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Abstract 
This project builds on a previous study that quantified forest expansion and grassland 

contraction in Litchfield National Park, a subcoastal region of the Australian monsoon tropics, 

based on digitized aerial photographs taken in 1941 and 1994. Changes in fire regimes, 

groundwater and atmospheric CO2  were hypothesized to be possible drivers. Lack of ground-

truthing meant that the nature and causes of the observed vegetation dynamics remained 

uncertain. To tackle this problem, the present study involved a field survey of 248 transects 

within the same study site. One-way ANOVAs of floristic and abiotic variables revealed 

significant differences between the 1994 vegetation types as well as between landscape setting 

classes as defined by the previous study. This provided field evidence that an expansion of 

Closed Forest and contraction of Grassland had occurred. To evaluate the hypotheses for the 

driver of the observed change, a TWINSPAN analysis facilitated the separation of rainforest and 

non-rainforest species groups. Subsequent ANOVAs found a lower density of rainforest species 

in areas where the vegetation had declined and an increase in areas where the vegetation had 

thickened. The percentage of sites of each vegetation type in 1994 occurring on dry substrates 

was found to be inconsistent with the groundwater hypothesis. GIS analyses revealed a 

relationship between the distance of each sample point from the other vegetation types in 1941 

which was consistent with the fire hypothesis. The average fire frequency of each trajectory for 

the period 1990 to 2000, calculated from a GIS database, was correlated to the direction of 

vegetation change. The ethnographic and contemporary management of the study site from 

interviews with a local resident and a park ranger were found to be consistent with the fire 

hypothesis. A proxy data source of historical groundwater fluctuations from the Katherine River 

was found to be consistent with changes in groundwater driving the vegetation dynamics. 

However, the evidence suggested that even if groundwater or CO2  were significant influences, 

the landscape has been modified substantially by the incidence of fire and probably changes in 

fire pattern. It is acknowledged that interactions between fire, soil moisture and CO2  are highly 

complex and therefore difficult to evaluate with the currently available data. Nonetheless, an 

interaction between fire and soil moisture in the vegetation dynamics is hypothesized. These 

results are discussed in relation to significant problems in landscape ecology and the current 

management regime of the study site. It is concluded that that fire management will be critical in 

determining future shifts in vegetation boundaries, and that future biodiversity conservation will 

depend on value judgments as to which vegetation types should be protected. 
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1 INTRODUCTION AND BACKGROUND 

1.1 The Macroeco logical Approach and Landscape 
Ecology 

Macroecology may be defined as a way of studying relationships between organisms and their 

environment that involves characterizing and explaining statistical patterns in abundance, 

distribution and diversity at large spatial and/or temporal scales (Brown 1995). It seeks to 

understand the structure and function of ecological systems by discovering and explaining the 

emergent, whole-system properties. Macroecology is necessarily multidisciplinary, intersecting 

the fields of ecology, biogeography, macroevolution and environmental history. 

The macroecological, 'big picture' approach involves the study of patterns and processes 

at the landscape scale. enabling an understanding of the landscape-wide dynamics of organisms 

that could not have been adequately inferred solely from small-scale ecological experiments 

(Brown 1995). Large scale, regional perspectives are also critical for understanding the structure 

and dynamics of local assemblages (Gaston and Blackburn 2000). For example, woody plant 

encroachment in recent decades is thought to have led to the loss of extensive areas of habitat 

and threatens their associated species (eg. Golden-shouldered parrot: Garnett and Crowley 1995). 

The landscape scale approach is therefore invaluable for sustainable environmental management 

of the vast Australian continent. 

As well as 'macro' spatial scales, the need for studies to work with large temporal scales 

is being recognised. 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 scale that are not obvious from short-term dynamics. 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, so gradual successional changes may not be 

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

temporal scales is consequently critical for achieving sustainable land management in the long 

term. 

The need to study vegetation dynamics at the 50 year-century scale also arises from 

recognition of the profoundly dynamic nature of Australian landscapes, having been moulded by 

what is likely to have been more than 40,000 years of human landscape burning (Bowman 2000). 
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Many Australian ecosystems have also been significantly affected by the European colonization 

in the last 200 years (Adamson and Fox 1982; Hobbs and Hopkins 1990). Changes in native 

vegetation since settlement have largely been neglected by botanical studies (Lunt 2002). 

However, it is increasingly being acknowledged that an understanding of post-settlement 

ecological history is key to appropriately managing our diverse and dynamic landscape 

(Bowman 2002a). 

The present study investigates the floristic assemblages and ecological processes 

underlying the rapid vegetation boundary changes observed in Litchfield National Park, 

Northern Territory (Bowman et al. 2001h). A macroecological approach is adopted whereby the 

dynamics of a landscape-wide process occurring at a 50 year time-scale are investigated. 

Drawing on a variety of techniques. including field surveys, GIS analysis and ethnographic 

information, this study is also macroecological in its multidisciplinary nature. This is in line with 

an emerging paradigm of landscape science which asserts that there is no single best approach to 

study landscape change, as the available historical records and techniques all have limitations in 

terms of their level of precision and sensitivity to environmental signals. Various approaches 

need to be combined to rebuild the unique history of an area, which can then assist in the 

formulation of sustainable land management strategies (Bowman 2002a). 

This study also tackles the 'botanical blind spot' of changes occurring in the period 

following settlement, addressing such fundamental questions in Australian ecological history as 

What is the effect of the change from Aboriginal to European management?', What ecological 

processes underlie the dynamics of the post-settlement landscape?' and What are the drivers of 

landscape change?' Understanding the significance of these issues firstly requires some 

background information on vegetation dynamics. 

1.2 Vegetation Dynamics 

Literature on the ecology of vegetation types has primarily focussed on classifying and 

describing vegetation structure, rather than vegetation dynamics and the ecological processes 

which drive landscape change (Lunt 2002). However, it is increasingly acknowledged that 

vegetation communities can experience extensive spatio-temporal variation (Archer 2000). 

While grasses and woody plants may co-exist in a dynamic equilibrium when climatic, edaphic 

and disturbance factors interact temporally, a directional change in one or more of these primary 

controlling factors may shift the balance in favor of one life-form, and move the system toward 

either grassland or woodland/forest (Archer 2000). 
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Human population growth and widespread Anglo-European settlement during the 18th 

and 19th centuries is thought to have influenced the balance between grasses and woody 

vegetation world-wide. For example, widespread clearing of trees for fuel, lumber and cropland 

has fragmented forests and resulted in anthropogenic or degraded savannas (Archer 2000). 

Agricultural expansion and clearing of savanna and forest trees has particularly affected areas 

such as the Brazilian Cerrado and the Amazon rainforest (Klink et at. 1993). 

In other areas, factors such as fire suppression, introduction of livestock grazing and 

climate changes are thought to have caused a progressive increase in woody plant density, 

known as bush or brush encroachment or vegetation thickening. A prime example of such 

vegetation dynamics has occurred in Litchfield National Park, Northern Territory (Bowman et 

al. 2001b) which forms the basis of the present study. 

1.3 Vegetation dynamics in Litchfield National Park 

The study of vegetation dynamics by Bowman et al. (2001b) was based on a comparison of 

digitised aerial photographs from 1941 and 1994 of a c.30 km2  area in the northwest corner of 

Litchfield National Park (Figure 1). The study site was broken into Plateau and Lowland 

topographic classes, which comprised 58% and 42% respectively. A 50-rn GIS buffer was also 

created to distinguish creekline environments from their surrounding catchments (Figure 2). 

A digital 20m x 20m lattice was generated and for each point the occurrence of 

'Grassland', 'Savanna' or 'Closed Forest' was determined from the 1941 and 1994 images using 

simple rules based on distances between tree crowns. The lattice was then converted to a grid 

and vectorised to determine the total number and area of patches of forest and grassland for the 

coverages. 

This revealed an increase in 'Closed Forest' coverage from 5.03% to 9.91% and a 

decrease in Grassland from 6.70% to 2.47% over the 53 year period. Only small change in the 

coverage of Savanna was observed. There was an increase in the number of forest patches from 

116 to 142, while the number of grassland patches decreased from 87 to 59. Similar changes 

occurred across all landscape setting classifications. Although there was an overall increase in 

woody vegetation, transition matrices revealed that significant changes in the opposite direction 

had also occurred. 

The present study builds on the work by Bowman et al. (2001b) and relates to two 

interconnected debates in landscape ecology: a) the causes of woody plant encroachment and b) 

the determinants of Australian rainforest boundaries. Each will be discussed in turn. 
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1.4 Woody Plant F ncroachment 

Woody plant encroachment has been widespread in grassland and savanna ecosystems of North 

and South America, Australia, Africa and Southeast Asia over the past century (Archer et at. 

1995). For example, in taligrass prairies of North America, dense stands of eastern red cedar 

(Juniperus virginiana) have developed (Norris et al. 2001). Woody plant encroachment into 

grasslands and savannas is significant as it can have detrimental effects on the pastoral industry 

by reducing the productivity of grazing land (Noble 1997). It can also reduce valuable grassland 

habitat and thus affect biodiversity (Archer et al. 1995). 

Changes in vegetation boundaries are critical to the conservation of the grassland 

diversity in northern Australia. Environmental historians have noted that, to a large extent, 

Australia in 1788 was characterised by open woodlands and grasslands, yet many of these areas 

now contain dense forests (Rolls 1999). A recent increase in woody plant abundance in regions 

historically dominated by grasses has been observed in several case studies of northern Australia. 

For example, fire is thought to have maintained the grassy Chenier Plains on the Coburg 

Peninsula. A reduction in fire frequency following the cessation of Aboriginal management and 

the introduction of livestock has been implicated in causing the grasslands to be invaded by 

expanding forest clumps, which are in a stage of succession toward monsoon forest (Bowman et 

at. 1990). 

In east-central Cape York Peninsula, analysis of aerial photographs covering 415km2  

showed a 10% loss of grasslands between 1969 and 1988, primarily due to invasion by 

Melaleuca viridiflora. This process threatens the habitat and thus survival of animals such as the 

Golden-shouldered Parrot Psephotus chrvsopterygius which is known to depend on the 

grasslands and grassy woodlands (Garnett and Crowley 1995). The changes in vegetation 

boundaries observed were, as with the last example, attributed to a reduction in the use of fire as 

a management tool since European settlement (Crowley and Garnett 1998). While cases of 

woody plant encroachment such as those discussed above have been documented worldwide, the 

primary causes of this effect remain unclear (Archer et at. 1995). 
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1 .5 Australian rain forests 

The present study is situated within debates over the history and conservation of Australian 

rainforest. Monsoon rainforest in northern Australia currently exists as an archipelago of tiny 

patches. There is often an abrupt boundary between rainforest and the surrounding eucalypt 

forest. This raises the basic geographic question of What determines the position of the 

boundaries?' Russell-Smith (1991) found that monsoon rainforests in north Australia occupy a 

diverse range of moisture conditions and land forms. This raises the further question of Why do 

rainforests currently have such a limited and fragmentary distribution?' It has been suggested that 

rainforests were once much more widespread and have experienced significant contraction 

during the Quaternary period (c.2 Mya - present) (Bowman 2000). This is supported mainly by 

indirect evidence as paleoecological studies are limited due to lack of fossil record, particularly 

for north-western Australia (Trusswell 1990). An interesting case from Litchfield National Park 

is that the Orienta tsutsugainushi strain of the disease 'scrub typhus' is thought to be restricted to 

rainforest patches within the park. Differences in DNA between this strain and others have 

suggested a long period of isolation between the strains (Odorico et al. 1998). This supports the 

antiquity of the rainforest patches in Litchfield National Park. 

There are number of competing explanations for the cause of the apparent historical 

contraction of rainforests. It has been hypothesized that climatic shifts leading to the aridification 

of the Australian continent contributed to the contraction over geological time (Bowman 2000). 

While some researchers maintain that soil moisture has been of critical importance in 

determining the historical distribution of rainforest (eg. Specht 1981), many have argued that the 

primary cause of rainforest contraction has been the effect of fire (Stocker 1971; Webb 1968; 

Webb and Tracey 1981; Clayton-Greene and Beard 1985, Bowman 2000). 

This debate also relates to the effects of Aboriginal management on the landscape. There 

is clear evidence that Aborigines used fire for a variety of purposes including resource 

management, social and spiritual practices (Bowman 1998). The rainforest-savanna boundary 

problem raises the question 'What was the effect of Aboriginal landscape burning on rainforest 

boundaries?' This question arises from the idea that the Australian landscape is a human artifact, 

produced by a long history of Aboriginal management. 

Bowman (2000) identifies two main perspectives on this issue. One asserts that a 

significant increase in fires following the arrival of humans caused the contraction of rainforest 

and possibly stimulated the evolution of fire-adapted flora during the last ice age. The vast tracts 

of Eucalyptus/Corymbia savanna in north Australia are considered to have been a product of 



Aboriginal burning (popularised by Flannery 1994). This view is opposed by those who argue 

that fire has been a fundamental part of the north Australian landscape for millions of years. It is 

argued that rather than causing an increase in fires. Aborigines were able to harness the fires as a 

tool for their own purposes (Bowman 2000). 

The second perspective concerns the more recent past, asserting that landscape burning 

had controlled the distribution of rainforest in Australia. This is supported by studies which 

attribute changes in rainforest boundaries to the cessation of Aboriginal management (eg. 

Harrington and Sanderson 1994). This view is opposed by those who argue that fires have been 

an environmental constant throughout geological time, and therefore see Aboriginal landscape 

burning as being unrelated to the location of vegetation boundaries (eg. Mount 1979, Horton 

1982). The debate on the determinants of rainforest boundaries has generated a sizable amount of 

literature and remains a contentious issue (Bowman 2000). 

The direction of recent rainforest boundary movements in Australia also remains 

uncertain (Fensham and Fairfax 2002). Rainforests in tropical north Australia are currently 

threatened by factors such as weed invasion, feral animal damage and an increase in late dry 

season fires following European settlement (Russell-Smith and Bowman 1992). There is a 

general understanding in the scientific community that these factors are causing the rainforests to 

contract (Bowman 2000). This is supported by field assessments of boundaries (Russell-Smith 

and Bowman 1992) and LANDSAT data from Litchfield National Park (Edwards et al. 2001). 

However, analysis of aerial photography has also provided evidence of forest expansion at the 

expense of more open vegetation types in tropical north Queensland (Harrington and Sanderson 

1994) and in the monsoon tropics of the Northern Territory (Bowman et al. 1990). The 

vegetation dynamics documented by Bowman et al. (2001b) were suspected to be a further 

example of this, but field-based studies were needed to confirm the involvement of rainforest 

species. 

1 6 Drivers of Veg etation Dynamics 

The veZn  getation dynamics observed in Litchfield National Park (Bowman et al. 2001b) raise the 

question What factors are driving the change?' Of the many possible drivers of vegetation 

dynamics, changes in rainfall/groundwater, grazing, fire regimes and atmospheric CO2  have 

received most attention in the literature (Archer et al. 1995, Polley 1997, Bowman et al. 2001h). 

The ecological basis and supporting evidence for each of these factors in relation to the 
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vegetation dynamics observed in Litchfield National Park (Bowman et at. 2001b) will be 

considered in turn. 

1.6.1 Rainfall and groundwater 

Water plays a powerful role in determining the distribution of vegetation types. Boundaries 

between savanna vegetation zones throughout the world are thought to be bioclimatic and 

specifically limited by the elements of water balance (Adejuwon and Adesina 1992). Adding to 

this, about 90% of the variance in primary production in rangelands can be accounted for by 

annual precipitation (Campbell et at. 1997). Fluctuations in rainfall follow on to groundwater 

levels. Many plant communities, and particularly those of riparian strips, are highly susceptible 

to changes in the depth to the groundwater, both annual and seasonal (Le Maitre 1999). Tree 

recruitment may occur during periods of moisture availability, when competition from grasses is 

minimal (Scholes and Archer 1997; Roques et al. 2001). 

Vegetation thickening in north-eastern Australia has been explained as being part of a 

long term recovery cycle from severe droughts brought on by the El Nino-Southern Oscillation 

phenomenon (Jacklyn 2000). Drought is thought to have been the primary cause of widespread 

dieback of trees both in Queensland (Fensham and Holman 1999) and Tasmania (Kirkpatrick 

and Gilfedder 2000). Bowman ci' al. (2001b) dismissed the idea that the vegetation dynamics 

observed in Litchfield could be related to drought, as severe droughts do not occur in the study 

area due to the extreme reliability of the summer (December-April) monsoon rains. However, 

increased water stress during periods of below average rainfall may still lead to dieback of 

susceptible species (Sharp and Bowman in press). This is substantiated by Cook ci' at. (1998) 

who found that a north Australian savanna catchment had a finely balanced soil moisture budget 

where evapotranspiration was nearly perfectly balanced with rainfall. The surplus of only 20-

140mm per year of groundwater was thought to be critical for maintaining the pockets of closed 

forest. This close integration of water use by vegetation highlights the possibility that the 

vegetation dynamics observed in Litchfield National Park are part of a cycle of die-back and 

recovery following a period of water stress. 

Recent studies of vegetation thickening in the Victoria River District (VRD), just south 

of Litchfield, support this hypothesis (Jacklyn 2000). Preliminary results have revealed that the 

most significant changes to the vegetation have occurred in the last 30 years, suggesting that 

while changes in fire regimes (due to the shift from Aboriginal to European management) are 

likely to have played a role, changes in rainfall have been particularly important (Jacklyn 2000). 
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However, this study is questioned by Sharp and Bowman (in press) who argue that vegetation 

thickening in the VRD may actually be confined to lowland habitats with a history of heavy 

grazing. 

The idea that soil moisture may play a role in vegetation dynamics is also supported by 

the results of Bowman and Minchin (1987) and Bowman and Panton (1993). Both studies were 

conducted near Darwin in relatively close proximity to Litchfield National Park. Bowman and 

Panton's (1993) field trials pointed toward the importance of soil moisture as one of the factors 

that control monsoon-rainforest seedling establishment and growth in north Australian savanna. 

Bowman and Minchin (1987) argued that the variation in structure, lifeform and dominant 

woody species is related to underlying gradients in soil moisture regime associated with severe 

oscillations in rainfall characteristic of the wet-dry monsoonal climate. 

