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Abstract 

Cycads are an ancient and interesting group of plants that are in decline in many 

parts of the globe due to human activities. In the tropical savanna of north em 

Australia cycad populations are large and the status of most species less tenuous. 

However, the possible initiation of a grass-fire cycle with the invasion of alien 

grasses and loss of habitat due to land clearing threaten many elements of the biota, 

including cycads. 

I investigate the response of Cycas armstrongii to fire. Treatments included 

"ambient" fire with fuel loads made up of native species and "intense" fire 

representative of communities invaded by alien grasses. Data from 1126 marked 

plants of various size classes that were reassessed and measured over 3 years, were 

used to construct stage transition population models in RAMASGIS. 

Seed viability declined markedly following scorching by fire and stem mortalities 

were increased by intense fire. Cycas armstrongii popUlations were remarkably 

resilient to a broad range of fire frequencies under ambient fire but popUlations are 

unlikely to persist with intense fire more frequent than around 1 in 10 years. Under 

plausible scenarios of land (and fire) management, proj ected population decline 

exceeded thresholds for classification as vulnerable to extinction. Given C. 

armstrongii is considered a fire tolerant plant, impacts of changing fire regimes on 

biodiversity and density of woody plants are likely to be severe. Adding harvest of 

various (relatively conservative) levels to simulations did not materially affect 

xv 



outcomes, with the impacts of harvest being swamped by effects of habitat loss and 

modification. 

The projected decline of C. armstrongii raises complex resource management issues 

involving interactions among international agreements, national and local legislation, 

land clearing, fire regimes and weed control. Extraordinarily rigorous approaches to 

regulation oftrade will have no affect on the real threats, and may in fact inhibit 

improved management of cycad habitat by reducing incentives to maintain the 

resource. 
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Chapter 1 

From the obscurity of antiquity to issues of 

contemporary land management 



Relevance to Land Management 

1.1 Abstract 

Cycads are an ancient and interesting group o/plants. However, despite their long 

history and persistence through many periods of gross environmental change, they 

are now in global decline due to human activities. Habitat destruction and 

uncontrolled harvest from the wild are two major pressures. Northern Australia has 

in the past been relatively unaffected by both these pressures. Human populations 

are sparse and its diverse cycads have only recently been seen as suitable targets for 

commercial use. The landscapes of northern Australia are mostly structurally intact 

and so support one of the most extensive tracts o/relatively unmodified tropical 

vegetation around the globe. Despite the intact appearance of these landscapes, 

there is an increasingly alarming array of evidence that adverse change is occurring 

rapidly behind the screen 0/ apparent structural integrity. Decline in a number of 

plant and animal species raise questions about current broad-scale land 

management practice. 

Fire has been an integral feature of the savanna landscapes of northern Australia for 

thousands o/years. Modifiedfire regimes associated with a reduction in traditional 

Indigenous land management practices has been implicated as one cause of 

biodiversity decline. It is likely there will be further, potentially accelerating change 

in fire regimes due to increased fuel loads associated with the invasion of alien 

grasses. There is evidence that a grass-fire cycle has been initiated, with the 

potential to result in a substantial change in the tree to grass balance in the northern 

savannas. In addition, the priority given to economic development by governments 



Relevance to Land Management 

of all political persuasions will inevitably lead to further declines in the natural 

values of these landscapes as land is clearedfor other purposes. 

Cycads have long attracted the attention of people due to their value as food and 

medicine. Societies using them in this way have often incorporated them in religious 

or spiritual beliefs and observances. Their toxicity, unusual biology and 

evolutionary significance, the rarity of some species and potential use as ornamental 

plants has attracted attention from a broader audience. In contrast to the global 

trend, cycads remain abundant in northern Australia. Their abundance and 

Widespread distribution, in combination with local, national and international 

demand for plants provides an opportunity for sustainable harvest from wild 

populations. Commercial harvest tied to land management practices aimed at the 

maintenance of cycad populations provides a mechanism to encourage the 

conservation of cycad habitat. Conservation of cycads and their habitats requires 

consideration of a diverse mix of resource management issues, ranging from the 

sustainability of prevailing land management practices, compatibility of commercial 

use with customary use and spiritual significance, land use planning, economic and 

marketing considerations through to legislation and international treaties. Cycads 

thus provide a flagship to focus attention on contemporary land management issues 

in northern Australia. An adaptive management approach provides a means to 

refine the management of cycad habitat. 

2 
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1.2 Introduction 

Fossil records of cycads extend far back in the history oflife on earth, with 

specimens from China dating back to the Lower Permian geological period, in rock 

strata laid down around 270 to 280 million years ago (Hill & Osborne, 2001). This 

antiquity, along with unusual biological features, the rarity of some species and the 

suitability of many species for cultivation has brought considerable attention to the 

group. The high profile is reflected in the existence ofPaIm and Cycad Societies 

around the globe. However, serious concerns exist about the conservation of cycads, 

particularly issues of habitat loss and trade (Vovides, 1986). On a global scale many 

species are classified as threatened under International Union for Conservation of 

Nature and Natural Resources (IUCN) Red List criteria. The level of international 

concern regarding trade is reflected by the inclusion of all cycad taxa in Appendices 

to the Convention on International Trade in Endangered Species of Wild Fauna and 

Flora (CITES). 

The Northern Territory (NT), along with much of northern Australia, is exceptional 

for a tropical region in its low human population and apparently intact ecosystems. 

The NT is also exceptional in the abundance of cycads within the region that lies 

north of 18° S, colloquially known as the Top End. However, there is a range of 

established and emerging land management issues such as clearing of native 

vegetation, weed invasion and fire that requires attention if declines in the native 

biota that have occurred in many other parts of Australia, and indeed around the 

globe, are to be avoided. The maintenance of wild populations of cycads will require 

3 
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limits on the extent of habitat loss and management regimes that maintain habitat 

quality. Cycads are conspicuous in the landscape, are regarded as attractive by many 

segments of the population, are significant to local Indigenous people as food, and 

are also exploited by non-Indigenous people in a range of ways. They therefore 

provide a potential flagship for focussing attention on contemporary land 

management practice and perfonnance in northern Australia, and exploring options 

for conservation management. 

1.3 The Top End 

For those with an interest in conservation of the natural environment, at first glance 

the Top End of northern Australia is a paradise. It is a region with few inhabitants 

and a predominance of "natural" landscapes, with less than 1 % ofthe NT cleared of 

its native vegetation (Hosking, 2002). The NT is a political jurisdiction covering one 

sixth of the Australian continent and has a total human popUlation of200,000, an 

average density of 1 person for every 7 square kilometres. More interestingly, 

population outside of the 2 major cities is less than 1 per 20 square kilometres 

(Whitehead et al., 2003). This "Nature Territory" is internationally recognised with 

dominant attractions in the tourist industry like Kakadu and Uluru National Parks, 

each of which attract hundreds of thousands of visitors per year. Biological 

attributes are recognised in Ramsar Wetlands, World Heritage sites and Centres of 

Plant Biodiversity. 

4 
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The attraction of the NT is not limited to its wildlife and natural history. Indigenous 

people have occupied the land for thousands of years and Indigenous culture has both 

shaped and been shaped by the landscape (Flannery, 1994; Bowman, 1998). The 

Indigenous art sites of places like Kadadu are internationally renowned. Indigenous 

culture is vibrant and ongoing, and in many areas people retain strong traditional 

affiliations with the land. An indication of their importance to contemporary land 

management is that 44% of the NT land area is held by Indigenous people (Pollack, 

2001). 

1.3.1 Contemporary land management issues 

1.3.1.1 Species declines 

However, cracks have appeared in the above picture. Issues such as species decline 

raise questions regarding the ecological function ofthese apparently intact 

landscapes (Franklin, 1999; Woinarski et al., 2001). Decline has occurred in a suite 

of granivorous birds (Franklin, 1999), including the Gouldian Finch, Erythrura 

gouldiae, and Partridge Pigeon, Geophaps smithii ssp. smithii, and mammals such as 

the Northern Quoll, Dasyurus hallucatus, (Braithwaite & Griffiths, 1994). The 

spread of the exotic Cane Toad, Bufo marinus, is expected to bring added pressure on 

populations of Dasyurus hallucatus and concerns have been raised regarding 

possible impact on some reptiles (van Dam et al., 2002). A widespread tree, 

Northern Cypress Pine, Callitris intratropica, has declined in response to changed 

fire regimes (Bowman & Panton, 1993) while a localised endangered rainforest 

5 
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palm, Ptychosperma bleeseri, has declined under pressure from fire and introduced 

animals. For this palm there are additional unquantified threats of reduced water 

supply for its wet rainforest habitat and hybridisation with alien Ptychosperma 

(Liddle et al., 2001). Modified fire regimes, alien species and changed land use have 

all been implicated in ecosystem change, even in the absence of wholesale clearance 

of native vegetation. Declines have occurred at a range of scales from local to 

widespread, extending across the savanna landscapes that occur over much of the 

northern third of the continent. 

1.3.1.2 Fire 

Fire is recognised as a significant factor in maintaining the balance between trees and 

grasses in many savanna landscapes around the globe (Walker, 1985; Hoffmann, 

1999). In northern Australia fire is an Ubiquitous process in savanna landscapes (Gill 

et al., 1990; Williams et al., 2001). Indigenous people have occupied northern 

Australia for thousands of years (Roberts et a1., 1990; Roberts et al., 1994; Fullager 

et al., 1996) and have made widespread use of fire (Fensham, 1997; Russell-Smith et 

al., 1997a; Crowley & Garnett, 2000; Bowman & Vigilante, 2001). In the non

Indigenous community there has been a substantial advance in recognition and 

understanding of the use of fire by Indigenous people in recent years (Russell-Smith, 

2001; Yibarbuk et al., 2001), though there is still much to learn. There is less 

information about pre-Indigenous fire regimes. However, despite these uncertainties 

of detail, there is overwhelming evidence that fire has been an important factor in 

shaping the biota of northern Australia (Bowman, 1998). 
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The response of many organisms to fire is influenced by the fire regime, defined by a 

mix offactors including intensity, frequency, season and patch size (Gill, 1981). 

With multiple factors varying on a range of scales there is an array of potential fire 

regimes. However, in the Top End, land managers and others concerned with the 

management and impact offire, often refer to events as low intensity "cool" or high 

intensity "hot" fires. The extent to which a fire is cool or hot depends upon various 

factors including the weather (particularly wind and humidity) and fuel (load, 

moisture content, combustibility and spatial arrangement). In the Top End savanna, 

there is a trend for an increase in fire intensity as the dry season progresses, a trend 

that corresponds with: an increase in leaf litter and fuel load; and a decrease in fuel 

moisture, soil moisture and relative humidity (Williams et aI., 1998). As a 

generalisation, one can expect an increase in fire intensity with both an increase in 

fuel load and as the dry season progresses. 

The terminology used throughout this thesis to reflect levels of fire intensity varies 

with the context. When focussing on the outcome of specific experimental 

treatments in Chapter 3, the response is discussed in respect to ambient and high fuel 

loads. With development of a population model in Chapter 4 the more general tenns 

of ambient and intense fire have been adopted. With application of the popUlation 

model in Chapter 5 to project fire impacts across the landscape, under a mix offire 

events occurring in either the early or late dry season, the teIUls cool and hot fire 

have been applied. In summary, the terms "ambient fuel load" and "ambient fire" 

imply "cool" fire events while the terms "high fuel load" and "intense fire" imply 
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"hot" fire events. While the terms "cool" and "hot" fire are frequently used in the 

broader community to convey a sense of relative fire intensity, they are terms of 

convenience. The tenn "cool fire" is not physically correct because all fires are hot 

to something somewhere. 

1.3.1.3 Invasive species 

Invasive species are a major factor contributin~ to global loss of biological diversity 

(Walker,2001). The invasion by alien organisms such as Bufo marin us, that are 

highly conspicuous and expand their range rapidly, are an obvious source of change 

in the landscape. However, there are many species where the invasion is more 

insidious with more subtle changes occurring at a slower pace. There is a risk that by 

the time issues of nature conservation are apparent some changes may be effectively 

irreversible or options for correction highly constrained by cost. The priority given 

to high profile issues and quick fixes, along with short term funding for conservation 

management based on the sale of public assets, contributes to a situation where it is 

difficult to attract adequate and timely resources to deal effectively with problems 

such as weed invasion. 

The difficulty of control is exacerbated where there are divergent views within the 

community as to the value of alien species. In the case of Gamba Grass, Andropogon 

gayanus, there is sharp division of opinion between some of those within the pastoral 

industry who promote the species as food for cattle and those who view the grass as 

an unwelcome agent of change in the ecosystem (Bowman, 1999; Flores, 1999; 
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Quirk, 1999; Howard, 2000). There is mounting evidence that a grass-fire cycle 

(D'Antonio & Vitousek, 1992) may have been initiated in~TopEnd savanna (Cook & 

Mordelet, 1997; Rossiter et ai., 2003). In a grass-fire cycle, the invasion of grasses 

leads to changes in the fire regime that provide a positive feedback loop reinforcing 

the process of invasion. A grass-fire cycle has been implicated in the decline of 

closed forest communities near Darwin (Panton, 1993; Liddle et aI., 1996). The 

invasion of A. gayanus leads to increased fuel loads and an associated increase in fire 

intensity in Top End savanna (Rossiter et ai., 2003). However, the impact of a shift 

in the fire regime on the biota has not been comprehensively demonstrated. 

Anecdotal evidence of tree decline in the presence of A. gayanus and observations 

from a single high intensity fire event (in the absence of A. gayanus) on tree stem 

mortality (Williams et aI., 1999) suggest the potential for significant change in the 

tree to grass balance in invaded communities. 

1.3.1.4 Land clearing 

Following more then a century of administration by the Government of the State of 

South Australia and then by the Commonwealth of Australia, a higher level of 

political autonomy was attained in the NT with self-government in 1975. Self

government has brought with it an increased expectation of financial independence. 

While the two major industries, mining and tourism bring in substantial revenue, the 

NT remains reliant upon the Commonwealth Government for financial subsidies. In 

a political environment where economic rationalism holds sway and the prevailing 
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economic doctrine is based on growth, economic development is a high priority of 

the NT Government (NTG,2002a). 

With an apparent abundance of space and rainfall in excess of 600mm per annum 

over much of the Top End (BOM, 2003), considerable emphasis has been placed on 

development of agriculture, horticulture and forestry. Projects in the planning stage 

include: an expansion in horticulture in the vicinity of Darwin (Brock, 2001; NTG, 

2002b); expansion of the Western Australian Ord River Irrigation Scheme, with 

potentially 25,000ha of clearing in the NT (Brock, 2001); extensive agricultural 

development of the Daly River Basin with a further 200,000ha of proposed clearing 

(Crase & Wakeham, 2003); and proposals for forestry plantations on the Tiwi Islands 

of up to 100,OQOha (Brock, 2001). In addition, in the vicinity of Darwin many rural 

residential subdivisions have already been established and provision has been made 

for considerable expansion over the coming years (NTG, 2002b). It would appear 

inevitable that there will be substantial clearing of native vegetation in the 

forthcoming decades. 

The situation in regard to land clearing in the NT differs markedly from much of 

southern Australia. In the State of South Australia extensive clearing of native 

vegetation occurred prior to the 1990's. Since introduction of the Native Vegetation 

Act 1991 broadacre clearing has effectively ceased (Hamblin, 2001). Despite this 

recent protection, in many areas native vegetation has been reduced to little more 

than tiny remnants. In a landscape dominated by cleared paddocks it is not 

surprising that a major focus for conservation action has been on National Parks or 
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other protected lands. In such highly modified landscapes, emphasis quite properly 

shifts to the tight protection ofthose remnants and the biota that is struggling to 

persist in small, highly fragmented habitats. This emphasis in turn creates an intense 

focus on the rare and endangered, especially species that are also attractive or 

unusual. At the national level, this preoccupation is expressed in legislation to 

regulate trade in native species that goes much further than the convention it 

implements (CITES) requires (Webb, G. 2003, pers. comm.). 

However, it is reasonable to question the efficacy of such an emphasis in a nation 

where the number of species lost to hunting, live capture or direct harvest is small 

and occurred long ago, while losses due to disappearance and degradation of habitat 

are among the worst in the world (Burbidge & McKenzie, 1989; Short & Smith, 

1994) and appear to be continuing (Woinarski et al., 2001). On a global scale habitat 

loss and modification has been identified as a major cause of species decline (Chapin 

et al., 2001). Extensive clearing in the Top End is highly likely to result in an 

exacerbated loss of species. A major challenge for planners and land managers is to 

minimise the loss of species from northern Australia. 

1.3.1.5 Sustainable use 

With relatively intact landscapes of the NT there is strong argument for encouraging 

activities that utilise and maintain resources derived from existing landscapes as 

opposed to encouraging their replacement with exotic organisms (Whitehead, 2000). 

This is particularly so with approximately one third of the NT population of 

Indigenous background, a substantial number of whom live in remote communities. 
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Indigenous people have been harvesting from the wild for generations and while the 

emphasis has generally been on consumption ofthe resource in the immediate family 

group, there has also been exchange between groups (Thomson, 1949b). Many 

Indigenous people continue customary harvest of products from the wild and seek to 

derive income from some of those same species (BAC, 2001). To attempt to prevent 

continued harvest from the wild would not only conflict with long held traditions, but 

would cut off one of the few potential sources of income to many people in remote 

communities. A particular moral dilemma arises in that as a group, Indigenous 

people have the lowest economic status of all Australians (Altman, 2000). 

A strategy for conservation through the sustainable use of wildlife was adopted by 

the NT Government in 1997. An important rationale for the strategy is that if the 

community, and landowners in particular, can gain some economic return from 

harvesting native species from the wild, there is an increased incentive to maintain 

the wild popUlations and the habitat within which they occur. A fundamental tenet is 

that the use must be sustainable in the long term. 

Under the umbrella of the strategy for conservation through the sustainable use of 

wildlife, the NT Government adopted management programs for cycads (PWCNT, 

1997a) and Red-tailed Black Cockatoos (PWCNT, 1997b). An underlying principle 

of both the strategy and management plans is the concept of adaptive management 

(Walters, 1986). The principles of adaptive management capture what many 

managers do in an informal way, but by clearly identifying a number of steps in an 

ongoing process of refining management, highlight some areas that are neglected by 
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others. An appropriate starting point is the development of some sort of model or 

models that set out expectations as to the response of the system to management. 

Such models may be conceptual, though it is preferable they be quantitative. Further 

steps along the iterative process are: setting goals; implementing actions to achieve 

these goals; evaluation of outcomes; and refinement ofthe model, respecifying goals 

or amendment of actions as appropriate. Such an approach is particularly amenable 

to handling multiple hypotheses about the response of the system and evaluating 

hypotheses by comparing the response arising from alternative management actions 

(WaIters & Holling, 1990). 

