerdegen & Cook 

1999; Cook & Heerdegen 2001). 

 

 Eucalyptus tetrodonta covers an extensive geographic range and over a 1000 mm 

rainfall gradient. E. tetrodonta is restricted to deep, well-drained sandy soils that remain 

aerated throughout the wet season, and are generally derived from Tertiary laterites (red, 

yellow and grey Kandosols) (McKenzie et al. 2004). Eucalyptus tetrodonta dominated savanna 

are generally considered open forests, woodlands or open woodlands (Wilson et al. 1990; Fox 

et al. 2001) and extend across ~ 450, 000 km2 of the Australian continent (Fox et al. 2001). 

 

 E. tetrodonta savannas are some of the most species-rich communities in the Northern 

Territory, with a large number of animal species reliant on the heterogeneity and contiguity of 

the habitat (Whitehead et al. 2003; Whitehead et al. 2005; Woinarski et al. 2005; Woinarski et 
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al. 2007). E. tetrodonta savannas are a matrix within which numerous fire-sensitive habitats 

are embedded, such as lowland monsoon vine forests, escarpment rainforest, dense escarpment 

mono-dominant stands of Allosyncarpia ternata, mono-dominant stands of Callitris 

intratropica and Melaleuca spp. gallery forests and riparian habitats (Wilson et al. 1990). 

While numerous species are particular to the savannas, the vast extent of this system and the 

contiguity of it, affects ecosystems and species beyond its borders (Woinarski et al. 2005; 

Woinarski et al. 2007). 

 

Eucalyptus tetrodonta co-occurs with Eucalyptus miniata across much of its range in 

forming open forests, woodlands and open woodlands (Figure 2) (Fox et al. 2001). Canopy 

sub-dominants are likely Corymbia porrecta, Corymbia bleeseri, Erythrophleum chlorostachys 

(Story et al. 1976; Wilson et al. 1990; Fox et al. 2001). The mid-storey is a variety of saplings 

of canopy dominants, pan-tropical tree species, as well as Acacia, Pandanus, Gronophyllum, 

Livistona or Cycas species (Story et al. 1976; Wilson et al. 1990; Fox et al. 2001). The 

understorey is comprised of a variety of annual and perennial C4 grasses, such as Sarga spp., 

Heteropogon triticius, Triodia spp., Eriachne triseta and Pseudopogonanthrom spp (Story et 

al. 1976; Wilson et al. 1990; Fox et al. 2001).  

 

 E. tetrodonta is the only species in the genus which is capable of resprouting from root 

sprouts and lignotubers and this is the most common form of regeneration in the species 

(Lacey & Whelan 1976). This trait is highly likely an evolutionary adaptation to both frequent 

disturbance by fire and seasonal drought. Seedling recruitment is rare (Lacey & Whelan 1976) 

and, there is substantial inter-annual variation in E. tetrodonta seed production (Setterfield 

1997). Seed production is not considered a limiting factor in E. tetrodonta regeneration; rather 

limiting factors are post-dispersal micro-site conditions (Setterfield & Williams 1996).  
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Figure 1. (a) The geographic extent of Australian tropical savannas as mapped by Fox et al., (2001) and 
highlighted in dark grey. Highlighted in light grey are areas where Eucalyptus tetrodonta is potentially 
dominant or co-dominant based on mapping and validation by Fox et al., (2001). E. tetrodonta savannas 
cover ~ 450,000 km2. (b) Kakadu National Park, with the location highlighted of fire manipulation 
experiments (Kapalga and Munmalary) and where the majority of fieldwork for this thesis was undertaken. 
The Kapalga experiment ran from 1990 – 1995 and is discussed in detail in Appendix S1. The Munmalary 
experiment ran from 1973 – 1996. These manipulation experiments are discussed in Chapter 3 and Chapter 
5. (c) Tropical savannas cover approximately 33 % of the Australian continental land surface. 

  

Given that E. tetrodonta savannas are geographically extensive, occupy a specific 

range of soil conditions, cover a large environmental gradient and are largely uncleared, they 

are a unique system in which to gain insight into of the roles of fire and climate and their 

interaction on understanding the savanna dynamic at multiple spatial and temporal scales, from 

demographics of individual species through to continental scale patterns of biomass. For these 

same reasons, understanding the dynamics and patterns of biomass in E. tetrodonta-dominated 

savannas is significant and relevant for their appropriate management, as it is for Australia’s 

biodiversity (Woinarski et al. 2007). 
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Kakadu National Park 

The work for this thesis was in part instigated by Parks Australia North and Kakadu 

National Park (KNP) in recognition of the cultural and environmental value of north Australian 

savanna environments. Information about the patterns of savanna biomass across KNP and 

Australia will provide important information for use in the development of fire and feral 

animal management priorities. Furthermore, as previously outlined, savannas have the 

potential to shift according to climate trends unlike some other biomes and so information 

related to patterns of change in savanna biomass and savanna responses to fire provides 

valuable baseline information in regards to understanding the ramifications of anthropogenic 

climate change. Long-term perspectives on landscape change and their appreciation are an 

important component of adaptive management systems.  

 

 A significant and contiguous block of E. tetrodonta-dominated savannas covering a 

400mm rainfall range occurs within the World Heritage listed KNP, the site of this study. This 

National Park is located on the north coast of the Northern Territory of Australia, and is 

approximately 250km east of Darwin, encompassing the catchments of the West, South and 

East Alligator Rivers. KNP was bought by the Commonwealth government in 1979 and 

established as a National Park to be jointly managed with the Indigenous traditional owners 

(Press & Lawrence 1995). Subsequent to the 1979 purchase, two major sections were added to 

the Park in 1984 and 1987. KNP was recognised with World Heritage Listing in 1992 for its 

international cultural and environmental significance (Braithwaite & Werner 1987; Press & 

Lawrence 1995). Although KNP is one of the best-resourced and managed national parks in 

Australia, there remain a number of land management problems requiring ongoing attention 

(Kakadu Board of Management 2007). These include the spread of environmental weeds, 

expanding populations of feral animals, anthropogenic climate change and changing styles of 
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fire management that have followed European colonisation and the consequences of this 

complex of factors for biodiversity (Kakadu Board of Management 2007).  

 

 E. tetrodonta dominated savannas cover approximately 60% of KNP (Wilson et al. 

1990).  The northern lowlands are generally rolling plains of late Tertiary depositional surface 

derived from the erosion of the Arnhem Land Plateau and Mesozoic sediments (Story et al. 

1976). Resultant soils are highly weathered and slightly acidic after millennia of leaching. 

Within the matrix of the savannas are numerous small monsoon vine forest patches (generally 

< 5 ha), which have developed either through landscape protection from fire, are remnants of 

Indigenous land management or are due to abiotic factors (Bowman 2000). 

 

The Alligator Rivers region has been continuously occupied by Aboriginal people for ~ 

60,000 years (Jones 1985; Jones & Bowler 1980; Bowman 1998). When Europeans first 

arrived in the early to mid 1800s, the regional Indigenous population was estimated at around 

2000 (Press & Lawrence 1995). Yet, by the early 20th century, the regional Indigenous 

population had declined to only a couple of hundred due to disease and social dislocation 

(Press & Lawrence 1995). By the time KNP was established, the region was only sparsely 

populated. Since then, the human population, both Aboriginal and European, has increased 

substantially. Numerous Aboriginal people who reside in about ten communities within the 

Park continue traditional practices in some form, such as hunting and burning (Kakadu Board 

of Management 2007).  
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Figure 2. Examples of Eucalyptus tetrodonta dominated savanna in Kakadu National Park, North Australia 
   

 The focus of KNP fire management is the reduction of late dry season fires 

across the Park, such that the great proportion of savanna fires (~ 70%) occur prior to May in 

the early dry season. Despite intensive management and the shift in season of fire to the early 
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dry season, > 50% of the savanna burns on an annual basis (Edwards et al. 2003). Little is 

known of the extent and frequency of fire, pre-European colonisation or even pre-satellite. 

However, it has been variously suggested that Indigenous landscape burning created highly 

patchy and fine grained habitat using fire throughout the course of a year for different cultural 

and ecological management applications (Russell-Smith et al. 1997a; Bowman 1998). 

Partially, this has been evidenced by the decline of Callitris intratropica, throughout the KNP 

savannas, a fire sensitive conifer specific to north Australia (Bowman et al. 2001). 

 

Due to the contiguity and known management of fire and feral animals over the past 

decades, accessibility and logistics, KNP is an ideal testing ground for developing an 

understanding of savanna patch dynamics at multiple spatial and temporal scales.  

  

Aims and thesis structure  

 The overarching aim of this thesis was to improve the understanding of the dynamics 

of Eucalyptus tetrodonta dominated savannas. In north Australia mean annual rainfall and 

disturbance by fire are critical factors influencing savanna dynamics. Therefore, understanding 

the relative influence of fire and rainfall on savanna dynamics at multiple scales may enable 

both a better understanding of these ecosystems and their management. This thesis contains six 

chapters. I have used a multi-disciplinary approach combining landscape ecology, remote-

sensing, field-based methodologies and data syntheses with statistical modelling. In Chapter 2, 

I present data on the development of a methodology of aerial photographic analysis and, using 

this method, I examine change in tree cover over 40 years across KNP. Development of this 

technique was crucial for Chapter 3. An intensive examination of the Kapalga experimental 

area in KNP allowed me to consider the interactive effects of inter-annual deviations in 

rainfall, fire and herbivory on tree cover; this is detailed in Chapter 3. An examination of local 

and regional stand demography and how this relates to savanna persistence is presented in 
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Chapter 4. It was important to set the above information into a larger framework and to 

understand patterns of savanna biomass at larger spatial scales. As such, I examined E. 

tetrodonta- dominated savannas across their geographic range on the Australian continent to 

analyse the physiological limit of this ecosystem; this is described in Chapter 5. I highlight the 

importance of the scale of observation and processes on understanding savanna dynamics and 

draw together information from the previous chapters in Chapter 6. The aims of each 

individual chapter are as follows: 

 

Regional change 

 Chapter 2 aims to understand the relative importance of mean annual rainfall, fire 

and site histories in determining savanna tree cover and tree cover change. To do this I 

developed a semi-automated approach for the analysis of savanna tree cover using aerial 

photography. This work was validated via field survey, and developed relationships for the 

estimation of savanna woody biomass via aerial photography. I then analysed data on 

change in tree cover from 1964 – 2004 at 50 locations across KNP. 

 

Landscape patterns of change 

 Chapter 3 aims to (1) describe the interactive effects of fire, inter-annual rainfall 

deviations and herbivory on changes in tree cover at the decadal and landscape scales and (2) 

validate these inferences by comparing results with a landscape scale fire manipulation 

experiment of the same area to show that E. tetrodonta dominated savannas are patchily 

dynamic landscapes. This was achieved using aerial photographic analyses of an area used by 

the Commonwealth Scientific, Industry and Research Organisation (CSIRO) for buffalo 

grazing and fire experiments between 1973 and 1995.  

 

The demographic bottleneck 
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 Chapter 4 examines the importance of the demographic bottleneck in maintaining 

mesic savannas. Current theories of the persistence of mesic savannas centre on demographic 

mechanisms to generate persistence. Demographic theories of persistence had not previously 

been empirically examined. I present an examination of the demographics of four savanna tree 

species, all of which are canopy dominants. I examined the extent to which fire regulates the 

recruitment of sapling trees via an interaction with standing biomass and the implications of 

this for savanna persistence at local and regional scales. 

 

Continental patterns of tree biomass  

 Chapter 5 quantifies the climatic limit to standing biomass (basal area) of E. tetrodonta 

dominated savannas across the Australian continent. I examined the variability and patterns of 

biomass across a 1000 mm rainfall gradient of E. tetrodonta dominated savannas and how this 

may relate to fire.  

 

Conclusions 

 Chapter 6 draws on each of the preceding chapters, synthesising biological and 

environmental interactions that influence tree cover in E. tetrodonta-dominated savannas and 

why incorporating an understanding of scale is important when discussing savanna dynamics.  

 

Thesis structure 

 This thesis has been written as a series of papers with a number of co-authors from the 

School for Environmental Research, Sustainable Ecosystems CSIRO and the Northern 

Territory Government. Other than this introductory chapter and a final conclusions chapter, 

each chapter has been written as a paper that has been accepted or submitted for publication in 

a peer-reviewed journal. As such, there may be some small repetition between the methods 

section in each chapter and focused citations due to the journal requirements. I am the senior 
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author for each of the papers because I was responsible for experimental design, methodology, 

data collection, analyses and writing, the contribution of the co-authors was either in the 

contribution of data or in the preparation of manuscripts for publication. The co-authors are 

listed with the title and journal reference at the start of each chapter and their contribution 

detailed in the statement of publication and co-authorship. 
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Table 1. Timeline of the development of modern savanna biome (those dominated by C4 grasses). Note that Ka = thousands of years; Ma = millions of years 

 2 

Year [CO2] Event Significance Source 

Now 400 Savannas cover 15% of the earth's land surface Burning of savannas profoundly impact atmospheric 
chemistry and the global carbon cycle 

Frost et al., 1986; Scholes & 
Archer, 1997 

5 Ka 260 Conversion of Sahel to desert Rapid and massive continental ecosystem change 
attributable to changes in the African monsoon De Monocal et al 2000 

6.5 -4 
Ka 260 Period of strong monsoon activity and weak 

ENSO activity 
Evidence for the importance of Low SST's in 
determining the strength of monsoon activity Abram et al., 2007 

60 Ka 180 Max extent of C4 grasslands Intense aridification of Australia, Africa and Asia Harrison & Prentice 2003 

60 Ka 180 Start of the last glacial maximum 
Drop in sea levels; aridification of Aust continent; 
exposure of Australian continental shelf and land bridge 
with Asia 

Miller et al., 2005; Pitman & 
Hesse, 2007 

900 Ka 180 Enlarged mean global ice volume Out of phase C4 abundance with global ice abundance Huang et al 2001 

1.2-0.45 
Ma 180 Changes in C4 grass abundance in Africa 

Widespread change in savnnas attributable to 
monsoonal forcing; low latitude SST may be more 
important than previously thought in determining 
monsoon strength 

Schefuss et al. 2003 

4.5 Ma 200-
300 Further extensive uplift of the Tibetan Plateau Intensification of the Asian monsoon and expansion of 

savanna biome Wang et al., 2006 

6-8 Ma 200-
300 Massive Expansion of C4 grasses Development of the savanna 

Cerling et al., 1997; Zhisheng 
et al. 2005; Zhisheng et al., 
2001; Quade & Cerling, 1995 

7 Ma 200-
300 

Sharp rise in charcoal flux to North Pacific 
sediments Evidence of wide spread fire in SE Asia Keeley & Rundel 2005 

c. 7 Ma 200-
300 Extensive Aridity Period of maximal strength of the Asian monsoon Sage 2004 

7 - 8.5 
Ma 

200-
300 

Development of the Asian monsoon Uplift of 
Tibetan plateau 

Promotes development of high pressure system over 
Siberia and allows for inter-hemisphere forcing of the 
monsoon 

An 2000; Zhisheng et al., 
2001 

8 Ma 200-
300 

Dramatic decline in relative tree abundance in 
Central Nepal and changes in patterns of soil 
development throughout Pakistan, East Africa, 
US 

Co-incident rise in relative grass abundance Hoorn et al 2000; Retallack 
2001 
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12.5 
Myrs 

200-
300 Earliest undisputed C4 grass Fossil Evidence of C4 grass Jacobs et al 1999 

25 Ma < 500 Estimated age of Andropogoneae Molecular evidence for the age of Andropogoneae Kellogg 2001 

14-35 
Ma < 500 Evolution of C4 grasses 

Evolution of photosynthetic pathway better adapted to 
seasonal drought, high temperatures than grasses using 
the C3 pathway 

Kadereit et al 2003; Morgan et 
al 1994; Fox & Koch 2003 

 ~37 Ma < 500 Decoupling of global climate and CO2  Pagani et al 2005 

~37 Ma < 500 CO2 < 500 ppmv [CO2] drops below a crucial threshold prompting the 
evolution of C4 photosynthetic pathway Cerling et al., 1997 

52-60 
Ma  > 500 Mean continental temp much greater than today 

and high latitudes were ice free 

May prompt evolution of grasses due to requirements 
for water use efficiency; Origin of fire as a structuring 
force in ecosystems? 

Pagani et al 2005; Kellogg 
2001 

144 Ma  > 500 Evolution of Angiosperms Development of flowering plants Feild & Arens 2005 

320 - 
500 Ma 

 >> 
500 Development of Gymnosperm forests Drives the increase in atmospheric [O2] and decrease in 

[CO2] 
Tipple & Pagani 2007 

400 Ma  >> 
500 Evidence of Landscape fire Fossil evidence of landscape fire Cressler 2001 

2.7 
Billion 
Yrs 

 >> 
500 Development of photosynthesis Origin of plants Rye et al. 1995; Larkum 2006 
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Introduction 

Tropical savannas occur in strongly seasonal climates, where season is defined by 

rainfall and not temperature. The geographic extent of these systems is dynamic at 

palaeoecological time-scales, and at decadal-to century time scales they can exhibit marked 

changes in woody species abundance (Scholes & Archer 1997; Eva & Lambin 2000; Moreira 

2000; Roques et al. 2001; Silva et al. 2001; Fensham et al. 2003; Gillson 2004; Sharp & 

Bowman 2004; Sharp & Whittaker 2003; Woinarski et al. 2004). The mechanisms that 

maintain and change savanna distributions and vegetation structure are not well understood, 

although mean annual rainfall (MAR) and frequent disturbance from herbivory, landscape fire 

and climate variability are widely recognised as being important factors (Scholes & Archer 

1997; Walker & Langridge 1997; Higgins et al. 2000; Jeltsch et al. 2000; House et al. 2003; 

van Langevelde et al. 2003; Sankaran et al. 2004).  

 

Australian savannas are heterogeneous environments, and this has consequences for 

biodiversity and habitat management (Woinarski et al. 2005), yet there has been little 

investigation of the extent of heterogeneity in Australian mesic savannas. In general woody 

cover in semi-arid savannas is spatially variable, reflecting variation in soils and the spatial 

extent of rainfall and the impact of this on cycles of plant recruitment and growth (Kerkhoff et 

al. 2004; Wiegand et al. 2006). In contrast, spatio-temporal heterogeneity in mesic savannas is 

hypothesised to be a function of stochastic processes such as fire, herbivory and climatic 

extremes in driving cycles of plant growth and regeneration (Higgins et al. 2000; Gardner 

2006; Wiegand et al. 2006). The complexities of the interactions between these factors in 

determining patterns of biomass are not well understood, particularly as these same processes 

operate at varying temporal and spatial scales. Consequently, observed dynamics in savanna 

woody cover are highly likely to be influenced by the spatio-temporal scale of observation 

(Skarpe 1992; Scholes & Archer 1997; Gillson 2004). Such inherent complexity and 
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heterogeneity makes it difficult to isolate the relative importance of disturbance versus 

biophysical drivers in determining savanna dynamics and understanding the causes of the 

current global trend of increasing density of woody vegetation in savannas (Scholes & Archer 

1997). To address these issues this study used sequences of historical aerial photography and a 

spatially explicit modelling framework to examine landscape dynamics of mesic savannas to 

quantify a) savanna heterogeneity and b) the relative importance of fire regimes, rainfall and 

site histories in contributing to savanna heterogeneity.  

 

Northern Australia tropical savannas cover ~ 2, 000, 000 km2, accounting for 12% of 

the world’s tropical savannas. The largest conservation reserve in this region is Kakadu 

National Park (KNP), which is World Heritage listed for its natural and indigenous cultural 

values (Press & Lawrence 1995). The Park’s landscapes have been significantly affected by 

European colonisation, both directly and indirectly.  The de-population of the Indigenous 

people in the region in the early 1900s (Press & Lawrence 1995) led to alteration of fire 

regimes across the landscape (Bowman 1998). Feral buffalo (Bubalus bubalis Lydekker) 

populations became established in the KNP region in the mid 1800s. Following the collapse of 

the buffalo hide industry in the 1950s, buffalo populations erupted to ~ 15 animals per km2, 

until a government sponsored eradication campaign in the late 1980s reduced populations by 

99% (Skeat et al. 1996). A primary effect of the establishment and removal of large herds of 

buffalo was to alter the spatial and temporal patterning of fire via off-take of grass, in turn 

affecting woody cover (Chapter 3). For at least the last 50 years there has been a trend of 

increasing rainfall across the northern quarter of Australia (Smith 2004). Given the dominance 

of savanna vegetation in KNP, a better understanding of regional and landscape-scale savanna 

dynamics is a prerequisite for the conservation of biodiversity and the development of 

appropriate fire regimes. Historical and landscape-scale perspectives provide the best avenue to 

examine these problems.  
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It is well recognised that mean annual rainfall (MAR) constrains tree cover in tropical 

savannas (Fensham & Holman 1999; Cook et al. 2002; Kerkhoff et al. 2004; Fensham et al. 

2005; Sankaran et al. 2005). Sankaran et al. (2005) demonstrated that in Africa, the climatic 

potential of savanna tree cover is not often realised. They attributed this gap between realised 

and potential tree cover to disturbance processes such as landscape fire and herbivory playing a 

larger role in tree cover dynamics as MAR increases.  

 

The seasonality of rainfall in Australian savannas is generally considered to be more 

extreme than in savanna elsewhere (Cook & Mordelet 1997; Cook & Heerdegen 2001). 

However, in areas of reliable monsoonal rainfall, such as central northern Australia, annual 

rainfall deficits are unlikely to be a primary driver of departures from a MAR constraint on tree 

cover (Bowman & Prior 2005), due to both the reliability of monsoonal rains and the 

likelihood of the refilling of soil water storage. For example in central north Australia inter-

annual rainfall deviations are commonly ~20% around the mean, yet this is insufficient to drive 

declines in tree cover because total annual water use by Eucalyptus savanna, such as the 

savanna of KNP, ranges from about 660 to 870 mm across a rainfall gradient spanning 970 to 

1700 mm MAR (Hutley et al. 2000; Hutley et al. 2001). Of this water use, trees account for 

only 350 – 400 mm (Hutley et al. 2000; Cook et al. 2002), and thus wet season rainfall is 

almost always sufficient to completely refill soil water storage (Bowman & Prior 2005).  

 

Generally, fire frequency and MAR are correlated in savanna regions (van Wilgen et 

al. 2004; Spessa et al. 2005; Felderhof & Gillieson 2006) due to increasing productivity and 

the coincident increase in grass biomass with increasing MAR (Scanlon et al. 2005). Central-

north Australian savannas that receive high annual rainfall experience almost biennial 

disturbance from landscape fire (Fig. 2; Russell-Smith et al. 1997b). In the KNP savanna there 

is little topographic relief, and soils are deeply weathered. The spatial and temporal variability 
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in fire activity is likely a primary cause of habitat heterogeneity (Russell-Smith et al. 2003b; 

Woinarski et al. 2004; Woinarski et al. 2005). Analysis of decadal term permanent plots in 

KNP has shown that landscape fire increased tree mortality (Williams et al. 1999), reduced 

tree growth (Prior et al. 2006), limited recruitment (Williams, unpublished data) and generated 

recruitment bottlenecks (Chapter 4). Thus, at the local scale fire frequency likely mediates the 

potential tree cover of a site.  