While there is some evidence that the boundaries of vegetation types are influenced by 

soil moisture, the view that soil moisture determines the local boundaries of Australian 

rainforests has been disputed. Several studies have found rainforests do not necessarily occur on 

soils with greater supplies of moisture than surrounding vegetation (eg. Florence 1964; Russell-

Smith 1991; Bowman et at. 1991). The few published studies on drought tolerance of rainforest 

species also suggest that rainforest trees do not conform to the archetypal view of moisture 

dependent plants; many rainforest trees show a wide tolerance to drought (Bowman 2000). 

It can be concluded that there is substantial evidence that soil moisture can affect 

vegetation boundaries. In relation to Litchfield National Park, rainfall records from Darwin and 

Katherine suggest that rainfall has increased in the study site during the second half of the study 

period (Bowman et al. 2001b). The increase in rainfall is also supported by a recent review of 

climate change by Hughes (submitted). Total annual rainfall is thought to have increased by 

about 15% in the Northern Territory over the last century. Hughes (submitted) also claims that 

the 1970's were a particularly wet decade with 1973 and 1974 being the wettest years recorded 

in Australia. As argued Bowman et al. (2001b), this increased rainfall may have led to the 

observed increase in woody biomass observed in Litchfield National Park by enhancing supplies 

of water to the tree roots. 

1.6.2 Grazing 

Grazing by cattle and other introduced ungulates has caused considerable changes to savanna 

landscapes (Skarpe 1990, 1991; Burrows et al. 1998). Grazing reduces grass biomass and fuel 

loads around the edges of forest (Hopkins 1992). Burning regimes under pastoral management 
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have led to a decrease in burning frequency and fire intensity as compared to the Aboriginal 

burning regime (Neidner et al. 1997). The herbivores may also contribute to seed dispersal of 

woody plants (Archer et al. 1995). These mechanisms enhance woody plant encroachment onto 

grasslands by allowing trees to become established (Bowman 2000, Bachelet et al. 2000). 

Several case studies worldwide have strongly implicated grazing intensity as the main cause of 

woody encroachment (reviewed by Archer et al. 1995). In some Australian pastoral areas, 

densities of woody plants, both native (eg. Acacia, Eucalyptus/Corvmbia) and exotic (eg. 

Parkinsonia aculeata), have increased markedly in recent decades (Russell-Smith et al. 2000). 

Although cattle ranching in Litchfield National Park has been conducted on the lowlands 

since the 1870s, it was of low intensity and continued only until the 1960s when fences and other 

measures were introduced to control herds. There has also been negligible cattle grazing on the 

plateau, were the greatest loss of grassland patches were observed (Bowman et al. 2001b). This 

evidence does not support the hypothesis that cattle grazing has played a significant role in 

driving the vegetation dynamics in the study site. 

1.6.3 Fire 

Fire limits tree development by killing seedlings and consuming live foliage, thus reducing tree 

growth and survival (Bowman 2000). There is clear evidence that fire is able to influence the 

distribution and structure of vegetation communities (Braithwaite and Estbergs 1985; Bowman et 

al. 1988; Bowman and Panton 1995). Fire is likely to have been an integral part of the Australian 

savanna bioregion for millions of years, however, the role of fire may have increased with the 

arrival of humans some 40,000 years ago with the advent of 'fire-stick farming' (Bowman 2000). 

Studies suggest that fire remains a significant factor in savanna ecosystems. For example, in 

1997 approximately 26% of the savannas in the Northern Territory were burnt, and in some 

regions, for example the mesic savannas of the Darwin-Alligator Rivers region, as much as 50-

70% of the landscape may be burnt annually (Williams et al. 2002). 

Vegetation dynamics in northern Australia are often attributed to a change in fire regimes 

where there has been a transition from Aboriginal to European management (Bowman et al. 

1990; Crowley and Garnett 1998; Fensham and Fairfax 2002). However, literature detailing 

traditional Aboriginal burning across Northern Australia is generally sparse (Bowman 1998; 
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Russell-Smith 2001). From available evidence, a number of generalizations can be made 

regarding the application of fire regimes prior to European settlement (Russell-Smith 2001): 

Burning was undertaken across northern Australia throughout the dry season. A 

patchy mosaic of burnt and unburnt country was generally created in this process. As 

much as one half of a clan estate might be burnt in any one year. 

Aboriginal people skillfully used fire for a diverse range of ecological (ie. resource 

management) and social purposes. 

In some situations. burning was directed at maintaining certain habitat conditions, for 

example, open, grassy floodplains. 

In the coastal regions of the Northern Territory, it is generally accepted that the transition from 

Aboriginal to European management brought a change from numerous low intensity fires to 

large-scale high-intensity fires (Braithwaite and Esthergs 1985, Bowman 1998). The difference 

in fuel moisture between rainforest and surrounding vegetation is greatest at the beginning of the 

dry. Early dry season fires will thus tend to burn around the margins of rainforest rather than 

causing damage (Bowman 1998). Fires occurring in the later part of the dry season tend to be 

more intense with a consequent impact on stem mortality (Edwards et al. 2001). Russell-Smith 

and Bowman (1992) found that one third of the rainforest sites surveyed in the Northern 

Territory had boundaries severely degraded by fire. 

While the frequency of late dry season fires has increased, the transition from Aboriginal 

to European fire management is thought to have reduced overall fire frequency (Bowman 1998). 

Woody meristems within the flame zone (<Sm) are generally more exposed to fire damage 

(Roques ci' al. 2001). Infrequent fires therefore allow the maturation of seedlings or resprouts. 

Lunt (1998) attributes the thickening of Acacia and Allocasuarina sp. on the south coast of 

Victoria to the absolute cessation of fire following settlement. Evidence from aerial photography 

from northern Australia also suggests that, in the absence of fire, rainforest is likely to expand 

(Fensham and Fairfax 2002). 

Similar effects have been observed in Africa. For example, analysis of aerial photos of 

the Orange Kloof Table Mountain in Africa suggested that the area covered by afromontane 

forest has doubled after 55 years of fire protection (Luger and Moll 1993). Forest regrowth into 

savannas in the Rio Branco-Rupununi region of Amazonia is also thought to have occurred 

primarily in response to a low incidence of burning in abandoned fields (Eden and McGregor 

1992). 

Reduced fire frequency is often linked to woody plant encroachment in pastoral areas. 

Grazing limits fuel loads, resulting in reduced fire frequency and intensity (Archer ci' al. 1995). 
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For example Madany and West (1983) document instances in Utah, U.S.A., where savannas 

protected from livestock grazing persisted, whereas nearby edaphically similar sites thickened up 

following the introduction of livestock. This effect has also been observed in the tropics of 

Queensland, where the progressive advance of the rainforest appears to be favoured by grazing 

of adjoining open forests. The grazing was thought to reduce grass fuel and thus the probability 

of wildfire penetrating the rainforest edge (Unwin 1989, Harrington and Sanderson 1994). 

Conversely, an increase in the frequency of burning has been connected with a reduction 

in cover of woody vegetation in many cases worldwide (Archer et al. 1995). For example, in the 

Kruger National Park, South Africa, the decline in overall woody cover on basalts is understood 

to be a result of regular, short-interval prescribed burning over the past 40 years (Eckhardt et al. 

2000). In the Australian context, frequent fire has been shown to suppress woody species, and 

prevent development of a tree stratum on edaphically poor sites (Wilson and Bowman 1994). 

The pre-historical contraction of rainforest and creation of vast tracts of Eucalvptus/Corvmbia 

savanna in north Australia is also hypothesized to have been the product of an increase in fire 

frequency brought on by progressive aridity (Bowman 2000). 

While a reduction in fire frequency can lead to vegetation thickening, it must also be 

acknowledged that fire effects are complex. A reduced frequency of fire may lead to more 

intense fires due to the accumulation of fuel. Infrequent intense fires may then have significant 

impact on the abundance of woody vegetation (eg. Russell-Smith and Bowman 1992). 

In relation to the vegetation dynamics observed in Litchfield National Park, transition 

matrices revealed the existence of significant changes in the opposite direction to the overall 

trend. This included a significant number of Closed Forest sample points being converted to 

Grassland over the 53 year period (Bowman et al. 2001b). This dynamic pattern of vegetation 

change is suggestive of spatially variable fire incidence and supports the hypothesis that fire has 

played a significant role in the observed vegetation dynamics. Accordingly, Bowman et al. 

(2001b) concluded that the increase in woody biomass may have occurred in response to a 

reduction in fire frequency following the cessation of Aboriginal landscape burning. 

1.6.4 Atmospheric CO2  

Plants grow by assimilating CO2  through stomatal pores. Enhanced CO2  generally leads to 

increased photosynthesis and growth, while transpirational rates decrease (Polley 1997). A 

correlation has been observed between photosynthetic sensitivity and growth response. 
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Increasing CO2  is usually found to stimulate photosynthesis more in species with C3  rather than 

C4  physiology (Polley 1997). An increase in atmospheric CO2  emissions may therefore favour an 

increase in productivity of trees (typically C physiology) over that of tropical grasses (typically 

C4). This shift in competitive interactions is hypothesised to have contributed to woody plant 

encroachment globally (Archer et at. 1995: Shiel 1995). Mechanisms have also been proposed 

for elevated CO2  to reduce the constraints on savanna tree biomass imposed by disturbances such 

as fire (Bond and Midgley 2000). The CO2  hypothesis for woody plant encroachment is 

attractive as it explains the synchronous occurrence of woody plant invasion globally, although it 

is not without its detractors (eg. Archer et cii. 1995). 

The period of Closed Forest expansion and Grassland contraction studied by Bowman et 

al. (2001b) spans an increase in atmospheric CO2  from c.280 ppm to 358 ppm (Keenan 2002). 

Bowman et al. (2001b) argue that it is therefore possible that the vegetation change observed in 

Litchfield occurred in response to changes in post-industrial age CO-, levels. However, it is also 

acknowledged that it is extremely difficult to distinguish the effect of increased CO2  levels from 

other factors which may be driving the change. The response of vegetation to elevated CO2  is 

enormously complicated by interactive effects with other ecological phenomena such as fire and 

soil nutrient limitation (Polley 1997). 

1.7 Scope of the present study 

This review has demonstrated that there are three plausible hypotheses for the primary driver of 

the vegetation dynamics observed in Litchfield National Park: changes in fire frequency, 

increased supplies of groundwater and increased atmospheric CO2. However, the relative 

importance of these variables remained unclear. Bowman et al. (2001b) explicitly stated that 

their study warranted further research to narrow down these hypotheses for the observed 

changes. The acknowledged weakness of their study was a lack of ground-based observations. 

The remote sensing techniques used were unable to distinguish the various floristic components 

of the broad vegetation classifications of Closed Forest. Savanna and Grassland. The study's lack 

of awareness of the types of plants involved frustrated ecological inference as to the causes of 

the observed changes. Significantly, the conclusions were also based on the untested assumption 

that there was a genuine on-ground difference in the distance between tree crowns between the 

vegetation types. The stratification of the study site into topographic and drainage classes was 

also not ground-truthed and its meaningfulness in the field situation was uncertain. 
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As the most striking weakness of the study by Bowman et at. (2001b) was the lack of 

ground-based observations, the present study is centered on a field survey to determine the 

floristic composition of sites located at points with different 'trajectories' (changes from 1941 to 

1994 vegetation types). Sharp and Bowman (in press) demonstrate that following up analysis of 

aerial photographs with a more detailed ground-based vegetation survey can yield valuable 

insights into the ecological processes driving vegetation dynamics. The field survey allowed 

Sharp and Bowman (in press) to dismiss the hypothesis that a landscape wide process such as 

increased atmospheric CO2  was responsible for the vegetation dynamics observed. In the present 

study, resource limitations dictated a focus primarily on broad vegetation guilds such as 

'rainforest' and 'non-rainforest' species rather than detailing the dynamics of individual species. 

In line with the emerging paradigm that a combination of approaches to landscape 

science are needed to rebuild and recreate the ecological history of an area (Bowman 2002a), a 

number of different data sources are investigated to complement the field results. GIS analyses 

are conducted to firstly assess the distance of sites corresponding to each trajectory to the other 

vegetation types in 1941 and secondly investigate the relationship between fire frequency and 

direction of vegetation change. Further scope for investigation of the environmental history of 

the study site also existed as the prior record of historical and contemporary land management 

was sparse. Given the importance of a historical context in extracting the 'signal' of various 

management interventions from the variation inherent in the natural system (Egan and Howell 

2001), this study also sought to expand the known historical and contemporary land management 

history of the study site. 

In addition, the exploration of the effect of climate on vegetation change by Bowman et 

at. (2001b) suggested that further research into groundwater dynamics was required. The 

determination of the medium term dynamics of groundwater across the topographic gradient and 

the use of stable isotope techniques to calculate the 6180 and 62H of plant and soil water as 

suggested by Bowman et at. (2001b) are beyond the scope of this study, although a limited 

exploration of readily available historical groundwater data was conducted. 

The purpose of the field-based approach was to allow the assumptions underpinning the 

study by Bowman et al. (2001b) to be tested. This study subsequently aimed to utilize a variety 

of approaches to understand the nature of the vegetation dynamics, and subsequently to narrow 

down the hypotheses for the driver of the observed changes. The specific aims of the present 

study are outlined below. 
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1 .8 Specific Aims 

Aim 1. a) Test the validity of the vegetation and landscape setting classifications used by 

Bowman et at. (2001h) and h) assess whether the topographic classification can he enhanced 

with the addition of an 'Escarpment' topographic class. 

Aim 2. Investigate the nature and significance of differences in floristic composition between 

trajectories and landscape settings. 

Aim 3. Use the results of a field survey and a variety of alternative data sources (readily 

available historical groundwater data, GIS analyses and ethnographic information) to critically 

evaluate and refine the hypotheses that the vegetation dynamics have been driven by: 

A reduction in fire frequency resulting from the transition from Aboriginal to 

European management (fire hypothesis') 

An increase in groundwater supplies to tree roots ('groundwater hypothesis') 

An increase in atmospheric CO2  leading to the 'CO2  fertilization' effect ('CO2  

hypothesis) or 

An interaction between these factors. 

Aim 4. Consider the implications of the results for land management. 

1.9 Benefits 

Despite the long-standing recognition of woody plant encroachment as a management issue 

worldwide, little is known of the rates and dynamics of this phenomenon or the fundamental 

ecological processes underlying this effect (Archer et at. 2000). The study environment provides 

a useful model to investigate these contingencies as grazing of the study site by feral and 

domestic stock has been limited, and the site's environmental history for the period of the 

observed changes can be investigated. The study site is also relatively free from weeds and 

exotic vertebrates, and little land clearance has occurred. 
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Litchfield National Park contains several vegetation communities of limited extent which 

are ecologically significant and may require protective management, such as monsoon 

rainforests, cycad stands, cypress pines and upland drainage depressions (Griffiths et al. 1997). 

A significant number of endemic species are found on the Tabletop Range, which is a prime 

example of the major residual Tertiary plateaus in northern Australia. The diversity is high for 

both fauna and flora in Litchfield, due to the diverse range of habitats represented in the Park and 

the relatively undisturbed nature of these environments (Griffiths ci al. 1997). Litchfield 

National Park also plays an important function as a conservation reserve in a region that is 

developing rapidly. The northwest of the Northern Territory is the most intensively used region 

in the state, and development is likely to continue. Litchfield National Park will therefore play an 

ever-increasing role in the conservation of biodiversity for this region. Despite its significant 

conservation value, Litchfield National Park has been subject to limited biological research. 

Previous research has typically been of short duration, focussed on a small area of the park or of 

an ad hoc nature (Griffiths et al. 1997). The likely impact of the observed changes in vegetation 

cover is therefore largely unknown. A more comprehensive understanding of the vegetation 

dynamics in Litchfield National Park will help prioritise the use of the limited resources 

available for landscape, and particularly fire management (Bowman et al. 2001b). Such 

management interventions may be critical to maintain wildlife habitat and thus biodiversity. 

The relatively recent European colonization of much of the Northern Territory (less than 

150 years) provides a unique opportunity to investigate the little documented effect of the 

transition from Aboriginal to European management (Lunt 2002). While there is a large body of 

evidence to suggest that changes in fire regimes resulting from the cessation of Aboriginal 

burning has caused substantial changes to the range and demographic structure of vegetation, 

there has been limited experimental investigation of the impacts of Aboriginal landscape burning 

(Bowman 1998). Investigations of vegetation dynamics in northern Australia are therefore 

needed in order to shed light on the effects of the change from Aboriginal to European 

management. 

Research into the basic geographical question of Which factors determine the location of 

rainforest boundaries in Australia'?' in the current environment may also contribute to our 

understanding of the ecology of rainforests on both historical and pre-historical time scales. 

Specifically, it may shed light on the controversial debate over the impact of Aboriginal 

landscape burning on rainforest boundaries (Bowman 2000). The ethnographic component of 

this study also contributes to the poorly documented record of Aboriginal land management 

practices (Bowman 1998; Russell-Smith and Stanton 2002). 
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Understanding the nature of medium term landscape change is also important given the 

need to develop regional and national carbon budgets for land-based vegetation. Carbon storage 

in woody savannas is increasingly being acknowledged as being critical to national carbon 

budgeting in light of global climate change agreements (IPCC 1997). In countries like Australia 

with a large landmass, even relatively minor broad-scale fluxes in vegetation-stored carbon can 

represent a large portion of the national budget (Fensham et al. 2002). This potential is aptly 

demonstrated in a recent study which found that the change in carbon stocks resulting from the 

thickening of 60 M ha of the Queensland's grazed woodlands over 14 years is equivalent in 

magnitude to c.25% of the most recently published (1999) total estimated national net emissions 

(Burrows et a!, 2002). 
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2 METHODS 

2.1 Study Site 

2.1.1 Environmental Setting 

The study site was situated along a sandstone escarpment running parallel to the western side of 

Litchfield National Park, 120km south of Darwin (Figures 1 and 2). The study area covered 

3058ha, of which 0.91 % had been modified by humans, mainly for road building, between 1941 

and 1994 (Bowman et at. 2001b). 

Temperatures in this region remain high throughout the year. Highest mean daily air 

temperatures in Darwin occur in both October and November (31.1 °C) and the lowest in July 

(30.4 °C). The study area experiences a monsoonal climate, with a near absence of rainfall in the 

winter months (June-August), and heavy rains in the summer. The 10 year mean annual rainfall 

at Batchelor on the outskirts of the park was 1424mm, concentrated between September and May 

(Griffiths et at. 1997). 
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Figure 1. Location of the study area and the boundary of Litchfield National Park in the Northern 
Territory of Australia (Bowman et at. 2001b). 