In nearly all situations, there will initially be considerable uncertainty about harvest 

or other management action. When harvest for commerce is involved, uncertainty 

extends beyond the biological. Markets may be untested or poorly understood and 

potential economic return can only be estimated. An initial weak or low intensity of 

harvest may provide information on economics and markets, but is likely to provide 

little information on the biological response. A strong harvest is much more likely to 

provide information on the response of the species or system. On a trial basis, there 

is often the potential to set relatively high levels of harvest on a small proportion of 

the total resource to provide rapid feedback on the response to harvest. Feedback can 

contribute to an understanding of the species and be used to refine harvesting 

prescriptions. An understanding of the ecology of harvested taxa and their response 

to perturbations that are to be managed, be they harvest or fire, is essential to 

developing prescriptions that are likely to be successful over the long-tenn. 
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An adaptive management approach underpins proposals for wild harvest in the NT 

where both sustainable harvest prescriptions and markets are unknown for most 

native plants and animals. To adopt a stance that harvest of wildlife should not 

commence until a comprehensive understanding of the ecology of a species is 

available would both: miss an opportunity to learn about the species in question; and 

would in effect close off options for the evolution of sustainable management 

prescriptions, thus opening the door for alternative land uses to prevail. 

It would be simplistic to think that in a jurisdiction such as the NT one approach to 

land management will adequately address the conservation of cycad habitat. While a 

network of protected lands has a major role to play in conserving the biota of the NT, 

such a network will never encompass the full range of cycad populations. There is a 

need for multiple mechanisms to encourage the ongoing maintenance of wild 

popUlations. Sustainable use of wildlife, particularly in combination with other 

benefits such as wildlife based tourism, has the potential to yield an economic return 

and provide an alternative to other development pressures. In lands that are not 

likely to be subject to development pressures in the foreseeable future, there is a need 

for ongoing management of fire, feral animals and weeds to avoid degradation ofthe 

resource. Sustainable use of wildlife provides a mechanism to focus attention on the 

maintenance of the natural biological resources of the NT. 
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1.3.2 Cycads in the Top End 

1.3.2.1 Diversity, abundance and distribution 

In the Top End ofthe NT there is a predominance of savanna landscapes (Wilson et 

al., 1990). A little recognised or apparently undervalued feature of these landscapes 

is the wide distribution and abundance of cycads. Globally, cycads are in decline. 

However, no Top End species are nationally classified as under threat of extinction 

(EA,2003). Of currently recognised taxa one sub-species (Cycas maconochiei 

subsp. viridis) is known from a single locality and is considered as data deficient 

(PWCNT, 1997a). In contrast to the global situation, the majority of Top End cycads 

occur in abundance. 

There are 11 species of Cycas in the Top End of the NT (pWCNT, 1997a). To place 

this diversity in a broader perspective, Australia has 69 recognised cycad species 

(Hill & Osborne, 2001). In total there are 292 recognised species of cycads, found in 

tropical, subtropical and warm temperate regions around the globe (Jones, 2002). 

Central America and the Caribbean supports the highest diversity, followed by 

Australia and then southern Africa. 

Cycads are widely distributed around the Top End (figure 1.1). A number of species 

are geographically isolated, while others overlap, in some cases giving rise to 

naturally occurring hybrids (PWCNT, 1997a; Hill & Osborne, 2001). The density of 

C. armstrongii near Darwin can exceed 1,200 adult plants per ha, with total plants in 
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Figure 1.1: The distribution of Cycas in the Northern Territory. The dots represent 

recorded populations of Cycas (source PWCNT, 1997a) and lines represent main 

arterial roads in the Northern Territory. Map produced by P. Cawood. 
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the order of 10,000 per ha. In various parts ofthe Top End one can drive for 

kilometre after kilometre alongside extensive stands of cycads. In a few places in the 

hinterland ofthe Gulf of Carpentaria, C. angulata is a dominant or co-dominant plant 

in the upper storey of the vegetation community. Stems frequently exceed 50 cm in 

diameter and heights may exceed 12 m. More generally Cycas in the Top End occur 

as understorey plants in stands ranging from scattered individuals to populations 

numbering in the hundreds ofthousands to millions of adults. 

The abundance of Cycas in the Top End contrasts markedly with some other parts of 

the globe. In an overview of Chinese cycads, Zhou et al. (1990 p 148 & 150) rated a 

population of Cycas panzhihuaensis, with an estimated 120,000 plants spread across 

310 ha as " ... the most extensive community among all known [Chinese] Cycas 

communities." In a world census of cycads around 60% of cycad taxa were 

classified as having a total wild count ofless than 10,000 mature individuals 

(Osborne, 1995). Raimondo and Donaldson (2003) suggested a typical population 

size of 200 individuals for many endangered cycad species. 

In their landmark book on the biology of cycads Norstog and Nicholls (1997 p14) 

contrast contemporary abundance with Chamberlain's (1919) use of the term "forest" 

when describing the occurrence of Dioon in Mexico in 1908. Norstog and Nicholls 

conclude, " ... nowhere do cycads now constitute dominant or even subdominant 

components in any vegetation type." Without descriptions of density and size or 

definitions of dominance or subdominance comparison is indeed subjective, 
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however, such a statement of the global situation appears to be at odds with the 

abundance of cycads in the NT. 

1.3.2.2 Indigenous use 

Cycad seed has been an important food for Indigenous people in Australia (Grey, 

1841; LumhoItz, 1980). Use ofMacrozamia riedlei in southern Western Australia 

dates back to at least the late Pleistocene as evident from archaeological excavation 

of a pit dated c. 13,200 years BP (Smith, 1982). In eastern Australia the remains of 

meals of Macrozamia moorei in rockshelter deposits have been dated to about 4,300 

years BP (Beaton, 1977). Ethnographic accounts indicate the widespread use of 

Cycas seeds as a source of food in the Top End (Tindale, 1925; Thomson, 1949b; 

Thomson, 1949a; White, 1984; Beck, 1992). 

With reference to Cape York in north-eastern Australia, Harris (1977) observed that 

Cycas were differentially favoured by burning and suggested that the large stands of 

cycads today may largely be a result of the use of fire by Indigenous people. Beaton 

(1982) proposed that fire was an important agent for increasing seed production in 

Macrozamia in eastern Australia and could be used to synchronise production within 

a popUlation. Fire has been an important tool used by Indigenous people in 

managing savanna landscapes (Russell-Smith et aI., 1997a). The impact of 

Indigenous people on cycad distribution and abundance was most likely not limited 

to the effect of fire regimes. Cycad seeds were gathered and transported for 

processing (Tindale, 1925; Meehan & Jones, 1977; Lumholtz, 1980; Levitt, 1981). 
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A variety of processing methods were used, often incorporating leaching to remove 

toxins before subsequent baking (Beck, 1992). It is probable there was occasional 

loss of viable seed during transport or processing, assisting in the dispersal of cycads. 

No evidence has been found to indicate deliberate cultivation. 

1.3.2.3 Evolving perspectives 

Use of and/or attitudes towards cycads. have shifted over the last few decades. Cycad 

seeds were an important source of carbohydrate and a staple part of the diet for some 

Indigenous people (Thomson, 1949b; LumhoItz, 1980). Cycads have also been an 

important food source during gatherings of Indigenous people, to the extent where 

major ceremonies were timed to take advantage oflocally abundant seed supplies 

(Harvey, 1945; Beaton, 1982). In recent decades there has been substantial 

replacement of wild collected carbohydrate with bought carbohydrate in the form of 

shop purchased flour (White, 1984). Thus while consumption of Cycas seeds 

continues (Beck et aI., 1988), it is at a much reduced level than in the past. However, 

there is increasing interest in the wild harvest of cycad plants and seeds for sale by at 

least some groups of Indigenous people (BAC, 2001). 

In the non-Indigenous community of the NT there has been a marked shift in 

attitudes towards Cycas. Amongst cycad collectors and members of Palm and Cycad 

Societies, a branch of which was established in Darwin in 1983 (PACSOA, 2003), 

there has been a long-standing interest in promoting both domestic use and 

conservation of cycads. In contrast, cycads were considered a serious weed by the 
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pastoral community due to loss of stock after eating leaves which are toxic (Hooper 

et al., 1974; Hooper, 1978; Hall, 1987). Government research was focused on 

methods of eradication of cycads during the 1960's and 1970's (Wesley-Smith, 

1973; Wesley-Smith, 1980). The eradication of cycads due to conflict with pastoral 

interests was also undertaken in the State of Queensland (Kelly, 1967) and Papua 

New Guinea (Hill, 1969; Gillison, 1983). While still considered a problem plant by 

many pastoralists, NT Government policy has more recently shifted to one of 

conservation of cycads and their habitat (pWCNT, 1997a). 

1.3.2.4 Legislation 

A management plan, aimed at the maintenance of viable wild populations of all 

cycad taxa and cycad habitats across their range, was adopted by the NT Government 

in 1997. Once adopted under the (then) Territory Parks and Wildlife Conservation 

Act 1993, the plan was submitted to the Commonwealth Government for approval 

under the (then) Commonwealth Wildlife Protection (Regulation of Exports and 

Imports) Act 1982 (WP(REI) Act). A Declaration of Controlled Specimens was made 

under the WP(REI) Act to facilitate export of cycad products harvested in accord with 

the NT cycad management program. The requirement for a Commonwealth 

declaration arose from inclusion of all NT cycads under schedule 2 ofthe WP(REI) 

Act. The WP(REI) Act has subsequently been incorporated into the Environment 

Protection and Biodiversity Conservation Act 1999 (EPBC Act) with an extension of 

the existing cycad declaration under the new Act. The inclusion of NT taxa on the 

Commonwealth schedule reflects the listing of NT taxa under Appendix 2 of CITES. 
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The international concern over the status of cycads and the impact of trade on cycad 

conservation is mirrored in national and State or Territory legislation throughout 

Australia. 

1.3.2.5 Land use planning 

Many northern Australian endemic cycads have relatively narrow geographic 

distributions and distinct habitat preferences. The distribution of C. armstrongii in 

the Litchfield Shire, immediately east of Darwin, reveals a preference for well 

drained situations. Large populations occur on deep loamy massive earths, 

moderately-deep massive gravely earths and hills with slopes in excess of 5% 

(Liddle, D., pers. obs.), respectively land units 3a, 3b and 1 (Fogarty et al., 1984). 

The deep loamy massive earths and moderately-deep massive gravely earths are well 

suited for horticultural activities. Very substantial areas have been designated for 

future horticultural or grazing/agricultural use (NTG, 2002b). These land uses are 

largely incompatible with the retention of cycad populations. 

1.4 Cycads and fire 

There is evidence of a positive relationship between fire and cycads in Australia. 

Beaton (1982) in a study which focused on Indigenous use of Macrozamia described 

cycads as "pyrophilic". Harris (1977) observed that Cycas are differentially 

favoured by burning and suggested that the large stands of cycads in savanna 

woodlands on Cape York in north-eastern Australia may be the result of widespread 

use of fire by Indigenous people. 
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The distribution of Top End cycads within the landscape suggests a differential 

tolerance to fire among species. In the Litchfield Shire near Darwin, C. armstrongii 

frequently occurs in large stands both·on plains and low hills. These situations 

typically afford little topographic protection from the prevailing fire regimes. In 

contrast, populations of C. calcicola in Litchfield National Park, 90km south of 

Darwin, are often located on the leeward side of rainforest patches or in rocky gorges 

near creek lines. These features may stop the advance, or at least reduce the 

momentum of fires driven by the prevailing south-easterly winds during the dry 

season. However, caution is required in interpreting these observations as in the case 

of C. calcicola, the same landscape positions often coincide with well drained soils 

and potential access to groundwater. 

In the Litchfield Shire near Darwin many populations of C. armstrongii appear to be 

flourishing with an abundance of juvenile and adult plants. In contrast, a few stands 

display a paucity of recruitment and a high prevalence of dead fire-damaged large 

stems. These stands provide circumstantial evidence that the fire regime may be an 

issue for the conservation ofthe species. Watkinson and Powell (1997) found 

considerable variation in the dynamics of populations of C. armstrongii between 

sites with a predominantly annual fire regime. They concluded that regeneration was 

finely balanced. In a comparison between one site where there was an increase in 

adult plants and another where there was a decline in abundance, they noted that the 

fuel load and prevalence of charred plants was less at the site with the increase in 

adults. Wesley-Smith (1973) reported that areas unbumt for several years displayed 
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an increased density of Cycas. A further indication of the potential susceptibility of 

Cycas to fire arises from the frequent occurrence of Cycas arenicola and Cycas 

pruinosa in locations where the rocky nature ofthe terrain may provide an element 

of either fire protection or reduced fire intensity due to lower fuel loads then in other 

situations. 

Fire has the potential to impact on cycad plants and hence populations in a variety of 

direct and indirect ways. There may be direct impact on survival of plants, the health 

or vigour of plants and reproduction. Direct effects on reproduction may arise by the 

action of fire as a stimulus to mast reproductive events (Baird, 1977; Raimondo & 

Donaldson, 2003) or potentially via an impact on the development of the cone or 

ovules. Indirect effects include the relative impact of fire on other components of the 

biota, particularly with respect to the maintenance of an open habitat; and the impact 

offire on populations of pollinating insects (Norstog et aI., 1992; Vovides et aI., 

1997), other insects (Dolva & Scott, 1982) or fungal pathogens (Omduff, 1991). 

The structure of associated vegetation is likely to be important in determining the 

suitability of a site for cycads, particularly through the influence of structure on the 

availability of light and spatial distribution offuel. Clark and Clark (1988) found a 

positive correlation between reproductive output of Zamia skinneri and light 

availability in a closed forest habitat in Central America. 

Co-evolution between cycads and insects has resulted in specialised host and 

pollinator relationships in at least some species (Norstog et aI., 1986; Tang, 1987; 
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Donaldson, 1997; Norstog & Nicholls, 1997; Mound & Terry, 2001; Terry, 2001). A 

fire regime that negatively impacts on either host or pollinator has the potential to 

adversely affect the respective partner in the relationship. Repeated application of 

control burning every 3 years in pine-palmetto habitat in the Everglades National 

Park in North America was considered to have had a negative impact on both Zamia 

pumila and its insect pollinators. In this situation, suggested causes of insect decline 

included the regular removal ofthe top layers of humus in which the dormant insects 

remain from one season to the next (Norstog et al., 1992). 

Cycads have a symbiotic relationship with blue-green algae that coexist in the 

corraloid roots near the soil surface (Norstog & Nicholls, 1997). In ajarrah forest 

ecosystem of the south-west of Western Australia nitrogen fixation by Macrozamia 

riedlei has been estimated at 8.4 kg ha-l year-Ion sites burnt 1.5 years previously and 

1.4 kg ha-l year-l 7 years after fire. In a 5 to 7 year interval between fires M riedlei 

was estimated to fix c. 35 kg nitrogen ha-l (Grove et al., 1980). In Eucalyptus

Banksia woodland on sand plain in the same region M riedlei fixed c. 19 kg ha-l 

year"l, a significant contribution to the nitrogen economy of the ecosystem (Halliday 

& Pate, 1976). Nitrogen fixation by M riedlei may be important in the replacement 

of nitrogen lost to the atmosphere with burning (Malajczuk et al., 1981). Of note, the 

contribution of nitrogen was both substantial and varied with time since fire. Given 

the abundance of cycads in the Top End and the prevalence of highly leached low 

nutrient soils it is possible that cycads also make a significant contribution to the 

nitrogen economy of some northern Australian ecosystems. 
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1.5 Antiqnity and evolutionary links 

The antiquity of cycads is widely recognised and supported by a fossil record 

extending back to the Lower Permian in the geological time sequence, a period of 

270 to 280 million years. Extant families can be traced back to the early Tertiary, 50 

to 60 million years (Hill & Osborne, 2001). While this long history is widely 

recognised, the prominence of cycads as "living fossils" or "dinosaur food" is 

possibly overemphasised. There has been some confusion between cycads and the 

separate, now extinct Cycadeoids or Bennettitales that were prominent in the 

Mesozoic era (Hill & Osborne, 2001; McLoughlin, 2001). Regardless, cycads are a 

very ancient group of plants. 

Cycads were among the earliest seed plants and their nearest relatives are thought to 

have been the seed ferns (Norstog & Nicholls, 1997). However, rather than a direct 

link between the seed ferns and the more recent Angiosperms, cycads appear to have 

been an offshoot (Norstog, 1987) and have a history parallel to other groups of living 

seed plants (Hill & Osborne, 2001). 

1.6 Reproductive biology 

Cycads, along with the very ancient maidenhair tree of China, Ginkgo bilaba, are 

notable for their motile flagellated male gametes or spermatozoids. These contrast 

with the non-motile male gametes of nearly all seed plants (Norstog, 1987). The 

evolutionary significance of motile spennatozoids is the potential link between 
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fertilisation mechanisms prevalent among lower plants and those present in other 

seed plants. 

Pollination mechanisms in cycads have also received considerable attention. An 

interesting feature of the development of understanding about cycad pollination has 

been the dominance for much of the 20th century of a view that cycads were wind 

pollinated, despite observations indicating the role of insects in pollination dating 

back to the early 1900's (Pearson, 1906; Rattray, 1913). A situation where the 

conventional wisdom remained unchallenged for many decades, despite observations 

supporting a contrary view (Donaldson, 1997). A realisation of the prominence of 

insect pollination in cycads has lead to a reconsideration of the co-evolution of insect 

pollinators and plants. Norstog (1987) suggests there is little doubt that the co

evolution of insects and plants arising from mutual benefits associated with 

pollination, predates the evolution of the Angiosperms. An alternative view is that 

the development of insect pollination in cycads is a more recent phenomenon and . 

does not appear to represent a strict coevolution between cycads and beetles 

(Schneider et aI., 2002). 

The dioecious character of cycads, with separate female and male plants, has 

prompted a number of studies in sex ratios and evidence of sexual dimorphism 

(Clark & Clark, 1987; Grobbelaar et aI., 1988; Ornduff, 1991, 1996), particularly in 

secondary sexual characteristics (Lloyd & Webb, 1977) as distinct from obvious 

differences in cone morphology. Male plants cone more frequently than female 

plants, perhaps reflecting a substantially lower cost of producing male reproductive 

26 



Relevance to Land Management 

structures (Ornduff, 1985, 1987). The prominence of male coning gives rise to an 

apparent male biased sex ratio if determined from counts of coning plants as a 

measure of the reproductively active population (Newell, 1983; Omduff, 1985; Clark 

& Clark, 1987; Tang, 1987; Grobbelaar et al., 1988; Negron-Ortiz & Gorchov, 

2000). Actual adult population sex ratios appear to approximate 1 to 1 (Omduff, 

1987, 1989; Norstog, 1990). While the infrequent occurrence of reproductive events 

was observed in the early part of the 20th century (Rattray, 1913), the term mast 

reproduction has been adopted to describe the pattern of reproduction in the latter 

part ofthe century (Ballardie & Whelan, 1986; Donaldson, 1993; Norstog & 

Nicholls, 1997). Data on the frequency and synchrony of reproductive events has 

been primarily derived from observational studies as opposed to purposeful 

manipulation of populations to reveal the stimuli that prompt mast events. 

As this summary indicates, cycads display a number of unusual features in their 

reproductive biology and for those interested in the evolution of plants, hold a special 

place in efforts to unravel the mysteries of the origin and development of seed plants. 

For those whose concern is management of wild populations there remains a gap in 

understanding the stimuli for and periodicity of mast reproductive events. With 

ongoing fragmentation of cycad habitat in the Top End and' adoption of fire regimes 

that may not reflect traditional fudigenous burning practices, an understanding of 

mast stimuli will improve the capacity ofland managers to stimulate recruitment. 