 

Given their wide geographic range and restrictive soil requirements (Fox et al. 

2001), E. tetrodonta dominated mesic savannas are a model system to test ideas 

surrounding MAR limitation of savanna tree cover, and decadal dynamics of tree cover 

related to MAR and fire. I thus aimed to quantify the extent of heterogeneity in tree cover 

across KNP. I use a semi-automated technique to classify tree cover using digitised 

historical aerial photography, and remote sensing analyses were validated via field survey. 

In this study I used a top-down landscape perspective to determine i) the relative 

importance fire, rainfall and site histories in determining savanna tree cover; ii) examine a 

potential interaction between MAR and tree cover dynamics; iii) assess the relative 

importance of MAR, fire and site histories on tree cover change and, iv) use this 

information to contrast local versus regional trajectories of tree cover change over a 40-

year period. 

 

Methods 
 

Study Area 

Kakadu National Park covers ~20 000 km2 of the Australian monsoon tropics. 

Approximately 60% of KNP is savanna dominated by the evergreen trees Eucalyptus 

tetrodonta and E. miniata (A. Cunn. Ex Schauer) which occur on well-drained, infertile soils 
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(Fox et al. 2001). Similar E. tetrodonta savannas constitute ~ 450, 000 km2 of the Australian 

savanna biome (Wilson et al. 1990; Figure 1).  

 

KNP is located ~ 200 km east of Darwin in the monsoonal tropics of north Australia 

(Fig. 1). Year round temperatures are high. In the town of Jabiru in the north of the Park (Fig. 

1) average monthly maximum temperatures range from 31.5 oC in June to 37.5 oC in October 

and average monthly minimum temperatures vary between 18.4 oC and 24.8 oC. Rainfall is 

strongly seasonal, with over 90% of rain falling between the months of November to April 

(www.bom.gov.au). The Park encompasses a gradient of decreasing rainfall with increasing 

distance from the coast of 1-2 mm per kilometre (Fig 2a. Egan & Williams 1996). There are 

inter-annual rainfall deviations of ~ 20 % around the average at both ends of the rainfall 

gradient (Nicholls et al. 1997).  

 

Between the north and south of the Park there are differences in landscape attributes 

and management history. In the north there is little topographic relief, homogeneous soils and a 

high density of major creeks and roads that dissect flat plains. In contrast, the southern section 

of the Park has few roads and rugged topography with an associated dense network of low 

order streams. Fire activity decreases with increasing latitude from about 2 fires per decade in 

the south of KNP to biennial fires in the north of KNP (Fig. 2b). 

 

I selected fifty sites for assessment using digitised aerial photography. E. tetrodonta 

was a canopy dominant at each of these sites. The range of soil conditions occupied E. 

tetrodonta is restricted to deeply weathered soils that remain aerated over the course of the wet 

season. Of the fifty sites, thirty were selected for field assessment to validate use of the aerial 

photography. 
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Figure 1. (a) The distribution of Eucalyptus tetrodonta / E. miniata savanna across northern Australia. 
(b) Locations in Kakadu National Park of sites where tree canopy cover was assessed using aerial 
photography taken in 1964; 1984 and 2004. Circles indicate field assessed sites and triangles indicate 
remotely assessed sites. Dashed lines denote the isohyets from 1,100 to 1,500mm at 100mm intervals.  

 

Aerial Photography 

 Aerial photography from the years 1964, 1984 and 2004 was analysed to assess tree 

cover (Fig. 1). The 1964 photography was taken at a scale of 1:16 000 and the 1984 and 2004 

at 1:25 000. The aerial photography was scanned to achieve a common pixel resolution of 1 

m2. Digitised photography was georeferenced using a first-order rectification in ArcGIS v 8.1 

(Environmental Systems Research Institute, California, USA). The 1984 aerial photography 
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was rectified to the 1:50 000 topographic map sheets and all other photographs were registered 

using image to image registration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aerial photographic interpretation gauged changes in the extent of tree cover. All aerial 

photography used was photographed between May and July when leaf area index (LAI) is high 

a

b
Figure 2.  (a)  Relationship between 
latitude and mean annual rainfall 
based on data from 10 Bureau of 
Meteorology climate stations in the 
KNP region for which rainfall was 
recorded for at least five consecutive 
years (r2 = 0.86) showing that rainfall 
generally declines by about 2mm per 
km inland from the coast (b) 
Relationship between latitude in 
Kakadu National Park and the number 
of fire scars apparent on LANDSAT 
TM imagery for each of the 50 study 
sites between 1984-2004 (r2 = 0.21). 
Fire activity index represents the 
number of fire events over a 20 year 
period as a proportion of 20 years 
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and relatively stable (Williams et al. 1997; O’Grady et al. 2000). This method of tree cover 

interpretation discerned changes in tree cover at the scale of the individual tree, but not change 

in canopy fullness (Fig. 3). Thus, changes in LAI which occur throughout the season did not 

affect my estimates of tree cover.  

 

I used a semi-automated assessment approach to discern canopy, shade and ground. All 

images were viewed in three dimensions using a stereoscope. The stereographic photo pairs 

were viewed using ArcGIS 8.1 (Environmental Systems Research Institute, California, USA). 

Photographs were viewed at a common scale of 1: 2500 to ensure assessment was comparable. 

A digital grid created an X-Y coordinate for each point at a site; points were 10 m apart, and 

this allowed the reconstruction of canopy distribution and gaps. A digital assessment of a site 

was based 450 to 1000 points (average = 800). Evaluation of the colouration of images, the 

presence of canopy shadows, the diffuse nature of the Eucalyptus canopy and the height of the 

vegetation was involved in the decision making process. Observer training time was required 

prior to the analysis of the photography.  

 

Validation of aerial photography across KNP  

In 2004, 30 of the 50 remotely sensed sites were field assessed to validate remotely 

sensed appraisals of tree cover. Each transect was located using a global positioning system 

(GPS). Transects varied between 500 m and 1200 m in length (average 950 m). Each field 

transect was 10 m wide and divided into 50 metre sub-sections. The length of each transect 

was determined in the field by determining when the confidence intervals of the stand basal 

area had stabilised. At each transect, the diameter at breast height (DBH), life status, height 

class, and species were recorded for all woody plants > 2 metres in height. To assess tree 

cover, overhead tree cover was recorded as present or absent using a GRP densitometer 

(Rickly Hydrological, Ohio, USA) every two metres along each transect. This method required 
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a minimum of 200 point measurements for accuracy of +/- 5 % of cover (Rickly Hydrological, 

Ohio, USA). Point intercept estimates of cover have been shown to provide precise estimates 

(Hanley 1978; Fensham et al. 2002).  

 

 

Figure 3. Appearance of tree cover as seen (a) in aerial photography and (b) from the ground. 
 

I constructed general relationships between: a) field estimated tree cover and stand 

basal area b) field estimated tree cover and remotely sensed cover; c) remotely sensed tree 

cover and stand basal area. This ensured I could relate measures of savanna biomass using 

aerial photography and gauge the strength of the underlying relationships.  

 

Landscape-scale environmental and disturbance correlates 

Fire history - KNP fire histories were available for 1980-2004 based on interpretation 

of LANDSAT imagery by Russell-Smith et al. (1997b). The maps of fire activity in the early 

dry season and late dry season (prior to or after 31 July respectively) were re-sampled at a 

common pixel size (25 m x 25m). A site was classified as ‘burnt’ if more than 50% of the area 

was covered by a fire scar. 
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Rainfall and latitude – In the Australian monsoon tropics latitude and rainfall are 

largely synonymous as rainfall declines by ~ 2mm per km inland because of the absence of 

any orographic influences (Bowman 1996; Egan & Williams 1996; Cook & Heerdegen 

2001; Cook et al. 2002). Owing to the remoteness of the region there is a paucity of 

longer-term climate records for the region. Thus I collated information from ten weather 

stations in the region to build a relationship between latitude (in decimal degrees) and 

MAP, which confirmed there was a strong linear negative relationship between rainfall and 

latitude (r2 = 0.85). Because data for the ten weather stations were from different time 

periods I included only data where five or more annual measurements of rainfall were 

made (Fig 2a). Using this relationship I predicted the rainfall for each of my sites.  

 

Statistical modelling  

My analytical approach was to employ multi-model inference based on information 

theory (Burnham & Anderson 2002) to assess three candidate sets of models (Table 2). I used 

Akaike’s Information Criterion corrected for small sample sizes (AICc) to rank and weight the 

models. The AICc identifies the model(s) most strongly supported by the data based on the 

bias-corrected, maximised log-likelihood of the fitted-model and a penalty for the number of 

parameters used (Burnham & Anderson 2002).  

 

Where the relative support of several models is similar it is inappropriate to select a 

single model on which to base predictions. To overcome this model averaging was conducted 

(Burnham & Anderson 2002) using the most likely models (i.e. AICc weight (wi ) > 0.10). To 

calculate the weighted model averaged coefficients for each fixed effect in the analyses, I used 

models which received wi > 0.10. All models and associated analyses were derived using the R 

statistical package v. 2.4.1 (R Development Core Team 2005). 

 



 

 43

The weight of evidence (w+i) for each variable in the model set were calculated by 

summing wi over all models in which the term appeared. These w+i values will be > 0 even if 

the variable has no explanatory importance (Burnham & Andersen 2002). Therefore to 

determine the relative importance of the variables, a randomised baseline value (w+o) was 

calculated by randomising each independent variable and then running all models. The 

randomisation and model runs were repeated 1000 times for each variable.  The median of this 

new randomised w+i distribution for each variable was taken as the baseline value (w+o; Brook 

et al. 2006). The relative weight of evidence (∆w+) was obtained by subtracting w+o from w+i, 

thereby allowing inferences to be drawn about the power of individual variables within the 

data. Variables with ∆w+ ≤ 0 are considered to have no explanatory power.  

 

Correlates of tree cover in 1984 and 2004 

 I hypothesised tree cover would respond to fire activity (1980-1984; 2000-2004), MAR 

and an initial estimate of tree cover (reflective of site history) (Table 1). The model set was 

derived using tree cover in both 1984 and 2004 as the response variable. I used a linear mixed 

effects regression with a Gaussian error distribution (and an identity link function) to assess the 

relative importance and magnitude of the effect of each variable (Table 3). Site was a random 

effect to account for the repeated measure and to capture any landscape variability, which 

would be minor given the limited topographic relief and restricted range of soils that support E. 

tetrodonta.  

 

Effect of mean annual rainfall on change in tree cover  

 To test the relationship between MAR and the dynamic of tree cover, I assessed 

whether time interval and MAR interacted to have a bearing on the extent and direction of 

change in tree cover (Table 2). I used a linear mixed effects regression with site as a random 

effect to account for site the repeated measure (Table 3).  
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Table 1. The explanatory and response variables used in all three statistical model sets (A,B and C; see Table 2 for explanation), and the rationale for including the 
explanatory variables in the candidate model sets.   
 

Variable Explanation Unit Rationale  

Response variables    

Tree Cover 
 

Tree cover in either 1984 or 
2004 

Absolute value 
(%) Response variable for Model Set A 

Tree cover change (t04-
t84and t84-t64) 

 

Change in tree cover over a 20 
year interval in the first (1964 – 
1984) and second interval (1984 
– 2004). An increase is positive 

change 

Absolute value 
(%) Response variable in Model Set B 

t04-t84 
Change in tree cover in the 

second interval (1984-2004) 
Absolute value 

(%) Response variable in Model Set C 

Explanatory variables    

Initial Initial tree cover (at the start of 
an interval, i.e. 1964 and 1984) 

Absolute value 
(%) 

Tree cover is likely to be high at end of interval if initially 
high 

t84-t64 
Change in tree cover in previous 

20-year interval (1964-1984) 
Absolute value 

(%) 

Tree cover is more likely to be near potential if it had 
increased in previous interval, and therefore more 

vulnerable to decrease 

MAR mean annual rainfall mm Savanna tree cover is constrained by MAR (Sankaran et al. 
2005) 

Fire Fire frequency over previous 5 
years 

Proportion of 
years with fire 

Frequent fires decrease tree canopy cover from the climatic 
potential (Sankaran et al. 2005) by  killing trees (Williams 

et al. 1999)  
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Table 2. Descriptions of hypotheses and the global model for the three statistical analyses undertaken. 
Rationale for including individual variables in analyses is given in Table 1. 
 

Hypothesis Model Set Global Model 
Tree cover at the end of an interval 
(i.e.1984 and 2004) is determined 
by initial tree cover, MAR and fire. 
 

A Cover ~ MAR + Fire + Initial 

There is a relationship between 
change in tree cover and MAR, 
and it differs between the two 
intervals (1964-1984, and 1984-
2004), possibly because of 
differences in densities of feral 
buffalo.  
 

B Change ~ MAR x Interval 

Change in tree cover is determined 
by initial tree cover, MAR, fire and 
previous amount of tree cover 
change; (analysis for the second 
interval only, because complete 
data unavailable for first interval). 
 

C t04-t84~ MAR + Fire + Initial + t84-t64 

 

Correlates of tree cover change between 1984 and 2004  

 To analyse change in tree cover, I hypothesised that the extent of change in tree cover 

between 1984 and 2004 (t84-t04) was a product of tree cover at the start of the time period 

(Cover84), change in cover of the previous time period (t64-t84), MAR and fire over the 20 years 

(Fire20). I used a generalised linear model (GLM) full subsets regression (Table 3). I used a 

Gaussian error distribution and an identity link function (Table 3).  

 

Results 
 
Validation of aerial photography 

There was a linear relationship between remotely assessed tree cover and field 

estimated tree cover (Fig. 4a, r2 = 0.63), although our estimates of remotely sensed tree 

cover showed a systematic over-estimation of field measurements of tree cover. Aerial 
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assessments of tree cover were strongly correlated with field estimates of tree basal area 

(Fig. 4b, r2 = 0.63). We estimate that a 5% change in remotely assessed tree cover is 

equivalent to a 1.5 m2 ha-1 change in basal area.  

 

Tree cover 

Tree cover was variable at the local scale, yet relatively stable at the regional scale 

(average of 50 sites across Kakadu); it averaged 62.7% in 1964 and 67.6% in 2004 (Fig. 5). 

Tree cover was negatively correlated with fire frequency, and positively with mean annual 

rainfall and initial tree cover (Table 4a). The best supported model contained all three 

explanatory factors and received 0.99 of AICc weight (wi) (Table 3a). The relative size of 

the effects can be calculated from model coefficients and the range of values of the 

explanatory variables (Table 4); the difference in cover associated with extremes in mean 

annual rainfall was 7.8%, fire, 9.4% and initial cover, 13.8%.  

 

Correlates of change in tree cover 

Over the 40 years there was an average increase in tree cover across Kakadu of 

4.94 % (standard error = 0.88 %), with most of the increase occurring in the first interval 

(Fig. 5).  Tree cover tended to be more stable at drier than wetter sites, especially in the 

first interval (Fig. 6); the model including an interaction between mean annual rainfall and 

interval was most strongly supported and received wi = 0.79 (Table 3b).  

 

All factors examined were important in explaining tree cover change between 1984 

and 2004 (Table 3c). Changes in tree cover were negatively correlated with all of fire 

frequency, initial tree cover (1984), and previous change in tree cover (t84-t64), and 

positively correlated with mean annual rainfall (Table 4b). These relationships appear to be 
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the consequence of cyclical changes in tree cover because sites that had high initial cover 

were more vulnerable to loss of cover, especially if they had recently increased in tree 

cover.  The effect size, calculated from model coefficients and the range of values of the 

correlates (Table 4), varied from 5.4% for previous change to 9.4% for fire.  Translation of 

this fire effect to relative change in tree cover, also demonstrates the variance of the 

magnitude of the effect of fire dependent upon initial cover (Fig. 7). The potential relative 

change in tree cover with fire exclusion declined from ~ 15 % to 7.5 % and from ~ 10 % to 

5 % with annual fire where initial cover varied between 40 % – 80 % (the observed range 

of tree cover).  

 

Discussion 

Savanna tree cover was highly variable in time and space and this was likely a product 

of site specific differences in MAR, fire regimes, and variable site histories (Table 3). Despite 

large local site variability of tree cover (50 to 90 %) across KNP there was only a ca. 5% 

increase in tree cover over 40 years across KNP. I interpret this as indicating that inter-annual 

variation in rainfall is unlikely to directly determine savanna heterogeneity in a landscape that 

does not experience frequent, severe deficits in annual rainfall.  

 

These analyses showed that locally (i) tree cover was generally positively associated 

with rainfall, so that sites nearer the northern coast tended to have denser tree cover; (ii) tree 

cover would increase when the previous rate of change of tree cover had been low or negative, 

and decrease at sites where previous cover was high (Table 4); and (iii) tree cover was more 

likely to decrease at sites with higher fire activity (Table 4). Controlling for these factors, 

change in cover was more likely to be positive at the higher rainfall, coastal sites compared to 

further inland (Table 4).  
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 Figure 4. Relationship of tree cover estimated using aerial photography and (a) field assessment of canopy 
cover (r2 = 0.63, n= 30), and (b) basal area per hectare across KNP (r2 = 0.64, n = 30), excluding Kapalga 
which is used as a validation of the relationship established across KNP. 
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Figure 5. Trajectories of tree cover change over 40 years across KNP. The dark line indicates the average 
trend in cover with standard errors in brackets. Remaining lines are examples of local trajectories 
displaying the variability in space and time. 
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Figure 6. (a) Change in tree canopy cover related to the rainfall gradient in KNP. Change over the two time periods 1964 to 1984 (r2 = 0.06 (solid line)), represented by a 
solid circle (•) and 1984-2004 (r2 = 0.01 (dashed line)), represented by an open circle (◦). (b) Tree cover over the three time periods related to the rainfall gradient in KNP.
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Model k ∆AICc wi %dev 

A. Cover     
MAR + Fire + Initial 4 0.00 0.99 7.28 
Initial + Fire 3 18.70 8.69 x10-5 4.67 
MAR + Initial 3 25.19 3.38 x10-6 3.64 
MAR + Fire 3 31.02 1.84 x10-7 2.72 
Initial 2 35.33 2.13 x10-8 2.39 
Fire  2 42.27 6.63 x10-10 1.29 
MAR  2 45.53 1.30 x10-10 0.77 

Null 1 54.66 1.35 x10-12 n.a. 

B. Change in cover     
MAR x Interval 4 0.00 0.79 10.64 
MAR + Interval 3 2.76 0.20 10.19 
MAR 2 10.26 4.68 x10-3 4.87 
Interval 2 10.73 3.70 x10-3 5.32 

Null 1 20.03 3.55 x10-3 n.a. 

C. t04-t84     
MAR+Fire+ Initial + t84-t64 5 0 0.906 40.90 
MAR + Fire+ Initial 4 4.79 8.26 x10-2 38.24 
MAR +Fire+ t84-t64 4 9.04 9.88 x10-3 32.76 
MAR + Initial + t84-t64 4 13.44 1.09 x10-3 26.57 
Fire + Initial + t84-t64 4 15.07 4.84 x10-4 24.14 
MAR + t84-t64 3 18.05 1.09 x10-4 23.37 
Fire + Initial 3 18.61 8.25 x10-5 22.51 
MAR + Initial  3 20.59 3.06 x10-5 19.38 
Fire + t84-t64 3 20.63 3.00 x10-5 19.31 
Initial + t84-t64 3 21.68 1.78 x10-5 17.6 
MAR + Fire 3 23.35 7.68 x10-6 14.79 
t84-t64 2 25.53 2.59 x10-6 15.12 
Initial 2 26.78 1.38 x10-6 12.96 
Fire 2 29.90 2.91 x10-7 7.36 
MAR 2 32.35 8.57 x10-8 2.72 
Null 1 35.99 1.38 x10-8 n.a. 

 
Table 3. Comparison of (a) linear mixed effects models for the eight models in the full subsets regression 
used to assess correlates of tree cover in 1984 and 2004, with site as a random effect to account for the 
repeated measure; (b) linear mixed effects models for change in tree cover over two 20-year intervals (t84-t64 
and t04-t84), with site as a random effect to account for the repeated measure; (c) generalised linear models for 
the 16 models in the full subsets regression used to assess change in tree cover from 1984 – 2004 (t04-t84). 
Explanatory variables and associated hypotheses are described in Tables 2 and 3 respectively. k indicates the 
number of parameters, ∆ AICc shows the difference between the model AICc and the minimum AICc in the 
set of models, and AICc weights (wi) are the relative likelihood of model i.  %dev is the % deviance 
explained by the fixed effects of the model, and n.a. is not applicable. 
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Response 
Variable 

Intercept MAR Fire Initial 
cover t84-t64 

(a)  Cover 16.41 
(6.47) 

0.02 
(0.003) 

-9.41   
(1.85) 

0.54 
(0.07) n/a 

(b)  t04-t84 
3.27 

(10.19) 
0.018 

(0.005) 
-9.42 
(2.85) 

-0.33 
(0.13) 

-0.25 
(0.15) 

(c) Range (and 
mean) of 
recorded values 

n.a. 1212-1646 
(1457 mm) 

0-1 
(0.54) 

50.7-76.2 
(66.4 %) 

-8.2 to 18.7 
(3.8 %) 

 
Table 4. Model coefficients with standard errors (in brackets) for the relationship between (a) tree cover in 
2004 and the fixed effects of mean annual rainfall (MAR), fire activity, and initial cover (1984) (Model set A, 
Tables 2 & 3), and (b) change in cover between 1984 and 2004 (t04-t84) and the fixed effects of  MAR, fire 
activity, initial cover (1984) and previous change in cover (t84-t64) (Model set C). (c) The range (and mean) 
for each explanatory variable is also given, to allow estimation of relative effect size. 
 
 

 

For the reasons outlined below I interpret these relationships to suggest that sites with 

high tree cover had either remained stable near their MAR-determined potential cover, or 

alternatively, these sites had recovered from disturbances prior to measurement which had 

temporally depressed cover away from the MAR determined potential cover (Table 4). 

Furthermore, sites with high cover were more vulnerable to cover loss if disturbed (via fire 

activity), thereby initiating a new cycle of canopy dynamics (Table 4). In the absence of 

disturbance tree cover was likely to increase towards a climatically determined potential.  