The gently undulating plateau surface (100-200m elevation) is characterised by both deep 

and skeletal sandy soils. A steep escarpment separates the plateau from the lowlands (<40m 
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elevation), which have variable soils from deep sand to loam. Soils of the escarpment are 

generally shallow, gravelly and stony lithosols (Lynch and Manning 1988). 

The plateau surface lacks any definite drainage network and most rainfall infiltrates. The 

pervious Depot Creek Sandstone sediments dip to the west and overlie the relatively impervious 

Burrell Creek Formation. This results in preferential movement of water westward along the 

bedding planes. The study site is situated along the western edge of the plateau, where a narrow 

band of the Burrell Creek Formation is known to exist. The effect of this geological formation is 

the more frequent occurrence of perennial seepages and waterfalls along the escarpment. The 

seepage areas maintain a high water table throughout the year. The study site also contains many 

other poorly drained areas, where the high water tables in the dry season result in prolonged 

water-logging (Lynch and Manning 1988). 

The vegetation of the study site has been described by Kirkpatrick et al. (1987) and 

Lynch and Manning (1988). In general terms, the most abundant vegetation type is 

Eucalvptus/Conmbia savanna. Pockets of monsoon forest and treeless vegetation exist within 

the savanna matrix. Monsoon forests are predominantly located on perennial springs along the 

escarpment and in topographic settings that provide protection from landscape fires. Melaleuca-

dominated galley forests exist along the creeklines and grade into the monsoon forests. The 

treeless vegetation communities generally consist of a mixture of perennial grasses and sedges. 

2.1.2 Site History 

Low intensity cattle ranching had been conducted on the lowlands since the 1 870s, until fencing 

and other methods to control herds were introduced in the 1960's. There has been negligible feral 

or domestic stock grazing on the plateau (Bowman et al. 2001b). 

Traditional Aboriginal management of the study site is thought to have effectively ended 

during World War II. Mining camps brought disruption to traditional life, and dislocation from 

traditional lands. Aboriginal people were an important source of labour for the pastoral and 

mining activities until the 1960's (Griffiths et al. 1997). 

After World War II, Ray Petherick established a small sawmill at the foot of the 

escarpment within the study site, and selectively logged some of the monsoon forests and galley 

forests that were accessible to machinery. He conducted some controlled burning around his 

sawmill and several rainforest patches, to protect them from late dry season fires. However, very 
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little of the study area was intentionally modified by his management over the 50 years covering 

the study period (Bowman etal. 2001b). 

Litchfield National Park was gazetted in 1986 and there has since been a controlled 

burning regime aimed at reducing the incidence of late dry season fires. Based on analysis of 

Landsat imagery from 1990 to 1997 (Edwards etal. 2001), fire frequency is 1-2 years at any one 

site in Litchfield, although fires are less frequent in rainforest patches. While the majority of 

recent fires occur in the early dry season, between 1990 and 1997 an average of about 15% of the 

park has been burnt by late dry season fires each year (Edwards etal. 2001). 

22 Field survey 

2.2.1 Stratification 

The GIS database of the study site used by Bowman et al. (2001b) was obtained which 

distinguished vegetation types Grassland, Savanna and Closed Forest as well as topographic 

classes Plateau and Lowlands based on aerial photography. While the Plateau topographic class 

was kept as in Bowman et al. (2001b), an additional 500-metre GIS buffer (hereafter referred to 

as 'Escarpment' topographic class) was created to the west of the plateau edge using Arcview 

3.2a (ESRI). The width of this buffer was assessed visually based on the average distance that 

the steep slopes of the escarpment extended from the plateau edge on 1:50000 scale topographic 

maps. This Escarpment class reduced the area covered by the Lowland topographic class in 

Bowman et.al. (2001b). The percentage of the study site represented by each topographic class 

and the creeklines within these were calculated in Arcview. Using Arcview, the study site was 

then further stratified east-west into four sampling areas of equal size (A, B, C and D; Figure 2) 

in order to spread the samples along the its length. 
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2.2.2 Sampling Design 

The sampling design was stratified hierarchically by the four sampling areas (AIB/C/D), three 

topographic classes (Plateau/Escarpment/Lowland), two drainage classes (Creekline/Catchrnent) 

as well as by nine possible trajectories (Table 1; see also Figure 2 and Table 2). 

Table 1. Summary of stratifleation of camnlinø nren  

Strata determinant Strata Number of Strata 
Sampling area A, B. C. D 4 
Topographic class Plateau / Escarpment / Lowland 3 
Drainage Class Creekline / Catchment 2 
Trajectory (Change from Closed Forest to Closed Forest 9 
1941 to 1994 mapping Closed Forest to Savanna 
units at each grid point) Closed Forest to Grassland 

Savanna to Closed Forest 
Savanna to Savanna 
Savanna to Grassland 
Grassland to Closed Forest 
Grassland to Savanna 
Grassland to Grassland 

Total no. of combinations I 4x3x2x9=2 16 

Points corresponding to a particular stratum were sampled as adjacent pairs to reduce the errors 

associated with the georeferencing process. Where such pairs existed, two replicate pairs of 

sample points from every possible combination of strata were chosen haphazardly on screen in 

Arcview and their coordinates recorded. Transects were aligned between each pair of sample 

points. To help ensure that these samples captured the full range of variation present at the study 

site, where possible the two replicate transects for each strata were oriented differently, one with 

a north-south orientation and the other perpendicular to this. Replicate samples were also 

preferentially selected to be from different land units, based on a pre-existing land-unit survey by 

Lynch and Manning (1988). The sample points were relocated in the field with the aid of a 

Global Positioning System (GPS). 

2.2.3 Field Sampling 

Sampling was conducted from May to July 2002 via 30m belt transects running between each 

pair of sampling points. The width of the transects varied depending on the Bowman et.al. 

(2001b) classification of the vegetation type in 1994 to help ensure that an adequate number of 

trees were sampled (Closed Forest 4m, Savanna 8m, Grassland 16m). The length of the transects 
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were assessed with a measuring tape and the width with 2m measuring rods. For each transect 

the following variables were recorded: 

Identity to species level of each live tree (>2rn height) with base of stem in transect 

• Size class of each tree (live and dead) as Sapling (0-10cm), Pole (10-40cm) or Tree (40- 

100cm dbh) 

• Dominant understorey species (>20% cover of transect) identified to at least genus level 

• Average canopy height of stand and slope of ground (using clinometer) 

• Predominant aspect as North, South, East or West (using compass) 

• Presence/absence of dry surface soil (to touch) in majority of transect 

Seven Im x im quadrats placed at 5m intervals along the transect were used to assess the cover 

of each life-form listed by Wilson and Bowman (1987) with the addition of forbs, pandanus and 

moss, and with trees split into upper and mid categories. The ground cover of gravel, litter, bare 

ground and rocks was also recorded. The cover of each variable was assessed to the nearest 1%, 

5%, 10% and then the ensuing 10 percentiles. Voucher specimens of all species were collected 

and their identity confirmed at the Northern Territory Herbarium. 

2.2.4 Data Analysis 

Validation of Vegetation and Landscape Setting Classifications 

The basal area and density of stems was calculated for each site. The cover data were 

transformed to help meet the assumptions of parametric statistical tests using an arcsine 

transformation. Statistica 6.0 (Statsoft 2001) was used to conduct all analysis of variance 

procedures. The basal area, density and cover data for each vegetation type in 1994 was 

contrasted with a one-way ANOVA and, if significant, Tukey's post hoc test. This method was 

then used to contrast these variables for each landscape setting within Closed Forest, Savanna 

and Grassland. 

PCord 4 (McCune and Mefford 1999) was used to conduct all Indicator Species Analysis, 

Ordinations and Classifications. Indicator Species Analysis was conducted for each vegetation 

type in 1994 and the landscape settings within these. The dominant trees for each vegetation type 

and landscape setting were defined as the two most abundant trees in terms of density. The most 

commonly occurring dominant understorey species for each vegetation type and landscape 

setting were also identified. A narrative description of each vegetation type and landscape setting 
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was written. Detrended Correspondence Analysis (DCA) of floristic data for the three vegetation 

types was performed using basal area as an abundance measure and downscaling rare species. 

The abundances of species rarer than FmaxI5 (where Fmax is the frequency of commonest 

species) were downweighted in proportion to their frequency. The output of the DCA was 

expressed as a scatter plot. 

Floristic Composition 

The sites were ordinated with DCA using basal area as an abundance measure and downscaling 

rare species. To investigate the effect of the variables 'trajectory', 'topography' and 'drainage' 

on floristic composition, the ordination scores of Axes I and 2 were analysed in a three-way 

ANOVA. To ensure a complete ANOVA design, the trajectories 'Grassland to Closed Forest' 

and 'Savanna to Grassland' were excluded from this analysis as they lacked data for particular 

landscape settings. 

Tree species compositions were classified with a TWINSPAN procedure and the 

resultant groups were classified as either rainforest or non-rainforest (hereafter referred to as 

Rainforest and Non-rainforest groups) based on field experience and relevant literature (eg. 

Dunlop et al. 1995, Brock 2001). The dominant Rainforest and Non-rainforest species for each 

size class and all size classes combined were identified for every trajectory and landscape setting 

and summarized in tables. Dominant species for each vegetation guild were defined as the two 

most abundant species in terms of density for each size class and overall. 

Based on the output of DCA ordination scores, one-way ANOVAs were used to examine 

variation in floristic composition among trajectories leading to Closed Forest in 1994 (ie. 

Trajectories 'Closed Forest to Closed Forest', 'Savanna to Closed Forest' and 'Grassland to 

Closed Forest' were compared). This procedure was repeated to test for differences between 

trajectories leading to each of Savanna and Grassland in 1994. The ordination scores of Axes 1 

and 2 for trajectories leading to Closed Forest were expressed as a scatter plot. 

Variation in abundance of Rainforest and Non-rainforest species with trajectory 

The average density and basal area of Rainforest and Non-rainforest species was calculated for 

each trajectory and data presented in graphs. The effect of the variables topography' and 

'drainage' on the density of Rainforest and Non-rainforest trees was assessed for groups of 

trajectories beginning with each vegetation type using three-way ANOVAs. Where the ANOVA 

design was incomplete, a combination of limited three-way and two-way ANOVAs were used to 

assess each size class. The variables were regarded as having an effect if there was a significant 
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result in any of the respective ANOVAs. Where a significant effect was found, Tukey's post hoc 

test was used to contrast the individual means among trajectories. 

Based on whether there was a significant effect of 'trajectory', 'topography' and/or 

'drainage', summary line graphs of the abundance of Rainforest and Nonrainforest trees each 

size class and overall tracing the fate of each vegetation type in 1941 were produced. Cases with 

no significant effects were also included for completeness. 

Aspect 

Based on the field survey data, the percentage of sites corresponding to each aspect was 

calculated for each trajectory and the results were expressed as a histogram. 

Soil moisture 

The percentage of sites with dry soil was calculated for each vegetation type in 1994 and 

expressed as a histogram. The percentage of dry sites with greater than 50% basal area of 

Rainforest species was indicated. As sampling was conducted in the dry season when no rainfall 

was experienced, the effect of time of sampling on soil moisture was assumed to be negligible. 41)  

2.3 Alternative Data Sources 

2.3.1 Groundwater 

A literature review was conducted to find a historical data source for groundwater dynamics in 

the Northern Territory which could be used as a proxy for the groundwater dynamics at the study 

site. 

2.3.2 GIS: Distance to Vegetation Types in 1941 

Data derived from ArcView on the distance of each field sample point to the other vegetation 

types in 1941 was obtained (Bowman and McIntyre, unpublished data). This was based on the 

vegetation classes from Bowman et.al. (2001). From this data, the average distance of each 

trajectory to the other vegetation types in 1941 were calculated. The means were contrasted in 

one-way ANOVAs followed by Tukey's post hoc test and expressed as tables. 
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2.3.3 GIS: Fire Frequency 

Satellite imagery has been used to develop an appreciation of the fire regimes in Litchfield 

National Park (Edwards et al. 2001). A digital fire frequency map for Litchfield National Park 
was obtained based on fire scar mapping at a scale of 1: 100000 from Landsat imagery (Edwards, 

unpublished data). The fire frequency (total and late dry season) of each field sample point was 
calculated using Arcview. The average fire frequency (total and late dry season) for each 
trajectory individually and for all trajectories combined was then calculated along with the 
standard error and expressed as histograms. 

2.3.4 Ethnographic and ecological history 

Human ethics approval was sought from the Faculty of Science, Information Technology and 
Education (SITE) Ethics Committee, Northern Territory University. Regular visits were made to 
Ray Petherick, landowner of property within study site, and David Fuller, Head Ranger of 
Walker Creek Ranger Station, Litchfield National Park, and a sociable relationship was 
developed. Informal interviews were conducted on-site with Ray Petherick and David Fuller on 
the 2nd of August 2001. Questions were asked regarding the social, environmental and 
management history of the study site. Notes were taken during the interviews and the key 
findings summarized. 

2.4 Assumptions, limitations and problems with 
methods used 

The field sampling strategy assumed that there had been no change in the vegetation since the 
last aerial photography in 1994, despite an eight-year gap before the sampling was undertaken. 
Given the apparent dynamic nature of this system, some vegetation boundaries may have 
changed. Consequently, the trajectories predicted from the aerial photographs may not have 
corresponded to the vegetation present at the time of the field study. The validation of the 1994 
vegetation classification carried out in this project did, however, ensure that this assumption had 
not been grossly violated. 

Sampling the reference points in pairs, while possibly increasing the representativeness 
of the technique by providing a larger sample area, may have meant that fewer landscape 
settings/trajectories were available for sampling. This was due to the fact that sometimes only 
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single points corresponding to a particular stratum existed. In addition, while the sampling 

design was intended to maximize the spread of samples across the length of the sample site, it 

did not guarantee that an even number of samples were taken of each trajectory or landscape 

setting. This was due to the fact that, in some sampling areas, particular combinations of 

trajectory and landscape setting did not exist. The combination of these factors meant that some 

landscape settings and trajectories were not sampled at all. This had significant consequences for 

the ANOVA analyses which required a complete factorial design. This problem was dealt with in 

this project through the use of a combination of more limited ANOVAs where the ANOVA 

design was not complete, however the results of this method are not as reliable as that of a 

complete design, as some effects/interactions may have been missed. 

The transects used in the vegetation survey covered a small fraction of the study area due 

to the resource intensive nature of this technique and the restricted time available for the 

research. Ideally a larger percentage of the study site would have been sampled to ensure the data 

was adequately representative of the variation present at the study site. 

Despite the fact that trunk girth is often a reasonable approximation of tree age (Pearson 

and Searson 2002) this relationship does not hold for some growth habits (eg. Livistona sp., 

Pandanus sp.). There is therefore some error associated with the classification of species into 

size classes based on dbh. The reliability of using data of stems (>2m height) to represent sites 

with low canopy cover such as those classified as Grasslands may also be questioned. For 

example, the floristic analyses used only tree species data and therefore treeless grasslands were 

not represented. The error associated with this was reduced by making the Grassland transects 

larger than those of the other vegetation types to maximise the number of trees sampled within 

each plot. 

The identification of sample points corresponding to different trajectories relied critically 

on the assumption that the vegetation in 1941 had been mapped correctly. The absence of survey 

records of the vegetation in the study site for 1941 necessitated the use of a space-for-time 

substitution when investigating changes between the two time periods. The survey results for the 

stable vegetation types (eg. Savanna to Savanna) are assumed to represent the vegetation types in 

1941. For example, Savannas that have expanded to Closed Forests were compared to Savannas 

that have remained stable. This comparison is based on the assumption that the stable Savanna is 

equivalent floristically to that of a Savanna in 1941. Although these assumptions cannot be 

tested, space-for-time substitution is a common method to study vegetation dynamics (Molnar 

and Bottadukat 1998). 
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In monsoonal north Australia, many tree species occur in a wide variety of habitats, 

making neat and absolute dichotomization of 'rainforest' and 'non-rainforest' species 

problematic (Bowman 1992, 2000). Which species should be classified as rainforest and non-

rainforest is consequently controversial (Lynch and Neldner 2000; Bowman 2001; Neldner and 

Lynch 2001). Although the grouping of Rainforest and Non-rainforest species in this study was 

partly automated with a TWINSPAN classification and the relevant literature was consulted, the 

location of the divide between the two groups of species may, therefore, have differed with 

different subjective input. The semi-automated nature of this classification also meant that non-

rainforest species often found in conjunction with rainforest species were classed in the 

Rainforest group and vice-versa. However, the approach taken was designed to be as objective as 

possible. 
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3 RESULTS 
3.1 Stratification of study site 
The newly created Escarpment category represented 19.28% of the study site, of which 13.65% 

was classified as Creekline. This reduced Lowland to 22.59% of the study site of which 9.17% 

was classified as Creekline. Upland remained at 58.13% of the study site of which 1 3.94% was 

classified as Creekline (Figure 2). 

Sampling 
Area A 7LIY 

Sampling 
Area B 

F 

0 1 2 3 Kilometers Sampling I I  
Area C 

Key 

Transects 

Sampling I I Creeklines 

Area D Ftateau 

N Escarprrnnt 

A Lowl  

Figure 2. Map of study site showing stratification into sampling areas and topographic and drainage 
classes, as well as the specific location of sample points. 
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The total number of sites sampled was 248 (Table 2). No sites were sampled of the trajectory 

Closed Forest to Grassland as the sampling was based on pairs of sample points and no pairs 

existed for this specific change. Eight Grassland sites sampled were completely treeless and 

therefore only groundcover data was recorded at these locations. 

Table 2. Summary table of number of sites samnied for each trajectory and landscane setting. 
Landscape Setting  

Lowland Escarpment Upland 
Trajectory Total Creek. Catch. Creek. Catch. Creek. ICatch. 
Closed Forest to Closed Forest 3 4 8 8 8 8 39 
Closed Forest to Grassland 0 
Closed Forest to Savanna 3 

6 
2 
7 

1 
6 

3 
8 

7 
8 

41 
8 

20 
Savanna to Closed Forest 43 
Savanna to Grassland 5 2 3 3 13 
Savanna to Savanna 8 8 8 8 8 8 48 
Grassland to Closed Forest 2 8 6 16 
Grassland to Grassland 6 6 6 6 6 2 32 
Grassland to Savanna 7 4 6 8 6 6 37 

Total 33 38 45 50 46 36 248 
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3.2 Validation of Vegetation Classifications 
Closed Forest was found to have the highest abundance of trees in terms of tree canopy cover, 

basal area and density. Grassland had the lowest abundance of trees in terms of tree cover and 

basal area, while Savannas were intermediate between these two. The vegetation types were also 

found to be different in a number of life form and abiotic variables (Table 3). 