The ability to stimulate reproduction is particularly relevant to proposed commercial 

harvest of seed (PWCNT, 1997a). However, gaining this knowledge is likely to 
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require manipulation and observation of multiple wild populations over a number of 

years. 

1. 7 Adaptations and longevity 

Extant cycad genera can be traced back in the fossil record for a period of 50 to 60 

million years (Hill & Osborne, 2001). The long history and apparently minor change 

over an extended period of time suggests cycads have been well adapted to 

environments that have persisted despite cycles of climatic and other change. 

Features such as nitrogen fixation, association with insect pollinators, mast 

reproduction and the resistance to fire exhibited by Cycas have been discussed 

above. Other features that are well suited to the highly variable and intensely 

seasonal fire-prone environments of northern Australia include: contractile roots at 

the seedling stage which pull the apical shoot below ground; the capacity to resprout 

from an underground stem; a large carbohydrate store in the aboveground and 

underground parts of the stem; the presence of an edible outer layer or sarcotesta on 

the seeds to attract dispersal agents, with a hard protective sclerotesta below the outer 

layer; a reproductive cycle attuned to the extremes of the wet and dry season; leaf 

morphology such as prickles; toxicity to deter herbivores; and a bloom or recurved 

margins to the leaf pinna in some species to reduce transpiration. 

The toxicity of cycads has been widely recognised (Thieret, 1958; Whiting, 1963) 

due to impacts on humans (Hall, 1987), stock (Hooper et aI., 1974; Hooper, 1978) 

and domestic pets (Senior et aI., 1985). There is an intriguing and at this stage 
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umesolved relationship between the historically high prevalence of 

neurodegenerative diseases in the Chamorro people of Guam and the occurrence of 

Gycas rumphii. Extensive investigation has failed to produced a connection between 

the consumption of cycad seed and disease, and alternative causes have been 

proposed to explain the prevalence of the disorders (Sacks, 1996). A recent 

hypothesis is that rather than direct consumption of cycad seed, the prevalence of the 

disorders reflects ingestion ofbiomagnified cycad toxins through consumption of 

flying foxes, Pteropus species, which consume the juice of cycad sarcotesta (Cox & 

Sacks, 2002). Extinction of one species of Pteropus and reduction of a second 

species to very low numbers due to hunting has coincided with a reduced incidence 

of the disorders in the human population. 

The longevity of Cycas plants raises particular concerns with respect to the 

conservation of wild populations. Long-lived species tend to exhibit a suite of life 

history characteristics such as slow growth, late maturation and low reproductive 

output, that may predispose them to a higher vulnerability to decline than species 

with short life-spans and high potential rates of increase (Webb et aI., 2002). The 

ideas ofr- and K- selection encapsulate the contrast between small short-lived rapid 

reproducing (r) and large long-lived slow reproducing (K) organisms (Pianka, 1970). 

However, an alternative explanation for the trends explained by r- and K- selection is 

provided by the concept of bet-hedging, based on fluctuations in adult and juvenile 

mortalities (Steams, 1976). While r- and K- selection has been a helpful 

generalisation in understanding life histories, more recent work has focussed on the 

need for age-specific models and the need for density-dependent life history theory 
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(Stearns, 1992). The difficulty of applying general models to specific circumstances 

reinforces the need for tailoring models to fit individual organisms, to allow 

quantitative predictions to be made (Stearns, 1992). In the absence of general 

models to provide quantitative predictions for C. armstrongii, there is a need for 

specific models to predict the outcome of contemporary and proposed land 

management practices, particularly fire and harvest. 

Additional challenges to the management of long-lived species arise from the paucity 

of infonnation on crucial life history parameters such as life span and lifetime 

reproductive success (Morris & Doak, 1998). The outcome of contemporary 

management prescriptions may not be evident for years to come or interpreting 

popUlation response may be complicated by a lag in the expression of historical 

effects in which past conditions may influence future performance (Ehrlen, 2000). 

The ongoing maintenance of popUlations may be particularly sensitive to the survival 

of adult plants (Drechsler et aI., 1999; Raimondo & Donaldson, 2003). Features such 

as delays in the expression of outcomes from management action reinforce the need 

for carefully planned and well co-ordinated adaptive management. There is a risk 

that over-exuberant harvest may cause underlying decline that may not become 

apparent until damage is well entrenched. Conversely, weak intervention may return 

no infonnation of management utility over a reasonable timeframe. This illustrates 

the importance ofwell-fonnulated models based on the best available information, 

that make predictions capable of picking up signals of adverse trends early in the 

management process. 

30 



Relevance to Land Management 

1.8 Discussion 

Despite the antiquity of their lineage, in the contemporary global scene cycads are in 

serious decline as a result of human activity. Land use change along with a high 

demand for plants for cultivation, medicinal (Osborne et al., 1994) or other use has 

placed many taxa under threat of extinction. The uses of cycad are numerous and 

exist within many societies. However, there is a paradox. The demand for plants 

that places many populations under pressure from illicit wild harvest, also offers a 

potential financial return to landholders in situations where harvesting can be 

controlled and thus provides an incentive to maintain wild populations. In northern 

Australia where cycads are abundant and the major pressures on wild cycad 

popUlations come from land clearing and threats to habitat quality, harvest tied to 

land management practices aimed at maintaining high quality cycad habitat provides 

a promising mechanism to assist in the conservation of wild populations. 

In many parts of northern Australia cycad seeds have traditionally been an important 

food resource for Indigenous people. Since the arrival of European people the 

importance of cycads as a source of food has declined. In the non-Indigenous 

community there has been a marked shift in attitudes towards cycads over the last 

few decades. NT Government policy has evolved from a focus on methods of 

eradication of cycads due to their toxicity to stock, to conservation of habitat through 

sustainable use of cycads. In recent years there has been an emphasis on the 

sustainable harvest of cycad plants or plant parts in the NT with collection of seeds 

for cultivation, leaves for use as greenery in flower arrangements and whole plants 

for landscaping. 
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With a largely structurally intact environment, northern Australia is in an atypical 

circumstance compared to most populated parts of the globe. The biota of the 

dominant savanna landscapes reflect a long history of fire. While prehistoric fire 

regimes are largely speculative, there is compelling evidence of widespread use of 

fire as a land management tool by Indigenous people. There is also compelling 

evidence that Indigenous occupation dates back tens of thousands of years. Given 

the apparent tolerance of cycads to fire it is highly likely that the great abundance of 

cycads in northern Australia is associated with the prevailing patterns of use of fire 

by Indigenous people. 

While in some areas traditional Indigenous fire management continues, across the 

majority of the landscape traditional fire management practices have been disrupted 

in the last 100 to 150 years. The long-term implications of these changes in fire 

regime on either individual organisms or community composition and structure are 

largely unknown. However, in recent years substantial advances have been made in 

knowledge of Indigenous fire regimes and the way fire influences northern 

Australian ecosystems. Work undertaken within Australia and elsewhere indicates a 

complex mix of biotic arid abiotic factors including climate, soils, topography, 

herbivory, fire and human impacts in maintaining the composition and structure of 

savanna landscapes. Advances in environmental and popUlation modelling provide 

tools for extending such knowledge to predict, at least in outline, the outcome of 

various management scenarios and rank options for achieving particular conservation 

obj ectives. 

32 



Relevance to Land Management 

There is evidence of a substantial shift in the fire regime of northern Australia with 

the invasion of alien grasses (Rossiter et aI., 2003). It is possible that a grass-fire 

cycle has been initiated whereby grass invasion results in an increased intensity of 

fire that has a negative impact on the tree component ofthe savanna. This creates a 

positive feedback loop further increasing the grass component. If so, there are far 

reaching implications with respect to the tree to grass balance within the savanna. 

Potential changes are not limited to a simple reduction in woody vegetation. 

Changes in fire regime, along with competition from alien species will influence the 

composition of the grass layer. The tall robust statue of alien taxa such as A. 

gayanus will modify the structure of the lower stratum. The occurrence of dense 

grass tussocks is highly likely to result in the decline of species that prefer a more 

open ground stratum (Germano et aI., 2001). The impact of these changes on both 

plants and animals is largely unknown, however, preliminary data indicate a decline 

in vertebrate richness and abundance (Beggs & Ferdinands, 2003). There is potential 

for catastrophic change to the assemblages of plants and animals occurring within 

northern Australia. 

Taxonomy, reproduction and toxicity are prominent foci in the cycad literature. 

Reflecting the rarity of some taxa and geographic isolation of many taxa, there has 

been a considerable focus on the study of cultivated plants (Norstog et aI., 1986; 

Norstog, 1990; Ornduff, 1996). Given the level of interest in cycads there are 

surprisingly few ecological studies addressing the relationship of cycads to their 

environment. The majority of ecological studies have been observational (Clark & 

33 



Relevance to Land Management 

Clark, 1987; Clark & Clark, 1988; Grobbelaar et aI., 1988; Tang, 1990; Clark et aI., 

1992; Watkinson & Powell, 1997). A minority of studies have included 

manipulative treatments with an emphasis on assessing specific attributes such as 

pollination (Tang, 1987; Donaldson, 1997) and seed predation, seed germination or 

seedling survival (Ballardie & Whelan, 1986; Raimondo & Donaldson, 2003). Few 

studies have undertaken the manipUlation of wild populations in an attempt to 

understand the response to management stimuli (Negron-Ortiz & Gorchov, 2000). 

Long-term maintenance of wild populations will require building upon the 

considerable store of accumulated biological knowledge to develop management 

prescriptions. ManipUlative studies that focus on the population response to habitat 

management provide a means to refine management practice. However, as with 

many long-lived organisms, the time required to observe the long-term outcomes of 

management actions provides particular challenges in the design and conduct of 

popUlation management and monitoring. Population modelling provides one 

mechanism for applying data gathered over a relatively short period to predict long

term outcomes. However, validation of predictions and refinement of models will 

require long-term monitoring of popUlation response. 

The potential to make the most effective use oflimited information to build carefully 

considered management prescriptions, implemented with sufficient rigour and 

consistency to constitute larger scale, longer term experiments is at the heart ofthe 

adaptive management paradigm. This paradigm appears to offer the way forward in 

a political jurisdiction combining a strong development ethos but limited resources 
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and infrastructure to undertake all the studies that may be desirable in advance of 

taking management action (Whitehead et aI., 2003). 

1.9 Conclusion and direction of this study 

Cycads attract considerable interest from a diverse range of people and are a 

prominent component of the biota ofthe Top End of the NT. Their conservation 

incorporates a complex mix of resource management issues ranging from cultural 

perceptions, changing and divergent community attitudes, a range of biological 

issues, land use planning, economic and marketing considerations through to 

legislation and international treaties. Cycads thus provide an opportunity to explore 

the interactions among these issues and provide a flagship to focus attention on 

existing and emerging challenges, and the conservation policy implications for 

management of the landscapes of northern Australia. 

There is a diverse range of matters raised in the above discussion. One of the more 

intriguing issues raised is the role of fire in maintaining, and potentially limiting the 

quality of habitat for cycads in northern Australia. There appears to be a strong 

possibility that traditional Indigenous land management practices have been 

instrumental in promoting the prominence of cycads in the savanna landscape. 

Adaptive management provides a framework in which the sustainable management 

of cycads and cycad habitat in northern Australia may evolve. Against a background 

of minimal information on the response of north em Australian cycads to land 
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management, the work presented herein provides data detailing the population 

dynamics of C. armstrongii and predictions of the outcome of management 

scenarios. The first and major focus is the biological response of cycad populations 

to fire. Aspects of the response considered in detail are: seed viability (Chapter 2), 

the survival of stems and clumps, along with growth rates (Chapter 3) and a 

demographic model (Chapter 4). Of particular interest is the comparative population 

response under various fire regimes ranging from absence ofbuming, through 

regular burning under natural fuel loads, to burning with fuel loads that occur with 

the invasion of alien grasses. The second focus is to apply the demographic model, 

in conjunction with other available data, to consider issues of land clearing, fire, 

weed invasion and plant harvest (Chapter 5). A preliminary assessment of the 

conservation status of C. armstrongii is provided and implications for management 

discussed. The models and predictions presented provide a firm foundation for 

selecting management alternatives to test in a framework of adaptive management. 
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Chapter 2 

Scorching by fire reduces the viability of 

Cycas armstrongii seed 



Seed Viability 

2.1 Abstract 

In the fire prone environment of the tropical savanna of northern Australia plants 

exhibit a variety of strategies to enhance survival of seed. Cycas armstrongii seeds 

develop slowly and are held on the plant from the end of one dry season to late in the 

following dry. Given the large areas burnt and highfrequency offire in the 

landscape it is likely exposure to fire will be a common event. The primary focus of 

this study was to ascertain if scorching by fire influenced seed viability. Seed 

collected in the wild from stems and from the ground was exposed to fire and 

germination tested in a nursery using a Latin square experimental layout. Seeds 

collected from the ground were also categorised with regard to the extent of 

sarcotesta present. The nursery trial was maintainedfor 7.5 months post harvest. 

Scorching by fire markedly reduced the viability ofC. armstrongii seed. While 

similar proportions of unscorched stem- and ground-collected seed germinated, the 

ground-collected seed did so more rapidly. Ground-collected seed with less 

sarcotesta intact germinated most rapidly. While these differences in germination 

may reflect maturity of the seed, it is likely removal 0/ the sarcotesta reduced the 

time to germination. If so, animals that remove the sarcotesta provide a dual benefit 

in assisting germination as well as dispersal. Maintaining C. armstrongii 

populations unburnt in mast seed years is likely to optimise the availability o/viable 

seed. If maintaining a population fire free in a mast year is impracticable, the 

adverse impact offire on seed Viability is likely to be minimised by applying a cool 

fire early in the dry season. 
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2.2 Introduction 

Vulnerability to fire varies among species and within species at different stages in 

their life cycle. With regard to the seed phase this variability is evident in the fire 

prone tropical savanna of northern Australia. Responses to the risk of exposure to 

fire include those that avoid fire, such as grasses of the genus Sorghum. Sorghums 

drop their seed around the start of the fire season and the seed is pushed into the 

ground by the twisting action ofthe attached awn (Andrew & Mott, 1983). In 

Banksia species the seeds remain above ground encased in a thick protective woody 

pod. In other parts of Australia the role of fire in promoting recruitment of plants 

such as Banksia which hold their seeds on the plant is well recognised (Enright et aI., 

1998). For plants with hard coated seed such as Acacia, fire may assist in breaking 

the dormancy of seed buried in the soil (Bradstock & Auld, 1995; Auld & Bradstock, 

1996). The positive impact of fire extends to the promotion of germination by 

exposure to chemical cues from the presence of smoke or charred wood (Bond & van 

Wilgen, 1996). 

In contrast, Cycas in the savannas of the Northern Territory of Australia (NT) show 

no obvious features to either ,enhance survival of seed during fire events or stimulate 

gennination by fire. In the region Cycas undergo an extended period of seed 

development. Female cones appearing in the late dry season drop seed 

approximately one year later, towards the end of the following dry season. A cone 

appears as a tight bunch ofmegasporophylls and as the reproductive cycle progresses 

the cone opens out to expose the developing ovules. The opening of the cone is often 

assisted by the growth of new leaves from an apical shoot. The leaves and associated 
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cataphylls sprout upwards through the centre of the female cone such that by the time 

fires occur during the second dry season the megasporophylls frequently form a skirt 

around the stem. The ovules are located on the margin of the megasporophylls and 

thus are potentially exposed to dry season fires. 

There is considerable mythology about the response of cycads to fire, including the 

opinion that cycads "like" fire and that cycad seeds "need" to be burnt. An 

alternative view is that exposure to fire is detrimental to seed viability. Regeneration 

in Cycas may be from seed or basal sprouts emerging from the underground portion 

of the caudex. Both forms of regeneration are commonly observed in Cycas 

armstrongii. While the ability to resprout may confer an ability for a plant to recover 

from severe damage to the above ground portion of the stem, the absence of a 

spreading rhizome or similar structure means there is negligible dispersal of plants 

arising from the production of basal sprouts. Thus seeds provide a pathway for new 

plants to establish and provide the propagule for dispersal of plants. Seed viability is 

likely to be an important factor in cycad population dynamics and understanding the 

impact of fire on the propagules will therefore be useful in determining favourable 

fire regimes for maintaining wild cycad popUlations. The aims ofthis study were to: 

1) quantify the impact of treatments mimicking fire on the viability of Cycas 

armstrongii seed; 2) investigate if viability differs between stem- and ground

collected seed; 3) investigate if the amount of sarcotesta present influences viability; 

and 4) develop management recommendations regarding the application of fire to 

cycad habitat. 
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2.3 Methods 

Cycad seed was collected from a site in Charles Darwin National Park (CDNP) 

located on the shore of Darwin Harbour, 4 km north-east ofthe centre of the City of 

Darwin in the NT. Seed collection was undertaken within a 100 m radius oflatitude 

12.4443°S and longitude 130.8799°E. Within the site a series of twelve 20 m x 20 m 

study plots established for a concurrent study of cycad demography were excluded 

from the harvest area. The seed was collected on 30 September 2001, during a non

masting year when relatively few plants were reproductively active. Selection of 

plants for harvest was haphazard and undertaken by searching the site in an irregular 

pattern, collecting from any plants with ripe seed. 

As a result of the low number of reproductive plants encountered, collecting was 

extended to include plants within the buffer around the study site. The core site area 

had remained unburnt since the early dry season in 1997, while the adjoining buffer 

was burnt in the early dry seasons in 1999,2000 and 2001. The early dry season 

fires in 2001 were typically oflow intensity and patchy. There was no evidence of 

fire impact to any of the female cones from which seed was collected in the buffer. 

The majority of seed was collected from the unburnt core area and there was no 

evidence of direct exposure of seed collected in the buffer to fire. The possibility of 

some indirect influence of fire such as exposure to smoke can not be eliminated for 

the buffer collected seed. However, the potential exposure occurred more than 4 

months prior to seed collection and is considered highly unlikely to influence the 

experimental outcomes. The core area and buffer collected seed was mixed prior to 

fire treatment so that any possible field effect would be dispersed across treatments. 
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At the time of collection the reproductive cycle was well advanced with seed drop 

having commenced for the majority of plants. Seed was collected by hand either by 

picking from stems or collecting from the ground close to reproductively active 

female plants. The ground-collected seed was from the current reproductive cycle as 

judged by the limited extent of weathering, and was considered to be ripe, given it 

had fallen from the cones. The seed collected from the stems was ripe as evident by 

the yellow colour ofthe sarcotesta. Green seeds were not harvested and sun

scorched seeds excluded to avoid the difficulty of distinguishing sun-scorch from 

fire-scorch after subsequent treatment. The exclusion of sun-scorched seed raises the 

possibility of a bias towards less ripe seeds. Given that the proportion of SUll

scorched seed was low «10% of total ripe seed), if bias existed, it is unlikely to 

substantially alter the conclusions arising from the study. 

Stem-collected seed from individual plants was separated, with two thirds of the seed 

placed in one bag, for fire treatment, and the remaining third in a second bag, for no

fire treatment. The seed from individual plants was divided between these sample 

bags, to minimise the risk of bias due to the stage of development of a particular cone 

or genetics. 