 

Fire is a well known cause of dynamism of savanna tree cover (Williams et al. 1999; 

Russell-Smith et al. 2003a) and fire activity is known to be negatively related to MAR 

(Felderhof & Gillieson 2006). In keeping with this view I found that, controlling for MAR and 

initial cover, tree cover was negatively correlated with fire activity (Table 4), and loss of tree 

cover was more likely with high fire activity (Table 4). Further, inland sites at KNP were 

relatively stable in tree cover compared to those at the mesic end of the rainfall gradient (Fig. 

4). This is opposite pattern to that expected if moisture deficit, and not fire, had been the cause 

of tree cover change. Indeed, in central Queensland and in the drier inland savannas in the 
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northwest of the Northern Territory, where fire is far less frequent than in KNP because of 

extensive pastoral production (Russell-Smith et al. 2003b), episodic rainfall deficits are 

common and considered a core determinant of multi-decadal savanna tree cover dynamics 

(Fensham et al. 2005). The patterns in tree cover I observed may be confounded by other 

landscape changes, such as the eradication of feral water buffalo in the 1980s, the increase in 

annual precipitation in northern Australia during the last 50 years (Smith 2004) and increased 

atmospheric [CO2]. The observed increase in tree cover occurred predominantly in the interval 

1964-1984, and was possibly related to the high densities of buffalo in the region during this 

time; buffalo reduce the frequency and intensity of fires by decreasing grassy fuel loads 

(Werner 2005) thereby, promoting tree cover (Chapter 3). Fire management has also changed 

during the study interval, but unfortunately fire data for the area is available only since 1980, 

so that I could not control for fire and quantify the effects of these other factors over the study 

period. 

 

Remote sensing of tree cover 

Field validation confirmed a linear relationship between remotely sensed estimates of 

tree cover and field estimates of tree cover and basal area. The relationship between field 

estimated tree cover and remotely sensed tree cover was similar to that of Fensham et al. 

(2002) for the average relationship of eucalypt-dominated vegetation across a variety of soils 

in central Queensland in northern Australia, and of Sharp & Bowman (2004) for eucalypt 

cover in the Victoria River District in northern Australia. Both of these studies were conducted 

in markedly drier environments, where trees are more widely spaced, than in central north 

Australia. Like this study, both Fensham et al. (2002) and Sharp & Bowman (2004) found that 

estimates of tree cover based on remote sensing were higher than field measurements. This can 

be attributed to a combination of photographic distortion (Fensham et al. 2002) and the 

inability of the aerial photography to display intra-canopy gaps which can be detected in field 
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measurements (Fig. 2). Collectively, these relationships instil confidence in this methodology 

to assess the relative importance of biophysical and disturbance attributes in determining tree 

cover. 

 

The importance of scale 

Three key features of variation in the spatial and temporal scale of savanna change in 

KNP were apparent from the aerial photography analyses: (a) change in tree cover that is small 

at the regional scale but highly dynamic at the local scale; (b) the importance of the spatial 

variation in landscape fire in causing departures from the potential tree cover; and (c) the 

relative importance of MAR determining both savanna tree cover and the tree cover dynamic, 

such that more wetter, more productive sites appear more vulnerable to cover loss via 

disturbance at the decadal-scale. These temporal patterns across a large spatial scale concords 

with 1) a landscape scale fire manipulation experiment conducted in KNP (Andersen et al. 

2003), which showed that fire frequency was strongly negatively related to tree cover (Chapter 

3) and 2) a study at the continental scale that showed the effects of MAR in limiting tree cover 

(Chapter 5).  

  

The spatial and temporal variability of disturbance (by both climate and fire), creates 

local dynamics in savanna tree cover, results in substantial regional habitat heterogeneity (Fig 

6). Given such patch dynamics, it is obvious that studying such a system at a single scale in 

time and space cannot fully explain the relative importance of ecological mechanisms that 

drive these complex systems (Scholes & Archer 1997; Gillson 2004). In this context historical 

aerial photography provided the requisite data to enable the statistical ranking of the relative 

importance of biophysical and disturbance attributes on savanna tree cover at local and 

regional scales.  

 



 

 55

Implications for ecology and management  

The observed dynamics have shown that tree cover was neither temporally static nor 

spatially homogenous over a period of 40 years. Managing the effects of fire regimes, feral 

animal populations and climate change demands perspectives that are cognisant of savanna 

heterogeneity. Clearly more research is required to understand the mechanisms and biological 

consequences of the dynamics of tree cover. For example, future work should focus on 

whether these changes are associated with shifts in plant species composition (Woinarski et al. 

2004), herbivore abundance (Chapter 3), changes in landscape function such as surface energy 

exchanges (Beringer et al. 2003) and the water balance (Simioni et al. 2003), or increasing 

levels of atmospheric CO2 (Bond et al. 2003) . 
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Summary 

 

 The complex of factors influencing tree biomass in tropical savannas remains poorly 

understood. I used Generalised linear modelling (GLM) and multi-model inference to quantify 

the strength and form of the relationship of rainfall and fire disturbance with tree cover and 

changes in tree cover over a 40 year period in Kakadu National Park (KNP) in monsoonal 

north Australia. I assessed tree cover in mesic Eucalyptus tetrodonta dominated savannas from 

historical sequences of aerial photographs sampled across a rainfall gradient of ~ 400 mm that 

spans KNP. Semi-automated remote sensing analysis of digital historical aerial photography, 

acquired in 1964, 1984 and 2004, was undertaken for 50 sites in KNP. I validated remotely 

sensed estimates of tree cover by field survey of 30 of the 50 sites. Over the 40 year period, 

tree cover remained relatively stable across the KNP region, with an average increase in tree 

cover of c. 5 %. Tree cover was highly spatially and temporally variable. I found that tree 

cover was more likely to increase if (i) tree cover was lower in the previous sampling period, 

(ii) the previous rate of change of tree cover had been low, or (iii) there had been a low level of 

fire activity. Across the rainfall gradient, the greater variability in fire activity and the 

inherently higher tree cover at the wetter lower latitudes resulted in greater dynamism of tree 

cover compared to the more xeric high latitudes. This pattern is consistent with the view that 

savanna tree cover is held in a dynamic balance by annual rainfall, frequent fire and tree 

competition.  
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Chapter 3. Decadal trends in tree cover of a tropical mesic 

savanna in response to landscape disturbance and inter-annual 

rainfall variability 
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Introduction 
 

Tropical savannas occur in climates with strongly seasonal rainfall patterns and are 

characterised by a continuous understorey of C4 grasses and a scattered overstorey of trees 

(Sarmiento 1984; Walker 1987). Globally, savannas cover approximately 20% of the land 

surface, produce almost 30% of global net primary productivity and sustain considerable 

cultural and economic activity (Scholes & Walker 1993). Tropical savannas are thought to be 

maintained via a series of feedbacks involving climate, landscape fire, herbivory, tree growth 

and tree and grass competition which operate at different scales of influence (Fig. 1; Scholes & 

Archer 1997; Hoffmann et al. 2002; van Langevelde et al. 2003; Bond et al. 2005; Beerling & 

Osborne 2006;).  

 

There is generally a good understanding of the immediate effects of localised changes 

to disturbance regimes on savanna biodiversity (Crowley & Garnett 1998; Andersen et al. 

2003; Russell-Smith et al. 2003; van Langevelde et al. 2003; Archibald et al. 2004; Woinarski 

et al. 2004), but, there are few data on patterns of tree cover change at the landscape and 

regional scale and over different time-scales (Wiegand et al. 2006), although this is 

progressing rapidly (Fensham et al. 2002; Sharp & Bowman 2004; Fensham et al. 2005).  

 

Savanna systems have remained an ecological conundrum (Sarmiento 1984; Sankaran 

et al. 2004; Beerling & Osborne 2006), because the processes which affect the tree and grass 

ratio, and their respective temporal and spatial scales of influence have not been thoroughly 

quantified (Gillson 2004; Beerling & Osborne 2006). The potential attainable tree cover at a 

location is influenced by a number of factors operating at different spatial and temporal scales, 

including variation in annual precipitation, soil types, herbivory and landscape fire disturbance 

(Williams et al. 1996; Scholes & Archer 1997; Cook et al. 2002; Gillson 2004, Sankaran et al. 

2005). A recent synthesis by Sankaran et al. (2005) has shown that regions of Africa which 
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receive > 650mm MAP could potentially support closed forest, yet the tree cover of the 

prevailing savannas is highly variable. Likewise, the climate derived potential of central north 

Australian mesic savannas in the absence of fire for a period of decades is closed forest 

(Bowman 2000; Woinarski et al. 2004).  

 

Savanna ecosystems are sensitive to changes in climate, fire regimes and herbivore 

grazing pressure (Higgins et al. 2000; Hoffmann et al. 2002; Bond et al. 2003; van Langevelde 

et al. 2003; Bond et al. 2005; Beerling & Osborne 2006). Dissecting the relative importance of 

these drivers’ of tree cover dynamics is of use for resolving questions about tree and grass 

coexistence (House et al. 2003; Sankaran et al. 2004). Global changes such as alterations to 

landscape fire frequencies, grazing pressures, atmospheric [CO2], and climatic trends will have 

unquantified ecological consequences for savannas (Hughes 2003; van Langevelde et al. 2003; 

Scholze et al. 2006). Resolution of this requires information about regional and historical 

changes in tree cover (House et al. 2003; Sankaran et al. 2004). Historical aerial photography 

is one of the few available sources of such information, and for many areas, records extend 

beyond those of satellite imagery, have generally higher resolution and are cheaper to access.  

 

In this chapter I have focussed on multi-decadal patterns in tree cover relating to 

changes in annual rainfall; the presence and subsequent removal of a feral grazer and the 

frequency and season of landscape fire. I do this via the use of historical aerial photography 

which I validate by (a) field survey and (b) comparison of my results with published 

experimental demographic and long-term plot data from the same area. This study was 

conducted in Kakadu National Park (KNP) which lies in monsoonal central north Australia and 

covers an area of ~ 20, 000 km-2.  
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In central north Australia there are substantial decadal and annual deviations around 

the long-term average rainfall despite reliable monsoonal rainfall, yet severe rainfall deficits 

occur very infrequently (Bowman & Prior 2005). This is in contrast to regions such as Eastern 

Australia, where climate is strongly influenced by the El Niño Southern Oscillation Index and 

causes severe droughts leading to significant tree mortality (Nicholls et al. 1997; Fensham et 

al. 2005). It is also well-documented that in semi-arid regions, above average annual rainfalls 

lead to increases in herbaceous biomass production (e.g. Scanlon et al. 2005), that in turn 

increase fire frequency and severity (van Wilgen  et al. 2004; Spessa et al. 2005; Felderhof et 

al. 2006), but also stimulate woody plant recruitment (Wiegand et al. 2006). Because of the 

impact on tree growth, recruitment and mortality via drought and fire (during wet periods) 

estimates of temporal variability in rainfall have been shown to provide valuable information 

in understanding structural variation in semi-arid savannas (Kerkhoff et al. 2004; Fensham et 

al. 2005).  

 

Fire regimes in north Australia are strongly influenced by human intervention. Since 

European colonisation, the fire regimes of the Kakadu region were altered following de-

population of Indigenous people (Bowman 1998) and the gazetting of the National Park in 

1979 (Press 1988). Early dry season fires now predominate and 50% or more of the savanna 

burns annually (Edwards et al. 2003). The changing nature of fire and grazing histories make it 

important to understand and monitor the relative impact of these regimes and thereby inform 

management decisions in what is a globally important conservation area (Braithwaite & 

Werner 1987).  

 

In the recent past the most intense grazing pressure in the Kakadu region resulted from 

feral water buffalo (Buablus bubalis Lydekker), that spread from abandoned early 19th century 

British outposts (Skeat et al. 1996). Buffalo extensively used the savanna for calving, camps 
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and grazing; populations in KNP reached their peak in the 1970s where densities were up to ~ 

15 individuals per km-2 (Skeat et al. 1996). In the late 1980s government sponsored eradication 

eliminated ~99% of the population over a few years (Skeat et al. 1996). Currently, buffalo 

populations are again increasing throughout KNP.  

 

Historical aerial photography combined with geographic information systems is a 

powerful tool for the analysis of patterns of tree cover. I used remotely sensed analyses of tree 

cover in the Kapalga experimental area (Fig. 2; Andersen et al. 2003) combined with linear 

mixed effects modelling, Information Theory and multi-model inference, to assess the relative 

importance of temporal variation in rainfall, fire history and the presence of buffalo on changes 

in savanna tree cover over a 40 year period. The Kapalga experimental area in KNP has been 

used for a number of landscape-scale experiments on tree demography, specifically, a study of 

the impact of feral buffalo (Werner 2005; Werner et al. 2006) and the effects of landscape fires 

lit at different times during the course of the dry season (Andersen et al. 2003). With these data 

I validate the inferences drawn from the modelling of remotely sensed tree cover. Information 

from this study is of direct use to the management of KNP, by serving as baseline information 

for a monitoring system of remote sites to be established across the Park. 

 

Methods 
 
Study Area 

KNP is located approximately 200 km east of Darwin in the tropics of north Australia 

(Fig. 2). This study focussed on vegetation dominated by Eucalyptus tetrodonta (F. Muell.) 

and E. miniata (A. Cunn. Ex Schauer), two evergreen species widespread across northern 

Australia in areas with well-drained soils and where mean annual rainfall (MAR) exceeds 

~700mm (Fig. 2; Fox et al. 2001). This study was based at the former Kapalga Research 

Station (12◦ 50’ S, 132◦ 50’ E) which was managed by the Commonwealth Scientific and 
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Industrial Research Organisation (CSIRO) from 1976 to 1995 (Fig. 2). Kapalga is a lateritic 

peninsula occupying an area of ~700 km-2, flanked on the east and west by seasonal freshwater 

floodplains, and receives MAR of ~ 1470mm. Across the Kapalga peninsula soils are largely 

red kandosols (McKenzie et al. 2004). Year round temperatures are high: in Jabiru, a town in 

the north of KNP, average monthly maximum temperatures range from 31.5 oC in June to 37.5 

oC in October and average monthly minimum temperatures between 18.4 oC and 24.8 oC.  

Rainfall is strongly seasonal, with over 90% of rain falling between the months of November 

to April (www.bom.gov.au).  

 

In 1982 a buffalo-proof fence was erected across the Kapalga peninsula (Fig. 2c); south 

of the fence buffalo were eradicated. North of the fence, buffalo remained until complete 

eradication in 1989. An eight year demographic study was undertaken from 1982 until 1989 to 

assess the role of buffalo in the survival and growth of 750 permanently marked trees (Werner 

2005; Werner et al. 2006). Between 1990 and 1995, Kapalga was divided into compartments 

(Fig 2c) and, for five years, prescribed fire regimes were instituted as part of the CSIRO 

Kapalga landscape fire experiment (Andersen et al. 2003). The three fire treatments relevant to 

this study were: (i) burnt early in the dry season (prior July 31); (ii) burnt late in the dry season 

(after July 31) or (iii) unburnt (Fig 2c; Williams et al. 2003). I used data from 18 plots which 

were measured annually for changes in basal area during the experiment. During the 

experimental period, six sites (each site is 0.1 ha) for each fire treatment over 1991-1995 (n = 

72) were measured to gauge the effect of fire treatment on basal area change. I use these data 

to validate my remotely sensed data (see below). Basal area was calculated on a hectare basis 

(m-2 ha-1) via the assessment of the diameter at breast height of all tree stems with a DBH in 

0.1 ha plots (Williams et al. 1999). Today, each compartment used in the Kapalga experiment 

remains delineated by large fire breaks. 
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Figure 1. (a) The distribution of Eucalyptus tetrodonta/ E. miniata savanna across northern Australia. 
(b) Kakadu National Park showing the location of the Kapalga peninsula (dark shading). (c) Locations in 
Kapalga of sites where tree cover was assessed using aerial photography taken in 1964; 1984; 1991 and 
2004. Black circles indicate field assessed sites and grey circles indicate remotely assessed sites. The 
buffalo fence erected in 1982 is shown as a bold line dividing the peninsula (oriented north – south), 
shaded areas indicate floodplain. The compartments and treatments used in the fire experiment are also 
shown. 
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Manual analyses of aerial photography of savannas have provided insights into 

decadal-scale dynamics of eucalypt savannas (e.g. Fensham et al. 2002), although this 

approach required statistical corrections for photography taken at different scales. An 

alternative approach is to use aerial photography in computer-based remote sensing 

analyses (e.g. Sharp & Bowman 2004). My semi-automated approach assessed tree cover 

by viewing vegetation at a common-scale and in stereo digitised aerial photography that 

has airborne camera distortions corrected by using geographic information systems. This 

methodology was validated by calibrating estimates of remotely sensed tree cover with 

measurements of tree cover and stand basal area in 50 large savanna plots across KNP 

(Chapter 2). Further to this, there is a well established relationship between tree cover and 

basal area in similar savannas in the region (Williams et al. unpublished data; O ’Grady et 

al. 2000; Prior et al. 2005). 

 

Assessment of aerial photography across Kapalga  

Forty study locations were stratified to capture the different CSIRO fire treatments and 

the effect of the buffalo fence (Fig. 1c). Sites were on average ~ 2 km apart (minimum of 1 

km), and I assumed they were not spatially auto-correlated because of the high degree of 

spatial heterogeneity in this environment (Prior et al. 2006).  

 

I used aerial photography taken in 1964, 1984, 1991 and 2004.  The 1964 photography 

was taken at a scale of 1:16 000 and the 1984, 1991 and 2004 at 1:25 000. Aerial photography 

was not available immediately after the CSIRO landscape fire experiment in 1995. At each of 

the 40 locations a georeferenced digital grid with an associated attribute table was constructed. 

This created X-Y coordinates for each sample point; sample points were 10 m apart and each 

digital grid was 200 m x 300 m in size. Thus, at each location an estimate of tree cover 
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consisted of ~ 650 sample points. This was found necessary to ensure cover estimates were 

locally accurate but also locally representative (Lehmann unpublished data). Twenty of the 40 

locations were surveyed in the field for stand basal area across 1 hectare (m-2 ha-1). 

 

Aerial photography  

All aerial photography was scanned at a resolution of 1200 dpi to achieve a common 

pixel resolution of 1 m2. The digitised 1984 aerial photography was geo-rectified to the 1:50 

000 topographic map sheets and all other photographs were registered to the 1984 images 

using image to image registration and ensuring the root mean square errors were less than eight 

metres. In these mesic savannas, the canopies of Eucalyptus species are diffuse and spreading, 

as such, automated assessment of aerial photography was not possible. Stereographic photo 

pairs were viewed using ArcGIS 8.1 (Environmental Systems Research Institute, California, 

USA). Imagery was analysed at a common scale of 1: 2500. The process of assessing the 

presence of a tree crown required multiple decisions and all digital grids were sampled three 

times. Evaluation of the colouration of images, the presence of canopy shadows, the diffuse 

nature of the Eucalyptus canopy and the height of the vegetation was involved in the decision 

making process.  

 

The aerial photography used in my analyses was taken between May and July, during 

which time LAI of the canopy species is high and relatively stable (Williams et al. 1997; 

O’Grady et al. 2000). Aerial photographic estimates of cover were made at the tree scale, and 

were not affected by changes in canopy fullness. Sites which were clearly affected by fire were 

excluded from the analysis and another site selected. Therefore estimates of tree cover in the 

four years were directly comparable, and were affected minimally, if at all, by the time of year 

the photography was acquired. 
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Statistical modelling 

My analytical approach was to employ multi-model inference based on Information 

Theory (Burnham & Anderseon 2002). I used Akaike’s Information Criterion corrected for 

small sample sizes (AICc) to rank and weight the models. The AICc identifies the model(s) 

most strongly supported by the data based on the bias-corrected, maximised log-likelihood of 

the fitted-model and a penalty for the number of parameters used (Burnham & Anderson 

2002). All models and associated analyses were derived using the R statistical package v. 2.4.0 

(R Development Core Team 2005). 

 

Response variables 

Change in basal area per year was recorded annually as an absolute value during the 

course of the CSIRO Kapalga fire experiment (Williams et al. 2003). Percent tree cover of a 

location was calculated as a proportion of the number of sample points scored as positive for 

tree cover in the remote sensing analysis. Using the temporal sequence of tree cover at a 

location, the change in tree cover per year was calculated by dividing the difference in tree 

cover between two time snapshots by the number of years in that time interval. This provided 

estimates of an annual increment of change in tree cover and ensured that these were 

comparable between uneven time periods.  

 

Landscape-scale disturbance and environmental correlates  

Fire histories - Fire histories from 1980-2004 were derived using LANDSAT Thematic 

Mapper, which were georeferenced and processed by Bushfires NT. For details of image 

processing, mapping of fires and validation see Russell-Smith et al. (1997b). It is difficult to 

ensure accuracy of fire scars at the scale of the individual site (Bowman et al. 2003). To 

overcome this I created a fire activity index for each experimental compartment (average 15 

km2) in the CSIRO fire experiment (Fig. 1c). For the first and second half of the dry season 
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(defined by July 31) I defined a compartment as burnt if fire scars exceeded 50 percent of each 

compartment. 

 

Rainfall ratio - Rainfall data were derived from gridded monthly climate data at 0.25 

degree of latitude-longitude (National Climate Centre of the Bureau of Meteorology Research 

Centre, Melbourne, Australia). MAR was generated across this interpolated surface using 

rainfall records from all weather stations and short term weather records in the region. Mean 

rainfall was also calculated for the intervals for which aerial photography was available: 

1964/65 – 1983/84; 1984/85 – 1990/91 and 1991/92 – 2003/04 and expressed as a ratio of 

MAR for the period 1960/61 – 2003/4.  

 

Buffalo presence – In each time period, buffalo were deemed present or absent for a 

location relative to the buffalo fence. Buffalo were scored as present at all locations from 1964 

– 1984; present at locations north of the buffalo fence from 1984 – 1991 and absent from all 

locations from 1991 – 2004. 

 

Elevation - was calculated using a 3 second digital elevation model (SRTM Digital 

Elevation Model, Geoimage Australia). I hypothesised that the elevation of a location may 

influence water availability into the dry season, and habitat suitability. 

 

Model sets 

Basal area change during the Kapalga landscape fire experiment - To validate my 

assessment of the impact of fire on tree cover, I assessed the importance of the prescribed 

Kapalga fire treatments on changes in basal area at sites used by CSIRO from 1991 to 1995 

using a linear mixed effects model (with a Gaussian error distribution and an identity link 
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function). Fire treatment was the sole fixed effect. Site was a random effect to account for the 

repeated measure.  

 

Relative importance of season and frequency of fire on tree cover - Model selection 

from a preliminary analysis showed that five-year fire histories were the most parsimonious in 

determining the importance of season of fire on tree cover (versus 10 year or two year fire 

histories). Thus, to gauge the importance of season of fire I used a linear mixed effects model 

with tree cover (%) as the response variable. Tree cover in 1984, 1991 and 2004 were 

incorporated due to the availability of fire history information. The relative importance of 

initial cover; five years early dry season fire; and five years late dry season fire was assessed 

(Table 4). Site was a random effect to account for the repeated measure. Year was a random 

effect to account for the variation in rainfall. A four and a half year fire history was used for 

the 1984 measurement period, as the satellite record of fire history started in 1980.  