Table 3. Comparison of the mean, minimum and maximum of cover of life forms and abiotic variables for 
Closed Forest, Savanna and Grassland. Variables with P<0.05 in a One-way ANOVA are highlighted in bold. 
Significance level in a one-way ANOVA is labelled as **p.<o.ol; *P<0.05; NS not significant at P>0.05. 
Significant differences between individual means are shown as different letters in slinerserint. 

Variable 
Closed Forest (% cover) Savanna (% cover) Grassland (% cover) 
Mean Min Max Mean Min Max Mean Min Max 

rrees (Mid) 171A 0 77.1 52B 0 34.3 1.8 0 27.3 ** 

rrees (Upper) 331A 1.4 88.6 117B 0 60 36c 0 30 ** 

FreesTotal 501A 2.9 130 168B 0 84.3 5.5 C 0 41.6 ** 

Basal Area (m2/ha2) 22•9A 0.7 91.3 80B 0.4 477 24C 0.0 10.7 ** 

Density (stems/ha) 271•0A 55.6 2083.3 1298B  333 458.3 1082B  0.0 625.0 ** 

Canopy height (m) 16•3A 2 40 11•6B 1 26.5 8•4c 1 21 ** 

Annual Grass 4.86 0 67.1 12.8k  0 90 15•3A 0 92.9 ** 

Fan Palms 08A 0 36.4 036 0 14.3 0B 0 0.1 * 

Feather Palms 6•8A 0 119.9 0B 0 0.7 OB 0 0 ** 

Ferns 19A 0 57.1 02B 0 8.7 01B 0 4.4 ** 

Forbs 1.4 0 18.6 1.8 0 22.1 1.5 0 7.1 NS 
Moss 0.2 0 15 0.5 0 56.4 0 0 1.4 NS 
Pandanus 1.3 0 27.1 0.8 0 20 0.2 0 4.3 NS 
Rush 0.7 0 55.9 0.8 0 67.1 0.8 0 12.1 NS 
Sedges 26B 0 48.6 19B 0 57.3 121A 0 81.4 ** 

Shrubs 0 0 2.9 0 0 2.1 0.1 0 4.3 NS 
Perennial Grass 156B 0 84.3 30•6A 0 100 34•5A 0 100 ** 

Vines (Soft) 22A 0 67.3 01B 0 2.9 0B 0 1.4 ** 

Vines (Woody) 04A 0 10 0 0 3.6 OB 0 0 ** 

Vines (Total) 26A 0 67.3 01B 0 3.6 0B 0 1.4 ** 

Woody regen 5.2 0 21.4 3813 0 30.1 . 3C 0 10.1 ** 

Bareground 14.3 0 88.6 15 0 81.4 15.1 0 72.1 NS 
Gravel 0.3 0 17.9 0.2 0 10 0 0 0 NS 
Litter 525A 0 208.6 292B 0 78.6 252B 0 100 ** 

Rocks 75A 0 78.6 121A 0 87.1 04B 0 11.6 ** 

Slope (degrees) 80A 0 35 50A 0 40 15B 0 12 ** 

Dead BA (m2/ha2) 1•4A 0 11.8 0•3B 0 6 06B 0 1.8 ** 

Dead density (stems/ha) 192•8A 0 1917 78.26  0 500 486B 0 416.7 ** 
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The significant differences between Closed Forest, Savanna and Grassland are summarized in 

the narrative description of each vegetation type given below. The identity of the dominant tree, 

dominant understorey and indicator species are also included. 

3.2. 1 Description of Vegetation Types 

Closed Forest 

Closed Forest was distinguished from Savannas and Grasslands by having the highest tree 

canopy cover (Upper, mid and overall), basal area, stem density, canopy height and cover of fan 

and feather palms, ferns, vines (soft, woody and overall), woody regeneration and litter. It also 

had the highest density and basal area of dead trees. In contrast to the other vegetation types, 

Closed Forest had the lowest cover of both annual and perennial grass. The mid layer of trees 

was dominated by Hydriastele wendlandiana and Xanthostemon eucalyptoides. The upper storey 

consisted primarily of Carpenteria acwninata and Melicope ellervana with emergent 

Horsefieldia australiana and Melaleuca viridiflora. The understorey is typically absent but 

rarely consisted of ferns (eg Stenochlaena palustris), woody regeneration or annual (eg Sorghum 

sp.) and perennial grasses (eg. Mnesithea rottboeilioides). The indicator tree species for Closed 

Forest were Alstonia actinophylla, Breynia cernua, Calophyllum soulattri, Canarium 

australianum, Carat/ia brachiata, Carpentaria acuminata, Erythrophleum chiorostachys, 

Fagrea racemosa, Helicia australasica, Horsefieldia australiana, Hydriasteie wendlandiana, 

Melaleuca viridiflora, Melastoma affine, Melicope ellervana, Persoonia falcata, Petalostigma 

pubescens, Pouteria richardii, Rapanea benthamiana, Syz'gium angophoroides and 

Xanthostemon eucalyptoides. 

Savanna 

Savanna was distinguished by intermediate tree canopy cover (Upper, mid and overall), basal 

area, canopy height and cover of woody regeneration. The mid layer was dominated by 

Xanthostemon eucalyptoides and Grevillea pteridifolia while the upper storey consisted 

primarily of Pandanus spiralis and Lophostemon lactifluus. Eucalyptus tetrodonta and 

Erythrophleum chiorostachys were also common canopy species. The understorey was 

dominated by annual (eg. Sorghum sp.) and perennial grass (eg. Ischaemum sp.). The indicator 

tree species for Savanna were Acacia difficilis, Acacia dimidiata, Acacia latescens, Acacia 

tolmnerensis, Cochiospermum fraseri, Corymbia polysciada, Grevillea heliosperma, Jacksonia 

dilatata, Pouteria arnhemica, Syzygium eucalyptoides and Terminalia ferdinandiana. 
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Grassland 

The distinctive features of the Grassland vegetation type were that it had the lowest tree canopy 

cover (Upper, mid and overall), basal area, canopy height, cover of rocks and woody 

regeneration, while it has the highest cover of sedges. The mid layer primarily contained 

Lophostenon lactijluus and Xanthosteinon eucalyptoides while the upper layer was dominated 

by Lophostemon lactitluus, Pandanus spiralis and Pandanus aqua ticus. The understorey 

consisted of a mixture of sedges (Rynchospern'ta sp.) and annual (Sorghum sp.) and perennial 

grasses (eg. Ischaemum sp.). The indicator tree species for Grassland was Corymbia latifolia. 

These descriptions reveal differences between each of the vegetation types in terms of floristics, 

the cover of several life forms and abiotic variables, as well as the basal area and density of trees. 

However, the DCA results showed that the three vegetation types existed as a floristic continuum 

rather than as discrete units (Figure 3). 
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Figure 3. Detrended Correspondence Analysis of floristic data for the three vegetation types. 

37 



3.3 Validation of Topographic and Drainage 
Classifications 

3.3. 1 Closed Forest 

The landscape settings within Closed Forest were found to have statistically significant 

differences in terms of the cover of Trees (mid layer), Pandanus, Sedges and Rocks (Table 4). 

Table 4. Comparison of life form and abiotic variables of landscape settings within Closed Forest. Variables 
with P<0.05 in a One-way ANOVA are highlighted in bold. Significance level in a one-way ANOVA is labelled 
as **p<0.01;  *P<0.05;  NS not significant at P>0.05. Significant differences between individual means are 
shown as different letters in sunerserint. 

Lowland (% cover) Escarpment (% cover) Upland (% cover) 
Creekline Catchment Creekline Catchment Creekline Catchment 

Variable - Mean s.e. Mean se. Mean s.e. Mean s.e. Mean s.e. Mean s.e. 
rrees (Mid) 29.1 8.1 14.5 2.8 13.2 2.4 20.7 2.9 18.8 4.0 11.0 3.4 * 

Prees (Upper) 34.0 5.0 31.8 3.5 35.5 5.2 27.1 4.2 43.8 6.1 27.8 4.5 NS 
TreesTotal 63.1 11.5 46.3 4.5 48.7 6.2 47.7 5.8 62.6 8.1 38.8 5.4 NS 

Basal Area (m2/ha2) 27.5 6.9 15.4 2.5 24.1 4.5 29.8 5.8 21.8 4.4 16.6 2.8 NS 
Density (stems/ha) 280.5 63.2 205.7 33.2 274.0 34.3 291.3 36.2 214.2 25.5 205.7 33.2 NS 
Canopy height (m) 19.4 2.1 15.3 1.8 16.5 1.4 17.3 1.3 16.2 1.6 14.1 1.6 NS 

Annual Grass 0.5 0.3 2.1 1.2 6.0 3.1 2.5 1.8 5.9 3.6 9.7 3.5 NS 
Fan Palms 0.6 0.6 0.2 0.2 1.5 0.7 0.0 0.0 2.4 2.3 0.1 0.1 NS 
Feather Palms 6.3 3.4 4.0 3.0 5.3 2.4 10.3 4.3 12.8 7.9 0.4 0.2 NS 
Ferns 0.0 0.2 0.2 0.8 0.4 0.9 0.6 3.2 1.9 6.0 3.6 NS 
Forbs 0.8 0.4 3.7 1.5 0.5 0.2 0.7 0.3 1.8 1.2 1.2 0.9 NS 
Moss 0.5 0.5 0.0 0.0 0.7 0.7 0.0 0.0 0.0 NS 
Pandanus 12AB 07 5•8A  2.4 12AB 0.6 02B 0.1 02B 0.2 03B 0.2 ** 

Rush 0.0 0.0 0.0 0.0 4.0 3.5 0.0 NS 
Sedges 0.2 0.2 54 2.2 6.6 3.0 0.6 0.4 0.5 0.3 1.1 0.7 * 

Shrubs 0.0 0.0 0.2 0.1 0.0 0.0 0.0 NS 
Perennial Grass 16.9 8.1 84.7 55.7 21.1 5.3 13.8 3.6 9.0 4.9 4.7 2.1 NS 
Vines (Soft) 10.9 7.6 4.7 4.7 1.0 0.5 0.6 0.5 0.6 0.4 0.9 0.7 NS 
Vines (Woody) 0.2 0.2 0.5 0.4 0.8 0.5 0.3 0.3 0.3 0.2 0.1 0.1 NS 
Vines (Total) 11.0 7.6 5.2 4.6 1.8 0.7 0.9 0.6 0.9 0.5 1.0 0.7 NS 
Woody regeneration5.9 1.0 3.8 1.1 6.5 1.3 6.7 1.3 4.4 1.1 3.0 1.0 NS 

Bareground 25.6 4.6 11.6 2.7 15.2 3.4 16.7 2.8 8.1 2.1 11.6 5.6 NS 
Gravel 0.0 0.0 0.1 0.1 0.0 1.1 1.1 0.4 0.3 NS 
Litter 48.4 7.1 62.3 13.0 47.4 5.8 60.3 5.0 54.3 4.6 41.7 5.7 NS 
Rocks 00B 00B 09B 0.9 56B 31 103B 5.0 267A  6.7 ** 

Slope (degrees) JQ1.0 13.0 0.6 6.5 2.0 110.7 3.0 112.4 2.1 123.5 2.2  NS 
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3.3.2 Savanna 

Savanna landscape settings were found to differ in terms of the cover of Annual grass, Perennial 

grass, Forbs, Pandanus and Rocks (Table 5). 

Table 5. Comparison of life form and abiotic variables of landscape settings within Savanna. Variables with 
P<0.05 in a One-way ANOVA are highlighted in bold. Significance level in a one-way ANOVA is labelled as 
**P<0.01;  P<0.05; NS not significant at P>0.05. Significant differences between individual means are shown 
as different letters in superscript. 

Lowland (% cover) Escarpment (% cover) Upland (% cover) 
Creekline Catchment Creekline Catchment Creekline Catchment 

Variable Mean s.e. Mean s.e. Mean s.e. Mean se. Mean se. Mean Is.e. Sig. 
rrees (Mid) 4.1 1.6 3.3 1.3 4.7 1.4 7.9 1.9 5.0 1.4 5.4 1.6 NS 
Trees (Upper) 8.6 2.6 7.5 3.2 14.3 4.1 6.9 1.2 19.7 4.3 11.5 3.0 NS 
Erees Total 12.7 4.1 10.8 3.8 19.0 4.9 14.8 2.8 24.7 5.2 16.9 2.8 NS 

Basal Area (m2/ha2) 7.4 1.6 10.1 3.1 10.8 2.1 7.3 1.4 7.8 1.4 5.9 1.1 NS 
Density (stems/ha) 130.3 16.5 156.8 19.1 163.3 28.2 139.7 20.0 109.2 14.8 97.3 10.2 NS 
Canopy height (m) 9.2 1.4 11.3 1.5 13.3 1.4 13.6 1.3 12.5 1.2 9.3 1.4 NS 

Annual Grass 170AB 48 117A13 4.4  53B 3.1 47B 2.0 250A 5.9  AB 10 34 ** 

Fan Palms 0.9 0.8 0.3 0.2 0.9 0.9 0.1 0.1 0.0 0.0 NS 
Feather Palms 0.0 0.0 0.0 0.0 0.0 0.0 0.0 NS 
Ferns 0.1 0.0 0.6 0.6 0.2 0.1 0.2 0.2 0.3 0.2 0.0 NS 
Forbs 40A 1.2 21AB  0.8 14AB 0.7 16AB 1.0 09B 0.3 11B 0.5 * 

Moss 0.0 0.0 0.0 0.0 2.7 2.7 0.0 NS 
Pandanus 29A 1.2 10AB  0.4 03B 0.2 0.86  0.5 0B 0.0 0.1B  0.1 ** 

Rush 0.0 0.1 0.1 0.0 0.0 0.2 0.2 4.1 3.7 NS 
Sedges 5.2 3.6 4.3 4.1 0.4 0.3 0.7 0.6 1.0 1.0 0.2 0.2 NS 
Shrubs 0.1 0.1 0.0 0.1 0.1 0.0 0.0 0.0 0.0 NS 
Perennial Grass 55.7' 8.4 392A  6.5 450A 9.0 329AB  6.5 89BC  3.1 9.5' 2.2 ** 

Vines (Soft) 0.3 0.2 0.0 0.0 0.0 0.0 0.1 0.1 0.0 * 

Vines (Woody) 0.0 0.0 0.0 0.2 0.2 0.0 0.0 0.0 NS 
Vines (Total) 0.3 0.2 0.0 0.0 0.2 0.2 0.1 0.1 0.0 NS 
Woody regeneration 1.7 0.4 3.5 1.0 7.8 2.4 4.8 1.4 3.1 1.4 2.4 0.6 NS 

Bare ground 10.7 4.3 13.8 5.4 11.8 3.4 20.5 5.0 18.3 5.2 13.4 3.6 NS 
Gravel 0.0 0.0 0.0 0.5 0.5 0.1 0.1 0.8 0.6 NS 
Litter 22.8 5.2 22.8 5.1 29.2 5.2 35.5 4.3 34.3 4.9 28.3 4.6 NS 
Rocks 00BC 01BC 0.1 2.06  1.7 746 4.1 21A6  6.6 364A  8.3 ** 

Slope (degrees) 5.1 2.2 9.7 1.9 7.9 1.5 4.3 0.9 3.9 0.6 13.7 4.6 NS 
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3.3.3 Grassland 

Grassland landscape settings were found to differ in terms of the cover of Rush and Bare ground 
(Table 6). 

Table 6. Comparison of life form and abiotic variables of landscape settings within Grassland. Variables with 
P<0.05 in a One-way ANOVA are highlighted in bold. Significance level in a one-way ANOVA is labelled as 
**P<0.01;  *P<0.05;  NS not significant at P>0.05. Significant differences between individual means are shown 
as different letters in silnerserint. 

Lowland (% cover) Escarpment (% cover) Upland (% cover) 
Creekline Catchment Creekline Catchment Creekline Catchment 

Variable Mean s.e. Mean Is.e. Mean se. Mean se. Mean se. Mean se. 
rees (Mid) 0.4 0.2 0.5 0.4 4.0 3.3 4.7 2.3 0.1 0.1 0.0 NS 
rees (Upper) 3.0 1.9 3.0 1.6 3.6 2.2 6.2 3.4 3.0 2.2 0.7 0.7 NS 

TreesTotal 3.4 1.8 3.5 1.8 7.5 5.2 10.9 4.5 3.1 2.2 0.7 0.7 NS 

Basal Area (m2/ha2) 2.5 1.3 2.1 0.7 2.2 0.7 3.4 1.4 2.1 0.8 2.2 0.8 NS 
Density (stems/ha) 103.9 32.9 183.9 66.8 112.6 32.9 82.1 26.1 54.6 13.9 47.7 0.9 NS 
Canopy height (m) 6.3 2.2 6.2 1.3 9.3 1.7 11.9 1.7 8.8 1.5 8.0 3.7 NS 

Annual Grass 31.6 14.6 4.8 2.0 15.1 6.7 7.6 2.7 27.0 9.8 6.6 6.4 NS 
Fan Palms 0.0 0.0 0.0 0.0 0.0 0.0 0.0 NS 
Feather Palms 0.0 0.0 0.0 0.0 0.0 0.0 NS 
Ferns 0.7 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 NS 
Forbs 2.0 0.8 1.4 0.6 2.3 0.9 1.6 0.8 0.2 0.2 0.1 0.1 NS 
Moss 0.0 0.0 0.2 0.2 0.0 0.0 0.0 0.0 0.0 NS 
Pandanus 0.7 0.7 0.1 0.1 0.4 0.4 0.0 0.0 0.0 0.0 NS 
Rush 00B 00B 00B 00B 20A 1.0 9.5k' 2.6 ** 

Sedges 2.0 1.6 28.3 11.9 0.3 0.3 23.6 11.6 0.6 0.4 0.0 NS 
Shrubs 0.0 0.4 0.4 0.0 0.0 0.0 0.0 NS 
Perennial Grass 54.9 15.9 38.4 13.5 39.3 11.2 33.8 12.6 20.0 10.1 1.8 1.5 NS 
Vines (Soft) 0.2 0.2 0.0 0.0 0.0 0.0 0.0 NS 
Vines (Woody) 0.0 0.0 0.0 0.0 0.0 0.0 NS 
Vines (Total) 0.2 0.2 0.0 0.0 0.0 0.0 0.0 NS 
Woodyregeneration 1.0 0.7 1.0 0.4 1.7 1.2 1.2 0.9 1.8 1.1 0.9 0.1 NS 

Bare ground 13B 0.6 141AB  5.1 231AB g 1AB 2.7 189AB 3.9  5A  27.5 * 

Gravel 0.0 0.0 0.0 0.0 0.0 0.0 NS 
Litter 32.3 15.2 19.5 8.5 34.3 12.1 26.0 14.1 20.2 8.4 18.1 14.8 NS 
Rocks 0.0 0.0 0.1 0.1 0.0 1.4 1.3 0.3 0.3 0.0 NS 
Slope (degrees) 2.0 3.0 1.0 2.2 0.2 5.8 2.3 3.7 1.0 3.7 1.0 NS 

A narrative description of the landscape settings within each vegetation type is given below 

based on the statistical differences between them (Tables 4-6) as well as the dominant tree, 

dominant understorey and indicator species results. 
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3.3.4 Description of Landscape settings 

Closed Forest Vegetation Type 

Closed Forest, Lowland, Creekline 

The dominant trees in this landscape setting are Syzygiurn angophoroides and Carpentaria 

acuminata. The understorey cover is low but primarily consists of perennial grass (Eriachne sp.). 