Ground-collected seed was placed in a separate bag. The ground-collected seed was 

subsequently separated into four categories on the basis of how much sarcotesta had 

been removed. The categories were sarcotesta completely removed, 1 to 50% intact, 

51 to 99% intact and 100% intact. Each of these groups was further divided into a 
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fire and no-fire sample. For each of these groups, ground-collected seed was mixed, 

thus minimising the chance that seed from an individual plant would be concentrated 

within any particular final sample. 

Fire treatment was undertaken on the same day the seed was collected, by treatment 

in a modified outdoor barbeque. The seeds and fuel were arranged in three tiers. 

The uppermost tier was located where a steel cooking plate had been removed and 

replaced by wire chicken mesh. The stem-collected seeds were spread as a single 

layer on the wire mesh 25 cm above a bed of fuel. This main bed of fuel formed the 

middle tier and was supported on a coarse steel mesh. The ground-collected seeds 

were placed on a further thin layer of "ground level" fuel placed on a concrete base 

30 cm below the coarse steel mesh. The fuel was primarily dried grass, but included 

some leaf litter and fine twigs. It had been collected during fuel sampling at cycad 

sites in Litchfield National Park and was of similar composition to t~at encountered 

inCDNP. 

The physical arrangement of fuel mirrored the common field situation prior to leaf 

drop of a layer of fuel at ground level and an accumulation of fuel from dried cycad 

leaves or leaf litter just below the female cone. Total fuel loads were within the 

range encountered on the study site at CDNP. If anything, the fuel under-represented 

the build up of material that occurs with the accumulation of dried cycad leaves 

around the base of C. armstrongii. 
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The fire treatment was applied to all scorched seeds in two steps. Initial ignition was 

by lighting the fuel on the middle tier with a match in four places in close succession. 

The initial fire lasted 1 minute 55 seconds from ignition to the flames dying away to 

a few embers. During this time period the ground level fuel of the lower tier had also 

burnt, having been ignited by embers falling through the steel mesh. The fire 

appeared to be oflow intensity with a flame height of around 0.5 m and in contact 

with the seeds for only a short time. There was little sign of scorching apparent on 

the seeds. The minimal apparent scorching was of concern as it is common for 

extensively scorched seeds to be observed in the field, particularly following mid to 

late dry season fires. To alleviate these concerns, additional fuel was immediately 

added to the steel mesh. The new fuel caught alight from the smouldering embers 

and burnt for a further 55 seconds. The second fire appeared to be of similar 

intensity to the first. 

The total duration of less than 3 minutes exposure to heat from initial ignition to 

embers is within the span observed when burning cycad plots at CDNP. While a 

flame front would typically come through as a single and continuous exposure to 

heat, the breaking of this into two closely spaced phases can occur with cycads when 

the combustion of dried leaves and litter in proximity to the female cones lags behind 

the main flame front. Temperature was not measured during the fire treatment. 

Following the fire treatment, unscorched seeds were placed in a single layer on a 

tiled surface adjacent to the fire treated seeds. The position was semi-shaded with 

exposure to around 3 to 4 hours direct sun per day and to rain from infrequent stonns 
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that occur in the early wet season. On 8 December 2001 the seeds were transferred 

to the nursery at the George Brown Botanic Gardens, Darwin. 

At the time of transfer to the nursery, the stem-collected seeds were separated into 

two groups, on the basis ofthe proportion ofthe sarcotesta that had turned brown due 

to exposure to the heat of the fire. Seeds were categorised as low or high scorch 

respectively on the basis of less than or more than 60% of the sarcotesta having 

turned brown. Thus three stem-collected seed treatments (unscorched, low and high 

scorch) and two ground-collected seed treatments (unscorched and scorched) were 

represented. The seeds within an individual treatment group were mixed and the 

group subdivided by counting out the seeds one by one into each of five replicate 

samples. The mixing and counting reduced the risk of bias that could arise due to 

proximity ofthe seeds during treatment. 

The replicate samples were placed in seed trays laid out in a randomly selected 5 x 5 

Latin square design. The trays with ground-collected seed were subdivided into 

quarters by placing stainless steel wire in the pattern of a plus sign. Seeds from each 

sarcotesta category were randomly allocated to a quarter ofthe seed tray. Although 

stem-collected seed was not subdivided into treatment groups within a tray, a cross 

of stainless steel wire was added to the trays in an attempt to keep the treatments as 

similar as possible. The seeds were evenly spaced approximately 2 to 3 cm apart, 

laid on their side and gently pushed into the soil to around one third of their depth. 

In this position the longitudinal cleft in the stony sclerotesta that splits during 
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gennination is approximately parallel with the soil surface. The soil was a freely 

draining mixture of 45% coarse sand, 45% cocopeat and 10% perlite. 

The seedling trays were placed in a section of the nursery with an opaque perspex 

roof, providing natural light but excluding rain. The seed trays were hand watered 

approximately twice per week. At the time of laying out the seed in nursery trays in 

early December 2001, 16 of the 97 unscorched ground-collected seeds were showing 

signs of gennination. None of the remaining 451 seeds from the other treatments 

displayed signs of gennination. Subsequent assessments of germination were made 

on 30 January, 24 February, 8 April and 19 June 2002. 

At the June assessment the viability of seed that had not germinated was tested by 

randomly selecting one seed per tray or sarcotesta class within a tray and undertaking 

a rattle, float and crush test. With desiccation, the female gametophyte tissue shrinks 

away from the hard sc1erotesta layer of C. armstrongii seed and will rattle in the 

seed. Thus rattling of the female gametophyte tissue provides a definitive method of 

recognising non-viable cycad seed (Dehgan & Yuen, 1983). The test simply 

required shaking the seed near the ear and scoring if the dried embryo could be heard 

rattling within the hard shell ofthe sc1erotesta. Seeds that rattled were scored as non

viable while seeds that did not rattle were scored as apparently viable. 

A minority of Cycas exhibit a well-developed layer of spongy tissue in the seed, 

apparently an adaptation to dispersal by water. In these species the ability to float is 

not a useful guide to viability. However, in C. armstrongii the spongy layer is not 
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developed and viable seeds sink in water. With desiccation of the female 

gametophyte tissue, air gaps occur and non-viable seeds float (Dehgan & Yuen, 

1983). The float test was undertaken by placing the selected seed in a bucket of 

water. Seeds were scored as non-viable if they floated or apparently viable if they 

sunk. 

The crush test involved breaking open the seed by squeezing with a pair of pliers and 

scoring the interior into the categories of: dry and thus non-viable; moist but soft or 

shrunken and thus apparently non-viable; or moist, firm and apparently viable. 

Results from the three tests were combined such that seed scored as non-viable in all 

three tests was classed as non-viable. Seed scored as apparently non-viable or non

viable in one or more, but not all tests, was classed as apparently non-viable. Seed 

that was classed as apparently viable in all tests was scored as viable. 

Data was stored and summarised in Microsoft Excel (Microsoft Corporation, 1997), 

followed by statistical analysis and production of graphs with Statistica version 6 

(StatSoft Inc., 2003). Proportions were Arcsine transformed prior to analysis with 

the General Linear Model module of Statistica. ANOV A was conducted on the main 

effects of scorch nested within fire treatment (exposed to fire versus not exposed to 

fire) for stem-collected seed. This analysis was followed by factorial ANOY A to 

investigate the association of fire treatment and collection from the ground or stem 

on germination. 
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2.4 Results 

A total of 354 seeds was collected from the stems of 13 plants, with a range of 3 to 

127 seeds per plant. A further 194 seeds were collected from the ground near 12 of 

these plants, with a range of 2 to 32 seeds collected per plant. Combining stem- and 

ground-collected seed the mean number of seeds collected per plant was 42.2 (n = 

13, SD = 36.18) with a range from 6 to 143 seeds. The number of seeds per fire

scorch treatment ranged from 77 to 159 (table 2.1). Within the unscorched ground

collected treatment the number of seeds per sarcotesta category ranged from 14 to 29 

(table 2.2). 

The germination rate over the five replicates combined for un scorched seeds, was 

50% when collected from the stem and 60% from the ground. In contrast to 

unscorched seed the germination of scorched seed varied from 0 to 3% (table 2.1). 

For stem-collected seed where nil, low and high levels of scorched seeds were 

available, ANOV A of scorch nested within fire (exposed to fire versus not exposed 

to fire) revealed no significant difference among levels of scorch (F = 0.208, df= 

1,12, P = 0.657). However, there was a very highly significant difference in 

germination with fire (F = 109.533, df= 1,12, P = 0.000). 
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Table 2.1: Gennination of C. armstrongii seeds collected from the stem or ground 

and subject to fire-scorch treatments. 

Treatment Seeds Per Germination Total Seeds Germination 

Replicate Range Across Per of Total Seeds 

(No. seeds) 5 Replicates Treatment (%) 

(%) (No. seeds) 

Stem 
23 or 24 30-67 118 50 

unscorched 

Stem low 
15 or 16 0-7 77 3 

scorch 

Stem high 
31 or 32 0 159 0 

scorch 

Ground 
19 or 20 47-79 97 60 

unscorched 

Ground 
18 to 21 0 97 0 

scorched 

Given the absence of a significant difference in gennination between levels of high 

and low scorch, the level of scorch was omitted from the subsequent ANOV A with 

the focus shifting to collection from ground or stem and scorched versus unscorched 

treatments. There was a highly significant difference between scorched and 

unscorched treatments (F = 186.249, df= 1,21, P = 0.000) and no significant 

difference between seed collected from the stem or ground (F = 1.663, df= 1,21, P = 

0.211) or evidence of an interaction between collection from stem or ground and 

scorch (F = 2.537, df= 1,21, P = 0.126). 
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Table 2.2: Gennination of un scorched C. armstrongii seeds collected from the 

ground exhibiting four levels of presence of sarcotesta. 

Percentage of Seeds Per Germination Total Seeds Germination 

Sarcotesta Replicate Range Across Per of Total 

Intact (No. seeds) 5 Replicates Treatment Seeds (%) 

(%) (No. seeds) 

100% 5 or 6 17 - 80 27 52 

51-99% 2 or 3 33 -100 14 79 

1-50% 5 or 6 50- 80 27 63 

0% 5 or 6 40-67 29 55 

While the proportions of seeds genninating was similar for ground- and stem

collected seeds in unscorched treatments, the ground-collected seed genninated more 

rapidly than stem-collected seed. Expressed as a percentage of seed that germinated, 

26% of the ground-collected seed had germinated 69 days after harvest, increasing to 

98% at 122 days after harvest. The comparable figures are 0% and 80% for stem

collected seed. Of the stem-collected seed that germinated, 97% had done so by 147 

days post harvest. 

With unscorched ground-collected seed, gennination ranged from 52 to 79% among 

the categories of sarcotesta presence (table 2.2). There was not a consistent trend of 
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increase or decrease in final gennination with level of sarcotesta present. When 

amalgamated into two classes, namely up to or more than half the sarcotesta intact, 

there was minimal difference in gennination with 59% and 61 % for the respective 

classes. In contrast to the proportion ultimately germinating, there was a trend 

towards seed with less sarcotesta intact to genninate more rapidly (figure 2.1). 

Amalgamating the sarcotesta categories into two classes, namely up to or more than 

halfthe sarcotesta intact, 48% (n = 25) and 9% (n = 33) respectively of seeds that 

genninated had done so by 69 days post harvest. 

The nursery trial was discontinued at 225 days post harvest. The number of 

ungerminated seeds tested for viability was 5 for each ofthe stem-collected 

treatments and a maximum of20 for the ground-collected treatments, comprising 1 

seed per sarcotesta treatment per tray. Three sarcotesta samples had 100% 

gennination, limiting the ground-collected unscorched treatment to a sample of 17 

seeds that had not genninated. Of a total of 52 seeds tested, only 2% were viable 

while 87% were clearly non-viable (table 2.3). The status of the remainder was 

ambiguous. All 30 seeds tested from the scorched treatments were non-viable. 

50 



100 

80 

20 

o 

o 69 122 147 

Legend· 
-<- Nil sarcotesta 
""0"" 1-50% sarcotesta 
•• ~. 51-99% sarcotesta 
~- 100% sarcotesta 

Seed Viability 

190 255 

Days Post Har\€St 

Figure 2.1: Cumulative gennination over time at four levels of presence of 

sarcotesta on unscorched Cycas armstrongii seeds collected from the stem or ground. 

Gennination is expressed as a percentage of seeds that germinated for each 

treatment. Gennination for each treatment ranged from 52% to 79% at the end of the 

experiment (table 2.2) and of the unscorched seeds that did not germinate 5% (1 of 

22, table 2.3) tested as viable at the end of the experiment. 
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Table 2.3: Percentage viability and sample size for rattle, float, and crush tests, 

along with a combined rating for randomly selected seeds that had not germinated at 

the end of the experiment. 

Test Viability Stem Stem Stem Ground Ground Total % 

Un- Low High Un- Scorched 

scorched Scorch Scorch scorched % 

% % % % 

Sample Size 
5 seeds 5 seeds 5 seeds 17 seeds 20 seeds 52 seeds 

Rattle Apparently 
80 80 60 59 85 73 

viable 

Non-viable 
20 20 40 41 15 27 

Float Apparently 
20 0 0 41 0 15 

viable 

Non-viable 
80 100 100 59 100 85 

Crush Apparently 
0 0 0 6 0 2 

viable 

Apparently 
40 0 20 53 0 23 

non-viable 

Non-viable 
60 100 80 41 100 75 

Comb- Viable 
0 0 0 6 0 2 

ined 

Apparently 
20 0 0 29 0 11 

non-viable 

Non-viable 
80 100 100 65 100 87 
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2.5 Discussion 

Exposure to scorching by fire had a strongly negative impact on the viability of C. 

armstrongii seed. The experimental treatment appeared to represent high levels of 

fire impact, with over 60% of the surface area affected on 67% of the scorched seeds. 

However, there was no significant difference between gennination under the high 

and low scorch categories. It is not uncommon for apparently similar levels of 

scorch to be encountered in the field, particularly following mid to late dry season 

fires. Fires at this time of the year are typically of greater intensity than early dry 

season fires (Williams et aI., 1998; Williams et aI., 1999). In addition, in the late dry 

season the reproductive cycle is well advanced and female cones have typically 

opened, increasing exposure of developing seeds to scorching should a fire occur. 

In contrast, early in the dry season when fires are typically of lower intensity the 

female cones have not opened as wide and there is often a set of green leaves present 

below the cone. In low intensity fires, these leaves may provide a partial heat shield 

around the cone. However, even early dry season fire may put the developing seeds 

at risk. If the leaves are sufficiently dry or the fire sufficiently intense to bum the 

leaves, the combustion of cycad leaves and any other leaf litter caught near their base 

provides a heat source in close proximity to the female cone. The vulnerability of 

the developing seeds to fire would appear to put at risk a plant in a fire prone 

environment with an architecture whereby the leaves catch litter in close proximity to 

the female cone. The risk from this immediate source of fuel is typically reduced in 
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the mid to late dry season when C. armstrongii sheds its leaves, though the risk of 

intense fire increases. 

The vulnerability of cycad seed to scorching means that fire management is 

particularly important in years when mast seeding occurs. If promoting C. 

armstrongii recruitment or maximising opportunities for seed harvest is an objective 

of management, excluding fire from a cycad popUlation in mast years is "likely to 

assist in meeting these targets. In situations where it is difficult or impossible to 

maintain a fire free habitat during a mast year, burning early in the dry season with a 

fire of low intensity is likely to minimise the adverse impact of fire on seed viability. 

Germination commenced around two months after harvest, which is consistent with a 

slow morphological development of the embryo and dormancy imposed by the 

sclerotesta and sarcotesta (Dehgan & Schutzman, 1989). The majority of 

germination (98% of seed that germinated) of ground-collected seed had occurred 

within four months of harvest. At around 7.5 months from harvest when the 

experiment was discontinued, seed viability had reduced to a very low level. 

Germination of C. armstrongii occurred around 2 to 4 months post harvest for 

ground-collected seed and within 5 months for stem-collected seed. This 

germination period matches the annual weather pattern of the monsoonal tropics 

whereby seed dropped in the late dry season is ready to germinate in the early to mid 

wet season. Recently germinated seeds are frequently observed in the field in the 

middle of the wet season (Liddle, D., pers. obs.). The low viability at 7.5 months 

indicates that seed from one reproductive cycle is unlikely to be carried over to a 
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second wet season. The storage life of seed for this species is probably also quite 

limited, though it may be possible to extend viability by storage of seed in more 

favourable conditions. 

Unscorched ground-collected seed germinated more rapidly than unscorched stem

collected seed. With ground-collected seed, a reduction in the sarcotesta present 

decreased the time taken to germinate, though had little effect on the proportion 

germinating. Potential explanations for these observations include greater maturity 

ofthe seed from the ground, reflecting slow morphological development of the 

embryo, and removal of sarcotesta resulting in a release from dormancy (Dehgan & 

Schutzman, 1989). More rapid germination of Zamia integrifolia and Zamia 

furfuracea seed has been recorded with removal of the sarcotesta (Smith, 1978). 

However, in that particular trial, viability of seeds that had not germinated at the end 

of the study was not reported, so it is unclear if removal of the sarcotesta had an 

impact on the proportion germinating. The evidence suggests that more rapid 

germination can be achieved by collecting seed produced during the current 

reproductive cycle from the ground rather than from stems. The relative contribution 

of stage of development, removal of the sarcotesta to break dormancy or some other 

factor to explain the variable rate of germination observed, remains untested for C. 

armstrongii. 

While there was more rapid germination of seed with less sarcotesta, some seeds of 

C. armstrongii still germinated with the sarcotesta present. This contrasts with 

Zamia in Puerto Rico where germination was only observed after the sarcotesta had 
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rotted away (Negron-Ortiz et al., 1996). In the field, it is common to find seeds of C. 

armstrongii from which the fleshy sarcotesta has been wholly or partially removed 

and the hard sclerotesta scored with groves from the incisors of rodents. Wallabies, 

most likely the Agile Wallaby, Macropus agilis, also gnaw at the sarcotesta and 

disperse C. armstrongii seed. Emus, Dromaius novaehollandiae, eat Cycas seed, 

which is stripped of sarcotesta by the time it passes through the gut (Baker, B. 2002, 

pers. comm.). The Northern Brushtail Possum, Trichosurus vulpecula arnhemensis, 

also disperses C. armstrongii seed (Anderson, M. 1996, pers. comm.) and may well 

remove the sarcotesta while doing so. These dispersal agents appear to provide a 

dual benefit for Cycas by reducing the time to gennination as well as transporting 

seed. 

2.6 Conclusion 

Fires at intensities regularly seen in the savannas that support C. armstrongii appear 

to have the potential to strongly influence the dynamics of cycad populations through 

impacts on seed viability. Detrimental impacts may be most effectively ameliorated 

by focussing on fire control in years of mast seeding. Where impractical to maintain 

a population fire free in a mast year, the adverse impact of fire on seed viability is 

likely to be minimised by applying a cool fire early in the dry season. The potential 

for acute impacts from relatively intense fire warrants more detailed field based 

experimental examination of the effects of fires of various timing and intensity on 

seed viability. 
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Plant response to fIre 

3.1 Abstract 

The response of a population ofCycas annstrongii to fire in its natural environment 

was investigated by following the growth, reproduction and fate of marked stems and 

clumps in three different fire treatments over two fire events. The first treatment 

used unburnt plants. The second involved annual fire at ambient fuel load and the 

third, annual fire with high fuel loads, achieved by adding fuel to a level likely to 

occur if the habitat was invaded by alien grasses. 