 

Correlates of the change in tree cover over 1964 – 2004 – To determine the impact 

of buffalo herbivory, rainfall ratio and elevation on tree cover I used a linear mixed effects 

model. % tree cover change for the time periods 1964-1984; 1984-1991; 1991-2004 was 

the response variable. Site was a random effect to account for the repeated measures (Table 

3). Fire history information was unavailable before 1980 and so fire was not included as a 

co-variate in the analysis. 

 

Results 

Over the study period there was an overall increase in fire frequency from one event in 

three years between 1984 and 1991, to one in two years between 1991 and 2004, and a shift in 

the season of burning favouring the early dry season (Table 1). 
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Time period 
 

Average 
change per 
year (%) 

 
Rainfall ratio 

 
Early fire 

 
Late fire 

 
Total fire 

 
0.44 1964 - 1984 

(0.05) 
1.007 n/a  n/a  n/a  

1.33 0.13 0.23 0.36 1984 - 1991 
(0.11) 

0.924 
(0.02) (0.02) (0.03) 

-0.49 0.40 0.11 0.51 1991 - 2004 
(0.08) 

1.031 
(0.03) (0.01) (0.03) 

 

Table 1. The average change in tree cover per year (%) in each of the three photographic time periods and 
corresponding information on the rainfall ratio, average frequency of early dry season fire, average 
frequency of late dry season fire and average total fire activity index for each time period (standard errors 
are in brackets). n/a denotes information not available for that time period. 

 

 

There was a high correlation between the early dry season fire activity and total fire 

activity (r2 = 0.75), likely a consequence of the Kapalga fire experiment. Over the 40 year 

period savanna tree cover was highly spatially and temporally variable, with tree cover at 

some sites increasing substantially while declining or remaining stable at others (Fig. 2).  

 

Changes in basal area during the Kapalga fire experiment 

Over the five year period fire exclusion (-0.05 ± 0.18 m-2 ha-1) and early burning 

(0.19 ± 0.24 m-2 ha-1) resulted in no significant basal area change. While, locations that 

were burnt late in the dry season were predicted to decline substantially in basal area (-0.39 

± 0.24 m-2 ha-1). For example, over a five year period, a stand with a basal area of 10 m-2 

ha-1 annually burnt in the late dry season would be predicted to decline ~ 15% in basal 

area. Fire treatment received 0.98 of the AICc weight, yet explained 3.05 % of the 

deviance in the data.  
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Figure 2. Trajectories of remotely assessed tree cover across Kapalga over 40 years, with the overall 
average (and standard errors) shown in bold. Examples of sites where tree cover increased, decreased or 
remained stable are also indicated. 

 
 

Relative importance of season and frequency of fire on tree cover 

 The model that incorporated the frequencies of early dry season and late dry season 

fires and an initial estimate of tree cover received 0.98 of the AICc weight (Table 2). Both 

early and late dry season fire had negative effects on cover, but, the magnitude of the effect of 

late dry season fire was almost twice that of early dry season fire (Table 4). Time period, as the 

random effect, accounted for 48% of the deviance in the data, reflecting the deviance in MAP 

for the study period. Site, as a random effect, accounted for 4% of the deviance in the data. 

 

Effect of temporal variation in rainfall and presence of buffalo 

  Change in tree cover per year was strongly associated with the rainfall ratio and the 

presence of feral buffalo (Table 3). The model incorporating these two fixed effects received 
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the majority of the AICc weight (Table 3). This model explained 41% of the deviance in the 

data after site had been accounted for as a random effect. Buffalo presence alone explained 

~2% of the deviance in the data. ∆w+ indicated the importance of rainfall ratio and the 

presence of buffalo; elevation had no explanatory power (Table 4). The rate of change in tree 

cover was strongly negatively affected by the rainfall ratio, and positively affected by the 

presence of buffalo (Fig. 5). Site as a random effect accounted for 4.59% of the deviance in the 

data. 

 

 Model LL k ∆AICc wAICc 
Initial + 5 EF + 5 LF -355.29 5 0.00 0.98 

Initial + 5 EF -358.40 4 8.39 0.01 

Initial5 + LF -359.25 4 10.08 0.01 

Null -374.88 2 45.61 1.22 x 10-10 
 

Table 2. The four linear mixed effects models used to assess the correlates of tree cover in 1984, 1991 and 
2004 according to Akaike’s Information Criterion corrected from small sample sizes (AICc). Terms shown 
are Initial = Initial estimate of tree cover, 5 EF = five year early dry season fire activity and 5 LF = five 
year late dry season fire activity. Fire activity is as a proportion of the number of years. Also shown are the 
number of parameters (k), maximum log-likelihood (LL), the difference AICc for each model from the most 
parsimonious model (∆AICc), AICc weight (wAICc).  

 
 

 

 
Table 3. The eight linear mixed effects models used to assess change in tree cover between 1964 and 2004. 
Terms shown are RR = rainfall ratio, B = buffalo presence or absence and E = location elevation (metres). 
Also shown are the number of parameters (k), maximum log-likelihood (LL), the difference AICc for each 
model from the most parsimonious model (∆AICc), AICc weight (wAICc) and the per cent deviance 
explained (% DE) in the response variable as a measure of goodness-of-fit. 

 
 
 

 

Model -LL k ∆AICc wAICc % DE 

RR + B -89.48 4 0.00 1.00 41.54 

RR  -100.89 3 20.68 3.23 x 10-5 34.08 

RR + E -100.87 4 22.79 1.13 x 10-5 34.10 

B  -150.08 3 119.06 1.40 x 10-26 1.95 

E + B -149.99 4 121.03 5.23 x 10-27 2.00 

Null -153.06 2 122.91 2.04 x 10-27 0.00 

E -153.06 3 125.01 7.14 x 10-28 0.00 

RR+ B + E -89.22 5 188.99 9.17 x 10-42 41.71 
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Response 
variable Intercept Rainfall Buffalo  Elevation Early fire 

Late 
fire 

Initial 
cover 

15.68 -15.66 0.48 Change in cover 
per year  
(1964 - 2004) (1.03) (1.04) (0.09) 

n/a n/a n/a n/a 

45.32 -6.4 -10.25 0.4 Change in cover 
per year  
(1984 - 2004) (6.99) 

n/a n/a n/a 
(2.2) (4.05) (0.09) 

 
Table 4. Model weighted average coefficients with standard errors (in brackets) for the relationship 
between (a) rates of change in tree cover from 1964 – 2004 and the fixed effects of rainfall ratio, the 
presence of buffalo and location elevation and (b) Tree cover from 1984, 1991 and 2004 and the fixed 
effects of initial cover and the frequencies of early dry season fires and late dry season fires. n/a denotes 
information not applicable to that analysis. 
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Figure 3. The predicted change in tree cover per year under fluctuating mean annual precipitation (MAP) 
and with the presence (dashed line) and absence (solid line) of feral buffalo. A rainfall ratio > 1 is a period 
of above average MAP. 
 
 
 

Discussion  

 

Fire 

Analyses of aerial photography found that fire was strongly negatively correlated with 

tree cover. Frequency of early dry season fire activity showed a negative impact on tree cover, 

yet the analysis of permanent plot data showed little or no change in basal area. However, over 
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the long term there is evidence that frequent early dry season burning may negatively affect 

tree growth and recruitment via a mis-match of phenological cycles (Prior et al. 2006). In the 

early dry season young trees sequester carbon to below ground reserves, while late in the dry 

season these same plants are largely dormant. Consequently, successive early dry season fires 

may have a cumulative effect reducing tree growth and recruitment through the depletion of 

carbohydrate stores (Prior et al. 2006). It is also likely that effects of early dry season fires on 

tree cover may be greater than on basal area due to canopy scorch.  

 

Mega-herbivory 

In the Kapalga area, the presence of buffalo increased the growth of already 

established trees (Werner 2005; Prior et al. 2006) and enhanced the survival of juvenile 

and adult plants (Werner 2005; Werner et al. 2006). Off-take of grasses by buffalo reduced 

competition with grasses, decreased fuel loads (Werner et al. 2006) and likely increased 

the heterogeneity of fire, which would indirectly enhance the growth and survival of 

established and juvenile trees. Consistent with the above findings, my results showed that 

the presence of buffalo promoted an increase in tree cover (Table 4). Grazing has been 

shown to foster increases in woody cover in numerous savanna environments (for reviews 

see Scholes & Archer 1997; van Langevelde et al. 2003).  

 

Inter-annual rainfall variability 

During periods of above average rainfall, changes in tree cover were depressed or on 

average, negative (Table 1). This is consistent with the finding of Prior et al. (2006), where 

rates of eucalypt tree growth in the same area were lower in years of high rainfall. 

Additionally, estimated annual tree water use of the savanna vegetation across Kapalga, is 

estimated to be no more than ~25% of MAP (derived using the equation from Cook et al. 

2002). Thus, even in times of well below average rainfall, soil moisture is sufficient to 
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maintain growth rates of adult trees (Bowman & Prior 2005), unlike many other savannas 

which experience frequent and severe moisture deficit (Fensham et al. 2005; Sankaran et al. 

2005). Finally, the finding is also consistent with results from Chapter 2 which showed that 

locations at wetter lower latitudes in KNP were more likely to be dynamic in cover at the 

decadal scale relative to the drier sites. 

 

Four mechanisms likely contribute to the negative effect of above average annual 

rainfall on temporal change in tree cover. First, excess water may be taken up by the rapidly 

growing herbaceous layer, as grass cover fluctuates to maximise ecosystem water use (van 

Wilgen et al. 2004; Scanlon et al. 2005; Spessa et al. 2005; D'Odorico et al. 2006). 

Consequently, periods of above average rainfall may increase grass cover thereby increasing 

the competition between trees and grasses for both nutrients and water in the surface layer 

where the majority of root zone activity occurs (Higgins et al. 2000; Chen et al. 2004). Second, 

grass growth in response to above average rainfall may promote an increase in fire frequency 

and severity. Third, years of high annual rainfall are cloudier and thus have lower solar 

radiation integrals thereby negatively affecting tree growth (L. B. Hutley, pers. commun.). 

Fourth, transient water-logging may negatively affect growth of sensitive trees; for example, 

growth of grapevines was substantially reduced after water-logging that lasted only three days 

(Stevens & Prior 1994).  

 

Savanna patch dynamics 

Fluctuations in tree cover in this monsoonal ecosystem are driven by interacting 

disturbances that differentially affect the two major plant functional types, creating a patchy 

savanna landscape. Tree cover in mesic savannas is dynamic and responds rapidly to changes 

in disturbance and annual rainfall (Table 4). Savannas are a series of patches, locally 

responding to the spatial variation of disturbance. However, the extent and the direction of 
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change in tree cover caused by fire and grazing is affected by temporal variation in rainfall that 

operates at regional rather than landscape scales (Fig. 1; Gillson 2004).  

 

The contrasting timescales of growth of the two major plant functional types may 

prove vital in their co-existence (Scanlon et al. 2005). Periods of high annual rainfall that may 

promote an increase in fire frequency, and a decline in adult tree growth, may conversely 

promote the growth of the herbaceous layer. In contrast, periods of below average annual 

rainfall may favour tree growth, and where fire frequency is reduced, may stimulate tree 

recruitment and juvenile tree growth leading to a periods of increased tree cover. Long-lived 

tree species act as a buffer to the high degree of spatial and temporal variability that is intrinsic 

in this system, ensuring that recruitment occurs opportunistically during favourable periods 

(Warner & Chesson 1985), creating a patchy savanna environment.  

  

Management implications 

The assessment of the relative importance of drivers of change in savanna tree cover 

requires careful consideration of factors at various scales of influence, for example regional 

changes in mean rainfall versus landscape changes in fire and mega-herbivory. The 

reconciliation of landscape-scale trends in tree cover with experimental and demographic data 

is important to understanding the spatial and temporal distributions of savannas. Assessment of 

changes in basal area during the CSIRO Kapalga fire experiment were broadly consistent with 

the aerial photography results; both assessments show the substantial impact of late dry season 

fire on two related measures of savanna biomass (basal area and tree cover respectively). 

Given the concordance of plot based observation and the aerial photographic analysis I 

conclude this remote sensing methodology can be used to detect changes in tree cover in 

response to fire, mega-herbivory and climate variability. 
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Understanding the functioning and dynamics of tropical savannas is central to the 

appropriate management of ecosystems which are likely to face increased production pressures 

into the future (Woinarski et al. 2007) and will respond rapidly to changes in disturbance and 

global climate. Data pertaining to regional floristic and demographic change is required when 

developing policies of fire and feral animal management in conservation areas. However, 

ground-based monitoring on such a scale is expensive and retrospective measurements are not 

possible. Compilation of aerial photographic data, in tandem with measurements of trees in 

permanent plots can provide affordable and reliable studies of change at landscape and 

regional scales. These data will inform the development of fire and feral animal management 

priorities and be utilised as a remote monitoring system in an ecologically and culturally 

significant region.  

 

Conclusions 

More frequent fire led to decreases in tree cover, as did periods of above average 

annual rainfall; this is consistent with demographic studies conducted in the same region 

(Williams et al. 1999; Prior et al. 2006) and with the global literature (Higgins et al. 2000; 

Bond et al. 2005; D’Odorico et al. 2006). The presence of buffalo promoted the expansion of 

tree cover, likely via off-take of grasses, affecting tree and grass competition and altering the 

spatial and temporal patterning of fire and fire intensity; this has also been validated via 

regional empirical studies (Werner 2005; Werner et al. 2006) and is consistent with the 

estimated impacts of grazers in African savanna ecosystems (van Langevelde et al. 2003).  
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Summary 

I assessed the relative importance of temporal variation in rainfall, the presence of a feral 

grazer and disturbance by fire on landscape-scale tree cover dynamics over a 40 year period in 

Kakadu National Park (KNP) located in monsoonal North Australia (12◦ 50’ S, 132◦ 50’ E). 

Analysis of digital historical aerial photography, acquired in 1964, 1984, 1991 and 2004, was 

undertaken for 40 locations at the Kapalga fire experimental area in KNP mesic savannas (c. 

1470 mm mean annual rainfall). Decadal changes in tree cover were analysed using linear 

mixed effects modelling in an Information Theoretic framework and with multi-model 

inference. Savanna tree cover fluctuated over the 40 year period and varied spatially amongst 

the 40 locations, with estimates varying by 20-30% in any one of the time periods. Changes in 

tree cover tracked temporal variation in annual rainfall for the three time periods used in the 

study. Controlling for rainfall in each study period, analyses showed that the presence of a feral 

grazer promoted an increase in tree cover, and that frequent disturbance by fire was associated 

with a decline in tree cover. Measured changes in stand basal area under experimental burning 

regimes corresponded well with the estimated effects of fire on tree cover at the same location 

based on my analyses of aerial photography. The dynamism of these savannas is driven by 

variation in annual rainfall, fire frequency and severity, and off-take of grass biomass by feral 

herbivores. This combination of factors creates a patchwork of savanna tree cover that shifts 

over time. This information on spatial and temporal savanna dynamics will be used to inform 

the development of fire and feral animal management priorities in a world-heritage 

conservation area. 
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Chapter 4. Fire controls variation in stand structure of 

dominant tree species in mesic Eucalyptus savanna 
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Introduction 

A key problem in savanna ecology remains an understanding of how tree 

demographics in mesic savannas relates to long-term tree-grass coexistence (Higgins et al. 

2000; Hoffman & Solbrig 2003; House et al. 2003; Sankaran et al. 2004; Gardner et al. 2006). 

Models of tree-grass coexistence based solely around niche-differentiation can not explain 

long-term tree-grass coexistence (Jeltsch et al. 2000). Recently, attention has focussed on the 

importance of recurrent disturbance in maintaining viable grass and tree populations in mesic 

savannas (Frost et al. 1986; Gignoux et al. 1997; Higgins et al. 2000; Bond & Midgley 2001; 

Hoffman & Solbrig 2003; Sankaran et al. 2005). Disturbance-based models of savanna tree-

grass coexistence emphasise density independent interactions between vegetation, disturbance 

and climate variability (Higgins et al. 2000; House et al. 2003; Sankaran et al. 2004; Gardner 

2006). Thus in understanding savanna tree-grass coexistence it is critical to understand (a) 

local conditions that enable trees to move from juvenile to sapling status and (b) the 

consequences of this for regional stand demographics (House et al. 2003; Sankaran et al. 

2004). 

 

A demographic transition of prime importance is the recruitment of saplings into the 

tree layer (Bond & Midgley 2001; House et al. 2003; Sankaran et al. 2004). Saplings must be 

able to persist in a recurrently disturbed environment until they have sufficient reserves to 

escape through a disturbance-free ‘recruitment window’ into the canopy layer where they 

suffer less fire damage. Unlike mature trees, saplings are too small to avoid fire-damage and, 

unlike juveniles, they are too large to rapidly reattain their previous size from root stocks 

(Hoffmann & Solbrig 2003). Thus it is thought that disturbance by fire can stop savanna tree 

populations from attaining maximal tree biomass by creating bottlenecks in the transition of 

trees to the fire tolerant size classes (Sankaran et al. 2004). The demographic bottleneck model 

of persistence shows a declining proportion of sapling to adult stems with increasing fire 
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frequency as stems are eliminated from sapling stage. Clearly, the frequency with which the 

savanna burns is of critical importance in controlling the recruitment of canopy tree species 

(Bond & Keeley 2005; Govender et al. 2006).  

 

Australian mesic savannas represent a useful test of the demographic bottleneck model 

of persistence as these savannas are some of the most fire prone landscapes in the world (Press 

1988; Russell-Smith et al. 1997b; Williams et al. 2002). In central north Australia the average 

fire return interval is one in two years (Press 1988; Russell-Smith et al. 1997b). A distinct lack 

of sapling or pole sized trees has repeatedly been observed in many Australian mesic savannas 

(Bowman 1984; Werner & Murphy 1987; Bowman et al. 1988; Fensham & Bowman 1992; 

Bowman & Panton 1993; Bowman & Panton 1994; Setterfield 1997; Vigilante & Bowman 

2004; Werner et al. 2006). While this pattern has been well described, the causes have not 

(Williams et al. 2002). Indeed, there is a lack of information about the demographic 

consequences of frequent fire and the fire intervals which are required for the recruitment of 

canopy tree species in mesic savannas (Setterfield 2002; Williams et al. 2002). This is despite 

this information being relevant to both understanding fluctuating tree and grass ratios and the 

management of these extensive ecosystems. 

 

Tree size distributions can be used to infer information about the stability of forests and 

indicates whether a species is either increasing or declining in abundance (Rubin et al.2006). 

When tree size distributions are plotted on semi-log axes, the plots are approximately linear if 

growth, mortality and competition are reasonably constant in time and across diameter classes 

(Enquist & Niklas 2001), as is likely with an absence of disturbance. These linear plots 

represent the classic negative exponential stand distribution (Fig. 1a). Demographic 

bottlenecks can be inferred where there is a change in slope between size classes (Rubin et al. 

2006), and cohorts of recruitment can be inferred via deviations that reveal peaks in one or 
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more size classes. More common in forests than the negative exponential stand distribution is 

the rotated sigmoid distribution representing high mortality in small, suppressed trees, low 

mortality in vigorous canopy trees and high mortality in large senescent trees (Fig. 1b; Rubin 

et al. 2006). A rotated sigmoid distribution can also reflect demographic bottlenecks due to 

disproportionate mortality of juvenile versus adult stems, which is represented as a break in 

slope between size classes (Fig. 1b). In savanna ecosystems neither of the above tree-size 

distributions is the expected scenario, as locally, stands can be strongly skewed and are 

commonly multi-modal (Fig. 1c). It is therefore difficult to meaningfully apply traditional 

stand analytical parameters such as skewness and kurtosis, or to fit Weibull and other standard 

distributions. Instead, I dealt with these complex tree size distributions by calculating the 

proportion of sapling stems to adult stems, where sapling stems were defined as those < 5 cm 

diameter at breast height (DBH). Specifically, I investigated drivers potentially correlated with 

the variation in the proportion of sapling to adult stems (Table 1) of four common overstorey 

savanna species, Eucalyptus tetrodonta, Eucalyptus miniata, Corymbia porrecta and 

Erythrophleum chlorostachys. 

 

The aim of this study was to: 

(i) Infer the effects of fire frequency, tree-tree competition and seasonal water stress 

on the proportion of sapling to adult trees across a gradient of disturbance in an 

Australian mesic savanna, and to  

(ii) Examine the regional trends in tree populations and the extent of recruitment 

bottlenecks, and finally 

(iii) Examine the potential for demographic mechanisms to confer stability to the 

savanna ecosystem. 
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Figure 1. Hypothetical tree size distributions plotted on semi-log axes (a) a negative exponential distribution; (b) a rotated sigmoid distribution and (c) a multi-
modal distribution characteristic of savannas.  In all cases the tree populations may be sustainable. 
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Mechanism Proxy Literature 

Fire Satellite-derived fire histories Higgins et al. 2000; Bond et al. 
2003; Chapter 2; Chapter 3 

Tree-tree competition Measured basal area (m2 ha-1) Fensham & Bowman 1992; Prior 
et al. (2006)  

Seasonal water availability Site elevation from permanent water Prior & Eamus (1999) ; Chapter 3 

 
Table 1. Hypothesised mechanisms which contribute to the determination of the sapling to adult stem 
proportion in savannas. Proxies are used as fixed-effects in the QAICc candidate model set.  

 
 
 
Methods 

Study Area 

Thirty study sites were located in Kakadu National Park, which lies approximately 200 

km east of Darwin (12o 34’S, 132 o 22’E; Fig.. 4) and encompasses the South, East and West 

Alligator Rivers catchments, an area of ~20 000 km2. Rainfall is strongly seasonal, with over 

90% of rainfall occurring between November and April (Bureau of Meteorology, 2006; 

www.bom.gov.au). In the north of KNP, the town of Jabiru receives on average annual rainfall 

of 1485mm. Near the southern border of KNP, the town of Pine Creek has a mean annual 

rainfall of 1140mm. Year round temperatures are high, with average monthly maximum 

temperatures ranging from 31.5◦ C in June to 37.5◦ C in October and average monthly 

minimum temperatures between 18.4◦ C and 24.8◦ C (www.bom.gov.au).   