The indicator species for this landscape setting is Svzygiurn angophoroides. 

Closed Forest, Lowland, Catchment 

The dominant trees in this landscape setting are Melaleuca viridijiora and Lophostemon 

lactijluus. The understorey primarily consists of perennial grass (Mnesithea rottboellioides). In 

contrast to the other Closed Forest landscape settings, this land system was found to have the 

highest cover of Pandanus sp. The indicator species for this landscape setting is Lophosteinon 

lactijluus. 

Closed Forest, Escarpment, Creekline 

The dominant trees in this landscape setting are Xanthostemon eucalyptoides and Carpentaria 

acuminata. The understorey consists of a mixture of sedges (Rynchosperma sp.) and perennial 

(Mnesithea rottboellioides) and annual grass (Sorghum sp.). 

Closed Forest, Escarpment, Catchment 

The dominant trees in this landscape setting are Xanthostemon eucalypto ides and Carpentaria 

acuminata. The understorey cover is low but primarily consists of perennial grass (Mnesithea 

rottboellioides). In contrast to the Lowland Catchment the Pandanus sp. cover in this landscape 

setting is low. 

Closed Forest, Upland, Creekline 

The dominant trees in this landscape setting are Hydriastele wendlandiana and Carpentaria 

acuminata. The understorey cover is low but primarily consists of perennial grass (Mnesithea 

rottboellioides). In contrast to the Lowland Catchment the Pandanus sp. cover in this landscape 

setting is low. 
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Closed Forest, Upland, Catchment 

The dominant trees are Hvdriastele wendlandiana and Carallia brachiata. This landscape setting 

was found to have the highest cover of rocks. The understorey cover is low but primarily consists 

of perennial (Mnesithea rottboellioides) and annual grass (Sorghum sp.). In contrast to the 

Lowland Catchment the Pandanus sp. cover in this landscape setting is low. The indicator 

species for this landscape setting are Acacia oncinocarpa, Corvinbia polvsciada, Corvinbia 

pt'chocarpa, Gardenia megasperma and Terininalia ferdinandiana. 

Savanna Vegetation Type 

Savanna, Lowland, Creekline 

The dominant trees are Xanthostemon eucalvptoides and Lophostemon lactifluus. The 

understorey consists of annual (Soghum sp.) and perennial grass (Ischaemum sp.) with forhs and 

sedges present. This landscape setting is distinguished by havin the highest cover of forbs and -- 
Pandanus sp.. Perennial grass cover is also one of the highest of the Savanna vegetation, while 

rock cover is low compared to the Upland areas. 

Savanna, Lowland, Catchment 

The dominant trees in this landscape setting are Lophostemon lactifluus and Xanthostemon 

eucalvptoides. The understorey primarily consists of perennial grass (Ischaemum sp.) with some 

annual grass. In contrast to the Upland areas, the perennial grass cover is high while rock cover 

is low. The indicator species for this landscape setting are Corymbia grandiftiia and Livistona 

hwnilis. 

Savanna, Escarpment, Creekline 

The dominant trees in this landscape setting are Lophosternon lactifluus  and Xanthostemon 

eucalvptoides. The understorey primarily consists of perennial grass (Eriachne sp. and 

Ischaemuni sp.). Perennial grass cover is high compared to the Upland Catchment, while 

Pandanus sp. cover is low compared to Lowland Creeklines. Annual grass cover is low 

compared to the Upland Creekline. Rock cover is low compared to the Upland Catchment. The 

indicator species for this landscape setting is Lophostemon lactifluus. 
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Savanna, Escarpment, Catchment 

The dominant trees in this landscape setting are Acacia auriculiforinis and Lophosternon 

/actifluus. The understorey primarily consists of perennial grass (Eriachne sp. and Mnesithea 

rottboellioides). Annual grass cover is low compared to the Upland Creekline, while Pandanus 

sp. cover is low compared to Lowland Creeklines. Rock cover is low compared to the Upland 

Catchment. The indicator species for this landscape setting is Wrightia saligna. 

Savanna, Upland, Creekline 

The dominant trees in this landscape setting are Lophosteinon lactifluus and Acacia latescens. 

The understorey primarily consists of annual grass (Soghum sp.). This landscape setting was 

found to have the highest cover of annual grass of all landscape settings. Cover of forbs and 

Pandanus sp. is low compared to the Lowland Creekline. Cover of perennial grass is low 

compared to the Lowland and Escarpment Creekline. The indicator species for this landscape 

setting are Acacia tolmerensis, Carat/ia brachiata and Eucalyptus miniata. 

Savanna, Upland, Catchment 

The dominant trees in this landscape setting are Acacia latescens and Jacksonia dilatata. The 

understorey primarily consists of perennial (Aristida sp.) and annual grass (Soghum p.). This 

landscape setting was found to have the highest cover of rocks. Cover of forbs and Pandanus sp. 

is low compared to the Lowland Creekline. Cover of perennial grass is low compared to the 

Lowland and Escarpment Creekline. The indicator species for this landscape setting are Acacia 

latescens, Acacia oncinocarpa, Brachychiton paradoxus, Cochiospermum fraseri, Gardenia 

megasperma, Jacksonia dilatata and Owenia vernicosa. 

Grassland Vegetation TVDe 

Grassland, Lowland, Creekline 

The dominant trees in this landscape setting are Grevillea pteridifolia and Pandanus spiralis. 

The understorey consists primarily of perennial grass (Ischaemum sp.). This landscape setting 

was found to have the lowest cover of bare ground. Rush cover was also found to be low 

compared to the Upland. 
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Grassland, Lowland, Catchment 

The dominant trees in this landscape setting are Lophostemon iacrifluus and Melaleuca nervosa. 

The understorey consists primarily of perennial grasses (Eriachne sp.) and sedges 

(Rynchosperma sp.). Rush cover was found to be low compared to the Upland. The indicator 

species for this landscape setting is Corvmbia latifolia. 

Grassland, Escarpment, Creekline 

The dominant trees in this landscape setting are Banksia dentata and Xanthostemon 

eucalvptoides. The understorey consists primarily of perennial grass (Ischaemum sp.). Rush 

cover was found to be low compared to the Upland. The indicator species for this landscape 

setting is Banksia dentata. 

Grassland, Escarpment, Catchment 

The dominant trees in this landscape setting are Lophosteinon lactifluus and Xanthostemon 

eucalvptoides. The understorey consists primarily of perennial (Mnesithea rott/7oellioides) and 

sedges (Rvnchosperma sp.). Rush cover was found to be low compared to the Upland. 

Grassland, Upland, Creekline 

The dominant trees in this landscape setting are Grevillea pteridifolia and Pandanus spiralis. 

The understorey consists primarily of perennial (Jschaemum sp.) and annual grass (Sorghum sp.) 

with some rushes present (Dapsilanthus spathaceus). Rush cover was found to be high compared 

to the Lowland and Escarpment. 

Grassland, Upland, Catchment 

The dominant trees in this landscape setting are Grevillea pteridijlia and Banksia dentata. The 

understorey consists primarily of Rushes (Dapsilanthus spathaceus). This landscape setting was 

found to have the highest cover of bare ground. Rush cover is also significantly high compared 

to the Lowland and Escarpment. The indicator species for this landscape setting are Grevillea 

pteridiftilia, Acacia latescens and Eucaiptus in in iata. 
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The salient features of each of the landscape settings within Closed Forest, Savanna and 
Grassland are summarized in Table 7 below. There are clear differences between each of the 

topographic and drainage classes, particularly in terms of floristic composition. Subsequent 
analyses therefore consider each of the topographic classes and drainage scenarios. 

Table 7. Summary table of the landscape setting characteristics within each vegetation type. High or Low 
Cover refers to variables for which the percentage cover was found to be significantly greater or less than 
other landscane settings in orevious analyses (Tables 4-6). 

Landscape setting 
Lowland Escarpment Upland Vegetation 
Creekline Catchment Creekline ICatcbment Creekline ICatcbment Type Variable 

Closed Dominant tree S. angoplioroides M. viridifloia X. eucalvptoides X. euca/vptoides H. wendlandiana H. nendlcuidiana 
Forest species C. acuminata L. lactifiuus C. cicu/ninata C. acwninata C. acunhinata C. /,racluata 

High cover Pandanus sp. Rock 
Low cover Pandanus sp. Pandanus sp. Pandanus so. 
Indicator species S. anop/ioroides L. lacttjIuus A. onCinocarpa 

C. polvsciada 
C. ptvchocaipa 

C. inegasperna 
T. feed utancliana 

Savanna Dominant tree X. euca/vptoicles L. Iactifluus L. lactij/uu.s A. cu,riculifijr,nis L. lacti//ubo A. latescens 
species . Iactiflutis X. eucalvptoides X. eucalvptoides L. Iacrifluus A. /alescens J. dilatata 
High cover Forhs Perennial grass Perennial grass Annual grass Rock 

Panda mis sp. 
Perennial grass 

Low cover Rock Rock Annual grass Annual grass Forbs Forhs 
Rock Rock Perennial grass Perennial grass 
Pane/anus sp. Pandanus sp. Pandanus sp. Pandanus sp. 

Indicator species C. grandifolia L. /cictifluus W.sa/igna A. to/merensis A. latescens 
L. hum i/is C. I,rachiata J. di/atata 

E. mm iota oncinocarpa 
paradoxus 
fraseri 

G. mnegasperma 
0. i'ernicosa 

Grassland Dominant tree G. pieriditoiza /actifluus B. den tata L. Iactifluus G. ptericlifolia G. pteridi/dia 
species P. spiralis nervosa X. euca/vptoides X. eucalvptoides P. spzralzs B. dentata 
High cover Rush Rush 

Bare ground 
Low cover Bare ground Rush Rush Rush 

Rush 
Indicator species C. latifolia B. dentaia G. preriditolia 

A. latescens 
L. mm/ala 
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3.4 Classification of Species Groups 

The results of the TWINSPAN classification and analysis of species into Rainforest and Non-

rainforest groupings is given in Table 8. The cut between these two groups was made at the 

Second Division in the TWINSPAN analysis. Forty species were classified as Rainforest 

(38%) whereas 66 species were classified as Non-Rainforest (62%). 

iauie o. rNon-rairnorest anu Kainjorest tree species groups flaseci on tne I WIJNSI'Ar classitication. 
Rainforest Species INon-rainforest Species 
Acacia pellita 
Aiphitonia exce/sa 
Aistonia actinophy/la 
Breynia cernua 
Buchanan/a arborescens 
Calophyllum soulattri 
Carallia brachiata 
'Carpentaria acuminata 
Corymbia polycarpa 
Cycas ca/c/cola 

yc/ophyllum schultz/i 
Diospyros calycantha 
Diospyros cordifolia 
Drypetes dep/anchei 
Elaeocarpus arnhem/cus 
Fagrea racemosa 
Ficus congesta 
Gmelina arborea 
Gmelina schlecteri 
He//cia australasica 
Horse fie/dia austra/iana 
Hvdriastele wend/andiana 

am hem ens/s 
rosnermum maddidum 

Litsea glut/nosa 
Maranthes corymbosa 
Me/a/euca v/rid/flora 
Me/astoma affine 
Mel/cope elleryana 
Memecyclon pauciflorum 
Neolitsea brassii 
Pouter/a richardii 
Pouteria sericea 
Premna acuminata 
Rapanea benthamiana 
Sche if/era actinophylla 
Syzygium angophoroides 
Syzygium forte 
Wright/a pubescens  

Acacia auricu/iformis 
Acacia duff/c//is 
Acacia dimidiata 
Acacia ho/osericea 
Acacia lamprocarpa 
Acacia latescens 
Acacia oncinocarpa 
Acacia plectocarpa 
Acacia to/merensis 
Antidesma ghesaembil/a 
Banksia dentata 
Brachychiton diversifol/us 
Brachychiton megaphyl/us 
Brachychiton paradoxus 
Br/delia tomentosa 
Buchanan/a obovata 
Callitris intratropica 
Ca/ytrix exst/pu/ata 
Canar/um australianum 
Choriceras tricorne 
Clerodendrum floribundum 
Cochlospermum fraseri 
Corymbia be/la 
Corymbia d/chromoph/o/a/ 
Eucalyptus atrovirens 
Corymbia grandifol/a 
Corymbia latifol/a 
Corymbia polysc/ada 
Corymbia ptychocarpa 
Croton arnhem/cus 
Denhamia obscura 
Dol/ichandrone fl//form/s 
Erythroph/eum ch/orostachys 
Eucalyptus kombolgiens/s 
Eucalyptus miniata 
Eucalyptus phoenec/a 
Eucalyptus tectifica 
eucalyptus tetrodonta 
Exocarpos latifolius 

F/cus opposita 
Fleming/a /ineata 
Gardenia megasperma 
Gre vi//ea heliosperma 
Gre v//lea pterid/folia 
Jackson/a dilatata 
Livistona hum//is 
Lophostemon lactif/uus 
Margaritaria dubium-traceyi 
Melaleuca /eucadendra 
Mela/euca nervosa 
Owen/a vern/cosa 
Pandanus aquaticus 
Pandanus spiral/s 
Persoon/a falcata 
Peta/ostigma pubescens 
P/anchon/a careya 
Pouter/a amnhemica 
Syzygium eucalyptoides ssp. bleeseri 
Syzygium subordiculare 
Term/na/ia ferdinandiana 
Term/na/ia grand/flora 
Term/na/ia pterocarya 
Timonius timon 
Vert/cordia cunningham/i 
Wright/a sa//gna 
Xanthostemon eucalyptoides 



3.5 Variation in abundance of Rainforest and Non- 
rainforest species with trajectory 

Graphs detailing the average density and basal area of Rainforest and Non-rainforest species 

for each trajectory and landscape setting are available in Appendix 1. Summary graphs of the 

density of Rainforest and Non-rainforest stems tracing the fate of each vegetation type in 

1941 are given below for each size class and for all size classes combined (overall) (Figures 

4-6). These are based on whether there was a significant effect of 'topography' and/or 

'drainage' variables in the factorial ANOVAs for each vegetation transition. Size classes and 

species groups with no significant effects are also included for completeness. 

1941 Closed Forest Trajectories 

There was a significantly lower abundance of Rainforest Saplings and Poles, and Rainforest 

stems for all size classes combined (overall), in Closed Forests that have contracted to 

Savannas compared to stable Closed Forests (Figure 4). There was no significant difference in 

the abundance of Rainforest stems for the Tree size class. Non-rainforest stems showed no 

significant change in abundance between these trajectories, although there was a consistent 

increasing trend for each of the size classes. 
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Figure 4. Stable Closed Forests are compared to those that have contracted to Savanna in terms of 
the average abundance of Rainforest and Non-rainforest stems for each size class and for all size 
classes combined (overall). Significant differences between means are shown as different letters. 
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1941 Savanna Trajectories 

Comparing stable Savannas to those that have contracted to Grassland, there is no 

significant effect of trajectory on the abundance of Rainforest or Non-rainforest stems 

for each individual size class (Figure 5). For all size classes combined (overall), 

however, there were significantly less Non-rainforest stems in Savannas that have 

contracted to Grasslands compared to stable Savannas. There were very few 

Rainforest stems in these trajectories compared to Non-rainforest species. 

There was a significantly higher abundance of Rainforest stems in Savannas 

that have expanded to Closed Forest compared to stable Savannas for each size class 

and for all size classes combined. The abundance of Non-rainforest stems was not 

significantly different between these two trajectories (Figure 5). 
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Figure 5. Stable Savannas (Say to Say) are compared to those that have contracted (Say to Grs) and 
expanded (Say to CF) in terms of the average abundance of Rainforest and Non-rainforest stems 
for each size class and for all size classes combined (overall). Significant differences between means 
are shown as different letters. 
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1941 Grassland Trajectories 
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Figure o. Stable (irasslands are compared to those that have expanded to Savanna and Closed 
Forest in terms of the average abundance of Rainforest and Non-rainforest stems for each size class 
and for all size classes combined (overall). Significant differences between means are shown as 
different letters (Where means are approximately the same, one letter represents them all). 
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As Grasslands changed into Savannas, the abundance of Rainforest stems remained very low, 

while the abundance of Non-rainforest stems appeared to increase compared to stable 

Grasslands, although this increase was only found to be statistically significant in the overall 

category for the Lowland and Escarpment topographic classes (Figure 6). 

Grasslands that have become Closed Forests consistently appeared to exhibit an 

increase in the abundance of Rainforest stems compared to stable Grasslands. This increase 

was statistically significant compared to stable Grasslands for each of 'Saplings on 

Creeklines', 'Poles in the Escarpment Catchment' and for 'all size classes combined on 

Creeklines.' There was also a statistically significant increase in the abundance of Non-

rainforest stems on the Escarpment for all size classes combined in Grasslands that have 

become Closed forests compared to stable Grasslands (Figure 6). 

3.6 Floristic Composition 

Based on the ordination scores, there was no significant floristic difference at P>0.05 between 

trajectories leading to Closed Forest in 1994 (ie. Trajectories 'Closed Forest to Closed 

Forest', 'Savanna to Closed Forest' and 'Grassland to Closed Forest'). The significant overlap 

in floristic variation between the trajectories leading to Closed Forests in 1994 is illustrated in 

Figure 7. There was also no significant floristic difference between the trajectories leading to 

each of Savanna and Grassland in 1994. 
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Figure 7. Detrended Correspondence Analysis of floristic data for trajectories leading to Closed 
Forest. 