There were substantial changes in size class distribution with a 60% decline in 

density of stems of adult size classes in the high fuel treatment. There was a 

corresponding, but amplified increase in juveniles in this treatment, reflecting the 

capacity of plants to produce basal sprouts. There was little change in density in the 

unburnt and ambient fuel treatments. 

A custom function adapted from Hoerl's special function provided the most useful 

model of stem growth. Growth rate varied with stem size, with rates of 3.1, 4.8 and 

3.5 cm increase in stem length per year respectively for stems from 5 to <50 cm, ~ 0 

to <100 cm and 'C.100 cm tall. Stems that survived the high fuel treatment displayed 

a higher growth rate than the other treatments. The growth model indicated that, 

allowingfor a period below ground prior to emergence of a stem, the predicted age 

to attain stem lengths of 100 and 200 cm respectively was 40 and 75 years. 
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Interpretation offire effects on reproduction was limited by the apparent absence of 

a mast seeding event during the study. For stems ofknown sex, the observed ratio of 

1.8 male to each female stem probably reflected more frequent production of cones 

by male plants as opposed to any real difference in the sex ratio of the population. 

The loss of adult stems under high fuel loads and comparatively slow replacement of 

those stems is likely to rapidly create a suppressed population incapable of sexual 

reproduction and eventually declining in number. In the absence of appropriate 

management, fire in combination with increased fuel loads due to alien grasses is 

likely to have an overwhelming impact on populations ofC. annstrongii. Given C. 

annstrongii is considered a fire tolerant plant, it is highly likely that such a 

combination of alien grasses and fire will have an equal or more radical impact on 

many woody species, pushing the balance of the tropical savanna of northern 

Australia towards a savanna grassland as opposed to a savanna woodland. 
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3.2 Introduction 

Fire is a major factor in shaping the vegetation communities of savanna landscapes in 

northern Australia and more generally in tropical savanna landscapes around the 

globe (Walker, 1985). In particular, fire regime plays an important role in 

maintaining the balance of trees and grasses in savanna landscapes (Bond & van 

Wilgen, 1996; Braithwaite, 1996). However, while the fire regime is of primary 

importance, the evolution and maintenance of many savanna landscapes involves a 

complex interaction of many factors including climate, soils, topography, grazing 

and anthropogenic influences (Scott, 1977; Bowman et aI., 1988; Medina & Silva, 

1990; Scholes & Archer, 1997). 

In northern Australia there was widespread use of fire by Indigenous people prior to 

European colonisation (Fensham, 1997; Bowman, 1998; Crowley & Garnett, 2000; 

Bowman & Vigilante, 2001; Russell-Smith, 2001) in the middle ofthe 19th century. 

Contemporary plant and animal communities have been shaped by a long history of 

Indigenous burning (Bowman, 1998). Since European settlement, land use and fire 

regimes have changed in many areas because Indigenous people were displaced from 

the land. In many places traditional knowledge has been lost or current land use 

precludes the continuation of traditional Indigenous fire practices. In contrast there 

are a few areas where Indigenous connections with the land have not been broken 

and traditional fire management practices continue (Yibarbuk et aI., 2001). 
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The response of many organisms is influenced by the fire regime, defined by a mix 

offactors including intensity, frequency, season and patch size (Gill, 1981). Many 

ecological communities contain organisms that span an array ofresponses to fire, 

ranging from species that are relatively fire sensitive to those that appear fire 

tolerant. Changes in the fire regime thus may advantage or disadvantage individual 

species. For the vast majority of species in northern Australia little is known to 

western science about their response to even broad variation in, let alone very 

specific, fire regimes. At the biological community level there is also a paucity of 

knowledge and there is much debate about appropriate fire regimes (Bowman & 

Vigilante, 2001). 

The impact of alien species is another major environmental, social and economic 

issue in northern Australia. This reflects the growing realization of the seriousness 

of the threat from alien species to global biodiversity. ill particular, alien species 

rank second only to land use change as a threat to biodiversity in savannas (Walker, 

2001). The issues of fire and alien species merge when invasive species impact on 

the fire regime. A positive feedback loop can form whereby grass invasion results in 

changes to the fire regime that encourages a further increase in the grass fuel load. 

The process is well recognised in Hawaii where D'Antonio and Vitousek (1992) 

have adopted the term grass-fire cycle. Even in ecosystems where fires occur very 

frequently alien grass invasions can change fire characteristics (platt & Gottschalk, 

2001). 
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In northern Australia the vulnerability to weed invasion and repeated fires has been 

recognised as a threat to rainforest patches near Darwin (Panton, 1993; Liddle et aI., 

1996). However, the threat of a grass-fire cycle is not limited to closed forests. 

Cook and Mordelet (1997) predicted the invasion of the alien grasses Andropogon 

gayanus and Pennisetum polystachion from West Africa would result in a reduction 

in the area of rainforests and savanna woodlands or forests, and an expansion of 

savanna grasslands in northern Australia. Further evidence of a threat from a grass

fire cycle in the region was provided by Rossiter et al. (2003) who found that a 

savanna invaded by A. gayanus had fuel loads up to seven times higher than a native 

grass savanna and this fuel load supported fire eight times more intense than in 

native grass savannas at the same time ofthe year. 

In the ongoing attempt to achieve land management practices which result in positive 

environmental, social and economic outcomes, the NT Government has adopted a 

policy of sustainable use of wildlife (pWCNT, 1997c). Wildlife, as defined under 

NT legislation includes both plants and animals. Under the umbrella of the strategy 

for sustainable use, a program has been adopted for the management of cycads in the 

NT (PWCNT, 1997 a). The program aims to maintain viable wild popUlations of all 

cycad taxa and cycad habitats, across their range in the NT. Given the occurrence of 

cycads in savanna landscapes, fire is likely to be of major importance in the 

maintenance of cycad habitat. However, the significance of fire regime on the 

maintenance of NT cycad populations is largely unknown. General community 

consensus is that cycads are a fire resistant component of the vegetation. It is 

common to hear the sentiment that cycads "like" fire. This attitude in part arises 
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from the rapid sprouting of leaves after dry season fire . In woodlands near Darwin

the post-fire growth of Cycas armstrongii can be a spectacular sight with a

proliferation of bright, almost lime green leaves against a blackened and parched dry

season landscape . With respect to published works, Gillison (1983) regarded Cycas

in eucalypt woodlands east of Darwin as relatively fire-resistant . Gillison applied the

name Cycas media . However, the NT populations have subsequently been

recognised as a different species to C. media that occurs in Queensland, and the

name Cycas armstrongii was applied (Chirgwin, 1993) . Wesley-Smith (1973)

observed that annual fires have probably been important in limiting density and that

in areas unburnt for several years cycad density increases . Watkinson and Powell

(1997) found variable population dynamics for the species under a predominantly

annual fire regime .

In this study the primary objective was to examine the response of a population of C .

armstrongii to fire regime with a focus on 1) cycad density, 2) size class structure, 3)

mortality, 4) growth and 5) reproduction . An appreciation of the population response

to fire regime was considered essential for developing long-term management

prescriptions for the species and its habitat .
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3.3 Methods 

3.3.1 Climate, vegetation and fire 

The study area falls within the monsoonal tropics, with a sharp contrast in rainfall 

and humidity between the wet and dry seasons. While the simplistic subdivision of 

the seasons into wet and dry captures the contrast in climatic extremes, there are 

phases within these broad seasons. Indigenous people of western Amhem Land, 

approximately 250km east of Darwin, recognise six seasons (Haynes, 1985). Thus 

within the broad categories of wet and dry there are seasonal phases which impact on 

plant growth and fire behaviour. The wet is a highly reliable event and over 90% of 

rainfall occurs from November through to April. Despite this predictability, there is 

considerable variation in quantity and timing of rainfall from year to year. In the 

period 1870 to 1983 inclusive, the average rainfall for the seasonal year (July to 

June) was 1575rnm (CV = 19.3%) for Darwin (Taylor & Tulloch, 1985). Daily 

maximum temperatures average over 30°C throughout the year. A significant feature 

ofthe climate is the occurrence of tropical cyclones that may bring destructive winds 

to coastal areas and major rainfall events to the region generally. 

The region is dominated by savanna vegetation with the overstorey typically 

comprising a discontinuous layer of Eucalyptus spp. and the understorey a more 

continuous layer of grasses, forbs and shrubs (Wilson et aI., 1990). The availability 

of fuel and seasonally dry season conditions give rise to a period of fires, however, 

fire behaviour varies through the fire season. Early dry season fires are typically 

63 



Plant response to fire 

significantly less intense than fires that occur late in the season (Williams et aI., 

1998). The majority of fires are lit by humans and affect an extensive area over 

which there is a high frequency of burning (Williams et aI., 2001). In the years 1997 

to 1999 the mean area burnt was 26% of the tropical savanna region ofthe NT, with 

extensive fire occurring in all major land tenures (Russell-Smith, 2001). On a more 

localised scale where detailed infonnation is available 46% of Kakadu National Park 

was burnt annually during the period 1980 to 1994 (Russell-Smith et aI., 1997b) and 

56% of Litchfield National Park was burnt annually from 1990 to 1997 (Edwards et 

aI.,2001). 

3.3.2 Study site 

The experiment was conducted in a population of C. armstrongii within Charles 

Darwin National Park (CDNP) located on the shore of Darwin Harbour, 4 km north

east of the city centre of Darwin in the Northern Territory of Australia (NT) (figure 

3.1). The site was 450m long by 180m wide centred on latitude 12.4443°S and 

longitude 130.8799°E. The long axis of the site extends across the face of a low 

ridge that rises to an elevation of 29m at approximately 450m from the high water 

mark. The woodland vegetation was dominated by Eucalyptus miniata with an 

understory of shrubs and mixed grasses. Woodland vegetation extended upslope 

from the site while on the downslope side there was a decline in tree height and 

diameter as the vegetation graded into a narrow fringe of grassland and then woody 

mangrove vegetation (figure 3.2). The narrow fringe of grassland has been 

substantially modified by grading for construction of a fence and vehicle track. 
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Figure 3.1: The distribution of Cycas armstrongii and location of Darwin and 

regional centres. The solid dots represent recorded populations of C. armstrongii 

(source PWCNT, 1997a) and lines represent main arterial roads in the Northern 

Territory. Map produced by P. Cawood. 
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Figure 3.2: The study site at Charles Darwin National Park with unbumt (U) and 

burnt (B) blocks, located within their respective compartments that are delineated by 

firebreaks. The blocks are connected by a tongue of savanna woodland which 

supports a similar density of cycads to that within the plots. Tidal channels are 

evident in the lower right and the associated dark vegetation is mangrove. The 

speckled grey of the uplands reflects savanna woodland habitat. The rectified image 

is based on aerial photographs taken on 27/9/1999. Map produced by P. Cawood. 
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This infrastructure, along with a bitumen road upslope ofthe site was constructed 

when the land was held by the Australian Defence Forces. The bitumen road 

partially encircled the ridge and provided access to a series of World War II 

munitions storage bunkers cut into the hillside. Construction most likely occurred in 

the early 1940s and minor damage from enemy aircraft fire indicated the presence of 

the structures at the time ofthe bombing of Darwin in the period 1942 to 1945. 

There was no evidence to indicate substantial impact on the vegetation away from 

the immediate vicinity of the road or associated infrastructure during construction 

over 60 years ago. There was localised evidence of soil disturbance e.g. an old track 

and earthworks on the periphery of the site. These small local disturbances have 

revegetated with native species. The vegetation on the study site was predominantly 

intact and displayed little sign of human disturbance (other than by fire) since 

European settlement in the later part ofthe 19th century. 

The presence of a shell midden on the site provided clear evidence of Indigenous 

occupation. However, the history of Indigenous or European use of fire on the site is 

unknown prior to the mid 1990's. The vegetation structure of a woody overstorey 

and grass dominated understorey, along with the presence of charcoal and fire 

scarred stems indicated the area has been periodically burnt over the last few decades 

at least, and most likely for thousands of years. 

Overstorey tree size was relatively uniform with few large diameter trees. It is likely 

many of the larger trees were destroyed during cyclone Tracy in December 1974. 

Tracy was a class 4 cyclone with a maximum wind speed in excess of250 kmIhr 
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(Stretton, 1976). The site would have experienced highly destructive winds with the 

southern boundary of the eye of the cyclone passing overhead as it travelled on a 

south-easterly trajectory (BOM, 1975). Tree fall to the south of the eye indicates 

destructive winds from the east so there would have been little protection for the 

vegetation on the site, which has an easterly aspect. Tracy was the sixth cyclone to 

cause damage to buildings in Darwin (Stretton, 1976) between 1878 and the present. 

Thus disturbance due to cyclonic winds would appear likely within the life span of 

the overstorey vegetation at this site and more generally in coastal woodlands near 

Darwin. 

The site was subjectively selected for the study taking into account: 1) responsibility 

for land management by the Parks and Wildlife Commission of the Northern 

Territory (PWCNT), including responsibility for fire management; 2) the interest of 

local Rangers in investigating the impact of fire; 3) the presence of a C. armstrongii 

population of density and plant stature typical of many populations throughout its 

range; and 4) the presence of tracks and fire breaks to facilitate application of fire 

treatments. The significance of a capacity to maintain control over fire regimes 

should not be under-estimated. All fire experiments attempted in the Top End have 

been compromised to a greater or lesser extent by uncontrolled fire in these highly 

fire prone environments. 
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3.3.3 Layout and plot selection 

PWeNT took over management responsibility for CDNP during 1997. In June of 

that year a fire started on an adjoining property and burnt approximately half the 

woodland area of the park, including the study population. Following the 1997 

wildfire, additional firebreaks were established with the study population subdivided 

into two compartments in the dry of 1998 (McAdam, D. 2003, pers. comm.). The 

additional firebreaks were typically bounded by two slashed lines. The lines weaved 

between the larger trees and were wide enough to allow passage of a small tractor. 

The lines were approximately 20 to 50 m apart and were slashed early in the dry 

season. When slashed they provided a discontinuity in fuel and access to burn the 

vegetation between the two lines to fonn a firebreak. 

The density of cycads varied within the compartments with a lower density on the 

lower slope where the gradient decreased and the soil moisture increased. It was 

likely that impeded drainage on the foot-slope resulted in unsuitable conditions for C. 

armstrongii. The southern compartment, with an area of 5.7 ha, was selected for the 

unburnt treatment as more cycad habitat was available for a concurrent leaf harvest 

trial. The northern compartment, with an area of 5.3 ha, was selected for an annual 

fire treatment in the early dry season. At the time of establishing the study there was 

no obvious difference in the vegetation between high-density cycad areas within the 

two compartments. 

Within each compartment, the study area was restricted to a block supporting a high 

density of cycads (figure 3.2). A tongue of high-density cycad habitat joining the 
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block within each compartment, was excluded from plot selection to minimise 

possible edge effects and avoid difficulties with placing plots. The high-density 

cycad block in the southern compartment was 2.5 ha in extent. Within this area 

twelve 20 x 20 m plots were randomly located for a leaf harvest trial. Leafharvest 

treatments were allocated randomly to the plots with three unharvested plots 

providing a control for both the fire and leaf harvest experiments. The high-density 

cycad block within the northern compartment was 1.5 ha in extent. Within this area 

six 20 x 20 m plots were randomly located. Two fuel level treatments were 

randomly allocated with three plots selected for annual fire at ambient fuel level and 

three plots for annual fire and additional fuel to provide a high fire intensity 

treatment. 

In order to obtain an acceptable degree of interspersion of treatments within the 

layout (Hurlbert, 1984) and minimise disturbance from other sources, rules were 

established for the "random" location of plots and treatments. Rules for plot layout 

were: 1) reject the selection if>75% of the plots occurred in <50% of a block; 2) 

allow a minimum buffer of 1 m between plots; and 3) reject a plot ifthere was any 

evidence of past earthworks. With regard to past earthworks, reselection was 

required for lout of 18 randomly selected plots on the site. Rules for the allocation 

of treatments were: 1) reject the selection if all the replicates for a particular 

treatment occurred in less than half the block when divided into either "up or down" 

slope halves or "across" slope halves; and 2) reject the selection if a113 replicates of 

a treatment were adjacent to each other. 
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Adoption of the above rules to address interspersion has resulted in an allocation of 

treatments that is not strictly random. Thus a., the probability of a type I error, can 

no longer be specified exactly. However, addressing interspersion by this procedure 

has resulted in an improved design with respect to type I error, ie the experiment was 

conservative (Hurlbert, 1984). 

A design with multiple randomly allocated unburnt and burnt blocks was beyond the 

resources available for the study. The unburnt plots all occur in one block and the 

burnt plots in another, thus it is not strictly possible to separate block and unburnt 

versus burnt effects. The design may be labelled as pseudoreplicated as the replicate 

plots, as in most achievable designs, are strictly speaking not statistically 

independent (Hurlbert, 1984). While recognising this situation, inferential statistics 

have been applied in data analysis. Interspersion ofunburnt plots would have been 

practically impossible without unacceptable damage to the site to guarantee fire 

control. The unburnt treatment is one extreme of the range of fire treatments. The 

other two treatments, ambient fuel and additional fuel, were interspersed and 

produced strong effects. In this experiment the random plot selection, lack of 

obvious initial difference between plots, a large cycad sample size and strength of the 

response indicate that results are likely to be robust and warrant application to other 

populations of C. armstrongii. 
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3.3.4 Plot size 

Within cycad populations of the Top End of the NT there is often some clumping of 

plants. With C. armstrongii on lateritic soil profiles there is less clumping, 

presumably reflecting limited changes in soil conditions over a scale of a few tens of 

meters. In contrast C. calcicola on rocky limestone substrates may exhibit a strong 

clumping pattern, apparently reflecting pockets of deeper soil. In an attempt to 

identify an optimum plot size, plants were counted in a series of nested quadrats 

commencing with 1 m2 and doubling in size through 2x1, 2x2, 2x4, 4x4, 4x8, 8x8, 

8x16, 16x16, 16x32, 32x32 and 32x64 m2
• Five series of nested quadrats were 

established for C. armstrongii in Eucalyptus tetradonta woodland on deep lateritic 

soils at latitude 12.34°8 and longitude 13 1. 16°E, 40 km north-east of Darwin near 

Gunn Point. A series of four sets of nested quadrats were sampled for C. calcicola 

with quadrat size ranging from Ixl through to 32x32 m2
• The substrate was a rocky 

limestone outcrop with loamy Terra Rossa soils located 13 km north-west of 

Katherine, in Kintore Cave Historical Reserve at latitude 14.41 °8 and longitude 

I32.1S°E. A plot of sample area against variance of cycad density from multiple 

samples provides a guide to the scale of clumping. A high variance indicates plots 

with both high and low numbers of cycads, as could be expected if the plot area 

coincided with the area of clumps. Once plot size exceeds the scale of clumping, the 

variance was predicted to decline as individual plots will sample both high and low 

density areas of cycads. In this study the desire was to minimise the variability 

between plot counts due to population characteristics such a clumping. Thus a plot 

area in excess of clump area was required. 
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Other factors influencing the size selected for plots were 1) plant density (iftoo few 

plants then an inadequate sample size, if too many, then insufficient resources would 

be available to assess the plots or available resources wasted), 2) a plot size that 

would allow replicates within the area selected for this study and would also be 

generally applicable for moderate to high density cycad stands in the region. A plot 

area of 20 x 20 m was adopted to satisfy the above criteria as well as allowing 

sampling other components of the vegetation. The same size plot has been used for 

vegetation mapping in the NT (Wilson et aI., 1990) and is frequently used during 

surveys conducted by the NT Herbarium. The adoption of a standard plot size would 

facilitate future comparison of the data from this site with other vegetation data sets 

for species other than C. armstrongii, available for the NT. 