 

My study sites were located in savanna vegetation dominated by E. tetrodonta and E. 

miniata; this vegetation type comprises approximately 60% of KNP, and, E. tetrodonta 

dominated savannas cover ~ 450,000 km2 of the Australian continent (Fox et al. 2001). Other 

common overstorey tree species include Erythrophleum chlorostachys Muell., Corymbia 

bleeseri (Blakely) Hill & Johnston and Corymbia porrecta (Blake) Hill & Johnston. This 
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vegetation typically occurs on deeply weathered lateritic soils, especially red Kandosols 

(McKenzie et al. 2004). 

 

Study species 

All four species, E. tetrodonta, E. miniata, C. porrecta and Er. chlorostachys, are 

widely distributed across northern Australia; Fig. 3 shows the distribution of E. tetrodonta 

dominated vegetation across north Australia. Both E. tetrodonta and E. miniata are evergreen 

canopy trees that dominate the overstorey both in terms of abundance and biomass (Hutley et 

al. 2000; O'Grady et al. 2000; Cook et al. 2002; Beringer et al. 2003). Corymbia porrecta is 

another evergreen overstorey tree, while, Erythrophleum chlorostachys is a semi-deciduous 

overstorey tree species. All four species typically regenerate vegetatively using a variety of 

mechanisms with seedling establishment occurring infrequently or en masse in exceptional 

circumstances (Lacey & Whelan 1976; Fensham 1992; Fensham & Bowman 1992; Bowman & 

Panton 1994). Juveniles of all species develop lignotubers that resprout following fire 

disturbance (Lacey & Whelan 1976; Fensham 1992; Setterfield 2002). Er. chlorostachys and 

E. tetrodonta generate new individuals from root suckers.  I define vegetative reproduction as 

regeneration from root stocks and lignotubers and the production of new individuals by root 

suckering as clonal reproduction. 

 

Sampling protocol 

Thirty locations a minimum of two kilometres apart were assessed throughout KNP. 

Locations were stratified to encompass the variation in fire histories. To ensure that I 

adequately sampled the variability in a population I continued to sample 10 x 50 m contiguous 

quadrats until the confidence intervals of basal area (that were calculated in the field) had 

stabilised. In total 27.7 hectares of vegetation was sampled across the 30 locations: one 

location 1.2ha; 19 of 1.0ha; 1 of 0.9ha; 6 of 0.8ha; 2 of 0.7ha and 1 of 0.5ha. On each transect, 
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diameter at breast height (DBH: ~ 1.3 m), life status and species were recorded for all woody 

plants with a DBH. In sum, information was collected on: 3307 stems of Eucalyptus 

tetrodonta; 2405 stems of E. miniata; 1452 stems of Corymbia porrecta; and 1064 stems of 

Erythrophleum chlorostachys. Tree density across KNP varied from 250 stems ha-1 to 1200 

stems ha-1, and the stand basal area varied between 5 and 13 m2 ha-1 (Chapter 2). 

 

Stand Structures 

 Diameter distributions of trees can be used to indicate whether the density of 

smaller trees in a forest is sufficient to replace the current population of larger trees (Rubin 

et al. 2006). For example, distributions conforming to a negative exponential are 

considered self-sustaining if average growth and mortality rates are invariant over the 

majority of diameters. When plotted on semi-log axes, the negative exponential conforms 

to a straight line, with the logarithm of the ratio of the density of one size class to the next 

smaller class indicated by the slope of the line. Although semi-log concave and convex 

distributions have generally been considered the result of an unstable situation, such as a 

species that is increasing or decreasing in abundance, it is now recognised that rotated 

sigmoid distributions may also be stable (Rubin et al. 2006). We therefore plotted stand 

structure distributions on semi-log axes to investigate whether these were stable on local 

and regional scales. 

 

Stand structures of each four species were aggregated across the 30 locations on an 

area basis (stems ha-1). Stands were divided into size classes of five centimetre diameter 

increments. Across the 30 locations, the mean and standard deviation for each size class 

was calculated to provide a picture of the regional trend in stand numbers and of the 

variation in this across localities. Changes in slope between the critical juvenile and adult 
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size classes can be used to infer a bottleneck in the recruitment of stems to the next size 

class. The ratio of the standard deviation to the mean provides a simple picture of the 

consistency of this trend across localities. 

 

Statistical modelling 

I adopted a multiple-working hypothesis approach based on Information-Theoretic 

model selection and multi-model inference (Burnham & Anderson 2002). The Information 

Theoretic approach uses a candidate set of multiple hypotheses, or models, formed a priori to 

any data analysis. I used Akaike’s Information Criterion corrected for small sample sizes and 

over-dispersion to rank and weight the models (QAICc). The ΔQAICc identifies the model(s) 

most strongly supported by the data based on the bias-corrected, maximised log-likelihood of 

the fitted-model and a penalty for the number of parameters used (Burnham and Anderson 

2002). Burnham and Anderson (2002) suggest that a model with a ∆QAICc < 2 can be 

considered well supported, and that a model with a ΔQAICc < 10 can be considered as having 

marginal support. 

 

For each model in the candidate set, QAICc can be used to calculate an Akaike weight, 

which represents the probability of that model being the best in the candidate set (Burnham & 

Anderson 2002). Often several models receive similar levels of support; to overcome this 

problem model averaging can be employed to allow for more stabilised inferences to be made 

from well supported models (Burnham & Anderson 2002). In order to calculate the model 

weighted averaged coefficients I used models which received wi > 0.10.  

 

Published results indicated three broad mechanisms which may explain the variation in 

sapling recruitment: fire frequency, tree-tree competition and seasonal water availability (Table 

1). To explain the variation in the recruitment of saplings in the four species I used a set of 
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seven a priori candidate models based on combinations of these three factors (Table 2). 

Candidate models were constructed as generalised linear models, with binomial error 

structures and a logit link (i.e. logistic regression) using the programme R (version 4.2.1; R 

Core Development Team).  

 

Response variable 

I determined the density of sapling and adults trees (stems ha-1) for each stand. Prior et 

al. (2006) determined the 0-5cm size class as critical, as there were markedly different 

responses to the effects of fire on tree growth rates in this size class compared to other size 

classes. Thus I classified stems with a DBH ≤ 5cm as ‘saplings’ and stems ≥ 5cm as ‘adults’.  I 

used the proportion of sapling to adult density as the response variable in all the analyses. 

 

Biophysical and disturbance correlates 

 Fire Activity - Mapped fire histories from 1994 to 2004, derived from LANDSAT 

Thematic Mapper satellite imagery, were provided by Bushfires Council NT (Edwards et al. 

2003). Imagery for each year was divided into two seasons; early dry season (prior to July 31) 

and late dry season (after July 31). The total fire activity index was calculated as the number of 

fires per year. Thus, an annual fire regime has a fire index of 1.0. A fire activity correlation 

matrix of: total fire activity index (FAI); total early fire activity index and total late fire activity 

index showed a strong correlation between total fire activity and total early fire activity (0.869) 

and almost no correlation between total fire activity and total late fire activity (0.060).  

 

Elevation  - Elevation of a site was a proxy for water availability into the dry season. 

Site elevation was calculated using a 1 second digital elevation model (SMTR Digital 

Elevation Model, Geoimage Australia).  
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Basal Area - Basal area per hectare was calculated from the data gathered in the field. 

This was used as an estimate of tree-tree competition as high stand basal area may slow the 

accession of trees through the strata (Fensham & Bowman 1992; Russell-Smith et al. 2003a; 

Prior et al. 2006). Basal area is strongly related to maximum tree size rather than the number of 

trees in an area (Midgley & Niklas 2004). 

 

Results 

Stand structures 

In aggregate, the populations of the four species were closest in form to a rotated 

sigmoid distribution (Fig. 2). The local populations of the four savanna tree species were 

multi-modal, indicating episodic recruitment (Fig. 2). Locally, co-occurring species did not 

show peaks in recruitment in the same size classes, suggesting that species responded 

differently to variation in environmental conditions (Fig. 2).  

 

Regionally, in E. tetrodonta and E. miniata the ratio of the standard deviation to the 

average frequency of stems showed a high degree of variation in numbers of the small size 

classes (< 10 cm DBH) and the large senescent trees (>40 cm DBH) while there was less 

variation in the large fire-tolerant tree size classes (10-40 cm DBH). Specifically, the change in 

slope between the < 10cm DBH and > 10cm DBH size classes represents demographic 

bottlenecks in the accession of trees to the fire-tolerant size classes; this was also evident in Er. 

chlorostachys (Fig. 2c). In C. porrecta, mortality was high and relatively consistent across size 

classes, aside from a deviation representing the fire tolerant trees in the range of 20 – 40 cm 

DBH (Fig. 2d). 
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Response variable 
 

Model 
 

 
∆QAICc 

 
wi 
 

Deviance 
explained 

(%) 
All species  Fire * basal area + elevation  0.00 1.00 38.18 
 Fire * basal area 117.13 0.00 22.79 
 Elevation 195.74 0.00 12.02 
 Basal area + fire  198.00 0.00 12.07 
 Basal area 222.02 0.00 8.66 
 Fire  251.06 0.00 4.94 
  Null 287.22 0.00 0.00 
Eucalyptus tetrodonta Fire * basal area + elevation  0.00 1.00 42.03 
 Fire * basal area 64.85 0.00 25.70 
 Basal area + fire  109.98 0.00 14.16 
 Elevation 122.62 0.00 10.48 
 Fire  126.86 0.00 9.47 
 Basal area 144.84 0.00 5.15 
  Null 163.80 0.00 0.00 
Eucalyptus miniata Fire * basal area + elevation  0.00 1.00 26.95 
 Elevation 74.16 0.00 10.54 
 Basal area + fire  92.85 0.00 7.37 
 Fire * basal area 93.91 0.00 7.73 
 Basal area 94.04 0.00 6.60 
 Null 124.91 0.00 0.00 
  Fire  127.37 0.00 0.00 
Corymbia porrecta Fire * basal area 0.00 0.67 35.46 
 Fire * basal area + elevation  1.50 0.32 36.32 
 Basal area + fire  8.86 0.01 29.33 
 Fire  27.47 0.00 18.23 
 Basal area 32.55 0.00 15.58 
 Null 59.96 0.00 0.00 
  Elevation 61.74 0.00 0.36 
Erythrophleum chlorostachys Fire * basal area + elevation  0.00 0.96 16.85 
 Fire * basal area 6.48 0.04 11.21 
 Fire  11.19 0.00 5.18 
 Basal area + fire  13.18 0.00 5.58 
 Elevation 13.33 0.00 3.93 
 Null 17.56 0.00 0.00 
  Basal area 18.56 0.00 0.87 

 

Table 2. A priori candidate models to explain variation in sapling to adult proportion, and the results of the 
model ranking procedure. wi indicate the relative support of models based on the bias-corrected maximised 
log-likelihood, with a penalty for the number of fixed effects incorporated. The explanatory variables of all 
models in the candidate model set are shown along with the deviance explained by each of the models 
ranked according to the wi and ∆QAICc. The models with a high level of support are shown in bold. 
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Figure 5. The regional averages (solid line) and regional standard deviations (dotted line) of diameter 
distributions for each of (a) Eucalyptus tetrodonta; (b) E. miniata; (c) Erythrophleum chlorostachys; and 
(d) Corymbia porrecta measured across KNP on an area basis (stems ha-1). 

 

 

Statistical modelling 

The model containing all three fixed effects and the interaction between fire and basal 

area received 100% of the QAICc weight for the combined species, E. tetrodonta and E. 

miniata analyses, and 96% in Er. chlorostachys. In C. porrecta the model incorporating the 

fixed effects of basal area and fire and their interaction received 67% of the QAICc weight, 

and the model incorporating all fixed effects also received substantial weight (Table 2).  
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In all analyses, fire had a negative effect on the proportion of sapling to adult stems, as 

did stand basal area (Table 3), but  there was a positive interaction between basal area and fire 

(Table 2). This meant that in the absence of fire, the proportion of sapling to adult stems 

decreased markedly as basal area increased; however, in stands subjected to annual fire, the 

proportion was low if basal area was low, but increased slightly as basal area increased (Fig. 

3).  

 

The direction of the effects was consistent across the species, although the magnitude 

of the effects and the interaction varied (Table 3). Of the four species, E. miniata was the least 

sensitive to changes in landscape fire frequencies. In Er. chlorostachys the predicted effect on 

the sapling to adult proportion was strongly negatively related to fire frequency. However, it 

was the species least affected by changes in basal area. The fixed effect of elevation explained 

a substantial amount of the deviance in the combined species, E. tetrodonta, and E. miniata 

analyses. The direction of the effect was negative and this was consistent in all analyses, 

although the magnitude of the effect was less than that of fire or basal area. 

 
Table 3. Standardised co-efficients derived from the most supported models (wi > 0.10) for the four 
species < 5cm. Standard errors are displayed in brackets. Response variable was the proportion of sapling 
(< 5cm DBH) to adult stems (> 5cm DBH). 

Species Intercept Fire Basal area 
Fire:Basal 

area Elevation 

All species combined 2.53 -8.64 -0.28 0.75 -0.02 

 (0.27) (1.00) (0.03) (0.11) (0.00) 
Eucalyptus 
tetrodonta 2.66 -10.03 -0.26 0.77 -0.02 

 (0.40) (1.49) (0.05) (0.17) (0.00) 

Eucalyptus miniata 3.50 -5.61 -0.36 0.48 -0.05 

 (0.64) (2.42) (0.07) (0.26) (0.01) 

Corymbia porrecta 2.85 -10.65 -0.36 0.96 -0.002 

 (0.66) (2.55) (0.08) (0.29) (0.001) 
Erythrophleum 
chlorostachys 2.66 -8.20 -0.21 0.63 -0.02 

  (0.94) (3.07) (0.10) (0.32) (0.01) 
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Figure 3. The predicted relationship between the sapling to adult proportion and basal area on a hectare basis 
with: (a) no fire; (b) annual fire. Based upon the standardised coefficients in Table 3 and an elevation of 20 
metres.  
 
 
 

 
 

Figure 4. The relationship between the sapling to adult proportion and elevation on a hectare basis. 
Predicted according to: stand basal area (8 m2 ha-1); site elevation (20 m); and no fire activity 
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Fire Regime 
Scenario 

Frequency Severity 
Initial basal 

area Final basal area  
Final sapling 

to adult 
proportion 

a Infrequent Mild/Severe Low High  High 

b Infrequent Mild/Severe  High High  Low 

c High Mild Low High  Low 

d High Mild High High  Low 

e High Severe Low Low Low 

f High Severe High Low Low 

 

Table 4. Scenarios for the dynamics of savannas in response to inter-relationships between fire frequency, 
stand basal area and recruitment under different fire regimes. Infrequent fire and initial low basal area (a) 
that is followed by an absence of fire and high basal area (b) that will eventually become a continuous 
regeneration closed forest. Fire introduces a dynamic component into savannas via direct and indirect 
effects.  The indirect effect of fire on recruitment via stand basal area means that there is a limited 
‘recruitment-window’ as recruitment of saplings will be suppressed by high basal area. Stands subjected to 
frequent mild fire and with initial low basal area (c) would increase in basal area while recruitment is 
limited. While stands (d) in a scenario of initial high basal area and frequent mild fire would also have 
limited recruitment as there is suppression of saplings. In contrast stands subjected to frequent intense fire 
and with already low basal area (e), will continue to lose basal area, and there will be marginal recruitment. 
While stands of high basal area and frequent intense fire (f) will rapidly lose basal area progressing as a 
positive feedback (e) which is an unsustainable situation. 

 
 

Discussion 

Amongst the local populations, the four savanna tree species were highly variable in 

terms of the composition and density of stems, with local absences or high densities of 

saplings. However, when averaged across the region, the populations of the four savanna tree 

species most closely conformed to a rotated sigmoid distribution (Fig. 2) that may result in 

stable tree populations (Rubin et al. 2006). Most interestingly, this was the case in E. 

tetrodonta and E. miniata; combined, these two species constitute ~80% of savanna biomass 

(O'Grady et al. 2000). In other words, the regional trend of the savanna tree size distributions is 

stable despite a high degree of local patchiness.  

 

The high degree of local variation in the stand structures appears best explained by 

variability in fire histories and climate. Consistent with this, in Chapter 2 I found that cover 
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fluctuated over 40 years and that this was strongly related to fire histories. Indeed, Higgins et 

al. (2000) argued that variable fire intensities produce the variance in recruitment rates 

necessary for the accumulation of suppressed juveniles, and produce the opportunities to 

occasionally recruit into the more fire-resistant classes. Such spatial and temporal 

heterogeneity would therefore produce stand structures that are unstable at a local scale, but 

could be stable when averaged over a region.  

 

These modelled results suggest that these factors generate demographic bottlenecks for 

E. tetrodonta, E. miniata and Er. chlorostachys (Fig. 2). Rotated sigmoid distributions are 

concave in the smaller diameter classes and convex in the larger size classes (Fig. 2a-b). These 

distributions would be sustained if mortality per size class was greater among the small trees 

and large senescent trees relative to the mid-sized fire-tolerant trees (Rubin et al. 2006). This is 

clearly consistent with work conducted in the same region showing a bell-shaped mortality 

curve representing high mortality in young trees (<10cm DBH) and in large senescent trees 

(>40cm DBH) relative to lower rates of mortality in large fire-tolerant trees (Williams et al. 

1999).  

 

Sapling to adult proportions 

Fire activity had a strong negative effect on the recruitment of saplings in E. 

tetrodonta, Er. chlorostachys and C. porrecta, and to a lesser extent in E. miniata (Table 3). 

Under regimes of annual or biennial fire the sapling to adult proportion was low, likely due to 

the inability of trees to escape the fire-trap (Bond & Midgley 2001; Bond & Keeley 2005). 

Increasing fire frequencies are predicted to progressively reduce the probability of recruitment 

of saplings (Fig. 3), consistent with the expectation of demographic bottleneck models 

(Higgins et al. 2000; Sankaran et al. 2004; Gardner 2006).  
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Even in the absence of fire, recruitment is not extensive if basal area is high (Table 4). 

This is consistent with observations of Fensham & Bowman (1992), where high basal area 

appeared to suppress recruitment of saplings. However, basal area and tree cover increase in 

the absence of fire, even without sapling recruitment (Russell-Smith et al. 2003a; Woinarski et 

al. 2004). For example, over the course of the 23 year Munmarlary experiment in KNP, 

Russell-Smith et al. (2003a) found little accession of canopy trees in unburnt treatments, even 

though these areas increased in basal area on average from 12 m2 ha-1 to 18 m2 ha-1. These 

large increases in basal area would suppress recruitment of saplings, particularly of E. miniata 

(Fig. 3).  

 

Eucalyptus tetrodonta and Er. chlorostachys trees reproduce clonally via root 

suckering. In the Brazilian cerrãdo, clonal reproduction is stimulated by frequent fire (Hoffman 

1998). It is plausible that these vegetative sprouts maintain their connections to and are in part 

being supplied their nutrient and water requirements by the larger, more deeply rooted, fire 

tolerant trees of E. tetrodonta and Er. chlorostachys, ensuring persistence under regimes of 

frequent fire (Bellingham & Sparrow 2000). Under a scenario of biennial or annual fire and 

high stand basal area, the predicted sapling to adult proportion of E. miniata was the lowest of 

the four species (Fig. 3). While E. miniata has the highest growth rates of the four species 

(Prior et al. 2006), annual burning would likely place it at a competitive disadvantage in 

comparison to the clonally reproducing species. It is unknown for how long the juvenile and 

sapling trees maintain connection with the larger fire tolerant individuals, an aspect of these 

species that warrants investigation. 

 

I found that the sapling to adult proportion decreased as mean elevation difference 

between a site and permanent water increased (indicative of drier sites). Water is more of a 

limitation for young plants rather than mature trees (Williams et al. 1997; Prior & Eamus 
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1999). Prior & Eamus (1999) found that saplings of E. tetrodonta were water stressed during 

the late dry season (September and October), whereas adult plants were not affected. 

Following the inference of Bowman (1984) I had hypothesised that areas near an aseasonal 

groundwater supply, such as areas nearer floodplains, would have a higher proportion of 

sapling to adult plants. This was found to be the case in all four species, most substantially in 

E. miniata (Fig. 4). While the use of elevation was a broad scale correlate, young plants are 

more likely to be water-stressed at the more elevated sites. Rainfall variability is also likely 

important, as it directly affects fuel loads and fire frequencies (Scanlon et al. 2005; D'Odorico 

et al. 2006). However, reliable long-term rainfall records are available for very few locations 

within the Park, and so I was unable to assess the importance of rainfall variability. 

 

Density dependent effects of fire on saplings 

These results showed an interactive effect between fire frequency and stand basal area 

in determining the proportion of sapling to adult stems (Tables 2 and 3). To convey these inter-

relationships I constructed a schematic model (Table 4) which I outline below. 

 

The relationship between sapling recruitment and basal area that exists under regimes 

of infrequent disturbance by fire reflects negative feedback mechanisms, which confer stability 

to savanna tree cover over the longer-term (Table 4a-b). Thus in stands with low basal area 

(which reflect savanna stand biomass below the potential of a site) subjected to a regime of 

infrequent fire the recruitment of saplings is promoted (Table 4a). Under fire-free conditions, a 

stand will, over time, reach near-maximal basal area, and, recruitment of saplings will be then 

suppressed (Fig. 3 and Table 4b), decreasing the sapling to adult proportion via tree-tree 

competition as the stand matures (Table 4b; Fensham & Bowman, 1992; Sharp & Bowman, 

2004). However, infrequent landscape fire that damages large individual trees may then 

stimulate recruitment of saplings if there is an adequate post-disturbance fire free interval 



 

 97

allowing basal area to increase once more (Table 4a; Fensham & Bowman 1992; Bowman & 

Panton 1994; Vigilante & Bowman, 2003; Sharp & Bowman, 2004).  

 

Importantly, this negative feedback mechanism does not apply to annual or biennial 

fire regimes; substantial recruitment only occurs where basal area is high, and large, fire-

resistant trees can sustain production of numerous vegetative sprouts (Table 4d). However, 

frequent, intense fires reduce basal area (Williams et al. 1999) and lead to marked declines 

in tree cover (Chapter 3) as well as an immediate reduction in sapling recruitment (Fig. 3 

and Table 4e-f; Williams unpublished data).  My  results suggest that basal area of adult 

trees can be stable or even increase with annual mild fires (Williams et al. 1999), and tree 

cover can be maintained in the medium term, even without sapling recruitment (Table 4c).  

 

The storage effect 

Higgins et al. (2000) proposed that the interaction between resprouting, life history 

traits, fire and survival of fire is responsible for the co-existence of trees and grasses in mesic 

savannas. While the regional trend in KNP is one of stability and self-replacement (Fig. 2) 

there can be a localised lack of saplings.  To some degree the reproductive potential of trees is 

buffered due to their long lifespan, low adult mortality (Fig. 2) and the existence of suppressed 

juvenile plants (the storage effect sensu Warner & Chesson 1985), Thus local stand dynamism 

does not infer instability in the system per se, as the long-lived trees allow for peaks and 

troughs in the recruitment of saplings (Fig. 2), through the development of the suppressed 

juvenile layer (Higgins et al. 2000). 