The results of the three-way ANOVA of Axis 1 floristic ordination scores for all sample 

points combined (Table 9) demonstrate that 'trajectory', 'topography' and 'drainage' all had a 

significant effect on species composition, while there was no significant interaction between 

these factors. Analysis of Axis 2 found no significant effects at P>0.05. 

Table 9. Results of Three-way ANOVA of Axis I ordination scores based on floristics. Significant effects at 
P<005 are hiohliohted in hold. 
Factor SS df MS F p 

Intercept 22239373 1 222393731 
233747 

1714.281 
18.018 

0.000000  
0.000000  Irajectory 

- 
1168735 5 

lopography 585767 2 
-- - 

292883 22.576 0.000000  
Drainage 77959 1 77959 6.009 0.015196 
rraj*Top 66146 10 6615 0.510 0.881690  
rraj*Drain  25262 5 

- 
5052 0.389 

- 
0.855612 

rop*Drain  
- 

26943 213471 1.038 0.356152 
120763 1012076 0.931 0.506175 

error 2309195 178 12973  
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As there were significant effects of all three factors for Axis 1 (Table 9). the dominant species 

for each trajectory and landscape setting needed to be considered on a case-by-case basis. The 

dominant species were therefore determined separately for each trajectory and landscape 

setting. 

The identification of dominant Rain forest and Non-rainforest species (Table 11) demonstrates 

that the dominant species vary considerably between trajectories and landscape settings. This 

is substantiated by the fact that there are 24 and 21 overall dominant Non-rainforest and 

Rainforest species respectively. The considerable variation in dominant species between 

trajectories and landscape settings is also apparent for each of the individual size classes 

(Appendix 2). 

Table 10. Key to abbreviations in Table 18. 
Key 

CF Closed Forest 
Say 
Grs 

Savanna 
Grassland 

Low Lowland 
Esc Escarpment 
Up Upland 
Crk Creekline 
Catch Catchment -  
Non-RF Non-rainforest 
Rf Rainforest -  --- 
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Table 11. Dominant Non-rainforest and Rainforest trees for all size classes combined. Species are sorted as a dominant for each guild in order. 
Trajectory and Landscape setting (stems/ha)  

LCF to CF ____ CF to Say Grs to CF Grs to Grs Grs  to Say Say to CF Say to Grs Say to Say 
Overall Sp. LESC Low Up Esc ILow Up Esc Low Esc Low jUp Esc Low Up Esc ILow Up Esc Low Esc LLow Up 

Dominant Species I Type ICat ICrk ICat ICrk ICat ICrk ICat iCrk ICat ICrk Cat ICrk Cat ICrk Cat Cat ICrk Cat Crk ICat ICrk Cat ICrk ICat ICrk Cat Crk Cat ICrk Cat Crk Cat ICrk Cat ICrk ICat ICrk Cat Crk Cat ICrk ICat Crk 
X eucalyptoides INon-RF 05 1333 917 222 896 833 214 194 286 63 479 78 25 75 375 167 183 092 217 
L lactitluus INon-RF 333 1667 375 194 029 167 29 396 333 276 153 25 333 
Grevillea pterid,tol,a INon-RF 1375 1 83 j 198 333 28 28 

Corymbia ptychocarpa INon-RF 029 292 229 1583 1333 1389 
E. chlorostachya INon-RF 1 5 1139 417 667 1333 
Banks,a dentata INon-RF I 63 438 1981 135 
Pandanua aquaticus INon-RF 1 583 1 1 25 I 417 42 
Pandanus apiralia INon-RF I I  1 333 42 438 13 
Acacia lateacens INon-RF I 1 42 4 25 278 

P pubescens INon-RF I 542 1 333 [736 
eucalyptua tetrodonta INon-RF I I 58 167 417 
S. subordiculare INon-RF k17 1167 229 
acksonia dilatata INon-RF 1 458 667 

Melaleuca nervosa INon-RF 1 292 1375 
C. fraser, INon-RF I 28  11  
C. dichromophloia INon-RF 1167 
Eucalyptus tect,f,ca INon-RF 1167 

Eucalyptus m,niata INon-RF j I 583 
Acac,a aur,cul,torm,s INon-RF i 1896 
Ii tp.rrtinenrtine NOn-RE I I I I 25 
Fwright,ssaiignaINon-RF 646 
LAcacia dimidiata INon-RF 1167 
lChoriceras tricorne INon-RF 1 583 

Melaleuca viridiflora 
Melicope elleryana 
H. wendlandiana 
Carpentaria acuminata 
Fagrea racemosa 
Helicia australasica 

Melastoma aftine 
LAiphitonia excelsa 

~

Carallia brachiata 
Rapanea benthamiana 
ll ex arnhemensis 
IS. angophoroides 
Pouteria sencea 
N rightia pubescens 
Cycas calcicola 
Corymbia polycarpa 
H. australiana 
Calophyllum soulattr, 
lAlston,a actinophylla 
Cyclophyllum schultz,, 
Pouteria richardu 
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3.7 Aspect 
Although there was some variation in aspect within groups of trajectories beginning with each 

vegetation type, there was no systematic relationship between the direction of change and the 

proportion sites with a particular aspect (Figure 8). 
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Figure 8. Percentage of sites of each aspect for each trajectory. 

3.8 Soil Moisture 
A much larger proportion of Closed Forest and Savanna sites occurred on sites that were dry 

(c.80%) compared to Grasslands (c.40%). About half of the Closed Forest sites growing on 

dry substrates had their biomass dominated by rainforest species (Figure 9). 
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Figure 9. Percentage of sites with low soil moisture for each vegetation type. The proportion of sites 
with greater than 50% basal area of rainforest trees is shown in blue. 
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3.9 GIS: Distance to Vegetation Types in 1941 

Points corresponding to the trajectory Grassland to Closed Forest were significantly closer to 

areas of both Closed Forest and Savanna in 1941 than were stable Grasslands (Table 12). 

Grassland sites that became Savanna were significantly closer to Savanna in 1941 than were 

stable Grasslands (Table 12). 

Table 12. Average distance of vegetation types in 1941 to sample points for each trajectory recorded 
beginning with Grassland. Significant differences between trajectories are shown as different letters. 

Distance to vegetation type in 1941 (m) 

frajectory Closed Forest Savanna 

Grassland to Grassland 323.2 A 27.3 A  

Grassland to Savanna 433•8A 15.88  

Grassland to Closed Forest 9938 14.48  

Points corresponding to the trajectory Savanna to Closed Forest were significantly closer to 

areas of Closed Forests in 1941 than were stable Savannas (Table 13). Savannas that became 

Grasslands were significantly closer to Grasslands in 1941 than were stable Savannas. 

However, Closed Forests that became Savannas were significantly further from Grasslands in 

1941 than were stable Closed Forests (Table 14). 

Table 13. Average distance of vegetation types in 1941 to sample points for each trajectory recorded 
beginning with Savanna. Significant differences between trajectories are shown as different letters. 

Distance to vegetation type in 1941 (m) 

l'rajectory Closed Forest Grassland 

Savanna to Grassland 356•0A 147c 

Savanna to Savanna 18598  176.78  

Savanna to Closed Forest 48.6c 2239A 

Table 14. Average distance of vegetation types in 1941 to sample points for each trajectory recorded 
beginning with Closed Forest. Significant differences between trajectories are shown as different letters. 

Distance to vegetation type in 1941 (m) 

Frajectory Grassland (m) Savanna 

Closed Forest to Closed Forest 177.08  12.4 

Closed Forest to Savanna 1 
3083A 10.2 

87.3% of sites corresponding to vegetation types which thickened up to Closed Forest were 

within lOOm of Closed Forest in 1941. The maximum distance of sites that went from 

Grassland to Savanna from Savanna in 1941 was 41m. The maximum distance of sites that 

went from Savanna to Grassland from a Grassland in 1941 was 30m. 
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3.10 GIS: Fire Frequency 

Fire frequency data was available for 206 out of 248 sample points (83%). Trajectories where 

the vegetation was thinning consistently had a higher average fire frequency than their stable 

counterparts (Figure 10). Thickening trajectories had a lower average fire frequency than their 

stable counterparts, with the exception of the transition of Grassland to Savanna (Figure 10). 

There was no consistent relationship between trajectories for the number of late dry season 

fires (Figure 11). The average frequency of late dry season fires for the period 1990 to 2000 

was 0.98. 

Grassland to Closed forest ii 
Grassland to Savanna I_____________________ 

Grassland to Grassland I I I 

0 Savanna to Closed forest E -1 

Savanna to Savanna I I I 

Savanna to Grassland I I I 

Closed forest to Closed forest I I I 

Closed forest to Savanna  

2.0 3.0 4.0 5.0 

Nunter of fires 

Figure 10. Average total fire frequency in each trajectory for the period 1990 to 2000. Error bars 
show standard error. 

Grassland to Closed forest 
Grassland to Savanna 

Grassland to Grassland 
>' 

0 
- Savanna to Closed forest 0 a) 

Savanna to Savanna 
Savanna to Grassland 

Closed forest to Closed forest 
Closed forest to Savanna 

 

0.0 0.5 1.0 1.5 

Number of fires 

Figure 11. Average frequency of late dry season fires in each trajectory for the period 1990 to 2000. 
Error bars show standard error. 

58 



3.11 Ethnographic and Ecological History 

The discussions with Ray Petherick and David Fuller are summarized below. 

3.11.1 Ray Petherick 

Personal History 

• Arrived in the area in 1948 and has lived in and around the study site ever since. 

Aboriginal occupancy 

• Ray estimates that there were between 60-100 Aboriginal people living in and around 

the area when he first arrived at the study site. Many of these had hidden in nearby 

swamps during the war. They were forced to hide as the army cleared Aboriginal 

people out of the area during the war due to fear that they would show the Japanese 

around. 

In the early 1950's many of the local people moved to the Rum Jungle and Bamboo 

Creek mines. Only those people associated with the sawmill and cattle stations around 

the area remained after this time. 

Art and Aboriginal connection with the land 

• Litchfield National Park has at least 105 art sites associated with it. Thirty-four of 

these occur around the park boundary. Bees wax used in the art has allowed some of 

these works to be dated. Their ages vary from 160 to 450±60 years old. The artwork is 

thought to match 21 known clans including six language groups. 

• The top end of the study site was associated with the Marri clan (cycad tree/glider 

possum). Six other clans are associated with the lower end of the study site. Several 

land claims have been submitted which include the study site. 

Fire 

• The people living in the area when Ray arrived used fire for a number of purposes. 

Ray claimed that "in April, the Yams would be ripe." Ray would assist the local 

people as they burnt around the edges of the rainforests to protect and promote these 

food resources. Fire was also used for access, to make it easier to walk around. 
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• Ray claimed that "Burning took place right up until August and there was lots of 

burning going on... people used to carry fire sticks with them every where they went." 

It was thought that there would have been even more burning prior to the war. 

• Prior to the war the indigenous people also practiced 'ring-burning' where fires were 

lit in a ring around a certain patch, scaring small mammals into this area. The 

remaining patch was then also burned, allowing the people to walk in and pick up the 

burnt animals. 

• Ray has personally burnt around several of the rainforest patches in the study area 

almost every year since his arrival. This practice ended with the gazetting of the 

National Park in 1986, although he still occasionally burns around one or two patches 

that are directly within his property. This burning has been primarily focused across 

the top of the escarpment to prevent damage from big fires coming down off the 

plateau. This practice was motivated by the observation that late dry season fires had 

caused significant damage to rainforest patches that had not been cared for. 

• Not far from the study site there is 'Fire art'. This depicts a cycad tree with burnt 

fronds hanging down and small new shoots growing out the top. Some paintings also 

depict a long three-pronged object, which Ray suspects may be a symbol for a fire 

stick. 

3.11.2 David Fuller 

Personal History 

• Head Ranger of Walker Creek Ranger Station, Litchfield National Park, for last two 

years. David and his team are responsible for managing the northwest corner of 

Litchfield National Park, which includes the study site. 

Fire Management 

• The overall aim of contemporary fire management in Litchfield National Park is to 

'maintain biodiversity' in terms of both species and habitats. Other aims are to reduce 

the incidence of weeds and protect assets. To achieve these aims, the incidence of fire 

in an area needs to be limited to around once every seven years. This knowledge came 

from scientists that David has consulted with. 

• The primary method of reducing fire frequency in Litchfield is to create 'fire breaks'. 

These are primarily produced along roadsides by back-burning. This helps reduce the 

60 



number of fires ignited by arsonists. Arsonists had already lighted 12 fires in the area 

this year (2/7/02). 

• There is currently no active burning around rainforest patches, although this does 

occur by default in some cases. 

• Ideally fire management would be aimed at achieving a mosaic of burnt and unburnt 

habitats similar to traditional Aboriginal burning practices. There is currently no time 

or resources available to achieve this at a small scale, as the park is so large and 

inaccessible, although this does occur at a large scale through aerial bombing. 

• Grasslands do not currently receive any particular management aimed at their 

conservation. They are considered to be 'hardy' and will look after themselves, while 

more sensitive life forms such as cycads and Callitris pines are in greater need of 

management effort. 

• The contemporary management of the study area is not typical of the rest of Litchfield 

National Park. There is far more intensive management in the study site area 

compared to many other, more inaccessible parts of the park. Being on the boundary 

of the park, fire-breaks are created to stop fires coming in from surrounding areas. 

This area also has many roads, camping grounds and buildings which require fire 

management. 
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4 DISCUSSION 

4.1 Field data 

4. 1.1 Validation of Classifications 

Bowman et at. (2001b) used simple rules based on the distance between tree crowns to 

classify the vegetation of a study site in Litchfield National Park into Closed Forest, Savanna 

and Grassland from digital aerial photographs. The present study confirmed that there was 

significant variation in the abundance of trees among each of these vegetation types in the 

field. As was expected, these differences paralleled the ordinal scale of Bowman et at.' s 

(2001b) classifications with Closed Forest having the highest abundance of trees, Grassland 

the lowest and Savanna being intermediate between the two. The vegetation types were 

additionally found to support different abundances of life forms, environmental variables and 

floristic attributes. This provides strong evidence that the vegetation classification in 1994 

was indeed meaningful. It can be inferred from this that the vegetation classification for 1941 

was also likely to have been valid. This evidence supports the authenticity of the Closed 

Forest expansion and Grassland contraction documented by Bowman ci at. (2001b). 

Investigation of the attributes of landscape settings within each vegetation type 

revealed variation among each of the topographic settings and drainage classes. This result 

suggests that the topographic and drainage classes are also meaningful in the field situation. 

The difference in the Escarpment category also suggests that the topographic classification 

used by Bowman et at. (2001b) can be enhanced with the addition of an Escarpment 

topographic class. The validity of the vegetation, topographic and drainage classifications 

confirms that we can meaningfully proceed to investigate the ecological basis of the changes 

recorded by Bowman et al. (2001b) and consider the variation in this effect between the 

landscape settings. 

While the classification of vegetation types and landscape settings was found to be 

meaningful, it should be recognized that, if the landscape is in a dynamic state, then the 

vegetation communities are likely to exist as a continuum rather than as discrete units. For 

example, the vegetation that has been classified as Closed Forest is likely to include a number 

of successional stages toward and away from the climax forest community, and therefore 

delineation of precise boundaries between the vegetation types is always somewhat arbitrary. 

This is substantiated by the DCA scatter plot of the three vegetation types (Figure 3), which 
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indicates that there is a continuum in plant abundance and composition between the 

vegetation types. This needs to be taken into consideration when interpreting the results, 

which for pragmatic reasons use classifications based on the existence of discrete units. 

4. 1.2 Florist/c investigations 

Having confirmed that the dynamic observed by Bowman et al. (2001b) is meaningful in 

terms of broad vegetation categories, we can proceed to ask What is the nature of this 

dynamic?' The analysis of dominant species revealed that there do not seem to be any key 

species driving either the expansion or contraction at the broad scale. Rather, the dominant 

species present differ considerably with landscape setting and trajectory. These results are not 

consistent with Archer ci' al. (1995), who suggested that the increase in woody biomass in 

savanna environments is typically associated with unpalatable woody species such as Acacia 

sp. In this study Acacia sp. did not arise as a dominant in any of the landscape settings of 

expanding sites. This was an expected result, as the low intensity of grazing in the study site 

has meant that the palatability of the vegetation is unlikely to have acted as a selection 

pressure. 

While there was no consistent difference in overall floristic composition among 

trajectories leading to each of Closed Forest, Savanna and Grassland in 1994, at the same time 

the dominants for most trajectories and landscape settings were different. The analysis of 

ordination scores also found that there was a significant effect of 'trajectory', 'topography' and 

'drainage' on floristic composition when all the sites are combined in the analysis. How can 

these seemingly contradictory results be resolved? 

It is argued that these results are evidence that the vegetation is currently in a highly 

dynamic state. The vegetation cover is only known for the two dates 1941 and 1994. 

Seemingly stable trajectories (eg. Savanna to Savanna) may have undergone considerable 

shifts in composition and/or structure within this period, for example a Savanna may have 

reduced in vegetation cover to that of a Grassland and returned to Savanna. The dynamic 

nature of the vegetation has meant that such 'stable' communities contain a similar amount of 

floristic variation as communities that are known to be have changed (eg. Savanna to Closed 

Forest). This was indicated by the DCA scatter plot of trajectories leading to Closed Forest 

(Figure 7). The considerable amount of floristic variation in 'stable' communities led these 

groups of sites to be not significantly different from groups of sites that are known to have 

changed. 
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Upon this background of considerable variation, different species express themselves 

as dominants in different landscape settings, depending on which is best adapted to that 

particular set of environmental variables. For example, the vegetation in different landscape 

settings may have responded differently to changed fire or water regimes. The dominant 

species identified may also reflect the successional stage of the vegetation types in particular 

landscape settings. 

The division of Rainforest and Non-rainforest species involved automatically 

separating out discrete groups of species that occur together. A highly dynamic system is 

likely to have resulted in the existence of many mixed communities, such as an invading 

rainforest understorey occurring beneath a eucalypt canopy. The occurrence of such 

communities was evident in the results of the TWINSPAN classification with a variety of 

species included in the Rainforest group which would not commonly be referred to as 

rainforest species (eg. Acacia pc/lila, Melaleuca i'iruliflora). The imperfect results of the 

TWINSPAN classification due to many rainforest and non-rainforest species occurring 

together thus further substantiates the view that the current landscape is highly dynamic. 