3.3.5 Cycad stem and clump sampling 

ill all plots, all cycad stems in a central10xlO m quadrat were labelled along with all 

stems with a length greater than 5 cm in the 5 m wide "outer" strip extending from 

the central quadrat to the edge ofthe plot. For stems large enough to retain the 

marker, a piece of annealed stainless steel wire 0.9 m long and 1.4 mm diameter was 

looped around the stem, a tag attached and the ends twitched. The tag was stainless 

steel tape 12 mm wide and <1 rnm thick, punched with a hole for the wire and 

embossed with a unique identity number using a Dymo Tapewriter. For stems too 

short to retain the wire loop, the embossed tag was tied with stainless steel wire to a 

spike made from stainless steel rod 0.4 m long and 3.0 mm diameter. The rod was 

bent to form a circular loop at one end, to both attach the tag and use as a handle to 
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push the spike into the ground adjacent to the stem. Placement of the spike depended 

upon plant size and the likely presence of a swollen underground stem that could be 

damaged by insertion of the shaft. For juvenile plants, spikes were typically placed 

within 5 cm ofthe stems but a greater distance (up to around 20 cm) was sometimes 

required for sprouts emerging from the base of adult stems. Stainless steel markers 

were used due to their resistance to melting at the temperatures encountered in fire 

treatments and resistance to rusting. 

Cycas armstrongii plants have the capacity to produce mUltiple stems from the one 

underground base. For an understanding of demographic characteristics of the 

population the preferred unit would be to consider plants as opposed to individual 

stems. However, without excavating plants or conducting genetic tests on all stems it 

was not possible to be absolutely certain mUltiple stems emerging in close proximity 

originated from the same base. In many cases the presence of a remnant stump at 

ground level and a pattern of living stems emerging from around the stump provided 

a strong indication of the likely shared origin of the stems. In other cases where 

there was no remnant stump evident at ground level and stems emerged from the 

ground in proximity to each other there was little evidence to support their common 

origin. To allow analysis at the level of stems and clumps of apparently related 

stems, individual stems were scored as to their association with adjacent stems. 

Three classes were recorded, namely nil association with other living stems, 

association by proximity and association around a remnant stump. Demographic 

analyses have been undertaken for both stems and clumps, combining the above 

clump classes. 
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In the outer strip where tagging was primarily focused on stems greater than 5 em 

long, the presence of untagged living juvenile stems belonging to the same clump 

was recorded. If the base of a stem straddled the boundary of the central quadrat and 

outer strip ofthe plot or edge 'of the plot, the position of the centre of the stem was 

taken as the stem location. Where a clump straddled a boundary, all stems in the 

clump were recorded and the location ofthe dominant stem taken to be the clump 

location. 

Initial assessment and measurement was undertaken between December 1998 and 

May 1999, prior to the first fire treatment. In 2000 and 2001 an annual assessment 

was undertaken at the end of the wet season (primarily in March) prior to fire 

treatment. Additional stems encountered in these follow-up assessments were tagged 

in accord with the above protocol. Thus stem status and size class data were 

available for the periods 1998/1999 (year 0), 1999/2000 (year 1) and 2000/2001 

(year 2). The cut-off between periods was the mid to late dry season to coincide with 

the appearance of the immature reproductive cones around September. The status of 

clumps recorded as dead i.e. no living above-ground stems, for the first time in year 

2 was checked in the dry season of2002 to confinn ifbasal sprouts had appeared 

from the underground stem. If a clump re-sprouted, its status was reclassified to a 

living juvenile in the preceding year when no living above-ground stems were 

evident. Cone production was recorded for adult stems in 200112002 (year 3) and 

200212003 (year 4). Sampling of cone production required assessment in the late dry 

or early wet (preferably October or November) to obtain a snapshot of male activity 

before male cones dehisced. 
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Stem size was recorded in five classes, namely: SJ, a small juvenile with up to two 

leaves, counting both living and dead leaves; LJ, a large juvenile with three or more 

leaves and a stem length up to 5 cm; I, an intermediate with a stem length ~5 cm and 

< 50 cm; SA, a small adult with a stem length ~o cm and <100 cm; and LA, a large 

adult with a stem length ~100 cm. The cut-off between I and SA stems was 

subjectively chosen to approximate the boundary between reproductive and non

reproductive stems, based on preliminary field observations of the minimum length 

of C. armstrongii stems observed to be reproductively active. Over the duration of 

the study the shortest tagged stem observed to be reproductively active was a male 

with a length of 57 cm. Stem length was measured as opposed to stem height, as 

some stems were bent and a measurement of height would understate their growth. 

Stem length was measured to the nearest cm from the ground to the tip of the latest 

set of cataphylls visible at the stem apex. 

A standard protocol was adopted to minimise errors in length due to measurement 

technique. Stems were measured so as to record a maximum length. In the case of a 

straight but leaning stem, measurements were taken on the upper side. Where the 

ground was uneven the measurement was taken from the ground level on the lower 

side, with an exception that if the ground was uneven due to a localised excavation 

such as an animal burrow which may infill between assessments, the undisturbed 

ground adj acent to the burrow was taken as the base level. The majority of stems 

were erect and relatively straight allowing measurement with a height stick. With 

bent stems where measurement with a height stick was not practical, a tape measure 
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was used and a comment recorded to assist in achieving consistency between 

assessments. 

The status of stems and clumps was recorded as living or dead, with new recruits 

distinguished from pre-existing stems. The assessment of juvenile stems was 

complicated by their cryptic nature, particularly their capacity to "rest" for a 

substantial part of the dry season with only dry leaves which may become detached 

from the below-ground apical shoot. Where a juvenile stem was recorded as "dead" 

with only the tag found in a year and subsequently recorded as alive, living status 

was backdated to the year when only the tag was found. For the tag only assessment, 

the size class was carried forward from the previous year and leaf status recorded as 

nil. 

With juvenile stems fire may completely remove the above ground parts such that a 

stem recorded with 3 or more leaves in one year may revert to two leaves in the next 

year. To avoid assignments recording regression in size class for juvenile stems 

simply due to an observers capacity to: 1) record leaves consumed by fire or 2) 

observe dried leaves from a previous year detached by trampling, once recorded as a 

LJ, a stem was not allowed to regress to a SJ. A similar limitation was not required 

for other size classes. With above ground stems, a reduction in stem length that 

could result in a meaningful regression to a smaller size class would typically be 

supported by other evidence, such as physical damage to the stem. In some cases 

there was an unexplained reduction in stem length, most likely due to measurement 

error but possibly resulting from shrinkage of the cataphylls that elongate during 
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growth spurts. In the majority of instances these data were retained in the data set as 

they reflected inherent errors in the assessment protocol and presumably 

counterbalanced errors in measurement that overstate stem growth. A small number 

(n ::;6) of outlying length measurements were removed from the data set where there 

were obvious errors. The size class of a stem was not reduced in the rare event 

where an unexplained reduction in stem length coincided with a transition across a 

class boundary. 

In addition to stem status, stem association, size class and stem length where the 

above ground portion was Scm or more, the annual assessment included leaf status, 

insect damage to the leaves, fire impact, time since fire, presence of termites, cattle 

(Bas taurus or Bas indieus) or pig (Sus sera/a) impact, sex, cone production and, 

where relevant, cause of death. Fire impact was classified according to the level of 

damage to the above ground stem. Classes recorded were nil impact, blackened but 

no obvious damage to living stem tissue and stem tissue damage evident. Signs of 

tissue damage included sap oozing from the stem following fire, fire induced cracks 

and fire scars. There was a 'once off assessment of stem location and distance from 

two adjoining comer pegs of the central lOx 10m quadrat. The location and 

distance information was of great benefit in relocating stems and will eventually be 

used to look for evidence of density dependence in growth or other more subtle, 

long-term dynamics of the cycad population. 
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3.3.6 Fuel loads and fire treatment 

In year 0 fuel sampling in the burnt block was undertaken on March 30th and 31 st and 

in the unbumt block in June, with 1 quadrat on the 1 st and the remainder on thel8th
• 

In year 1 both blocks were sampled in March, the burnt area on the 19th and the 

unburnt area on the 31 st. Ten randomly located 1 x 1 m quadrats were sampled from 

each block, avoiding the cycad plots and a I m buffer around the plots. All 

combustible material less than 10 mm in diameter up to a height of2 m above 

ground was harvested from each quadrat and placed in paper bags. Litter 

recognisable as leaf or other plant fragments was collected, but organic material 

broken down to small dark fragments was not sampled. The samples were oven 

dried for a minimum of 3 days at 60°C prior to weighing. A small subset of bags 

were also weighed the day before final weighing to ensure drying was complete. In 

year 1, the fuel was separated in the field into fine material up to 6 mm diameter and 

coarse material 6 to 10 mm diameter in an attempt to calibrate the contribution of 

material from these size classes. 

Following calculation of ambient fuel, sufficient native Sorghum grass hay was 

purchased to increase the fuel load to 20 tonnes per ha in the high fuel treatment. 

Hay composed of native species was selected as this at least mirrored the 

composition of some of the in situ fuel. Importation of grass composed of the alien 

A. gayanus or P. polystachion was considered to pose too great a risk of introducing 

unwanted seeds to the site. Ten bales of hay selected from various parts of the load 

were weighed to arrive at an average weight per bale. Samples from a least 3 bales 

of hay from various parts of the load were bagged, weighed and dried as per the 
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above procedure to calculate moisture content. After allowing for moisture, the 

number of bales of hay required to achieve a total dry fuel load of20 tonnes per ha 

was calculated. The hay was spread evenly and loosely across the high fuel 

treatment plots. In year 0 the hay was spread the day before fire treatment and in 

year 1 spreading occurred on the day of proposed fire treatment. However, in year 1 

fire treatment was then deferred 14 days as the vegetation was too green to burn on 

the proposed day. 

The annual fire treatment was applied as early in the dry season as possible. The 

dates were 20 May 1999, I June 2000 and 17 May 2001, with the ambient fuel 

treatment applied in all three years and the high fuel treatment applied in 1999 and 

2000. Ignition time was late morning or early afternoon in an attempt to get the fire 

to carry across the plots that had been subject to partial trampling during vegetation 

sampling. Fires lit in the early morning or late afternoon at this stage of vegetation 

curing and seasonal conditions are often either patchy or will not carry. The fires 

were lit using a drip torch along a line on the eastern end of the compartment 

allowing the prevailing south-easterly winds to carry the fire upslope and across the 

plots. 

3.3.7 Plot disturbance 

The areal extent of disturbance from cattle, pigs or Macropods (principally the Agile 

Wallaby, Macropus agilis), along with human trampling was assessed in the central 

quadrat and outer strip of each plot at the time of or soon after major plant 
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assessment activities. With regard to the extent of fire, an assessment of the total 

area burnt was available for all years. Scorch height, i.e. the height to which leaves 

were turned brown by the fire was available for years 0 and 2. Assessment was 

undertaken after leaves had been damaged, but before evidence of the fire had 

disappeared. Heights were estimated by eye to the nearest O.Sm. All plot 

disturbance assessments were undertaken by the one observer (Liddle D.) to avoid 

between observer errors. 

3.3.8 Analytical methods 

Data were stored in a Microsoft Access database (Microsoft Corporation, 1996) and 

summarised in either Access or Microsoft Excel (Microsoft Corporation, 1997). 

Graphs were produced in either Statistica (StatSoft me., 2003) or R (R Development 

Core Team, 2002) and least squares statistical analyses undertaken in Statistica. 

Fitting of stem growth models, calculation of Akaike's Information Criterion for 

small sample size (AlCc) (Burnham & Anderson, 2001) and related values was 

undertaken in R. 

3.3.8.1 Density and size class structure 

Stem and clump density in year 0 was initially examined graphically for five size 

classes within each fire treatment. Given the variability in density and the 

biologically arbitrary cut-offs for subdivision between the small and large juvenile, 

and between the small and large adult classes, the five classes were reduced to three 

Guvenile, intermediate and adult) for subsequent statistical analysis. With clumps, 
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the maximum living stem size class within each clump was adopted as the clump 

size. In a relatively small number of cases (n = 23) clumps were reduced to no living 

above ground stems in a year but were still alive as evidenced by basal sprouts in the 

following year. In these cases the clumps were classed as juvenile for the year with 

no living above ground stems. 

To compare initial cycad density, general linear model (GLM) univariate tests of 

significance were conducted with three levels of size class (juvenile, intermediate 

and adult) and three levels of fire treatment (unbumt, ambient and high) as 

categorical predictors. To meet the assumptions of the model, densities were square 

root transformed by 

XI=JX+% (eqn.3.1) 

as recommended when some observations are zero (Zar, 1996). 

The change in stem and clump density within three size classes in response to fire 

treatment were analysed with GLM repeated measures ANOV A. The analyses were 

conducted with three levels each of size class and fire as categorical predictors. 

Density was repeated over three time periods, from the initial assessment in year 0 

through to a post treatment assessment in year 2. A square root transformation was 

applied to the density data to meet the assumptions ofthe model. Mauchley's test for 

the assumption of no sphericity was applied, followed by multivariate tests for 

repeated measures (StatSoft Inc., 2003). In the main, Wilks' Lambda, Pillai's trace, 

Rotelling - Lawley trace and Roy's largest root multivariate tests of significance 
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(StatSoft Inc., 2003) yielded similar results, with Roy's providing a less conservative 

outcome in some cases. The results from Wilks' test are presented below as this test 

statistic provides a conservative measure. 

3.3.8.2 Stems per clump 

An analysis of the number of stems per clump was conducted on clumps located in 

the central lOx 10m quadrat of each plot, the area where both adults and juveniles 

were tagged. Data were compiled for total stems per clump and the number of stems 

per clump in juvenile, intennediate and adult size classes. Mirroring the procedure 

applied to stem density, the change within three size classes in response to fire 

treatment was analysed with GLM repeated measures ANOV A, followed by 

Mauchley's test for the assumption of no sphericity and multivariate tests for 

repeated measures. A log transformation of the fonn: 

x'= log(x + 1) (eqn.3.2) 

was applied to the stems per clump data to meet the assumptions of the model. 

3.3.8.3 Stem growth 

Stem growth was calculated for all stems for which more than 1 length measurement 

was available from year 0 through to year 2. The difference between the first and 

last assessment was calculated and divided by the time interval to provide a growth 

rate (in cm per year). Data were compiled for all stems combined and for individual 

size classes and fire treatments. A GLM univariate ANOVA was applied to test for 

the significance of fire and size class as categorical predictors of growth rate. 
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Scatterplots of stem length against growth rate were prepared and functions applied 

to model the relationship. Models fitted included linear, quadratic, power, 

exponential, hazard, half-normal, Hoed's and a custom function. The quadratic 

function took the form: 

GR= aSL2 +bSL+c (eqn.3.3) 

where GR = growth rate, SL = stem length at the start of the time interval over which 

growth was modelled; while a; b and c are constants. The custom function was a 

slightly modified version of Hoed's function which has been applied in modelling 

tree growth (Daniel & Wood, 1980; Warren, 1980; Monserud, 1986; Goelz et aI.; 

1999) and takes the form: 

-SLI 
GR = bSLe 7a (eqn.3.4) 

The modification applied to Hoed's function was to add a constant to stem length to 

allow a non-zero growth rate when stem length equals zero. This reflects the biology 

of Cycas whereby the above ground stem is an extension of an underground stem. 

Thus at ground level, when the measured stem length equals zero, a cycad stem has a 

positive growth rate. The form of the custom model allows for an initial increase in 

growth rate. As stem length increases the exponential raised to the power of minus 

stem length exerts greater influence and the growth rate decreases. As the stem 

length bec0mes very large the growth rate approaches zero. The custom model 

adopted was: 

GR = b(SL + c)e -sYa (eqn.3.5) 

where c = constant for subterranean growth at SL = O. The models were applied to 

growth rate as a function of un transformed and log transformed stem length. 
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For all functions, models were fitted for all fire treatments combined. In each case r2 

values were calculated to provide a measure of fit, along with the Alec criterion as a 

measure of support for the model (Burnham & Anderson, 2001). Log Likelihood 

values, the number of parameters in each model (K), the Alec score, the t:. Alec and 

weight were calculated for all models and presented for a candidate set of models 

(Anderson et aI., 2001). The Alec scores were rescaled by providing the t:. Alec, 

calculated as the difference between the score for a particular model and the 

minimum score in the candidate models. The likelihood of a particular model given 

the data, has been normalised to provide a weight: 

(eqn.3.6) 

where Wi is the weight for a particular model and R is the number of candidate 

models. The relative likelihood of one model within a set versus another in the set is 

the weight for the first model divided by the weight for the second (Burnham & 

Anderson, 2001). 

Selection of the final candidate set of models combined knowledge of the growth of 

the species and evaluation of the t:. Alec scores. While Anderson et aI. (2001) 

advise presenting data for models with a reasonable level of support i.e. where t:. 

Alec <10, details of some models with t:. Alec far in excess of 10 have been 

presented to provide a comparison ofthe level of support. Models with a high t:. 

Alec have minimal impact on weights as the negative exponent of a large number is 

very small. 
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With the combined fire treatments Alec scores revealed substantially greater support 

for two models. Ofthese, the "quadratic.log" model was considered to provide a 

useful representation of growth over most of the range of stem length, however, at 

large stem length growth became negative. This model was dismissed on the basis of 

failing to adequately represent biological reality. The alternative (custom model) 

displayed a declining growth rate with large stem length but growth rate remained 

positive. On grounds of matching biological characteristics of the species and Alec 

score, the custom model was selected for comparisons of growth rates between fire 

treatments. 

To compare support for models based on data from various combinations of fire 

treatments, Alec and related values were compiled applying the custom model. The 

log likelihood and K contained within each model for individual (or groups of) fire 

treatments were summed to provide a combined Alec value. For example, with the 

custom model for all fire treatments together, there is one log likelihood value and K 

= 4 (comprising three coefficients in the function plus one parameter to account for 

estimating the error mean square as part of the model fitting). For unburnt and burnt 

(ambient fuel and high fuel together) treatments, to calculate Alec the likelihoods 

from each function (unburnt and burnt) were summed and K = 8 (2 functions by 4 

parameters each). All comparisons conducted were based on the same total number 

of pairs of stem length and growth rate data. Thus an evaluation was made as to the 

utility of combinations of fire treatment models to represent the response in stem 

growth. 
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The relationship of time ( age) to length for above ground stems was developed by 

integrating the custom model for all fire treatments combined. The procedure was 

undertaken in R by applying the integrate function in a loop over 250 steps up to a 

maximum stem length of250 cm. 