 

 
. 
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 Conclusions 

In light of these findings, management that results in geographic homogenisation of 

fire regimes may ultimately inhibit recruitment of sapling trees and lead to a state-shift in the 

savanna ecosystem over a period of decades or centuries (Table 4). Mechanistic answers to 

questions such as those posed here require thorough experimental analyses, and the synthesis 

of long-term plant demographics datasets with records of fire regimes to understand the 

relative importance of these. Models of savanna persistence and fluctuating tree and grass 

ratios need to explicitly incorporate the suppression of sapling trees via tree-tree competition 

(Higgins et al. 2000; House et al. 2003; Gardner 2006), as the interaction between frequent fire 

and stand basal area generates density dependent responses in sapling trees, ultimately 

attributable to fire. An inter-play between stem size, species resilience, fire frequency, fire 

intensity and growth rates interacts with tree-tree competition to determine sapling tree 

recruitment in the savanna ecosystem.   
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Summary 

 

Fire and climate variability may cause a sapling recruitment bottleneck in the populations of 

savanna trees. Recently, theories as to the persistence of mesic savannas have focused on such 

demographic mechanisms. I examined this by undertaking a statistical analysis of the 

population structures of four dominant tropical savanna tree species from 30 locations in 

Kakadu National Park (KNP), North Australia. Using Information Theory and multi-model 

inference analysis I determined the relative importance of fire frequency, basal area and 

elevation in explaining variation of the proportion of sapling to adult stems of the four species.  

Across KNP tree populations were self-replacing, yet stand structures at individual locations 

were multi-modal and composed of different mixtures of species, implying that sapling 

recruitment was discontinuous and co-occurring tree species did not recruit saplings under the 

same circumstances. Statistical analyses showed that the proportion of sapling and adult stems 

was influenced by fire frequency, stand basal area and the interaction of these two factors.  The 

magnitude of the effect of these factors varied amongst species. The two species that 

reproduced vegetatively only from rootstocks and lignotubers appeared disadvantaged relative 

to the two that were also able to regenerate from root suckers. These relationships suggest that 

the structural and floristic diversity of savanna tree populations is contingent on spatial and 

temporal variability of fire. There is inter-play between fire regimes, stem size, species 

resilience, and growth rates with tree-tree competition that controls recruitment in the savanna 

ecosystem. Consequently, the effect of fire is not density-independent in regulating the 

apparent recruitment bottleneck in Australian savanna trees. 
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Chapter 5. Fire-rainfall interactions determine patterns of 

biomass in mesic savannas 
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Introduction 

 Tropical savannas have a discontinuous layer of trees with a continuous understorey of 

C4 grasses, with seasonality determined by temporal variability in rainfall rather than 

temperature. This biome covers over 15 % of the Earth’s land surface and a large portion of 

Australia (33 %), Africa (50 %) and South America (45 %) (Scholes & Archer 1997; Fox et al. 

2001). Savannas worldwide face increasing pressure from agriculture, pastoralism and climate 

change. Despite their broad extent and the pressures they face, our understanding of global, 

continental, and landscape patterns of woody biomass in these systems relative to that of 

temperate and boreal zones is poor (House et al. 2003; Bond et al. 2005; Scholze et al. 2006). 

Variation in savanna biomass has consequences for hydrological function and water cycling 

(Simioni et al. 2003), surface-energy exchanges (Beringer et al. 2007) and rainfall regimes 

(Hoffman et al. 2002). Furthermore, savanna ecosystems burn frequently (Russell-Smith et al. 

2003) and so contribute substantially to the balance of the global carbon cycle (Grace et al. 

2006; Beringer et al. 2007) and atmospheric chemistry (Hoffmann et al. 2002; Beerling and 

Osborne 2006). Numerous animal species are specialised to savanna habitats, and their 

persistence and abundance are sensitive to savanna tree biomass (Scholes & Archer 1997; 

Silva & Bates 2002; Woinarski et al. 2005). Thus, understanding the physiological and abiotic 

mechanisms determining their persistence and patterns of biomass is an important aim of 

ecology and this fundamental knowledge is increasingly gaining applied significance. 

 

Australian savannas provide a unique opportunity to quantify the physiological limits to 

biomass in this ecosystem and to postulate the relative importance of fire driving variation in 

productivity. This is because Australian savannas are relatively free of the confounding effects 

of high rates of large mammal herbivory on adult and juvenile trees and land clearance by 

humans that characterise African savannas. Australian savannas are also unusual because of 

the low human population densities they support (Fox et al. 2001; Woinarski & Dawson 2001) 
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and the high proportion of protected and unexploited area (Woinarski & Dawson 2001) 

compared to the high human densities and deforestation rates observed in savannas elsewhere 

(Scholes & Archer 1997; Grace et al. 2006).  

 

The tree:grass biomass ratio defining savannas is an emergent property of the interaction 

of a complex of factors operating at multiple scales; this notion allows for spatial and temporal 

variance in the importance of stochastic and competitive processes in determining patterns of 

savanna biomass (Scholes & Archer 1997; Gillson 2004; Wiegand et al. 2006). Rainfall 

seasonality and soil type are generally thought to be the primary determinants of savanna 

persistence (Williams et al. 1996; Scholes & Archer 1997), while fire, herbivory and climate 

variability are secondary in determining structure (Higgins et al. 2000; Sankaran et al. 2004). 

This implies that the scale of influence of these determinants determines savanna dynamics. 

However, the interaction of these determinants and how they serve to modify savanna biomass 

in time and space is still poorly understood. Numerous models describing the mechanisms for 

savanna persistence and character have been formulated in recent decades (Scholes & Archer 

1997; Sankaran et al. 2004); yet no single model can account for all observed patterns (House 

et al. 2003; Sankaran et al. 2004).  

 

The persistence of mesic savannas is hypothesised to be a product of disturbance and 

climate variability (Higgins et al. 2000; Sankaran et al. 2004; Sankaran et al. 2005; Gardner 

2006; Wiegand et al. 2006). At the local scale, fire regimes strongly mediate vegetation 

structure and biodiversity in mesic savannas (Higgins et al. 2000; Williams et al. 2002; 

Woinarski et al. 2004; Bond & Keeley 2005; Gardner 2006). High fire frequency and severity 

are generally associated with large declines in tree cover while promoting an increase in grass 

cover (Scholes & Archer 1997; Higgins et al. 2000; Chapter 2). Grazing by livestock and 

ungulates alters the spatial and temporal patterning of fire which in turn modifies the ratio of 
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tree and grass biomass by favouring the growth, survival and establishment of trees (Roques et 

al. 2001; Archibald et al. 2004; Werner et al. 2006).  

 

Eucalyptus tetrodonta-dominated savannas cover 25 % of Australian savanna biome 

(450,000 km2), making them the most extensive vegetation type in northern Australia, and 

accounting for ~ 3 % of savanna lands worldwide (Fox et al. 2001). Remote sensing data have 

demonstrated that savannas dominated by E. tetrodonta exhibit substantial (up to 40 %) 

temporal and spatial variation in woody cover over a geographically restricted rainfall gradient 

(1200 – 1600 mean annual rainfall) (Chapter 2). Intense fire caused large declines (up to 15 %) 

in tree biomass over as few as five years (Chapter 3), and fire exclusion promoted an increase 

in tree cover nearer a maximum predicted growth potential (Chapter 2). There was evidence of 

an interaction between inter-annual fluctuations in rainfall and fire patterns that produce 

change in tree cover over decades (Chapter 3) where wetter, and thus more productive climates 

had a higher probability of change (Chapter 2).  

 

Collectively, these patterns in Australian savannas suggest the existence of an upper 

physiological limit to savanna standing biomass (basal area) dictated by rainfall, but that 

variation in basal area is partially attributable to variation in fire intensity, season and 

frequency of burning, which in turn are influenced by grazing history and antecedent rainfall 

(Roques et al. 2001; Archibald et al. 2004; Chapter 3). This concords with previous work in 

African savannas demonstrating that soil properties, rainfall and disturbance (e.g., herbivory, 

fire) are important determinants of savanna tree cover at the continental scale (Sankaran et al. 

2005; Bucini & Hanan 2007). 

 

Here I analyse an extensive dataset compiled for E. tetrodonta-dominated savannas to 

examine how rainfall and fire patterns limit standing woody biomass. Specifically, I relate 
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basal area data from 1534 north Australian E. tetrodonta-dominated savanna plots to mean 

annual rainfall, and examine residual variation as a function of variation in fire regimes. I test 

the following hypotheses: (i) mean annual rainfall limits potential standing woody biomass, 

which I evaluate by examining the evidence for five functions (linear, logarithmic, quadratic, 

cubic and intercept-only) to describe the relationship of the upper percentiles of basal area with 

mean annual rainfall; (ii) total mean annual rainfall, distance from the coast and landscape 

region are important determinants of mean basal area across northern Australia savanna sites; 

(iii) the duration of a fire regime is important for determining temporal change in basal area, 

which I evaluate using a second dataset relating to change in basal area from 45 fire 

manipulation plots from two fire experiments spanning periods of 1-23 years; (iv) basal area-

rainfall relationships differ between Australian and African savannas given different floras, soil 

properties and the importance of large herbivores in the latter. 

 

Methods 

 About half of the Australia tropical zone is dominated by savanna (~ 2 million 

km2; Fig. 1). Across this region mean annual rainfall ranges from ~ 400 mm in central 

Australia to over 2000 mm in northern Cape York Peninsula. Within the 700 to 1700 mm 

rainfall range, the dominant species is Eucalyptus tetrodonta A. Cunn Ex. Schauer (Fox et al. 

2001). Rainfall is largely restricted to the austral summer months (December to March) with 

these areas receiving only 3 to 12 % of their total annual rainfall during the austral winter dry 

season (approximately April – November). Eucalyptus tetrodonta has an extensive range 

throughout the Australian monsoon tropics. Like most other eucalypts, the species 

produces lignotubers (structurally stem tissue rather than root tissue), while E. tetrodonta is 

the only species in the genus which is capable of clonal reproduction by the production of 

leafy shoots from the growth of buds in the roots (Brooker & Kleinig, 2004). Together 
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these traits confer a great capacity for resprouting post-fire. Recruitment via sexual 

reproduction is a rare event (Lacey & Whelan 1976). Soils supporting E. tetrodonta 

dominated savannas are ancient and highly weathered free-draining soils which remain aerated 

over the course of the wet season (McKenzie et al. 2004).  

 

 

Figure 1. (a) The geographic extent of Australian tropical savannas as mapped by Fox et al., (2001) and 
highlighted in dark grey. Highlighted in light grey are areas where Eucalyptus tetrodonta is potentially 
dominant or co-dominant based on mapping and validation by Fox et al., (2001). E. tetrodonta savannas 
cover ~ 450,000 km2 with a rainfall extent of ~ 700 – 1700 mm mean annual rainfall. North Australian 
mesic savannas are divided into six savanna regions (east-west): Cape York Peninsula, Gulf of 
Carpentaria, Central North, Tiwi Islands, Victoria River District (VRD) and the Kimberley. (b) Kakadu 
National Park, with the location highlighted of fire manipulation experiments (Kapalga and Munmalary). 
The Kapalga experiment ran from 1990 – 1995 and is discussed in detail in Appendix S1. The Munmalary 
experiment ran from 1973 – 1996 and is discussed in detail in Appendix S1. (c) Tropical savannas cover 
approximately 33 % of the Australian continental land surface. 

 

Although Sankaran et al. (2005) used per cent woody cover as the measure of savanna biomass 

in Africa, I considered that stand basal area (m2·ha-1) was a more appropriate correlate of 

savanna stand biomass because (1) it is less dependent on spatial scale and the method of 
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measurement (O'Grady et al. 2000; Chen et al. 2003), (2) it does not vary seasonally, (3) both 

basal area and biomass may continue to increase well beyond the point at which tree cover is 

saturated (100 %) and (4) it was more widely available for Australian savannas than % cover. 

Basal area and woody cover are closely correlated (quantified for a range of basal area values 

from 4 to 20 m2·ha-1; O'Grady et al. 2000; Chen et al. 2003; Chapter 2).  

 

Site Selection 

To ensure I sampled areas dominated by E. tetrodonta, we interrogated the 1:2 million 

scale savannas map for north Australia (Fox et al., 2001) using unpublished site 

descriptions accompanying the data. A site was included in the dataset if E. tetrodonta was 

at least the third greatest basal area of all tree species in a given sample. Sites included in 

this study were compiled from disparate published and unpublished sources; each study 

covered different Australian savanna bioregions, as described in Table 1. Each of these 

studies and survey methodologies are briefly outlined below:  

 

Datasets  

 I obtained stand basal area data (m2·ha-1) from 1534 E. tetrodonta-dominated plots 

across northern Australia. The dataset only includes sites for which basal area was sampled at a 

sufficient spatial scale (> 0.2 ha for plot measurements). Sites located in riparian areas, net 

water run-on areas, or seasonally inundated areas were excluded. Further, I excluded sites that 

had been cleared for other land uses (e.g. agriculture and pastoralism). Spatial variation in 

mean annual rainfall across northern Australia was estimated using ANUCLIM 5.1 (Houlder et 

al. 2003) due to the paucity of long-term climatic records for much of this region. I generated 

interpolated estimates of mean annual rainfall for each study site based on a spatial grain of 

0.025o. Distance from coast was generated using site latitudes and longitudes in a Geographic 

Information System (ArcMap v. 9.1).  
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A. The Biodiversity Unit of the Northern Territory Department of Natural Resources and 

the Environment systematically collects detailed flora and fauna information 

throughout the Northern Territory. Total tree basal area was determined (by a stem 

count) using a bitterlich wedge. Two or four sweeps were made over a 0.25 ha area and 

the average recorded. The identity of all trees present in the sweeps was recorded as 

part of the survey. A number of people conducted the surveys and so there is likely 

some degree of measurement error. We included data from 917 sites.  

B. Bushfires Northern Territory provided data from 104 fire monitoring sites located 

throughout Arnhem Land, Nitmiluk National Park, Litchfield National Park and the 

Gulf of Carpentaria. Data were collected as a complete plant inventory on sites > 0.2 

ha.  

C. Bowman et al. (2007) sampled 211 areas of E. tetrodonta dominated savanna across 

north-west Australia. Sites were included where E. tetrodonta comprised a minimum of 

50 % of the basal area. Total tree basal area was determined (by a stem count) using a 

bitterlich wedge. 

D. This study sampled 50 areas across Kakadu National Park where E. tetrodonta was a 

dominant species. Sites were a minimum of 0.5ha and a maximum of 1.3ha. Total tree 

basal area was determined by plant inventory recording DBH and plant species. 

E. Sharp & Bowman (2004) sampled 32 areas on Bradshaw Station in the Victoria River 

District, Northern Territory. Total tree basal area was determined by plant inventory 

recording DBH and plant species. 

F. The Western Australian Department of Environment and Conservation sampled 32 

sites in the Kimberley region. Sites were surveyed by plant inventory over a 0.5ha area. 
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Region 
Mean basal 

area (m2·ha-1)
Mean rainfall 

(mm) 

Rainfall 
gradient 

(mm) n 
Dominant land 

tenure(s) Data sources 
Central North, Northern 
Territory 9.36 1281 772-1576 908 

Indigenous, Pastoral, 
Conservation A, B, C, D 

Gulf of Carpentaria, 
Northern Territory 5.44 774 638-885 47 Pastoral, Conservation A, B, C  
Victoria River District, 
Northern Territory 6.71 966 715-1013 30 Military C, E 
Kimberley, Western 
Australia 7.00 986 722-1277 79 Indigenous  C, F 
Cape York Peninsula, 
Queensland 11.00 1378 982-1831 188 Pastoral, Conservation G 
Tiwi Islands, Northern 
Territory 11.62 1623 1423-1708 282 Indigenous A 

 
Table 1. Data divided according to six broad bioregions based on landscape setting, rainfall and vegetation characteristics. Included is information related to mean basal 
area, average mean annual rainfall, extent of rainfall gradient, dominant land tenure(s), and number of sites for which basal area data was acquired and the sources of those 
data.  
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G. Neldner (1993) sampled 188 areas across the Cape York Peninsula, North Queensland 

where E. tetrodonta was recorded as one of the three dominant species. Sites were 

surveyed by plant inventory. 

 

Statistical Analyses 

 All models were developed using the R Package (R Development Core Team 2007) 

and compared using multi-model inference based on estimates of Kullback-Leibler (K-L) 

information loss – Akaike’s Information Criterion corrected for small sample sizes (AICc; 

Burnham & Anderson 2002) and the dimension-consistent Bayesian Information Criterion 

(BIC) to rank and weight the models. These indices of model parsimony identify relative 

weight of evidence for model(s) from a set of candidate models using the relative likelihoods 

(Burnham & Anderson 2002). The weight (wi) of any particular model i varies from 0 (no 

support) to 1 (complete support) relative to the entire model set. However, the K-L prior used 

to justify AICc weighting can favour more complex models when samples sizes are large (Link 

& Barker 2006). As such, I considered BIC weighting to determine the contribution of the 

most important correlates of basal area, and AICc weighting to identify the most parsimonious 

models for maximising prediction accuracy (Burnham & Anderson 2004; Link & Barker 

2006).  

 

I examined the upper limits of basal area of E. tetrodonta-dominated savannas across the 

rainfall gradient as an index of physiological limits to stand biomass. I developed a set of a 

priori models describing the relationship between upper percentiles of basal area and rainfall 

gradient using the 97.5 percentile of basal area determined for 50-mm rainfall categories to 

segment the rainfall gradient (Table 1). Sensitivity analyses showed that neither the choice of 

the width of rainfall categories (Table 2) nor a particular upper percentile (Table 3) affected 

model rankings or conclusions substantially.  



 

 110

Percentile sensitivity analyses 

We used a two step approach to analyse the relationship between basal area and mean 

annual rainfall.  

1. To ensure statistically robust results, I conducted a sensitivity analysis to understand the 

effect of MAP categories and sample size. I tested MAP categories of (i) 50 mm (20 data), 

(ii) 25 mm (40 data), (iii) 75 mm (15 data) and (iv) 100 mm (10 data). I compared these 

categories using the 97.5 basal area percentiles using Linear, Logarithmic, Cubic and 

Quadratic functions (Table 2). (Note, I: excluded the cubic function from the sensitivity 

analysis as a three parameter function has no value in assessing only 10 – 15 data points 

due to potential overfitting of the data.)  Model selection consistently returned the 

logarithmic function as the most parsimonious; this function received between 0.60 and 

0.67 of the weight (Table 2). The logarithmic function consistently explained more than 70 

% of the deviance in the data (Table 2). We therefore selected the 50 mm MAP categories 

for the subsequent analyses. Further, the 50 mm MAP categories ensured that there were a 

substantial number of data points in each rainfall band for calculation of the percentile 

values.  This MAP categorisation also provided enough data points (n = 20) to 

meaningfully fit the cubic parameter function that we did not include in the sensitivity 

analysis. 

 

2.  Using the 50 mm MAP categories I calculated the 90, 95, 97.5 and 99 percentile of each 

of the 50 mm MAP categories. The relevant basal area percentile within each MAP 

category was estimated from a random sample of the data points. This step was repeated 10 

000 times using bootstrapping with replacement to yield a normally distributed data set in 

accordance with the central limit theorem. The mean percentile value of this new 

distribution for each rainfall category was then calculated. Using AICc I statistically 
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compared five a priori functions (Linear, Logarithmic, Quadratic Cubic and Null) to 

describe the relationship between 50 mm MAP categories (independent variable) and 90, 

95, 97.5 and 99 percentiles of the basal area (response variables) (Table 3). The a priori 

functions were linearised prior to implementation into the generalised linear models. 

Consistently, the logarithmic function was returned as the most parsimonious model (Table 

2 and 3) receiving ~ 50 % of the AICc weight. Further to this the logarithmic function 

explained between ~ 73 to 78 % of the deviance in the data of the percentile fits (Table 2). 

The linear and quadratic functions also received substantial support, both receiving ~ 20 

and 10 % of the weight respectively across the four percentile fits (Table 3). 

 

50 mm  LL k ΔAICc wi %DE 
Logarithmic -46.69 3 0.00 0.61 78.13 
Linear -47.42 3 1.47 0.29 76.46 
Quadratic -46.87 4 3.53 0.10 77.73 
Null -61.88 2 27.60 6.14 x 10-7 0.00 
100 mm           
Logarithmic -22.61 3 0.00 0.64 81.36 
Linear -23.28 3 1.34 0.33 78.68 
Quadratic -22.63 4 6.05 0.03 81.27 
Null -31.01 2 12.51 0.001 0.00 
75 mm           
Logarithmic -33.87 3 0.00 0.62 73.48 
Linear -34.64 3 1.53 0.29 76.23 
Quadratic -33.80 4 3.89 0.09 76.49 
Null -43.93 2 16.81 1.39 x 10-4 0.00 
25 mm           
Logarithmic -101.78 3 0.00 0.67 71.36 
Quadratic -101.83 4 2.57 0.19 71.30 
Linear -103.35 3 3.14 0.14 69.02 
Null -126.79 2 47.67 2.99 x 10-11 0.00 

 
Table 2. Delta AICc and wi for the sensitivity analysis of the candidate models used to assess the fit of 97.5 
percentile values of different width rainfall bands. ∆AICc showed the difference between the model AICc and 
the minimum AICc in the set of models. AICc weights (wi) are the relative likelihood of model i. The smaller 
the AICc, the larger the weight and the less plausible model i. The cubic function was excluded from the 
sensitivity analysis due to potential over fitting of the data where the 75 and 100 mm rainfall bands were 
assessed. 
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I then evaluated five generalised linear models (GLM) to describe the relationship: (1) 

linear – this would be most appropriate if basal area increased proportionately with mean 

annual rainfall; (2) logarithmic – alternatively, change in basal area may vary non-linearly with 

mean annual rainfall due to the changing influence of rainfall on basal area. Here, the 

importance of rainfall in determining basal area declines with increasing mean annual rainfall; 

(3) quadratic – basal area saturates when mean annual rainfall is high, after which other factors 

become limiting; (4) cubic – there is a minimum amount of soil water required for E. 

tetrodonta dominance, and near the dry limit of its distribution, increased rainfall expands its 

occurrence onto more marginal soils, offsetting basal area increases on the more suitable soils; 

and (5) the null model (intercept only), in which there is no relationship between basal area and 

mean annual rainfall.  