This finding can help to explore the nature of the vegetation system in 1941. We may 

ask Was the vegetation in 1941 in equilibrium and just 'flipped' to a new formation as a 

result of a different environmental stimulus, or was the system in 1941 likely to have been 

just as dynamic? The dynamic nature of the current vegetation suggests that dynamism is 

inherent in the ecological system. If the change was stepped, we might have also expected the 

formations of Closed Forest, Savanna and Grassland to be more clearly defined. The 
ordination of site floristics demonstrated that this is not the case (Figure 3). 

These findings suggest that the vegetation change observed is not likely to have 

occurred as a discrete shift in vegetation patterns, but as a shift in the balance of a 

continuously dynamic system, mediated by landscape setting. Similar dynamic patterns are 

likely to have been observed in 1941. This raises the question 'What role has land 

management played in the observed dynamic?' and ultimately 'What is the primary driver of 

this change?' To investigate this, the field survey results of the variation in abundance of 

Rainforest and Non-rainforest species, aspect and soil moisture analysis will now be 

discussed. 
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4.1.3 Variation in abundance of Rainforest and Non-rainforest species 

among trajectories 

The hypothesis that increased groundwater is driving the vegetation dynamics may be able to 

explain why Rainforest species were abundant in sites that had expanded to Closed Forest, as 

wetter conditions may have expanded the area available for wet rainforest species to grow. 

There is some evidence to suggest that the establishment of rainforest seedlings is dependent 

on soil moisture (Bowman and Panton 1993). Wetter conditions may also have accelerated the 

growth of rainforest seedlings. This is supported by evidence that about 90% of the variance 

in primary production in rangelands can be accounted for by annual precipitation (Campbell 

etal. 1997). 

However, neither the groundwater nor the CO2  hypotheses are able to account for the 

differential responses of Rainforest and Non-rainforest species. This study found a significant 

decline in Rainforest trees relative to Non-rainforest trees in the contracting trajectory 'Closed 

Forest to Savanna', and a general increase in Rainforest trees relative to Non-rainforest trees 

for expanding trajectories such as 'Savanna to Closed Forest'. If the dynamic was caused by 

an effect general to the landscape, such as increased groundwater or CO-,, it is less likely that 

such stark differences in the response of the different guilds would have occurred. This is 

substantiated by ecophysiological evidence that that enhanced CO2  does not differentially 

enhance growth rates of rainforest and non-rainforest species in north Australia. For example, 

two common savanna species - Eucalyptus tetrodonta and Eucalyptus miniata - increased 

their biomass by a ratio of 2.55 and 1.18 respectively in a doubled CO2  environment over 32 

weeks (Duff et at. 1994). By comparison, a monsoon rainforest species, Maranthes 

coryinbosa, showed an increase in growth intermediate between these two eucalypt species, 

with a biomass ratio of 1.61 when grown under similar conditions (Berryman et at. 1993). 

Rainforest and non-rainforest species are, however, understood to differ in their 

response to fire. Despite the limitations of classifying Rainforest and Non-rainforest species 

groups (see section 2.4), the term rainforest' is thought to distinguish forests that are fire-

sensitive relative to those vegetation types, typically dominated by Eucalyptus/Corymbia, that 

are highly fire-adapted (Bowman 2000). This view needs qualification, however, as 

experiments have shown that many rainforest trees can recover from at least a single fire (eg. 

Bowman and Panton 1993). The difference between rainforest and non-rainforest species is in 

their ability to tolerate recurrent fires (Bowman 2000). The Rainforest and Non-rainforest 

species groups defined in this study can therefore be taken as representing guilds which are 

sensitive to and tolerant of recurrent fires respectively. The increase in fire-sensitive 

Rainforest species in areas that have become Closed Forest observed in this study is therefore 
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consistent with the fire hypothesis; reduced fire frequency has allowed these fire-sensitive 

species to recruit and grow, while the previous fire regime had suppressed the development of 

Rainforest saplings in both Grasslands and Savanna. 

The significant decline in abundance of fire-sensitive Rainforest species in areas that 

have contracted from Closed Forest to Savanna, while Non-rainforest species show an 

increasing trend, is also consistent with the fire hypothesis. Localized increases in fire 

frequency may have caused contraction of vegetation in these areas. An increase in fire 

frequency is thought to limit recruitment of seedlings and increased tree mortality, particularly 

for fire-sensitive guilds such as rainforest species, on both pre-historic (Bowman 2000) and 

historic time scales (Wilson and Bowman 1994; Eckhardt et al. 2000). The consistent low 

abundance of Rainforest stems in Grasslands and Savannas is also consistent with the idea 

that fire is limiting the recruitment of these species in areas where there is likely to be an 

abundance of combustible fuels (eg. grasses). 

In addition, the overall decline in the density of stems for trajectories such as Closed 

Forest to Savanna (combining Rainforest and Non-rainforest species) compared to their stable 
counterparts is consistent with the expected thinning process. As noted by Bowman et al. 

(2001b), the existence of a dynamic pattern, with significant changes contrary to the main 

trend of expansion, supports the fire hypothesis. The alternative hypotheses that increased 

supplies of groundwater or increased atmospheric CO2  are the primary drivers of vegetation 

dynamics at the study site cannot account for the occurrence of numerous areas where the 

vegetation has thinned. 

4.1.4 Aspect 

The combined effect of wind and solar radiation reduces moisture availability, particularly on 

north facing slopes (Kirkpatrick et al. 1988). Moisture is therefore more likely to be the 

limiting factor of growth on north facing slopes rather than the other aspects. If the 
groundwater or CO2  hypotheses are correct, it may therefore be expected that a larger 

proportion of expanding sites would occur on north facing slopes as compared to stable sites. 

This is because the 'CO2  fertilization effect' causes an increase in plant water use efficiency 

(Polley 1997), while increased supplies of groundwater would increase water supplies to tree 
roots. The resulting increased water availability may therefore enhance productivity on 

northern aspects. 

The results, however, suggested that this is not the case. There was no systematic 

relationship between the direction of change and the proportion sites with a particular aspect 

(Figure 8). This concurs with the results of Kirkpatrick et al. (1988) who found that the 
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distribution pattern of monsoon thicket and eucalypt forest near Mt. Bundey, Northern 

Territory, did not relate to the effects of incident radiation on temporal patterns of moisture 

availability. This study found that the boundaries between vegetation types related more to 

relative fire protection. 

Slopes that are windward during the dry season tend to be more fire prone (Tracey 

1982; Kirkpatrick et al. 1988). The prevailing winds in the dry season around Darwin are 

generally from the south-east (Gill c/ al. 1996). There was no decisive evidence of this shown 

in the analysis of aspect. However, unlike with incident radiation, the effect of aspect on fire 

can be more variable and is dependent on the source of the fires. A common source of fires in 

the study site is from the creation of fire-breaks along the roadside (see section 3.9), which is 

to the west of the study site. This may have confounded the direction in which this effect 

occurs. As the aspect effect is not consistent with the groundwater or CO2  hypotheses, the 

existence of some variation in aspect within groups of trajectories beginning with each 

vegetation type may lend support to the fire hypothesis. 

4.1.5 Soil moisture 

Observations of soil moisture further substantiate the view that the vegetation dynamics are 

inconsistent with the groundwater hypothesis. Firstly, about half of the Closed Forest sites 

occurring on dry substrates had their biomass dominated by Rainforest trees. This suggests 

that rainforest species can colonize and grow irrespective of whether the soil is perennially 

moist. Secondly, if increased water availability was driving the vegetation toward higher 

canopy cover, then the observed occurrence of a larger proportion of Closed Forest and 

Savanna sites on dry substrates compared to Grasslands would not have been expected. 

Perennial water availability seems to be better correlated with the occurrence of Grasslands 

than vegetation types of higher canopy cover. This does not support the hypothesis that 

increased soil moisture has driven the expansion of Closed Forest and contraction of 

Grassland observed in the study site. A variety of alternative data sources will now be 

investigated to help interpret the above findings. 
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4.2 Alternative data sources 

4.2.1 Additional Groundwater Resea rch 

Modelling of historic groundwater levels may shed light on the significance of groundwater in 

driving the vegetation dynamic. Based on rainfall records for Darwin dating back to 1860, the 

fluctuation in groundwater levels have been predicted for the Galloping Jacks gauging point 

on the Katherine River (Jolly 2001; Figure 12). Trends in groundwater are thought to be 

relatively uniform throughout the Northern Territory (Peter Jolly, pers. comm., 2002). This 

model can therefore be used as an indicator of the likely trends in groundwater for the study 

site. 

Figure 12. Predicted and Gauged minimum instantaneous now rates at Galloping Jacks gauging 
point on the Katherine River (Jolly 2001). 

Applying the predicted trends shown in Figure 12 to the study site, the aerial photos from 

1941 used in the study by Bowman et at. (2001b) were taken at a small peak in groundwater 

levels (see arrows). The groundwater level reduced after this time until a major peak in the 

late 70's and early 80's. Gauged flows are mostly above the 41 peak for most of the 70's, 80's 

and 90's up to when the final aerial photos were taken in 1994 (see arrows). It is possible that 

the vegetation thickening observed at the study site was a product of this increase in 

groundwater levels. While there was also a large peak around 1900 before the first set of 

photos were taken, there was a longer period of lower groundwater levels following this (c.30 
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years). This may have allowed the vegetation to decline before the 1941 aerial photos were 

taken. The data of historical groundwater fluctuations discussed here are therefore consistent 

with fluctuations in groundwater being a driver of the observed vegetation dynamics. 

4.2.2 GIS data: Distance to vegetation types in 1941 

Grassland or Savanna sites that have become Closed Forest were significantly closer to 

Closed Forest in 1941 than their stable counterparts. Almost 90% of Grassland and Savanna 

sites that became Closed Forest were within lOOm of Closed Forests in 1941, which indicates 

that the thickening is occurring on the margins of the Closed Forest rather than as random 

'irruption'. This concurs with a study of tropical forest recovery in Palau which showed that 

over 92% of areas of forest expansion occurred within lOOm of established forest. The 

proximity of established forest facilitated forest recovery following disturbance (Endress and 

Chinea 2001). The groundwater hypothesis may be seen as consistent with this finding as 

wetter conditions have expanded the area available for wet rainforest to grow. Seeds and 

propagules of Closed Forest species are more likely to be dispersed closer to the vegetation 

type they originate from than further away. The boundary of the Closed Forest may also 

facilitate an increase in soil fertility which can increase the viability of tree seedlings 

(Bowman and Panton 1993; Scholes and Archer 1997). Closed Forest boundaries thus may 

have facilitated the establishment of seedlings in nearby areas that were previously too dry. 

The finding that boundaries of Closed Forest facilitate thickening in nearby areas is 

also consistent with the fire hypothesis and may highlight the significance of the ethnographic 

information that Aboriginal people regularly burnt around rainforest margins. This burning is 

likely to have maintained areas of lower canopy cover surrounding the dense forests, while in 

the absence of this specific burning regime these areas are rapidly converted to Closed Forest. 

This helps explain why the thickening was observed on the margins of Closed Forest was 

observed rather than new nuclei being formed more randomly. Grasslands may also have been 

maintained as a result of fires lit by Aboriginal people for hunting. Aboriginal burning is 

thought to have maintained vegetation formations such as grasslands in other landscape 

settings (Russell-Smith 2001). 

While more than one hypothesis is able to explain the results of the distance to Closed 

Forests in 1941, the results of the distance to Grasslands are more conclusive. For example, 

the CO2  and groundwater hypotheses are unable to explain why sites that have contracted 

from Savanna to Grassland were much closer to Grasslands in 1941 than were stable 

Savannas. This finding is, however, consistent with the fire hypothesis. Grasslands are highly 
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fire prone (Cheney and Sullivan 1997). Being further from these areas reduces the risk of fire 

and thus facilitates the growth and establishment of trees, while contraction of Savanna 

vegetation to Grassland may be related to fires entering Savannas from the Grasslands. 

This pattern was not consistent with the transition from Closed Forest to Savanna, 

with these sites being significantly further from Grasslands in 1941 than stable Closed 

Forests. However, this may be due to contracting Closed Forests that were near Grasslands 

being converted directly into Grasslands. Consequently, those that only changed to Savanna 

are generally further from Grasslands. This could not be tested due to the lack of field sample 

points for the trajectory 'Closed Forest to Grassland.' 

4.2.3 GIS Data: Fire frequency 

Although the analysis of fire frequency used coarse scale data derived from satellite imagery, 

it does lend support to the fire hypothesis. The trend of lower fire frequency for trajectories 

where the vegetation has thickened, and higher fire frequency in contracting areas as 

compared to their stable counterparts suggests that fire frequency is systematically related to 

the direction of vegetation change. However, the relatively recent timeline of the fire 

frequency data (1990 to 2000) reduces the reliability of these inferences. A lower fire 

frequency in areas that have expanded may be an effect of the vegetation thickening, rather 

than a cause (Scholes and Archer 1997). 

The lack of association of frequency of late dry season fires with the contracting 

trajectories suggests that the contraction process is not related to an increase in late dry season 

fires following the shift to European management, as in other cases of rainforest contraction 

around Darwin (eg. Russell-Smith and Bowman 1992). This may be due to the low frequency 

of late dry season fires (average of c. 1 every 10 years). 
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4.2.4 Ethnographic and Ecological History 

The interview with Ray Petherick suggested that there was a strong Aboriginal connection 

with the study site at the time of the first set of aerial photographs (1941). This was 

substantiated by the large number of Aboriginal people that were living in the area when he 

arrived and the proliferation of nearby art sites. 

Ray Petherick also suggested that Aboriginal people regularly burnt, and that this 

burning was particularly focused around rainforest margins to protect yam resources. The 

unusual presence of 'fire art' underlines the cultural significance of fire. The use of 'circle 

fires' for hunting as mentioned by Ray Petherick has also been documented in other 

ethnographic studies (eg. Bowman et at. 2001a). Jones (1980) and Russell-Smith et al. (1997) 

also documented the traditional use of fire-breaks around rainforest margins to protect these 

habitats. Ray Petherick claimed that a large number of Aboriginal people were living in the 

area right up to the early 1950s. It can therefore be assumed that traditional Aboriginal 

management continued until this time, although it is likely to have been reduced during the 

war period. 

The interview with David Fuller highlighted the current active management to reduce 

the frequency of fire. Additionally, both Ray Petherick and David Fuller corroborated that 

active burning around rainforest patches has reduced following the gazetting of the National 

Park in 1986. The ethnographic evidence therefore supports the idea that there has been a 

reduction in fire frequency following the transition from Aboriginal to European 

management, which is consistent with the fire hypothesis. 

4.3 Interactions 

The relative and combined effects of factors causing woody plant encroachment are poorly 

understood world-wide (Roques et at. 2001). There is some evidence to suggest that the effect 

of fires on community development varies with site factors such as moisture supply (Wilson 

and Bowman 1987). The permanently moist conditions in wet monsoon rainforest are thought 

to inhibit wildfire (Bowman 2000). An expansion of these wet areas may therefore have 

limited the occurrence of fire on rainforest boundaries. This would have improved the 

survivorship of invading woody plants, which then shade and further displace grasses. This 

further lowers fire frequency, allowing greater growth and recruitment (Scholes and Archer 

1997). 
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Although this positive feedback may amplify the thickening process, this is not 

necessarily the case. The fine fuels that accumulate during these periods of high moisture may 

also dispose vegetation to fire and thereby limit tree recruitment (Scholes and Archer 1997). 

Complex interactions such as this may explain the patchy incidence of sites where the 

vegetation has contracted, as in some areas the increase in fine fuels reacts positively with 

fire, increasing fire frequency and thereby limiting recruitment. Elsewhere enhanced soil 

moisture reduces fire frequency, thus promoting an increase canopy cover. 

Interactions with elevated CO2  may also be significant. Through its effects on plants, 

rising CO2  could modify three characteristics that influence fire frequency: fuel load, fuel 

chemistry and fuel water content (Sage 1996). Fuel load is dependent on biomass production. 

The increased productivity in a CO2  enriched environment is therefore likely to increase fire 

frequency and intensity. Elevated CO2  also leads to accumulation of non-structural 

carbohydrates, which could increase flammability. These positive effects of CO2  on fire could 

be offset to some extent by an increase in the water potential of live vegetation (Polley 1997). 

Stomatal pores usually constrict as CO2  rises, thereby reducing leaf conductance and 

transpiration rate. This results in improved plant-water relations including a higher water use 

efficiency (Polley 1997). In tropical savannas, this can result in increased water availability 

during intervals between rainfall. This may affect the tree/grass ratio as woody plants that 

were previously excluded by low water availability may be favored (Polley et al. 1997). 

However, rising CO2  will have little or no effect when CO2-insensitive aspects of a plant's 

biology or ecology limit growth. For example, constraints imposed by access to essential 

nutrients and light or reaction to disturbance may take precedence (Diaz 1995). 

The potential complexity of these interactive effects makes it difficult to evaluate the 

interactions involved in the vegetation dynamics in Litchfield National Park from available 

data. Nonetheless, given the evidence for the involvement of fire in the vegetation dynamic 

and the record of increased rainfall and groundwater levels, it is likely that the vegetation 

dynamics at least involve an interaction between soil moisture and fire frequency. The idea 

that interactive effects are involved concurs with a review of forest boundaries in north-

eastern Australia by Unwin (1989), which argued that complex interactions between 

topography, fire, climatic disturbance and rainfall determined their location. 
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4.4 Conclusion 

Despite the potential complexity of the interactive effects discussed above, this study has 

produced a number of key findings. In relation to Aim la of this study - testing the validity of 

the classification used by Bowman et al. (2001b) - support is provided for the proposition that 

the vegetation and landscape setting classifications mapped in 1994 were meaningful. It can 

subsequently be inferred that the vegetation in 1941 was also likely to have been mapped 

reliably. This verification provides evidence that the expansion of Closed Forest and 

contraction of Grassland documented by Bowman et al. (2001b) was real. This evidence is 

significant given the increase in woody biomass had been unreported in the area previous to 

the study by Bowman ci' al. (2001b). The confirmation that rainforest species are involved in 

the expansion also challenges the idea that rainforests are contracting in the contemporary 

environment (Fensham and Fairfax 2002). In regards to Aim Ib, the survey results suggested 

that the stratification of the study site could be enhanced with the addition of an Escarpment 

topographic class. 