3.3.8.4 Reproduction 

Evidence of current or previous cone production was recorded for adult stems on an 

annual basis from year 0 to year 4 in the unburnt and ambient fuel treatments and 

from year 0 to year 2 in the high fuel treatment. In year 0, recording of male cone 

production was considered unreliable due to commencing assessment part way 

through the reproductive cycle when it was likely that some male cones had 

dehisced. Recording of current female cones in year 0 was considered reliable as 

female cones persisted on the stem from late one dry season through to late in the 

next dry season. Sign of current cone production was used to provide a measure of 

the level of activity from year to year. Evidence of cone production at any time was 

used to calculate sex ratios in the adult popUlation. 

The level of coning was available for both sexes and all fire treatments in years I and 

2. For these years, the % of female and male stems coning were arcsine transformed 

prior to application of a repeated measures ANOV A to test the hypothesis of no 

difference in the level of activity between fire treatments, sex and year, or interaction 

among these factors. 
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3.3.8.5 Plot disturbance 

The maximum % human trampling recorded in the central quadrat and outer strip of 

each plot in each year were combined in proportion to their respective area to 

provide the % trampling per plot per year. The plot % were arcsine transfonned 

prior to application of a repeated measures ANOV A to test the hypothesis of no 

difference in the level of trampling between fire treatments, years or interaction of 

fire and year. Data were examined to confirm they conformed with assumptions of 

the model including the assumption of no sphericity (StatSoft Inc., 2003). An index 

of disturbance by fire was provided by the area burnt and scorch height. Plot 

disturbance by pigs, cattle and wallabies was absent or occurred at very low levels 

and has been presented as a summary of results. 

3.3.8.6 Cycad stem disturbance 

The % of stems recorded with termite infestation in each plot in each year was 

arcsine transformed prior to analysis. A repeated measures ANOV A was applied to 

test for evidence to reject the hypothesis of no difference in the level oftermite 

infestation in above ground stems (size classes I, SA and LA combined) between fire 

treatments, years or interaction of these factors. Data were examined to confirm they 

conformed with assumptions of the model including the assumption of no sphericity 

(StatSoft Inc., 2003). The same procedure was followed to investigate the effect of 

fire treatments, years or interaction of these factors for the hypotheses of: no 

difference in the presence of insect damage to leaves for all stems; no difference in 
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the occurrence of a high level of insect damage to leaves for all stems; and no 

difference in the level of stem tissue damage due to fire for adult stems. 

3.4 Results 

3.4.1 Plot size 

The relationship between plot area and variance of cycad density reveals a rapid 

decline in variance with increasing area for C. armstrongii such that above a plot 

area of 8 m2 the variance is consistently low (figure 3.3). For C. calcicola the 

variance fluctuates dramatically below 256 m2
, with maximum variance encountered 

at 32 m2
• With C. calcicola the variance is consistently low from 256 m2 to 1024 m2

. 

The plot area required to minimise variability in cycad counts due to clumping was 

substantially larger on a limestone substrate near Katherine compared with a lateritic 

soil near Darwin. The primary factor influencing the patterning appeared to be soil 

depth rather than species differences. These locations provided examples of strong 

and weak vegetation patterning which reflected the occurrence of cycad populations 

on diverse sites in the Top End of the NT. A plot size of 400 m2 with a subset of 100 

m2 sampled for juveniles was adopted in an attempt to provide a sample area that 

would: 1) be applicable over a range of cycad popUlations; 2) encounter adequate 

cycad plants to provide a useful sample size; and 3) allow comparison with 

vegetation data from other surveys in the NT. Even with a mean density of 4600 

clumps per ha encountered in the current study, in a population lacking obvious 
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Figure 3.3: The relationship between plot area and variance of cycad density. The 

adopted plot area of 400m2 is indicated by an arrow. 
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clumping due to soil characteristics, no juveniles were encountered in the subset of 

one plot. 

3.4.2 Fuelloads 

The fuel load of fine and coarse material sampled on the unbumt block was 13.2 

tonnes per ha (n = 10, SE = 0.12) in year 0 and 13.6 tonnes per ha (n = 10, SE = 

0.09) in year 1. On the burnt block, the ambient fuel load of fine and coarse material 

sampled was 9.4 tonnes per ha (n = 10, SE = 0.09) in year 0, and 7.4 tonnes per ha (n 

= 10, SE = 0.08) in year 1. In year 1, the coarse fuel sampled was 0.38 tormes per ha 

(n = 10, SE = 0.01) on the unburnt block which had been burnt 3 years previously. 

On the burnt block which had been subj ect to fire the previous dry season, coarse 

fuel sampled was 0.27 tonnes per ha (n = 10, SE = 0.01). Combined across the site 

the mean coarse fuel was 0.32 tormes per ha (n = 20, SE = 0.01). 

In year 0 the site had been burnt 2 years previously. To allow for coarse material an 

adjustment of 0.3 tonnes per ha was made resulting in a fine fuel load of 12.9 and 9.1 

tormes per ha for the unbumt and burnt blocks respectively. In year 1 when sampled 

in the field, the fine fuel load was 13.2 tonnes per ha (n = 10, SE = 0.8) and 7.2 

tonnes perha (n = 10, SE = 0.7). For the high fuel treatment, hay was added at the 

rate of 10.6 and 12.7 tonnes per ha in years 0 and 1 respectively, resulting in fine fuel 

loads of 19.7 and 19.9 tonnes per ha in these years. Fuel moisture for the hay was 

4.6% by weight in year 0 and 4.8% in year 1 prior to spreading. 
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3.4.3 Density and size class structure 

Initial stem density per plot ranged from 1325 to 11,100 stems per ha with a mean of 

5622 (n = 9, SE = 1073). Clump density ranged from 1175 to 9675 clumps per ha 

with a mean of 4609 (n = 9, SE = 938). The densities encountered within each 

treatment overlap (table 3.1, figures 3.4 and 3.5). A comparison of square root 

transformed density in three size classes (juvenile, intermediate and adult) between 

the three fire treatments in the initial year provided no evidence to rej ect the 

contention that initial densities were the same for each fire treatment (stems; F = 

0.717, df= 2,18, P = 0.502 and clumps; F = 0.842, df= 2,18, P = 0.447). In addition, 

there was no evidence of a significant interaction between allocated fire treatment 

and size class in year 0 (stems; F = 0.481, df= 4,18, P = 0.750 and clumps; F = 0.653 

df= 4,18, P = 0.632). 

The response in stem and clump density varied across the treatments and size classes 

(figures 3.6 and 3.7). Over the duration of the experiment the mean density of 

juvenile stems declined under the unburnt and ambient fuel treatments and increased 

under the high fuel treatment (table 3.2). Under the high fuel treatment the increase 

in juvenile stems was 43% in the first time interval and a further 36% in the second 

interval. Combined, this was a 94% increase after two fire events. The density of 

intermediate stems remained relatively stable, as did adult stems under the unburnt 

and ambient fuel treatments. Under the high fuel treatment there was a substantial 

decline in mean density of adult stems, with the decline in the first time interval more 

pronounced (55%) than in the second (18%). Combined, this represented a 63% 

reduction in adult stem density after 2 fire events. 
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Table 3.1: Mean and range of density of total stems and clumps sampled in 3 plots 

in each treatment in each year of the fire experiment. 

Treatment Para- Stems (per ha) Clumps (per ba) 

meter 
Year 0 Year 1 Year 2 Year 0 Year 1 Year 2 

Unburnt Mean 7600 6317 6108 6692 5400 5158 

Range 3825- 3375- 3550- 2700- 2225- 2400-

11100 8350 7850 9675 7050 6750 

Annual Fire Mean 5417 5325 5275 4308 4208 4208 

Ambient Range 1325- 1175- 1275- 1200- 1075- 1150-

Fuel 8000 7575 7375 6050 5925 5825 

Annual Fire Mean 4383 5367 6750 3433 3442 3667 

High Fuel Range 1525- 1825- 3600- 1175- 1000- 1275-

7425 7525 9650 6250 6275 6625 
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Figure 3.4: Mean density of Cycas armstrongii stems in size classes at the start of 

the experiment and after two years for each fire treatment at Charles Darwin National 

Park. The bars represent minimum and maximum density. The arrows indicate cut-

offs for juvenile to intermediate and intermediate to adult categories applied in the 

statistical analyses of density. The size classes are SJ = small juvenile, LJ = large 

juvenile, I = intermediate, SA = small adult and LA = large adult (see section 3.3.5 ). 
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Figure 3.5: Mean density of Cycas armstrongii clumps in size classes at the start of 

the experiment and after two years for each fire treatment at Charles Darwin National 

Park. The bars represent minimum and maximum density. The arrows indicate cut-

offs for juvenile to intermediate and intermediate to adult categories applied in the 

statistical analyses of density. The size classes are SJ = small juvenile, LJ = large 

juvenile, I = intermediate, SA = small adult and LA = large adult. 
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Figure 3.6: Mean density over three years for juvenile, intennediate and adult size 

class cycad stems subject to unbumt, ambient fuel and high fuel fire treatments. 

Data have been back-transformed following statistical analysis on square root 

transformed densities, giving rise to asymetrical 95% confidence intervals for the 

mean. The confidence intervals are represented by the vertical bars. The back 

transformed means differ from the values presented in the text and table 3.2. 
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Figure 3.7: Mean density over three years for juvenile, intermediate and adult size 

class cycad clumps subject to unburnt, ambient fuel and high fuel fire treatments. 

Data have been back-transformed following statistical analysis on square- root 

transformed densities, giving rise to uneven 95% confidence intervals for the mean. 

The confidence intervals are represented by the vertical bars. The back transformed 

means differ from the values presented in the text and table 3.2. 
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Table 3.2: Initial density and percentage change for juvenile, intennediate and adult 

size class stems and clumps subject to three fire treatments over the duration of the 

experiment. For an explicit statement of clump mortality rates see table 4.1. 

Unit Size Class Fire Initial % % Total % 

Treat- Mean Change Change Change 

ment Density Years Years Years 

o to 1 1 to 2 o to 2 

Stem Juvenile Unburnt 5667 -24 -7 -29 

Ambient 3467 -3 -6 -9 

High 2933 43 36 94 

Intermediate Unburnt 1150 1 4 4 

Ambient 1158 0 9 9 

High 842 -6 4 -2 

Adult Unburnt 783 10 6 16 

Ambient 792 1 6 7 

High 608 -55 -18 -63 

Clump Juvenile Unburnt 5100 -27 -9 -33 

Ambient 2567 -4 -4 -8 

High 2233 22 1 24 

Intermediate Unburnt 883 0 5 5 

Ambient 1042 -1 6 5 

High 617 1 6 7 

Adult Unburnt 708 11 6 18 

Ambient 700 1 6 7 

High 583 -53 -18 -61 
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The pattern for clumps was similar to that for stems, though the increase in juvenile 

clumps under the high fuel treatment was not as marked as for stems, particularly 

during the second time interval. The increase in juvenile clumps under the high fire 

treatment was 22% in the first time interval and a further 1 % in the second interval. 

Combined, this was a 24% increase after two fire events. The decrease in adult 

clumps was 53% in the first time interval and a further 18% in the second interval. 

Combined, this was a 61 % reduction in adult clump density after 2 fire events. 

Initial statistical investigation applying a repeated measures ANOV A to square root 

transformed density violated an assumption of no sphericity (Mauchley Sphericity 

test: for stems; factor "year", "I: = 7.093, df= 2, P = 0.029 and clumps; factor "year", 

X2 = 13.571, df= 2, p = 0.001). To avoid the possibility ofan erroneous conclusion 

arising due to sphericity, multivariate tests for repeated measures were applied 

(StatSoft Inc., 2003). With stems there was no support for a significant effect of the 

factor year (Wilks F = 2.197, df2,17, p = 0.142) or the interaction of year and size 

class (Wilks F = 1.441, df 4,34, P = 0.242). The interaction of year and fire 

approached the 0.05 probability level (Wilks F = 2.494, df 4,34, p = 0.061), while 

there was very strong support for a significant interaction of year, fire and size 

(Wilks F = 5.643, df8,34, p = 0.0001). For clumps there was no support for a 

significant effect of the factor year (Wilks F = 1.329, df2,17, p = 0.291) or the 

interactions of year and fire (Wilks F = 1.518, df 4,34, P = 0.219) or year and size 

class (Wilks F = 1.771, df 4,34, P = 0.157). There was very strong support for a 

significant interaction of year, fire and size (Wilks F = 4.920, df8,34, P = 0.0004). 
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In summary, at the start of the experiment total stem density and size class 

distribution were similar between treatments. However, over the duration ofthe 

experiment there were significant changes in size class distribution. In particular, 

there was a substantial decline in adult size stems and clumps in the high fuel 

treatment. There was a corresponding, but amplified increase in juveniles, reflecting 

the capacity of the plants to produce basal sprouts. Support for the production of 

basal sprouts as an explanation of the large increase in juvenile stem density was 

provided by the data on stems per clump (section 3.4.4). The density of intermediate 

stems showed little change over the duration of the experiment. The decline in 

juveniles in the unburnt treatment appeared to reflect a low level of reproductive 

activity (section 3.4.6). 

3.4.4 Stems per clump 

Within the central 10 x 10 m quadrat of the 9 plots, 351 clumps were recorded as 

alive in all 3 years. In the initial year there was an average of 1.24 stems per clump 

(n = 351, SE = 0.04) across all treatments. For the unburnt, ambient and high fuel 

treatments the initial number of stems per clump was 1.20 (n=136, SE = 0.06), 1.25 

(n=121, SE = 0.06) and 1.28 (n=94, SE = 0.10) respectively. In year 2 the number of 

stems per clump was 1.21 (n=136, SE = 0.06), 1.29 (n=121, SE = 0.07) and 1.98 

(n=94, SE = 0.22) for the respective treatments. 

The number of living stems per clump varied across the size classes in response to 

the fire treatments. The number of juvenile stems in the high fire treatment nearly 
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doubled, from 0.86 stems per clump (n=94, SE = 0.10) in year 0, to 1.71 stems per 

clump (n=94, SE = 0.21) in year 2. In contrast there was a slight decline in juvenile 

stems under the unbumt and ambient fuel treatments (figure 3.8). The number of 

intennediate stems per clump-remained relatively stable over time. Likewise the 

number of adult stems per clump remained relatively stable for the unbumt and 

ambient fuel treatments. However, for the high fuel treatments there was an 81 % 

decline in adult stems from 0.21 stems per clump (n=94, SE = 0.05) in year 0 to 0.04 

stems per clump (n=94, SE = 0.02) in year 2. 

Initial statistical investigation applying a repeated measures ANOV A to log 

transfonned stems per clump violated an assumption of no sphericity (Mauchley 

Sphericity test for factor "year", X2 205.785, df2, P 0.000). To avoid the possibility 

of an erroneous conclusion arising due to sphericity, multivariate tests for repeated 

measures were applied (StatSoft Inc., 2003). The results supported a significant 

effect of the factor year (Wilks F = 4.485, df2,1043, p = 0.012) and the interactions 

of: year and fire (Wilks F = 4.184, df 4,2086, P = 0.002); year and size (Wilks F = 

5.845, df 4,2086, p = 0.0001); and year, fire and size (Wilks F = 11.793, df 8,2086, p 

= 0.0000). 

3.4.5 Stem growth 

Mean growth across all size classes with above ground stems and all fire treatments 

was 3.5 cm per year (n = 594, SE = 0.10) (table 3.3). However, growth rate varied 

with the length of the stem (table 3.3, figure 3.9) with mean growth of SA stems 55% 

higher than I stems and 37% higher than LA stems. Mean growth rate across all size 
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Figure 3.8: Juvenile, intermediate and adult size class stems per clump for three fire 

treatments over three years. The vertical bars reflect the 95% confidence intervals. 

Data have been back transformed following statistical analysis on log transformed 

count data, giving rise to back transformed means that differ from the values 

presented in the text. 

102 



Plant response to fIre 

Table 3.3: Growth rate for intermediate, small adult and large adult stems under 

each fire treatment and all fire treatments combined. # = mean growth rate in 

em/year, ## = number of stems and ### = standard error of the mean growth rate. 

Fire In termediate Small Adult Large Adult All Stems 

Treatment Stems Stems Stems 

Unburnt 2.4" 4.9 3.4 3.2 

142## 62 32 236 

0.20### 0.32 0.30 0.17 

Ambient Fuel 2.9 4.4 3.4 3.4 

143 58 31 232 

0.19 0.26 0.24 0.15 

High Fuel 4.2 6.0 4.0 4.5 

94 21 11 126 

0.30 0.45 0.39 0.25 

All Fire 3.1 4.8 3.5 3.5 

Treatments 379 141 74 594 

0.13 0.19 0.18 0.10 
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Figure 3.9: Models of cycad stem growth rate as a function of stem length for all 

fire treatments combined, ordered by rank of support for the model applying 

Akaike's Information Criterion (table 3.5). The fitted lines have been overlaid on a 

scatterplot of raw stem length or log stem length and cycad growth rate. See section 

3.4.5 for the rationale for selection of the preferred model. 
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classes combined was similar for the unburnt and ambient fuel treatments (table 3.3). 

However, stems subject to the high fuel treatment displayed a 41 % higher mean 

growth compared to the unburnt treatment. The mean time over which growth was 

assessed was 2.0 years (n = 594, SE = 0.02), with a range from 0.9 to 2.3 years. 

A univariate test of significance for variation in growth rate with size class and fire 

as categorical predictors supported a significant effect for both size class (F = 28.354, 

df=2, 585, p = 0.000) and fire (F = 6.371, df= 2,585, P = 0.002). There was no 

evidence of an interaction of fire and size class (F = 1.203, df= 4,585, P = 0.308). 

A compendium of the candidate set of models to summarise growth (with size treated 

as a continuous variable) is provided in table 3.4 and fit of the models illustrated in 

figures 3.9 and 3.10. For all fire treatments combined, the quadratic growth model 

based on log transfonned stem length (quadratic.log) and custom model based on 

untransformed stem length (custom) were accorded substantial support (table 3.5). 

While the level of support was similar with a A AlCc of 1.3, the weight of evidence 

in favour ofthe quadratic.log model was close to double that for the custom model. 

The relative likelihood of model i versus model} is w/Wj where Wi and Wj are the 

respective weight of evidence for a particular model as being the best model in the 

set (Burnham & Anderson, 2001). While the above difference in weight of evidence 

may appear large, there is an order of magnitude difference in weight between these 

models and the weight for Hoerl's function, the next best supported model. The 

remaining three models presented, custom.1og, hoerl.log and quadratic have 

essentially no support with A AlCc 0 f > 10 and accordingly very low weights. The 
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Table 3.4: Coefficients for the candidate set of growth models for all fire treatments 

combined and for specific fire treatments. The forms of the base functions are 

provided in the methods at eqn. 3.3 for the quadratic, eqn. 3.4 for Hoer!' s and eqn. 

3.5 for custom (section 3.3.8.3). na = not applicable. 