 

Second, I hypothesised that mean annual rainfall (a proxy for potential site productivity), 

distance from the coast (a proxy of vulnerability to cyclone damage) and region (to account for 

spatial dependence in the dataset) were important for determining the variance of basal area 

across northern Australia savanna sites. I divided savannas into six regions (Fig. 1) based on 

differences in land tenure and mean annual rainfall (Table 1 in Appendix). I used GLMs with 

the fixed effects of mean annual rainfall, distance from coast and region (and an identity link 

function) contrasted with BIC and AICc to evaluate the contribution of the hypothesised 

correlates to deviance in the log-transformed values of basal area.  

 

Comparison with Africa 

Finally, I compared the Australian dataset to one describing the general relationship for 

854 savanna sites in Africa (Sankaran et al. 2005). The latter dataset covered much more xeric 

habitats (200 – 1100 mm) than Australian savannas (700 – 1700 mm). To compare data from 

the two continents, I transformed the Australian data from basal area to per cent woody cover 
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using a linear transformation derived from Chapter 2 and used the same percentile (97.5) and 

rainfall band categories (50 mm). Extreme values of basal area (> 20 m2 ha-1) generated 

woody cover > 100 %; consequently I re-scaled the most extreme value (38 m2 ha-1) to 100 

% woody cover. I then used a GLM (with an identity link function) to evaluate which of the 

five aforementioned functions best described the relationship between woody cover and mean 

annual rainfall for each continent, and to compare the predictions for both. In this comparative 

analysis we also used 50 mm MAP categories; however we only used data from 200 – 

1100 mm due to the paucity of data in the 1100 – 1200 mm rainfall band from Africa.  

 

Fire manipulation experiments 

Analyses of the relationship between fire frequency and season and basal area were 

based on data from 45 plots in two broad-scale fire manipulation experiments, both of which 

were located in Kakadu National Park (Fig. 1b). These studies documented change in basal 

area attributable to fire treatments as opposed to rainfall and site conditions, and spanned five 

to 23 years of treatments.  

Data from two long-term fire experiments were used: 

• The Kapalga fire experiment is described in detail in Andersen et al. (2003). This 

experiment ran from 1991-1995 in Kakadu National Park and catchments were 

manipulated to annually receive (i) early dry season fires (prior June 30); (ii) late dry 

season fires; (iii) no fire. Basal area was recorded on an annual basis, via plant 

inventory. Here we have used data from treatments i – iii for 18 locations in Kapalga. 

We calculated the rate of change as being that from initial (1991) to final (1995) 

measurements. The exception was for one area that was fire excluded for four years 

(1991-1994), but burnt by an unplanned late dry season fire in 1995. 
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• The Munmalary fire experiment is described in detail in Russell-Smith et al. (2003a). 

The Munmalary experiment was carried out from 1973 – 1996 in Kakadu National 

Park. We used 45 measurements of basal area change over time from 26 sites for time 

periods spanning 5 – 23 years for (i) annual early dry season fires; (ii) annual late dry 

season fires or (iii) fire exclusion. 

 

Fire history data at an appropriate spatial and temporal scale was unavailable for the 

majority of sites, so I examined the importance of fire using two experimental datasets. Here, I 

was interested in understanding (a) the change in basal area in relation to fire treatment (Table 

5), and (b) the importance of duration of fire treatment in explaining change in basal area 

(Table 5). I used 65 measurements of basal area change for periods of 1 to 23 years. Of these 

65 measurements, 21 were of change during fire exclusion, 22 related to annual late dry season 

fires, and 21 related to annual early dry season fires. I analysed the effect of fire where the 

global model was: basal area final ~ basal area initial + fire treatment using a GLM (with an 

identity link function). I then analysed the effect of time on change in basal area in three 

separate analyses using GLMs (with an identity link function) in which the global model was: 

basal area final ~ basal area initial + years of fire treatment. 

 

Results 

Basal area ranged from 1 to 38 m2·ha-1 and tended to increase with increasing mean 

annual rainfall (Fig. 2a), but there was considerable variation and evidence of an upper bound. 

Maximum basal area increased steeply with rainfall up to ~ 1100 mm and thereafter increased 

with rainfall at a reduced rate (Fig. 2a). Model rankings consistently indicated highest support 

for the logarithmic fit to the 97.5 percentile (wi = 0.54; Table 1; see also Supplementary 
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Material for percentile and rainfall band width sensitivity analysis results), which explained 

over 77 % of the bound’s deviance.  

 

Australia - basal area upper percentiles 
99 percentile LL k BIC BIC wi AICc  AICc wi DE (%) 
Logarithmic -53.07 3 115.13 0.49 113.65 0.51 73.28 
Linear -53.5 3 115.99 0.32 114.5 0.33 72.11 
Quadratic -53.21 4 118.4 0.10 117.08 0.09 72.92 
Cubic -51.77 5 118.51 0.09 117.82 0.06 76.55 
Null -66.27 2 138.53 4.08 x 10-6 137.25 3.84 x 10-6 0.00 
95 percentile               
Logarithmic -45.11 3 99.22 0.52 97.73 0.56 74.77 
Linear -46.07 3 101.13 0.20 99.64 0.21 72.24 
Cubic -43.26 5 101.49 0.17 100.8 0.12 79.05 
Quadratic -45.13 4 102.25 0.11 100.93 0.11 74.73 
Null -58.89 2 123.77 2.42 x 10-6 122.48 2.34 x 10-6 0.00 
90 percentile               
Logarithmic -40.94 3 90.86 0.46 89.38 0.51 74.54 
Cubic -38.47 5 91.91 0.27 91.22 0.20 80.11 
Quadratic -40.55 4 93.08 0.15 91.76 0.15 75.51 
Linear -42.27 3 93.53 0.12 92.04 0.13 70.90 
Null -54.62 2 115.22 2.35 x 10-6 113.94 2.36 x 10-6 0.00 

 

Table 3. Results of multi-model inference of the model fits of the 90, 95, and 99 percentiles for the 
Australian basal area data. ΔAICc and wi for the five candidate models used to assess the fit of percentile 
values. ∆AICc showed the difference between the model AICc and the minimum AICc in the set of models. 
AICc weights (wi) are the relative likelihood of model i. The smaller the AICc, the larger the weight and the 
less plausible model i 
 

The relationship between mean basal area mean annual rainfall accounted for only 5 % 

of the deviance in basal area overall, while distance from coast accounted for less than 1 %. 

These results reflect the large discrepancy between the mean basal area and the potential basal 

area across the rainfall gradient. Alternately, the GLM between mean basal area and region 

accounted for ~ 9 % of the deviance and received 0.99 of the relative model weight according 

to BIC (Table 2). In contrast, three models incorporating all three fixed effects received > 0.99 

of the information-theoretic weight (Table 4). 
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Figure 2. (a) Change in basal area as a function of rainfall. Data are from 1534 sites across six savanna 
regions (○) Tiwi islands, Northern Territory; (●) Central North, Northern Territory; (▼) Victoria River 
District, Northern Territory; (◊) Kimberley, Western Australia; (□) Gulf, Northern Territory and (∆) Cape 
York, Queensland. (b) Logarithmic fits of the 99, 97.5, 95 and 90 percentiles and the mean are shown for 
basal area as a function of mean annual rainfall (c) Relative change in basal area as a function of time 
according to fire exclusion (n = 22), annual early dry season fire (n = 21) and annual late dry season fire (n 
= 22). Data are from 45 locations for 65 time intervals. (d) Comparison of Australian (E. tetrodonta-
dominated) and African savannas. Australian basal area data was re-scaled to woody cover (%). Woody 
cover (%) data for Africa were obtained from Sankaran et al. (2005). Logarithmic fits of the 97.5 
percentiles are shown for each continent.  
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Model LL k ∆BIC wBIC ∆AICc wAICc %DE 
REG -1117.18 7 0.00 0.99 2.93 0.15 9.38 
MAR + DTC + REG -1114.88 9 10.06 6.48 × 10-3 2.36 0.20 9.66 
MAR * DTC + REG -1112.68 10 13.00 1.49× 10-3 0.00 0.65 9.92 
MAR + DTC -1146.34 4 36.32 1.29× 10-8 55.20 6.70× 10-13 5.87 
MAR -1150.45 3 37.20 8.30× 10-9 61.40 3. × 10-14 5.36 
DTC -1186.00 3 108.31 3.00× 10-24 132.51 1.09× 10-29 0.86 
Null -1192.61 2 114.20 1.58× 10-25 143.73 4.00× 10-32 0.00 

 
Table 4. The seven generalised linear models investigating the correlates of plot basal area (n = 1534 pots ) 
according to Bayesian Information Criterion (BIC) and Akaike’s Information Criterion corrected from small 
sample sizes (AICc). The most highly ranked (by BIC) model accounted for 0.99 of the relative weight 
(wBIC) of the seven models considered. Terms shown are REG = region, MAR = mean annual rainfall and 
DTC = distance to coast. Also shown are the number of parameters (k), maximum log-likelihood (LL), the 
difference in BIC and AICc for each model from the most parsimonious model (∆BIC and ∆AICc), AICc 
weight (wAICc)and the per cent deviance explained (% DE) in the response variable as a measure of 
goodness-of-fit. 

 

Fire treatment explained ~ 15 % of the deviance in basal area in the two experimental 

datasets (Table 5). Late dry season fires had a strong negative effect on basal area, early dry 

season fires had little effect, and fire exclusion had a strong positive effect (Fig. 2b). There was 

a strong positive influence of time since fire on basal area (deviance explained, DE ≈ 15 %; 

Table 5). There was a negative relationship between duration of late dry season fire treatment 

and basal area change, although individual late dry season fire events could have nearly as 

large an influence on biomass as frequent sequential events (Fig 2c; Table 5). There was little 

relationship between duration of early dry season fire treatment and basal area change. 

Collectively, these relationships predict that after 25 years of fire or fire exclusion, sites could 

experience a relative change in basal area of ± 50 % (Fig 2c).  
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Model LL k ∆BIC wBIC ∆AICc wAICc %DE 
(a) Fire treatment               
Initial + treatment  -136.80 4 0.00 1.00 0.00 1.00 73.69 
Initial -149.12 3 20.46 3.60× 10-5 22.36 1.39× 10-5 61.33 
Null -179.52 2 77.10 1.81× 10-17 80.97 2.61× 10-18 0.00 
(b) Treatment duration               
Fire exclusion        
Initial + Year -44.92 4 0.00 0.98 0.00 0.98 80.56 
Initial -50.46 3 8.03 0.02 7.99 0.02 67.06 
Null -62.12 2 28.31 7.01× 10-7 28.56 6.17× 10-7 0.00 
Early dry season fire        
Initial -35.50 3 0.00 0.59 0.00 0.58 80.57 
Initial + Year -34.34 4 0.71 0.41 0.68 0.42 82.62 
Null -52.71 2 31.36 9.10× 10-8 31.70 7.63× 10-8 0.00 
Late dry season fire        
Initial -43.87 3 0.00 0.72 0.00 0.72 69.30 
Initial + Year -43.25 4 1.85 0.28 1.85 0.28 70.99 

 

Table 5. (a) Comparison of three generalised linear models constructed to assess the correlates of basal 
area related to initial basal area and fire treatment according to Bayesian Information Criterion (BIC) and 
Akaike’s Information Criterion corrected from small sample sizes (AICc). The three fire treatments were (i) 
fire exclusion (ii) annual early dry season fire and (iii) annual late dry season fire. (b) Comparison of three 
generalised linear models constructed to assess the correlates of basal area related to initial basal area and 
time for each of the three fire treatments. Also shown are the number of parameters (k), maximum log-
likelihood (LL), the difference in BIC and AICc for each model from the most parsimonious model (∆BIC 
and ∆AICc), AICc weight (wAICc)and the per cent deviance explained (% DE) in the response variable as a 
measure of goodness-of-fit. 

 

The analysis of woody cover and rainfall relationship for African savannas also 

strongly supported the logarithmic upper bound model (wAICc = 0.64; %DE = 65 %; 

Table 6), which was congruent with the general form of the relationship found for the 

Australian dataset (albeit covering a different rainfall range). At a given rainfall, woody 

cover was consistently higher in the African than Australian savannas, although the 

difference between the two continents was smaller towards the mesic end of the rainfall 

gradient (Fig. 2d).   
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Australia – basal area and woody cover: 97.5 percentile 

Model LL k ∆BIC wBIC ∆AICc  wAICc %DE 
Logarithmic -47.44 3 0.00 0.52 0.00 0.55 76.88 
Linear -48.24 3 1.58 0.24 1.58 0.25 74.97 
Cubic -45.76 5 2.62 0.14 3.42 0.10 80.46 
Quadratic -47.59 4 3.27 0.10 3.45 0.10 76.55 
Null -62.09 2 26.29 1.02E-06 26.49 9.74E-07 0.00 
Africa - woody cover: 97.5 percentile 

Model LL k ∆BIC wBIC ∆AICc  wAICc %DE 
Logarithmic -61.54 3 0.00 0.56 0.00 0.60 64.93 
Quadratic -60.75 4 1.33 0.29 1.6 0.27 67.85 
Linear -63.44 3 3.81 0.08 3.81 0.09 56.67 
Cubic -60.73 5 4.17 0.07 5.18 0.04 67.93 
Null -70.97 2 15.97 0.00019 16.07 0.000194 0.00 

 
Table 6. Five models fit to the 97.5 percentile of basal area to assess the relationship between basal area 
and mean annual rainfall in Eucalyptus tetrodonta-dominated savannas in Australia according to Bayesian 
Information Criterion (BIC) and Akaike’s Information Criterion corrected from small sample sizes (AICc). 
Also shown are the same functions fit to the 97.5 percentile of woody cover (%) and mean annual rainfall 
in African savannas. The number of parameters (k), maximum log-likelihood (LL), the difference in BIC 
and AICc for each model from the most parsimonious model (∆BIC and ∆AICc), AICc weight (wAICc)and 
the per cent deviance explained (% DE) in the response variable as a measure of goodness-of-fit are shown. 

 

Discussion 

 There have been various hypotheses set forth to explain the physiological limit of 

African savannas derived from water limitation via rainfall (Sankaran et al. 2005; Bucini & 

Hanan 2007), with the suggestion of rainfall thresholds above which increased rainfall ceases 

to have important effects and disturbance regimes become the dominant drivers of variance in 

biomass. I found evidence for a non-linear increase toward asymptotic biomass production in 

both Australian mesic and more xeric African savannas by using a multi-model inferential 

technique applied to the upper limit of the biomass-rainfall relationship. This result generally 

supports the idea that role of rainfall changes in its importance and form in determining (a) the 

upper bound of savanna biomass and (b) the savanna dynamic in the more mesic savanna 

regions (Sankaran et al. 2005; Bucini & Hanan 2007; Chapter 2). Although mean annual 

rainfall sets a limit on maximum basal area in these savannas, this is rarely achieved, 

presumably due to the constraints of fire and climatic disturbances such as cyclones. The 
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reduced slope in the more mesic regions may be due to increases in productivity that promote 

coincident increases in susceptibility to fire that reduce the potential savanna biomass in wetter 

areas (Scanlon et al. 2005; Spessa et al. 2005; Felderhof and Gillieson 2006; Chapter 2).  

 

These results are important for understanding general savanna dynamics because this 

study of E. tetrodonta dominated savannas controls for two potentially confounding variables: 

(1) different biomass-rainfall relationships (in terms of both form and strength) for systems 

dominated by different tree species, and (2) extreme variation in soils among sites. Soil 

properties affect both water-holding capacity and available nutrients (Williams et al.1996; 

Sankaran et al. 2005), as well as grass biomass and therefore fire regimes (Scanlon et al. 

2005). The choice of a single type of savanna, and the associated constraint on soil type 

(McKenzie et al. 2004), reduces variance and simplifies interpretation of the trends observed. 

However, I expect that a proportion of the residual variation in the data can be attributed to 

somewhat different measurement protocols adopted by different agencies responsible for data 

collection over such vast areas. By contrast, the African dataset was based on savannas 

dominated by different species covering a range of soil types, and is therefore likely to also 

contain unexplained variance. 

 

Mean annual rainfall was a good predictor of potential basal area, but not of mean basal 

area (Figure 2b). Analyses of fire manipulation experiments attest to the importance of fire as a 

regulator of mesic savanna biomass (Table 5). Thus, an understanding of secondary drivers of 

savanna dynamics and structure, such as fire regimes and climate variability, can provide more 

predictive capacity in these systems (Wiegand et al. 2006; Chapter 2; Chapter 3). There is little 

topographic relief across much of north Australia, so similar ecological processes operate over 

broad spatial scales (Woinarski et al. 2005). Landscape patchiness apparent in Figure 2a is 

partially a product of longer-term fire and climate histories. Without frequent or intense 



 

 121

disturbance, some areas of mesic savanna would convert to tropical dry forest, as has been 

shown in areas where fire has been excluded (Bowman 2000; Woinarksi et al. 2004); 

simulations using dynamic global vegetation models have simulated closed forest in the 

absence of fire (Bond et al. 2005) and continental patterns of species richness and turnover 

(Woinarski et al. 2005; Bowman 1996). Collectively, these observations are consistent with 

site-specific attributes that generate patchiness beyond that resulting from rainfall and soil 

type. Fire and climate variability therefore reduce basal area below the potential predicted by 

mean annual rainfall (Chapter 2; Bond et al. 2005; Bucini & Hanan 2007).  

 

Cyclones are a pervasive climatic perturbation of northern Australia and major agents of 

landscape change (Wilson & Bowman 1994). Depending on intensity, damage from cyclones 

can result in large losses of woody biomass. Hence, cyclones generate regional and landscape 

patchiness in savanna biomass and serve to maintain savanna biomass below a climatic 

potential, particularly in coastal areas. However, I found little evidence for an effect of distance 

from coast in explaining residual variability in basal area (< 1 %). This is likely a product of 

the expanding niche of E. tetrodonta-dominated savannas with increased mean annual rainfall, 

and the simultaneous increases in biomass variability and the large return time between major 

storms so that at any time only landscape scale areas are impacted (Wilson & Bowman 1994). 

Of the 1534 plots assessed, 1100 were within 100 kilometres of the coast and therefore in areas 

susceptible to cyclone damage.  

 

The overriding importance of region, (indicated by this model receiving 0.99 of BIC 

weight) which subsumed effects of both rainfall and distance to coast, is likely reflective of 

differences in livestock densities and resultant fire regimes that change stand dynamics 

independently of rainfall (Table 1). Each region has a unique economic and cultural history 
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and thus management practices that are not independent of the rainfall gradient (See Table 1 in 

Appendix).  

 

Increases in savanna woody biomass (a deviation from a current state) occur because 

disturbance conditions at a local site become (temporarily) abated, such as during average 

rainfall and weather conditions (Bucini & Hanan 2007; Chapter 3) or when fire is infrequent 

(Table 5) and particularly when recovering from previous loss of biomass (Chapter 2). 

Substantial increases in basal area when the right conditions exist (Table 5) demonstrated the 

tendency for sites to move towards a climatic potential (Fig 2c). This dynamic has been 

observed in numerous local studies based around time-series analyses in semi-arid and mesic 

Australian (Sharp and Bowman 2004; Fensham et al. 2005) and African savannas (Roques et 

al. 2001; Wiegand et al. 2006). An “average” disturbance regime, for example over a period of 

decades, may show biomass remaining near a relatively constant mean value.  

 

The reasons for the difference between the Australian and African continents in the 

amount of tree cover for a given mean annual rainfall are intriguing but unclear. There is 

evidence that rainfall in Australian savannas is more variable and soils are less fertile than in 

savannas elsewhere (Bowman & Prior 2005). In addition, E. tetrodonta is evergreen, so that 

tree cover in these savannas would be more seasonally stable than in the largely deciduous 

African savannas. Thus the differences I report may be smaller between the two continents if 

woody cover is based on seasonally weighted leaf area, rather than peak leaf area. More 

insightful comparisons require directly comparable soil, vegetation and climatic data for the 

two continents. Yet, beyond fundamental functional plant differences, there exist large 

differences in the relative importance of grazing and browsing mammal fauna influencing fire 

regimes and, in turn, savanna structure (Scholes & Archer 1997).  
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E. tetrodonta-dominated systems occupy a large portion of the Australian continent 

and so the dynamics and management of these areas is highly relevant to Australia’s 

biodiversity maintenance and carbon balance. Indeed, patch dynamics and the importance 

of fire and climate variability likely extend the range of E. tetrodonta systems. Recent 

increases in rainfall (www.bom.gov.au), observations of a ~ 5 % increase in savanna tree 

cover between 1964 and 2004 across Kakadu National Park (Chapter 2) and expansion of 

north Australian rainforest patches (Bowman & Brook 2006), suggest that this region may 

already be affected by global climatic change. Priority should be given to developing 

better, empirically supported predictive models of savanna dynamics at continental and 

global scales, for which research needs to incorporate detailed comparisons of soils, 

distribution of rainfall and fire regimes that have shaped the evolution of plant phylogenies 

of these dynamic and important regions of the Earth. 
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Summary 

 

Understanding how and why tropical savanna biomass changes in space and time remains 

rudimentary, with long-standing debate about the role of landscape fire and herbivory, and 

consequent uncertainty about the effects of climate change in these geographically 

extensive ecosystems. The vast, uncleared Eucalyptus tetrodonta-dominated savannas in 

northern Australia are a model system to analyse climatic limits to standing biomass (basal 

area) and its variance across a continental-scale rainfall gradient (from ca. 700-1700 mm 

annual rainfall). Covering ~ 450,000 km2 of the Australian continent, E. tetrodonta 

savannas constitute ~ 3 % of global savanna lands. E. tetrodonta occurs on infertile, free-

draining soils, typically derived from iron or aluminium-rich Tertiary laterites. I compiled 

data on basal area of these mesic savannas for 1534 sites across northern Australia. Linear 

models using rainfall explain 77 % of the deviance in the 97.5 percentile of basal area 

(proxy for the potential upper boundary of the ecosystem). However, rainfall explained 

only 5 % of the variance in total basal area, suggesting that disturbances such as fire have 

an important influence in modifying this relationship. To quantify the capacity of fire to 

change basal area, I compiled basal area data for 45 sites from two landscape fire 

manipulation experiments. I show that over 25 years, basal area can change by ± 50 % 

under a variety of fire regimes. In the absence of fire there was an upward trend in basal 

area towards the climatic potential. I then compared the relationship between maximum 

tree cover and mean annual rainfall for Australian E. tetrodonta- dominated and African 

savannas. For a given rainfall, tree cover was substantially lower in Australian savannas 

than in African savannas, yet converged in cover towards the more mesic end of the 

rainfall gradient. 
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Thesis Conclusions 
 

Tropical savannas occur throughout Africa, South-East Asia, South America 

and northern Australia in environments that show extreme annual variation in rainfall 

and productivity. Despite high degrees of similarity in vegetation structure over vast 

areas of tropical savanna these areas are heterogeneous environments, reflected in the 

degree of local variation in plant biomass (Chapters 2-5), the tree-grass ratio 

(Chapters 2-5), species richness and patterns of species turnover (Woinarski et al., 

2007). Examining the environmental controls of savanna heterogeneity is intriguing 

and complicated because these environments experience frequent disturbance, such as 

climate variability, extreme weather events, fire and herbivory (Woinarski et al., 

2007). In Australia monsoonal systems, fire is a particularly pervasive feature due to 

the intense seasonality of rainfall and, its frequency increases with increasing mean 

annual rainfall, as does the role of fire in driving declines in tree biomass away from a 

climate determined potential (Chapters 2-5). With few large grazers in Australia, in 

comparison to Africa savannas, the role of large mammal herbivory is largely 

restricted to that of introduced livestock and feral grazing mammals (Chapter 3).  