The differences in floristic composition between trajectories and landscape settings 

suggested that the vegetation change has not occurred as a discrete shift in vegetation patterns. 

Rather, they have occurred as a shift in the balance of a continuously dynamic system, 

mediated by landscape setting. In relation to Aim 2 of the present study, the significance of 

differences in floristic composition are, therefore, that they support the view that the 

vegetation has been dynamic on both contemporary and historical time scales. 

In relation to Aim 3 of the present study, critically evaluating and refining the most 

likely hypotheses for the cause of the vegetation dynamics, a proxy data source of historical 

groundwater fluctuations was found to support the proposition that groundwater may have 

influenced the observed vegetation dynamics. However, the field survey and GIS data did not 

support groundwater or CO2  being the primary drivers. Rather, the evidence suggested that 

even if groundwater or CO2  were significant influences, the landscape has been modified 

substantially by the incidence of fire and probably changes in fire pattern. It is acknowledged 

that interactions between fire, soil moisture and CO-, are complex and therefore difficult to 

evaluate with the currently available data. Nonetheless, an interaction between fire and soil 

moisture in the vegetation dynamics is hypothesized. 

A coherent theory for the observed vegetation thickening is that it was driven by a 

reduction in fire frequency, particularly around rainforest margins, resulting from the 

transition from Aboriginal to European management. Increased soil moisture may have 

further limited the risk of fire in some areas, promoting tree recruitment and growth. A 

coherent theory for the contraction process is that it was caused by localized increases in the 
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frequency of fire, particularly on the margins of grassland. This process may have been 

enhanced by the buildup of combustible fuels from increased rainfall. 

These findings are consistent with evidence in the literature that the location of 

rainforest boundaries is not determined solely by differences in soil moisture (eg. Florence 

1964; Russell-Smith 1991; Bowman et al. 1991). The present study corroborates other studies 

in northern Australia which have attributed vegetation thickening to the cessation of 

Aboriginal management (eg. Bowman et al. 1990; Crowley and Garnett 1998; Harrington and 

Sanderson 1994). 

This study also sheds light on question of 'What determines the position of rainforest 

boundaries?' The results support the view that fire is a powerful and possibly dominant 

determinant of rainforest-savanna boundaries in the contemporary environment, and 

consequently suggests that the limited and fragmentary distribution of rainforest patches in 

Australia may be related to the effect of fire. The importance of fire in limiting encroachment 

also supports the view that Aboriginal landscape burning has influenced the distribution of 

rainforest in Australia in the more recent past. 

In addition, this study is consistent with a review of the determinants of rainforest 

boundaries by Bowman (2000), which found that while the effect of fire is the best 

explanation for the location of rainforest boundaries, soil moisture may control the rate of 

vegetation dynamics. Rainforest expansion in the monsoon tropics is typically very slow (eg. 

Fensham 1990; Bowman and Panton 1993). The unusually rapid expansion of forest observed 

in the study site may have been promoted by the presence of the Burrell Creek Formation 
which channels groundwater into the study site (see section 2.1). This may have created a 

favorable moisture environment resembling the humid tropics where rainforest expansion is 

known to occur at much higher rates (eg. Harrington and Sanderson 1994). 

In relation to Aim 4, considering the implications for management, this study suggests 

that fire management will be critical in determining future vegetation dynamics. This will be 

elaborated below. 
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4.5 Implications for Management 

There are considerable concerns in a range of systems as to how fire should be taken into 

account for management (Roques et al. 2001). In particular, there is much contention about 

which fire regimes are appropriate to manage rainforest in northern Australia (Bowman 

2000). The stated aim of contemporary management of the study site (excluding private 

property) is to promote biodiversity (see section 3.9), but this still leaves land managers with 

a dilemma in achieving biodiversity conservation. 

Recent management appears to be favoring woody plant encroachment and the 

expansion of rainforest boundaries. In other areas of north Australia rainforests are threatened 

and have experienced substantial contraction following European settlement (Russell Smith 

and Bowman 1992). Recent management practices may therefore produce some desirable 

outcomes in this landscape setting, as they aid the conservation of rainforest diversity. Further 

reducing fire frequency is likely to facilitate this goal by promoting rainforest expansion. 

However, the expansion of Closed Forest and contraction of Grassland observed may 

be an indicator of subtler and less easily detectable changes occurring in the landscape, which 

may have a negative impact on biodiversity (Woinarski et al. 2001). Elsewhere in northern 

Australia, woody plant encroachment has threatened the habitat of native species dependent 

on the existence of areas of low canopy cover. This has included birds (eg. Golden-shouldered 

parrot: Garnett and Crowley 1995) and arboreal mammals (eg. Yellow bellied glider: 

Harrington 1995). The expansion of Closed Forest and contraction of Grassland observed in 

the study site could, therefore, be seen as a potentially significant threat to biodiversity. 

It can therefore be argued that the best way to conserve habitat and species diversity in 

the study site is to counter the observed trend of vegetation thickening by increasing fire 

frequency. The results of this study indicate that a high frequency of fire can prevent woody 

plant encroachment onto grasslands and also reverse this process. Prescribed burning would 

be most effective in reducing encroachment if focused on the margins of forest and savanna 

patches. This may entail a return to traditional practices of burning around the margins of 

rainforest patches each year. It is acknowledged, however, that increasing the frequency of 

fire will threaten the existence of plant and animal species that are dependent on a low 

incidence of fire (eg. rainforest, Cypress pines, cycads). 

In summary, how the vegetation dynamics observed in Litchfield National Park should 

be taken into account for management is dependent on value judgments as to what people 

want from the landscape. Rhys Jones highlights the importance of values in his famous quote 
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"Do we want to conserve the environment as it was in 1788, or do we yearn for an 

environment without man?" (Jones 1969). Whatever management decision is made, this study 

suggests that future shifts in vegetation boundaries in the study site will depend critically on 

the use of fire. 

4.6 Limitations of results and possibilities for 
further research 

It has been argued that the vegetation in 1941 is likely to have been highly dynamic. 

However, the nature of the landscape 50 years ago remains uncertain. For example, the space-

for-time substitution used in this study assumed that the floristic composition of the 

vegetation types in 1941 was the same as that in 1994/2002. This assumption is untestable due 

to the lack of a previous survey record. 

The GIS analyses of aspect, fire frequency and distance to vegetation types in 1941 

suggested that these factors may be important windows for identifying the drivers of the 

change. The investigation of these factors was limited by the number of field sites surveyed. 

Landscape-wide studies, for example GIS analyses of all 76,461 points mapped by Bowman 

etal. (2001h), would greatly increase the sample size and thus produce a much more powerful 

analysis. The aspect results could also be converted to indices of 'northness' and 'eastness' as 

in Roberts (1986) to allow for analysis of variance testing. 

The interpretation of the results was limited by the fact that it is unknown for what 

periods growth has been optimal. Analyses of tree rings of the long-lived Callitris 

intratropica near the study site are currently being conducted (Stuart Pearson, pers. comm., 

2002) which will help ascertain whether there has been a significant surge in growth rates 

since the 1970s (LaMarche ci al. 1984). This will provide insight into the importance of 

increased atmospheric CO2  and groundwater in driving the expansion of Closed Forest 

observed. 

The investigation of groundwater fluctuations in the present study referred to data 

from the Katherine River, relying on the assumption that trends in groundwater are uniform 

throughout the Northern Territory. Modelling of groundwater fluctuations for gauging points 

closer to the study site would help assess whether the study area has experienced an increase 

in groundwater supplies during the study period, which is critical to the groundwater 

hypothesis. The importance of groundwater in determining the local distribution of vegetation 

types would also be advanced through the determination of the E 80 and 8 2H of plant and soil 

water from grassland and forest sites (Boutton etal. 1999). 
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A complementary approach would be to digitize aerial photos from the study site, 

which are intermediate between 1941 and 1994, and assess the cover of each vegetation type 

as in Bowman et al. (2001b). This would help ascertain whether the major increase in canopy 

cover occurred early or late in the study period. If the expansion was found to mostly occur 

later in the study period, this could be interpreted as evidence that while reduced fire 

frequency may have played a role in the vegetation thickening, increases in groundwater 

levels have been of primary importance (Jacklyn 2000). 

Caution is required in extrapolating the findings of this study to the rest of Litchfield 

National Park, and particularly to the more remote areas in the south of the park. This is due 

to the study site representing only a small proportion of the park (c.2%) and, based on the 

interview with David Fuller (see section 3.9), the management of the study site is not typical 

of the rest of the park. The presence of the Burrell Creek Formation also gives the study site a 

unique geology and associated hydrology. Consequently, further analyses of aerial photos 

followed by field studies would be needed in areas with different management histories and 

hydrology to increase the representativeness of analyses for the Park as a whole, and to 

further partition the importance of different management regimes in controlling vegetation 

dynamics. 
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1941 Closed Forest Transitions - Density and basal area of Rainforest and Non-Rainforest stems 
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1941 Savanna Transitions - Density and basal area of Rainforest and Non-Rainforest stems 
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1941 Grassland Transitions - Density and basal area of Rainforest and Non-Rainforest stems 
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7 APPENDIX 2 

Dominant Rainforest and Non-Rainforest trees for individual size classes 

Sapling size class 

Dominant Rainforest trees for the sapling size class. Species are sorted by their frequency as a dominant in descending order. 
n,1 I nl 

Dominant CF to CF   CF to Say   Grs to CF IGrs to Grs  Grs to Say  Say to CF   Say to Grs Say to Say 

Rainforest Esc Low Up Esc Low Up Esc Low Esc 'Low Up Esc Low Up Esc Low Up Eec ILow  Low Up 

Sapling Species Cat hrk Cat Crk Cat Crk Cat Crk Cat Crk Cat Crk Cat hrk Cat Cat Crk Cat Crk Cat Crk Cat Crk Cat Crk Cat Crk Cat Crk Cat Crk Cat Crk Cat FCr Cat Crk Cat Crk ICat ICrk ICat Crk 

Melaleuca viridiflora 875 3 5 42 417 167 12 125 

H. wendlandiana 1 4 183 178 1 42 83 17 958 

Melicope elleryana 83 1  1 31 83 3 3 

Fagrea racemoaa 42 125 83 
I 

125 

Helicia auatralasica 5 333 833 

Melaatoma aftine 183 458 1  3 1333 

Aiphitonia excelsa 83 167 1 1688 3 

S. angophoroidea 5 917 361 

Rapaneabenthamiana 1417 417 

Carpentaria acuminata t44 417 

Carallia brachiata 278 183 

outeria aericea 42 

rightia pubescens I  1 167 

Cycas calcicola 42 

Corymbia polycarpa 13 

H. australiana 667 

Gmelina arborea i  125 

Calophyllum soulattri 333 

Hex arnhemensis 42 

8reynia cernua 

Premna acuminata 42 

Cyclophyllum schultzu 667 

Pouteria richardu 128 
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rrajectory and Landscape setting (stems/ha)  

Dominant CF to CF   CF to Say   Grs to CF Grs to Grs  Grs to Say  Say to CF   Say to Grs Say to Say  

Non-Rainforest [Sc Low Up [Sc Low Up Esc Low ESc Low Up [ac Low Up Esc Low Up Esc Low Esc Low U 
Sapling Species Cat ICrk ICat ICrk Cat Crk Cat Crk Cat Crk Cat Crk Cat Crk Cat Cat Crk Cat Crk Cat ICrk Cat ICrk Cat ICrk Cat Crk Cat Crk Cat Crk Cat Crk Cat Crk CjIJ Cat Crk Cat ICrk -Tat  

X. eucalyptoides 222 167 917 194 617 178 188 255 42 458 688 244 583 125 167 3 83 292 192 
Llactifluus 83 333 167 42 125 389 25 224 39694 194 333 215 

Bankaladentata I  I  I  I  1  1 49 396 146 167 178 135 167 

Corymbia ptychocarpa 1 83 1  188 188 1  333 278 1  264 

Grevillea pteridifolia 375 42 178 292 3 188 

P. pubescens 42 458 333 194 

E. chlorostachys 417 56 417 583 

Pandanusaquaticus 1 83 542 111 I 167 

Acacia latescens 42 425 264 
T. terdinandiana 83 167 42 

Eucalyptus miniata 3 583 

Acacia auriculiformis 167 896 

Owenia vernicosa 83 167 

Buchanania obovata 83 167 

Eucalyptus tetrodonta 167 333 

acksonia dilatata . 458 667 
Acacia tolmerensis 83 
C. dichromophloia 167 
Grevillea heliosperma 167 

Exocarpos latifolius 167 

Wnghtia saligna . 646 

Acacia plectocarpa 313 

C.fraseri 1 313 

Melaleuca nervosa 292 

Pouteria arnhemica 125 

Acacia dimidiata 167 

Persoonia talcata 42 

Choriceras tricorne 1 583 

S. subordiculare 333 

A. ghesaembilla 83 

Livistona hurnilis 83 

limonius timon 83  

Dominant Non-raintorest trees for the sapling size class. Species are sorted by their frequency as a dominant in descending order. 
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Pole size class 

Dominant Non-rainforest trees for the pole size class. Species are sorted by their fteuuencv as a dominant in descendino order 
Trajectory and Landscape setting (sterns/ha) - - 

Dominant CF to CF   CF to Say  Grs to CF GrstoGrs Grs to Say Say to CF  Say to Grs Say to Say  

Non-rainforest Esc Low Up Esc Low Up Esc Low Esc Low U Esc Low U Esc Low Up Esc Low Esc JLow  Up 
Pole Species Cat Crk Cat Crk Cat ICrk Cat Crk cjk CatCk Cat  Cat Ck Cat Crk jk Cjjk Cat Crk ëJk Cat lCrk Cat Crk Cat Crk Cj[k aCrk Cat Crk Cat Crk Cat Crk 

L. Iactrfiuus 83 333 167 125 125 18842 67 139 18883 53 125 92 97 31 83 83 139 35 3 125 135 

Pandanusspiralis 167 94 333 31 53 83 438 146 42 125 3 3 3 

~42 

125 125 

eucalyptus tetrodonta 42 

~ 42 

63 97 53 83 3 125 ~83 
X.eucalyptoides 167 125 31 139 83 83 125 

E. chlorostachys 1 83 1 1 83 83 1  1  1  1  1 63 1  42 1  125 125 

Livistona humilis 167 125 1 167 1  1  1  1  1  1  1  1  1  1  1  1  1  1  3 83 

C. australianum 1  1  83 167 1  1  . 83 1 125 1  42 

Pandanusaquaticus 83 42 42 417 1  42 

Corymbiapolysciada . 83 42 139 42 

Banksia dentata 83 

~83 

42 3 42 

subordiculare 83 . 
. 83 

Buchanania obovata 83 83 1  1  1  167 

ferdinandiana 83 83 . 83 

Eucalyptustectifica 83 ... . 1.. . .. . . 125 
P. pubescens 83 : 167 

Grevillea pteridifolia 
. 73 3 

Corymbia ptychocarpa 83 1  1  1 83 

Acacia auriculiformis 83 1  1 83 

E. kombolgierisis 83 
Callitris Intratropica 125 

Corymbia granditolia . 83 

Eucalyptus miniata . 83 

C. floribundum . 42 

diversifolius 42 

Corymbia latifolia 3 

C.dichromophloia H . .. . 42 .. . .. 

fraseri 
......... 

~42 

Melaleuca nervosa 167 

[erminalia grandiflora 83 

Denhamiaobscura 83 

Acacia plectocarpa 83 

B. paradoxus 

~83  

83 

G. megasperma 
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Dominant Rainforest trees for the nole size class. Snecies are sorted by their freouencv as a (lolilinant in ilesrendino order 
Trajectory and Landscape setting (stems/ha)  

Dominant CF to CF   CF to Say Grs to CF Grs to Grs Grs to Say Say to CF  SavtoGrs Say to Say  

Rainforest Esc Low Up Esc Low Up Esc Low Esc Low lup w Up Esc Low JUp Esc Low Esc Low jUp 
PoleSpecies CatlCrk Cat Crk Cat ICrk Ck kCatCrk Ck Cat Ck  Cat  Crk kCkCat JCrk kCat ICrk Cat jCrk ICat ICrk Cat k  Cat k  Cat  JCrk ICatjCrk ICat k 

Carpentaria acuminata 44 3 292 125 222 83 42 167 333 292 36 333 229 1 125 
Melicope elleryana 167 1  1 83 k2 42 25 25 
Melaleuca viridif Iota 417 I 125 83 125 

~222 

Helicia australasica 42 333 42 
Aiphitonra excelsa 3 42 
Cycas calcicola 42 28 
flex arnhemensis 83 167 
S. angophorordes 167 167 

Wnghtia pubescens 83 
Pouteria richardii 83 
Pouteria sericea J 83 
L. maddidum 167 
Corymbra polycarpa 42 

E. arnhemicus 167 

H. wendlandiana 542 

Carallia brachiata 83 

Calophyllum soulattrr 25 

Gmelinaschlecteri 167 
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Tree size class 

Dominant species for the Tree size class. Species are sorted by their frequency as a dominant in descending order for each of the Rainiorest and Non-rainlorest groups. Non-RF= Non-
rainiorest species group. Ri= Rainforest species group. 

Trajectory and Landscape setting (stems/has  

CF to CF to 
CF Say Grs to CF Grs toGrs  Grs to Say Say to CF  Say to Grs Say to Say  

Dominant Sp. Esc Low U Esc Low U Esc Low Esc Low Up Esc Low Up Esc Low Up Esc Low Esc Low Up 

1 1  ee Species Type Ck Ck C:aEk  Ck Ck Ck Ck Cat Ck Ck Cat Crk Cat Crk Ck Cat Crk Cat Crk Cat Crk Cat Crk Cat Crk Cat Crk Cat Crk 

X. eucalyptoides Non-HF 28 28 14 17 1 ~~28 1 8 

lactifluus Non-RF 3 8 1 17 1 

Eucalyptus miniata ]Non-RF 42 3 

Eucalyptus tectifica Non-HF [42 

E. chlorostachys N RF 83 

C. ptychocarpa Non-HF 7 

nervosa Non-HF [42 

M. leucadendra Non-HF 42 

A. auriculiformis Non-RF 83  

M. viridiflora Rf 1  83 1  3 83 

Melicope elleryana At 14 25 

S. angophoroides At I 28 

Carallia brachiata Hf I  42 

A. actinophylla Hf 42 

H. australiana Hf 

~ Rf 

83 

C. acuminata 17 

A. exce.1 Hf 4
2 
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