 

The aim of this study was to examine the environmental controls underpinning 

vegetation dynamics of Australian mesic savannas. In essence, this thesis used four 

different approaches to the same question (Table 1): What determines the spatial 

patterns of biomass in a mesic eucalypt dominated savanna? I focussed on the 

savanna environment in north Australia dominated by Eucalyptus tetrodonta, with the 

majority of work based in the Kakadu National Park (KNP) World Heritage Area. The 

restriction of the study to E. tetrodonta-dominated savannas, which occur over a 

specific range of soil conditions, enabled the focus of the study to rest with the role of 



 

 127

mean annual rainfall, inter-annual rainfall variability, fire regimes, herbivory and 

resource limitation (tree-tree competition) on savanna dynamics. In recognition of the 

fact that scale plays a fundamental role in understanding savanna dynamics I used this 

thesis to ask the same question but at varying spatial and temporal scales from sub-

continental to the level of individual trees (Table 1).  

 

In Chapter 1 I briefly reviewed the relevant savanna literature. I felt that in 

order to comprehensively understand savanna dynamics, a study of this nature must 

be contextualised via a discussion of the evolution of the modern Australian savanna 

biome and how this was likely driven by the strengthening of the Asian monsoon 

system about eight million years ago. 

 

In Chapter 2 I examined local versus regional change in tree cover over 40 

years as a product of site histories, fire regimes, mean annual rainfall and the 

interaction between rainfall and fire (Table 1). These results implied that tree cover 1) 

was highly spatially and temporally variable and 2) oscillated dependent upon fire 

histories, climate and geographic position on the rainfall gradient.  

 

In Chapter 3 I examined the role of herbivory, inter-annual rainfall variability 

and season of fire on fluctuations in tree cover over 40 years (Table 1). All factors 

played important roles in modifying tree cover. 

 

In Chapter 4 I examined the existence and extent of a fire determined 

demographic bottleneck in four dominant tree species across KNP (Table 1). There 



 

 128

was an inter-play between fire regimes, stem size, species resilience and growth rates 

with tree-tree competition determining recruitment of sapling canopy trees. 

 

In Chapter 5 I examined the role of rainfall and fire in determining spatial 

patterns of savanna biomass across the Australian continent (Table 1). Rainfall 

strongly determined the upper boundary of the data but not the mean. This implied 

that disturbance plays an important role in explaining the residual deviance of the 

continental patterns of savanna biomass.    

 

In each chapter I considered the findings within an ecological and 

evolutionary context (Table 1). In sum I have shown a that while a given trajectory of 

tree biomass may be observed at one spatial scale, an alternate trajectory may be 

evident at an alternative scale implying variance in the role of environmental controls 

(Table 1) This finding highlights the inadequacy of small scale studies in examining 

heterogeneous savanna environments. In this chapter I will synthesise these to 

describe the importance of a consideration of scale and what this means for 

understanding savanna dynamics, theories of savanna tree and grass coexistence.  

 

Overall the patterns described here, in Australian eucalypt dominated 

savannas, are of remarkable stability (Chapters 2 and 4) in comparison to those of 

well described semi-arid African savanna systems where dramatic change in tree 

cover and biomass has been documented relative to fire and herbivory (Roques et al., 

2001; Archibald et al., 2004; Higgins et al., 2007). There is, unfortunately, little data 

available on landscape change in South American savannas, and little idea of the 

limitations placed by environmental controls on tree biomass in these systems(San 



 

 129

José & Montes, 2007). Comparisons between savanna systems is an important avenue 

for future research as it is only via comparative work insight will be gained in 

understanding 1) the physiological limits of savannas and 2) the environmental 

controls of heterogeneity, all of which is important information for management. 

 

To develop comprehensive understanding of savanna dynamics the spatio-

temporal scale of observed trajectories of savanna biomass and the factors that 

influence these patterns needs to be explicitly considered (Levin 2000; Gillson 2004; 

Wu and David 2002). Without explicit spatio-temporal sampling design the modular 

and hierarchical organisation of savanna ecosystems is likely to be missed. 

Relationships between factors within a system can be influenced and overshadowed 

by factors operating at other scales and inferences drawn will likely vary according to 

the scale of investigation (Wu and David 2002; Beerling and Osborne 2006). Thus, 

inferences drawn about savanna ecosystems from studies that examine only one scale 

are limited and, patterns described in these savanna systems will be a product of the 

scale of sampling design.  
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Scale Key findings Strengths Limitations 
 
Sub-
continental 
1000's km           
Chapter 5 

1. Potential savanna tree biomass is 
bounded by MAR                                          
2. Basal area rarely reaches potential            
3. Evidence for importance of disturbance 
in determining spatial patterns of savanna 
tree biomass 

1. Study covered full range of Eucalyptus 
tetrodonta                                                 
2. Represented a diverse range of site 
histories                                                      
3. Used experimental data to indicate 
importance of disturbance 

1. Measured only one time                       
2. Detailed sites histories are unknown        
3. Varying methodologies used in the 
data collection 

 
Regional           
100's km         
Chapter 2 

1. Tree cover and the dynamic of cover 
was positively related to MAR                     
2. Frequent fire had a negative impact on 
tree cover                                                      
3. Tree cover was highly spatially and 
temporally variable  

1. Study used a spatially and temporally 
explicit framework                                       
2. Incorporated validation of remotely 
sensed data                                                    
3. Represented a diverse range of fire 
histories 

1. Limited ability to account for the effect 
of feral livestock                                           
2. Detailed fire histories were not 
available prior 1984                                      
3. Detailed rainfall information not 
available 

 
Landscape         
10's km             
Chapter 3 

1. Inter-annual variation in rainfall had a 
large impact on tree cover                          
2. Frequent intense fire caused large 
declines in biomass                                    
3. Grazing by feral livestock promoted an 
increase in tree cover 

1. Based on validation and comparison 
with experimental results from the same 
area                                                            
2. Incorporated replication of control and 
experimental treatments in analyses             
3. Used data from four time periods    

1. Aerial photography not available for 
time at the immediate end of the Kapalga 
fire experiment.                                            
2. Representative of only one landscape      
3. Detailed fire histories were not 
available prior 1984 

 
Local               
Trees within 
stands   
Chapter 4 

1. Evidence for a recruitment bottleneck    
2. Recruitment was episodic, but varied 
widely among stands and among species    
3. Effect of fire on sapling recruitment 
was not density independent       

1. Study covered a broad range of fire 
histories                                                    
2. Study assessed more than one species      
3. Incorporated analyses of variation in 
stand demography 

1. Based on a correlative dataset                  
2. Covers only one time period                    
3. Specific information about fire 
intensities at sites unavailable 

 

Figure 1. A summary of the key findings, strengths and limitations of the four studies conducted at the sub-continental, regional, landscape and 
local scales that comprise this thesis.  Note MAR = mean annual rainfal
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Savanna tree and grass co-existence 

Tropical savannas are unique among world biomes in the frequency and importance 

of fire. Savanna fires generally only burn the herbaceous layer, consuming grass biomass 

and killing young trees, but not adult trees (Bond 2008; Hoffmann et al. 2009). Through 

consuming plant biomass, altering growth, survival and tree-grass competition, fire exerts a 

strong control over vegetation structure (Chapter 4). Hence, grasses can exert direct effects 

via competition with juvenile trees (although this is only inferred in Australian savannas; 

not directly quantified), and important indirect effects via fire intensity and extent top-

killing juvenile trees. It is for these reasons theories of savanna persistence focus on the 

balance between trees and C4 grasses. Limited recruitment of disturbance tolerant trees 

(whether the disturbance is browsing, fire or drought) to the savanna tree canopy 

determines a tree-grass ratio and hence coexistence. While the prevention of the 

recruitment of disturbance sensitive tree species (again whether the disturbance is 

browsing, fire or drought) that generally have dense canopies, and hence the capacity to 

exclude light sensitive C4 grasses, ensures savanna persistence (Bond 2008). The lack of 

clarity over the mechanisms determining the recruitment of disturbance tolerant trees is the 

centre of debate in theories of tree-grass coexistence. 

 

This debate has resulted in a polarised set of models that ultimately need not be 

exclusive of one another. Generally, theories of tree and grass co-existence fall in two 

camps, those based around competitive co-existence and disturbance dependent co-

existence. No single theory of persistence proposed over the past decades can account for 

all patterns observed, and hence the division. There are a substantial number of excellent 

reviews of these models, and as such they will not be reviewed again here (House et al. 
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2003; Sankaran et al. 2004) and have been discussed in one form or another in each 

chapter of this thesis.  

 

Suffice that models based on empirical data from a limited number of study sites 

are unlikely to be transferable to other savanna regions; rather, process based models may 

be more useful (Bond et al. 2005). Further, interpretations of these theories are generally 

considered in a scale-free environment or at only one scale, hence these models do not 

adequately capture the patterns in savanna biomass where there is a high degree of 

heterogeneity (Gillson 2004; Wiegand et al. 2006). Indeed, the existence of competing 

theories of savanna tree - grass coexistence partly reflects that most models have been 

developed by considering only local scale temporal trends.  

 

What is the way forward? 

It seems quantitatively sensible to suggest a savanna tree - grass ratio is an 

emergent property of the interaction of a complex of environmental controls operating at 

varying spatial and temporal scales (Scholes & Archer 1997; Gillson 2004; Wiegand et al., 

2006), where the relative influence of an environmental control varies as a function of 

another in determining the tree – grass balance. This framework can be achieved with 

complex systems analysis (Wu & David 2002; McMahon & Diez 2007), but requires 

explicit incorporation of the scale of influence of each environmental control. Inevitably, 

such a data intensive understanding can not come from one study or set of data, but must 

work to integrate data that covers the range of each environmental control. For example, 

this necessitates incorporating information covering the breadth of mean annual rainfall, 

rainfall seasonality, temperature and fire frequency and extent, and how these variables 

inter-relate. This approach has numerous benefits: 1) this can account for the high 
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variability in savanna biomass evident at varying spatio-temporal scales across Australia 

(this thesis) and Africa (Sankaran et al. 2004; Bond et al. 2005; Higgins et al. 2007). 2) A 

quantitative understanding of the environmental controls and their interactions in 

determining savanna structure can allow for the development of a predictive capability of 

tree: grass biomass ratios across all savanna environments relative to the allometries of the 

tree and grass species of each region. 3) Acknowledges that the relative importance of 

stochastic processes may vary in time and space and across different savanna systems but 

emphasises that the mechanisms involved in driving change are similar. For example, it is 

clear semi-arid and mesic savannas are fundamentally different, attributable to inter-

relationships between climate (drought and rainfall), fire, and grass biomass differentially 

affecting tree demographics (Sankaran et al. 2004); and, 4) Integrates competitive and 

stochastic processes while not denying the importance of either suite of processes in 

influencing savanna dynamics (Sankaran et al. 2004).  

 

From this thesis and hypotheses of savanna evolution it is clear there is spatial and 

temporal scaling of factors driving patterns of savanna biomass (Beerling & Osborne 

2006). An example from this work is resource limitation (e.g. water); at the local scale 

water limitation is mediated by inter-annual variation in rainfall and affects juvenile and 

adult tree growth. Such climatic variation also affects fire extent and intensity that in turn 

influences juvenile trees via the probability of top-kill and adult tree growth. Thus, it is 

important that examinations of water limitation or climatic variability account for both 

direct and indirect effects on trees and grasses. Hence, examining a limited number of sites 

and site histories, may provide alternate pictures of: 1) the physiological limits to the 

system and, 2) the mean and variance of tree and grass biomass. Local and landscape 

stochastic processes are vitally important in determining observed patterns of biomass 
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(Table 1), but if such studies are not placed within the regional perspective (for example, 

rainfall-fire interactions), it is impossible to gauge the true impact of environmental 

controls in determining the physiological limits, mean and variance in savanna biomass 

through space and time.   
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Figure 1. Interrelationships among climate, vegetation and disturbances in tropical savannas. Only 
postulated main effects are shown. Arrows show expected direction and sign of effect, with symbols showing 
– negative and + positive effects. Grass biomass may compete for soil moisture with juvenile trees (J), but 
adult trees (A) reduce resources for grass growth. Fire has negative effects on J, but may also reduce long-
term survival of A negatively affecting tree biomass.  Numbers 1 – 5 reflect the chapters of this thesis where 
the importance of these environmental controls in Australian savannas were either discussed or assessed.  
 

The above encompasses my understanding of Australian savanna systems and how 

theory and the patterns I have observed and analysed can be usefully integrated. Figure 1 

outlines my understanding of these inter-relationships and the sign and direction of each 

environmental control affecting tree and grass biomass in savannas. Importantly, I do not 

assume that effects of environmental controls on juvenile and adult trees are identical. 

Further, the scale of influence of environmental controls varies and this is listed on the 

right hand side of Figure 1. The scale of influence incorporates local, landscape, regional 
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and global controls. For example fire, browsing and grazing are considered to primarily act 

at local and landscape scales due to the stochastic nature of fire and herbivore populations. 

In turn, these local scale controls are driven by regional and global scale controls such as 

temperature and CO2 vectored via direct changes to tree and grass biomass and 

demographics.  

 
 
Tropical savannas are changing 

The world’s changing climate and atmospheric CO2 levels are inducing change in 

global gradients of plant productivity, and this will induce shifts in the limits of the 

savanna. As human populations expand and land use in savannas intensifies, there is an 

urgent need for a clear mechanistic understanding of environmental controls structuring 

savannas, not only from a basic ecological perspective but to guide management. This 

thesis and other work to date provide good insight into the functioning of modern day 

Australian savannas. Modelling of Australian savanna systems shows even small changes 

in fire management has large impacts on woody biomass (Chapter 2-5) and, hence, carbon 

fluxes (Beringer et al. 2007). However, there is little idea of how concordant change in 

atmospheric CO2 levels, temperature, mean annual rainfall and rainfall seasonality will 

affect the limits and heterogeneity of the biome. 

 

Savannas appeared relatively recently ca 6-8 million years before present (6-8M 

BP) and expanded rapidly (Beerling & Osborne 2006). Today they occupy ca 20% of the 

earth’s land surface, and ca 35% of Australia (Scholes & Archer 1997). The appearance of 

savannas occurred substantially later than the evolution of C4 grasses (15-35M BP) and 

was associated with marked changes in climate and atmospheric CO2 levels, increasing 

evidence of fire in the earth system, and the evolution and expansion of large grazing 
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herbivores (Keeley & Rundel 2005; Beerling & Osborne 2006). The extent of savannas 

under modern conditions, coupled with their sensitivity to climate variability and the 

prevalence of fire, means these ecosystems likely have a significant feedback on climate 

and the carbon cycle on interannual through millennial timescales (Hoffmann et al. 2002; 

Bonan 2008; Bowman et al. 2009). Although climate, atmospheric chemistry, fire and 

herbivory all play  a part in structuring savanna systems, the complex interactions between 

these influences (Figure 1), and the nature of the feedbacks from ecosystem changes  to 

each of these controls, is still poorly quantified (Figure 1). It is important to rectify this 

situation, because we are currently experiencing significant changes in climate, 

atmospheric composition, the incidence of fire and herbivore populations, with change 

likely to accelerate over the next 20 – 30 years and with tropical zones of the globe 

expanding.   

 

 The unique aspect of the savanna biome is that their presence and extent can not 

predicted solely using information about soils and climate (Bond et al. 2005; Bond 2008), 

as it is evident that across much of the tropical savnnas an alternate physiognomic state is 

possible. From this it is evident both fire and mammal herbivory (biotic controls) play 

significant roles in determining the extent and patterns of biomass in the savanna biome 

(Chapters 2-5). In this thesis, I have demonstrated the role of fire in preventing mesic 

savanna sites from attaining maximal tree biomass; that fire contributes to generating a 

mosaic of vegetation patches that flux through time in response to local variation in 

disturbance, and that recurrent fire can prevent mesic savanna systems from attaining 

canopy closure (Table 1).  
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Mean annual rainfall (MAR) and the seasonality of rainfall are key determinants of 

the distribution and structure of savannas (Scholes & Archer 1997). Savanna transitions to 

closed-canopy forest at the wetter end of its distribution, and to shrubland at the drier end 

of the rainfall gradient. The balance between savanna and non-savanna ecosystems across 

the seasonally-droughted tropics is fundamentally similar where MAR and the seasonality 

of rainfall sets an upper bound on productivity, plant growth rates and the frequency of 

disturbance by fire (Sankaran et al. 2005). Alterations to the annual distribution of rainfall 

and temperature will alter the physiological capacity of a savanna system and likely drive 

large changes in the suite of plants and plants traits found at any given location 

(Woodward et al. 2004; Scholze et al. 2006). Such changes in plant species composition 

and vegetation structure will have consequences for long-term fire regimes, surface 

energy-exchanges and ultimately influence rainfall, latent heat flux, and land-sea thermal 

contrasts (Hoffmann et al. 2002; Beringer et al. 2003; Snyder et al. 2004; Beringer et al. 

2007). For example, predictions based around coupled atmosphere-biosphere models have 

shown that replacement of savanna with C4 grasslands drives further decline in 

precipitation, reduced moisture flux from the land-surface and weakened moisture 

convergence into savanna regions (Snyder et al. 2004). In turn, this produces fewer 

convective clouds, increases solar radiation, increases surface albedo and reduces net 

radiation absorption of the land surface (Hoffmann et al. 2002; Snyder et al. 2004). Such 

changes may also be simulated via large scale changes in landscape fire and, in the case of 

extra-African savannas, the invasion of African grass species as extreme fires lead to 

immediate and large declines in savanna biomass.  

 

CO2 varies naturally on glacial-interglacial timescales, between ca 180-280ppmv 

(EPICA Community Members, 2004); human activities have increased CO2 by 100 ppmv 



 

 138

above natural interglacial levels, and future changes are projected to reach 700 ppmv 

(IPCC 2007, Fourth assessment). In addition to CO2 impacts on climate, CO2 affects plant 

productivity and alters the competitive advantage of C3 and C4 photosynthesis. 

Physiological mechanisms and leaf anatomy of C4 grasses concentrates CO2 at the site of 

carboxylation reducing photorespiration, enhancing photosynthetic nitrogen use and water 

use efficiencies (Sage 2004). These characteristics mean C4 grasses are better adapted to 

grow under conditions of high temperature and periods of water stress (Sage 2004). 

However, C4 photosynthesis is close to CO2-saturation (Leakey 2009), whereas elevated 

CO2 confers a larger growth benefit to C3 plants by reducing transpiration and stomatal 

conductance (Ainsworth & Rogers 2007). Increased CO2 levels will have a greater impact 

on savanna structure and function relative to other biomes due to C4 grass dominance, as 1) 

negative competitive effects of C4 grasses on juvenile C3 tree growth may be ameliorated, 

and 2) juvenile trees may be more resilient to C4 grass fires that top-kill juvenile C3 trees, 

events from which trees must resprout in order to reach the canopy, due to increased 

growth rates. The direct physiological effect of CO2 concentration on leaf scale gas 

exchange is explicitly simulated by the current generation of dynamic global vegetation 

models (Sitch et al. 2003). However, there is controversy about the magnitude of the effect, 

the likelihood of acclimation, and the degree to which individual models parameterise the 

impact correctly (Sitch et al. 2008). Experiments examining the impact of elevated CO2 

have been only been carried out on one Australian savanna species (Eamus et al. 1995), 

and a free-air (FACE) experiment on one Australian wet/dry tropical ecosystem (Stokes et 

al. 2005), and as such little is known about the response of Australian tropical plant species 

to changing CO2. 
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Contrary to the above, climate warming will increase leaf temperatures, increasing 

vapour pressure deficits and reducing soil moisture. During times of the year when C3 

plants normally experience optimal temperatures for photosynthesis, photosynthetic 

capacity could be reduced, offsetting growth benefits associated with elevated CO2 (Sage 

& Kubien 2003). The relationship between maximum temperature and vapour pressure 

deficit could thus have 1) a negative effect on tree biomass via reduced rates of tree growth 

and 2) a positive effect on fire via promoting increased grass growth. Increased 

temperatures favour C4 plants better adapted to high temperature and water stress (Sage & 

Kubien 2003). Such growth responses enmeshed within complex competitive, herbivore, 

fire and climate relationships has made it difficult to construct testable hypotheses for the 

future of savanna systems (Bond 2008). 

 

Future work that focuses on examining patterns of savanna tree and grass biomass 

at a global scale in light of Figure 1, and integrating regional variance in tree and grass 

allometry, to quantify the nature of fire – climate – vegetation interactions will ultimately 

lead to a better understanding of the modern day function of the biome at regional and 

global scales. Further, effort should be made on understanding how changing atmospheric 

CO2 levels (both sub-ambient and elevated) and temperature alters plant traits, growth and 

the competitive balance of tree and grasses. This information can be used to parametise 

coupled fire-vegetation models, enabling predictions of changes in the extent of the 

savanna biome in the past and into the future. This could provide great insight in 

understanding the rapid radiation of tropical savannas 6 – 8 M BP and what may happen in 

the future.  
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In this thesis, I have contributed to the debate surrounding the relative roles of tree-

tree competition, fire, herbivory and rainfall in determining landscape scale spatio-

temporal patterns of biomass in an Australian mesic savanna system, there is much work 

required to find mechanistic solutions in understanding the relative role of environmental 

controls on structural vegetation dynamics in mesic and semi-arid savanna systems of 

Australia, and also globally.  Process-based modelling is an effective method to investigate 

the importance of ecological mechanisms under-pinning ecosystem dynamics and this has 

yet to be fully explored in understanding patterns of savanna biomass (Bond et al. 2005). 

Empirical models with a top-down approach use existing field observations to generate 

correlative solutions to a problem. However, solutions to empirical models may not be 

transferable to other savanna ecosystems, as information used is site-specific or without 

adequate representation of scale. In contrast, process-based modelling queries empirical 

data via the development of a ground-up approach, utilising goodness-of-fit with 

independent empirical data as a measure of model relevance.  

 

This thesis was part of a larger project which aimed to merge landscape scales 

trends (this thesis) with mechanistic and demographic work on plant growth rates (Prior et 

al. 2006), recruitment and mortality (work in progress) to develop explicit information 

about consequences of a variety of fire management scenarios for KNP. 
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