Fire Model Base Trans- Coefficients 
Treat- Function formation 
ment of Stem a b c 

Length 
Combined Quadratic. quadratic log -0.7897 6.1146 -6.9695 

log 
Combined Custom custom nil 59.9487 0.2366 2.1448 

Combined Hoer!'s Hoer!'s nil 54.8120 0.2749 na 

Combined Custom. custom log 2.5300 8.7081 -1.4353 
log 

Combined Hoerl.log Hoer!'s log 9.4602 1.6201 na 

Combined Quadratic quadratic nil -0.0002 0.0534 2.2112 

Unburnt Custom custom nil 67.9291 0.2036 -0.2803 

Ambient Custom custom nil 61.8189 0.2026 4.5871 

High Custom custom nil 48.5131 0.4059 0.0268 

Unburnt+ Custom custom nil 66.3072 0.1956 2.7079 
Ambient 
Unburnt + Custom custom nil 59.9073 0.2545 0.9419 
High 
Ambient + Custom custom nil 51.8179 0.2946 1.7453 
High 
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Figure 3.10: The custom function for growth applied to each fire treatment and all 

fire treatments combined. The fitted line has been overlaid onto a scatterplot of stem 

length and cycad stem growth rate. 
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Table 3.5: Characteristics of candidate models to describe the relationship between 

stem length and growth rate for all fire treatments combined, ordered in rank from 

the most supported to least supported model. K = number of parameters in the 

model, AlCc = Akaike's Infonnation Criterion for small sample size, A AlCc = 

AlCci -minimum AlCc, Wi = weight of evidence in favour of a model (see methods). 

Model rl Log K AlCc AAlCc WI 

Name Likelihood 

Quadratic. 0.276 -1299.1 4 2606.3 0.0 0.619 

Log 

Custom 0.277 -1299.8 4 2607.6 1.3 0.322 

Hoerl 0.281 -1301.5 4 2611.0 4.7 0.059 

Custom. 0.250 -1309.5 4 2627.0 20.7 2.01 x 10~5 

Log 

Hoerl. 0.191 -1335.7 4 2679.6 73.3 7.67 x 10-17 

Log 

Quadratic 0.156 -1344.8 4 2697.6 91.3 9.17 x 10-:21 
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quadratic model would have been rej ected even if it was a good mathematical fit due 

to its failure to represent biological reality at large stem lengths. 

With similar Alec support for the quadratic.log and custom models, the custom 

model was adopted as the preferred model for further analyses on the basis of its 

better match to biological reality. Features ofthe custom model included an 

adjustment to allow a non-zero growth rate when stem length equals zero (equation 

3.5) and growth rate remaining positive with large stems. 

Applying Alec to compare growth under combinations of fire treatments provides 

substantial support for considering the unbumt, ambient and high treatments as 

separate functions (model uvavh, read as unburnt versus ambient versus high, see 

table 3.6). There was considerably less support for unburnt and ambient treatments 

combined into one function versus the high treatment by itself (model u+avh, read as 

unburnt plus ambient versus high) with a d Alec of 4.2. The relative likelihood of 

model uvavh was 8 times that of model u+avh. There was essentially no support for 

the remaining three combinations, all of which amalgamate the high fire treatment 

with at least one other treatment. In all cases d Alec> 10 and relative likelihood is 

many orders ofmagnitude less than for either model uvavh or model u+avh (Wi/Wj 

ranging from 8.6 x 105 to 2.6 X lOll). 

The relationship between time and height reveals a relatively small increase in height 

over the first few years that a stem is above ground. This is followed by a period of 

accelerated growth and then decreased growth for taller stems (figure 3.11). The 
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Table 3.6: Characteristics of models for combinations of fire treatments applying 

the custom function to the relationship between stem length and growth rate. Models 

are ordered in rank from the most supported to least supported by AlCc. 0 indicate 

fire treatments combined in one function, K = number of parameters in the model, 

AlCc = Akaike's Information Criterion for small sample size, I.l AlCc = AlCci-

minimum AlCc, Wi = weight of evidence in favour of a model (see methods). 

Combination Number Sum of Log K AlCc I.l Wi 

of Fire of Likelihoods AlCc 

Treatments Functions 

Unbumtv 

Ambient v 3 -1265.3 12 2554.5 0.0 0.890 

High 

(Unburnt+ 

Ambient) v 2 -1271.5 8 2559.0 4.2 0.110 

High 

Unburntv 

(Ambient + 2 -1285.2 8 2586.3 31.5 1.27 x 10-7 

High) 

(Unburnt+ 

High) v 2 -1292.2 8 2600.3 45.5 1.15 x 10-10 

Ambient 

(Unburnt+ 

Ambient + 1 -1299.8 4 2607.6 52.6 3.41 x 10-12 

High) 
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Figure 3.11: Cycad stem length as a function of time, based on the custom function 

for growth rate and stem length, derived from all fire treatments combined. 
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model predicts a period of 27 years to grow from ground level to 100 em stem length 

and 63 years to achieve 200 ern stern length. Age will be greater than this period as 

stems spend time below ground prior to emergence. 

3.4.6 Reproduction 

In the absence of reproductive cones, there are no known morphological features to 

reliably ascertain sex in cycads (Omduff, 1991; Norstog & Nicholls, 1997). In all 

cases observed for C. armstrongii, whether female or male, stems produced a 

maximum of one cone per year. There was a low level of coning evident throughout 

the study with female cone production ranging from nil to 7.4% of adult stems within 

a fire treatment in a year. Values for male stems were 2.9 to 12.2% (figure 3.12). 

Combining sexes, the total proportion of adult stems coning within a fire treatment in 

a year ranged from 2.9 to 18.2% with a mean of 11.4% (n = 10, SE = 1.5). 

While not consistent in all cases, generally within a sex the direction of change in 

cone production from year to year was consistent across the treatments (figure 3.12). 

However, the direction of change was not necessarily consistent between the sexes. 

From year 1 to year 2 where data were available for all fire regimes, repeated 

measures ANOV A provided no evidence of a difference in coning between fire 

treatments (F = 0.511, df=2,12, p = 0.613), sex (F = 0.283, df= 2,12, P = 0.297) or 

year (F = 0.083, df= 1,12, P = 0.778). However, there was evidence of an 

interaction between year and sex (F = 5.122, df= 1,12, P = 0.043) reflecting the 

increase in female cone production and decline in male cone production during this 

period (figure 3.12). There was no evidence of significant interactions between fire 
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Figure 3.12: Female and male cone production expressed as a % of the total number 

of adult stems in each fire treatment for five annual reproductive cycles. The years 0, 

1 and 2 correspond with the respective years of treatment reported elsewhere in this 

Chapter. After year 2 the experimental treatment was continued for the unburnt and 

ambient fuel treatments only. 
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and sex (F = 0.283, df= 2,12, p = 0.758), year and fire (F = 1.717, df= 2,12, P = 

0.221), or year, fire and sex (F = 0.248, df= 2,12, p = 0.784). 

As a proportion of all stems, those exhibiting male cone production equalled or 

exceeded female cone production in 9 ofthe 10 combinations of year and fire 

treatment for which data were available for both sexes (figure 3.12). On average the 

percentage of stems exhibiting male coning was 2.2 times that of female coning. 

A total of 86 stems were of known sex, representing 28% of the 308 adult stems 

across all fire treatments. Of the known sex stems, 64% were male and 36% female, 

a ratio of 1.8 males for every female. The values from the individual fire treatments 

did not vary markedly from these combined values. With regard to sex, 36% of 

stems were of known sex from the unbumt treatment while 23% of stems were of 

known sex from each of the ambient and high fuel treatments. The male to female 

sex ratios across the treatments were 1.7:1,2.3:1 and 1.4:1 respectively for the 

unburnt, ambient and high fuel treatments. Note that data were collected for up to 3 

years for the high fuel treatment and up to five years for the other treatments. 

There were 176 adult stems for which 5 years of data on cone production were 

available. Within this group, 58 stems produced cones at least once in the period. Of 

cone producing stems, 69% were male and 31 % female, a ratio of 2.2 males to 1 

female. Within the male stems, 43% produced cones in more than 1 year, while 28% 

of female stems produced cones in more than 1 year. Two stems, 1 male and 1 

female produced cones in 4 out of 5 years, and no stems produced cones in all years. 
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Production of cones was weighted towards larger adult stems. Despite a higher 

density of SA than LA stems (figure 3.4),90% of the female stems of known sex 

were LA and 67% of male stems of known sex were LA. Reproductive female stems 

ranged in length from 83 to 270cm and reproductive males ranged from 57 to 281cm. 

3.4.7 Plot disturbance 

The area burnt during all fire events was 100% of the central quadrat and outer strip 

of each plot for both burnt treatments. Scorch height was very similar in year 0 with 

a mean of 12.9 m (n = 6, SE = 0.3) and 12.7 m (n = 6, SE = 0.3) respectively for the 

ambient and high fuel treatments. For both treatments the range in height was from 

12.0 to 14.0 m while field notes indicate scorching either to or near to the top of the 

canopy. Scorch height data are not available following the fire in year 1. However, 

as in year 0 scorching occurred to near the top of the canopy in both burnt treatments. 

In year 2 when the fire treatment to all burnt plots was with ambient fuel loads only, 

a similar mean level of scorching occurred to that recorded in year O. However, there 

was greater variation between plots in year 2 than year 0 with a mean of 12.8 m (n = 

6, SE = 0.5) and range from 11 to 15 m. "While scorch heights were similar between 

years and treatments, there was a difference in rate of spread between years as the 

fire took 12 minutes to bum through the compartment, a distance of320 m, in year 0 

and 28.5 minutes in year 1. 
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Between January 1999 and June 2001 a total of 81 plot disturbance assessments were 

undertaken, with data collected for the central quadrat and outer strip of each plot. 

Thus with 9 plots over three years, there was on average three assessments per plot 

per year. Over this time there was no evidence of cattle or pig activity and only a 

trace of Macropod activity with one record of <1 % of the sample area disturbed from 

each of the unburnt and high fuel fire treatments. With the exception of disturbance 

by fire, human trampling during assessment, or unexceptional levels of insect 

grazing, impact from other disturbance agents to the general plot area was not 

evident. 

The mean level of human trampling recorded across all fire treatments over all years 

was 21 % (n= 26, SE = 1.8) ofthe plot area. The extent of trampling increased over 

time from 12% (n = 8, SE = 2.4) in year 0, through 20% en = 9, SE = 1.5) in year 1 to 

30% (n = 9, SE = 2.6) in year 2. However, while there was an increase over time, 

there was a similar level of trampling across treatments within a year. The results of 

a repeated measures ANOVA provided support to reject the hypothesis of no 

difference over time (factor year; F = 18.748, df= 2,10, p = 0.0004) but provided no 

evidence to reject the hypothesis of no difference between fire treatments (F = 0.245, 

df= 2,5, P = 0.792) or interaction of fire and year (F:;; 1.131, df= 4,10, P = 0.396). 

The absence of a detectable difference between fire treatments demonstrates that the 

results pertaining to fire response were not biased by observer disturbance. 
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3.4.8 Cycad stem disturbance 

In accord with the plot assessment, there were no records of disturbance of individual 

cycad stems by cattle or pigs. Termite infestation recorded on above ground stems 

ranged from 0 to 28% of stems per plot per year with an overall mean infestation of 

6.7% (n = 27, SE = 0.01). For unburnt, ambient fuel and high fuel treatments 

respectively the means were 2.8% (n = 9, SE = 0.01), 7.6% (n = 9, SE = 0.03), and 

9.8% (n = 9, SE = 0.02). Statistical analysis applying a repeated measures ANOVA 

to arcsine transformed percentages provided no support to reject the hypotheses of no 

difference between fire treatments (F = 1.605, df= 2,6, P = 0.277), year (F = 1.450, 

df= 2,12, p = 0.273) and no interaction of fire and year (F = 0.747, df= 4,12, P = 

0.579). 

Averaged over 3 plots per fire regime for 3 years, the percentage of cycad stems 

displaying insect damage to leaves in the unburnt, ambient fuel and high fuel 

treatments respectively was 64.8% (n = 9, SE = 0.05), 86.9% (n = 9, SE = 0.04) and 

80.5% (n = 9, SE = 0.04). Across all fire treatments combined, the percentage in 

years 0, I and 2 respectively was 72.3% (n = 9, SE = 0.06), 88.3% (n = 9, SE = 

0.03), 71.5% (n = 9, SE = 0.06). Statistical analysis applying a repeated measures 

ANOVA supported a significant difference between fire treatments (F = 7.632, df= 

2,6, P = 0.022) and years (F= 5.761, df= 2,12, P = 0.018) but provided no support for 

a significant interaction between fire and years (F = 0.097, df= 4,12, P = 0.982). 

Repeating the analysis for the proportion of stems displaying a high level of insect 

damage there was support for a significant difference between years (F = 14.504, df 

= 2,12, P = 0.0006) but no support for a difference between fire treatments (F = 
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0.740, df= 2,6, p = 0.516) or an interaction between fire and year (F = 0.853, df= 

4,12, P = 0.519). 

A high proportion of adults displayed stem tissue damage due to fire at the start of 

the experiment, with a range from 86% of stems in the high fuel treatment to 93% in 

the ambient fuel treatment. Following fire treatment there was an increase to 95.8 

and 96.1 % of stems in years 1 and 2 respectively in the ambient fuel treatment and 

100% of stems for both years in the high fuel treatment. In contrast, there was a 

decline in the unburnt treatment from 90% in year 0 to 82% in year 2 (figure 3.13). 

Statistical analysis applying a repeated measures ANOV A to stem tissue damage 

data provided support to reject the hypothesis that all treatments were responding the 

same over time. There was a significant interaction of fire and year (F = 5.551, df= 

4,12, p= 0.009) while the factors fire and year each approached the 5% significance 

level (fire; F = 5.033, df2,6, p = 0.052: and year; F = 3.259, df2,12, p = 0.074). 
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3.5 Discussion 

Fire regime had marked effects on stem density and stem size class structure arising 

from differential mortality, associated production of basal sprouts and variation in 

stem growth rates. In particular, annual fire at high fuel loads caused a rapid decline 

in adult stems and proliferation of basal sprouts. The loss of adult stems under high 

fuel loads and comparatively slow replacement of these stems is likely to lead to a 

severely impaired capacity for sexual reproduction within the population. No female 

stems less than 83 cm in length have been observed to be reproductively active, 

regardless of size or age of the base from which the stem arose. In the absence of or 

at very low levels of sexual reproduction, attrition of clumps due to fire or other 

causes is expected to result in a population decline. The mean stem growth rate of 

3.5 cm per year is in accord with the growth rate of3-5 cm per year estimated by 

Wesley-Smith (1973) for C. armstrongii. The growth rate of 4.5 em ~er year 

reported by Watkinson and Powell (1997) conforms with the stem growth for the 

high fuel treatment in this study. Stem growth rates varied considerably from plant 

to plant as indicated by the scatter of points in the plots of stem length and growth 

rate (figures 3.9 and 3.10). However, within this scatter there was a pattern of initial 

slow growth when small, followed by increasing growth as a stem approached adult 

size. Small adult stems maintain a high growth rate, which declines as the stem 

grows larger. The length ofthe period prior to the production of an above ground 

stem is unknown. An approximation ofthis period was derived by the sum of the 

residence times (l/probability of transition to another size class or death) for SJ and 

LJ plants. For the unburnt treatment only, a period of 10 years and for an average of 
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all treatments, a period of 11 years (table 4.1 in Chapter 4). To convert the time and 

above ground stem length function (figure 3.11) to age, about a decade should be 

added to the time. 

Assuming the production of one stem and typical growth rates, aIm tall C. 

armstrongii plant would be in the order of 40 years old and a 2 m plant would be 

approximately 75 years old. Given the capacity for a clump to re-sprout from the 

base, a plant could be very much older if it had produced a succession of stems over 

its life. The predictions arising from this study contrast with published estimates of 

cycad age based on leaf counts: 670 years for growth ofthe above ground stem of a 

1.4 m tall Macrozamia riedlei (Pate, 1993); and 908 years for Dioon edule to attain a 

height of 1 m (Vovides & Peters, 1987). The stem growth rates observed in the 

current study accord more closely with the range of 6.4 (SE 0.7) to 7.8 cm (SE 0.6) 

over a period of 70 weeks reported for Cycas micronesica following a typhoon 

(Hirsh & Marler, 2002) or the observation of Lepidozamia peroffskyana attaining a 

height of 2 m in less than a century under poor conditions in Sydney Botanic 

Gardens (Johnson, 1961). 

Stems subject to all fire treatments conformed to a similar pattern of growth. 

However, within this overall pattern there was a difference in growth rate between 

treatments (table 3.3). The shape and position of the fitted growth function curves 

varied, with greatest similarity between the unburnt and ambient fuel treatments 

(figure 3.10). The curve for the high fuel treatment reflected generally higher growth 

rates. With the application of Alec to compare growth models composed of various 
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combinations of fire treatments, any combination of high fuel treatment with another 

treatment was essentially unsupported (table 3.6). The LlAICc and relative likelihood 

indicates there was also a difference in response between unburnt and ambient fuel 

treatment, but nowhere near as great as with the high fuel treatment. Thus stem 

growth rates under the unburnt and ambient fuel treatments were similar while 

growth rates were substantially increased under the high fuel treatments. 

While it was anticipated that fire would impact on stem growth rate, the expectation 

was that the greatest difference would be burnt versus unburnt treatments. The 

similarity in response between unburnt and ambient fuel treatments suggests that 

growth of existing C. armstrongii plants with above ground stems was not greatly 

affected by early season fire with ambient fuel. While the high fuel treatment 

resulted in an increased growth rate, there was a significant cost with a high level of 

adult mortality under this treatment. It is improbable that a high growth rate, even 

over extended periods, would compensate for the increased adult mortality (see 

Chapter 4). The increased growth of stems in the high fuel treatment remains 

unexplained. Possible mechanisms include clumping of the strongest growing plants 

in the most preferable micro-sites leading to a reduction in nearby fuel and thus a 

very localised reduction in stem mortality. Contributory or alternative mechanisms 

could include increased nutrient availability and decreased competition from other 

plants (Bond & van Wilgen, 1996), particularly overstory trees. 

Fire regime was the primary disturbance factor manipulated throughout the 

experiment. During this time there was nil or little difference between treatments 
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from other agents including cattle, pigs, termites and human trampling. The 

occurrence of insect damage to leaves varied between fire treatments and years but 

the observed pattern does not provide a plausible explanation for the observed 

response in cycad density, stem growth or reproduction. The increase in human 

trampling that occurred over time in all treatments was due to increased sampling 

effort, in particular the assessment of non-cycad woody vegetation that is not 

considered here. Collaborative evidence supporting fire as the causal agent of stem 

death was the extent of stem tissue damage evident on living adults (figure 3.13). In 

contrast to the decline in stem tissue damage in the unburnt treatment, there was a 

slight increase under the ambient fuel regime and 100% occurrence of stem tissue 

damage after application of the high fire regime. 

The decline in density of juvenile stems and clumps in the unburnt treatment most 

likely reflected the relatively low level of reproduction observed throughout the 

study period. Cycads are mast seeders and with C. calcicola in Litchfield National 

Park 90km south of Darwin, 62% of adult stems (n = 499) were reproductively active 

during a mast event during 2000/2001 (Liddle, D., unpublished data). While 

comparable data were not available for C. armstrongii, in the current study the range 

from 3 to 18% of adult stems producing cones in a year would not appear to 

represent a mast event. In the absence of a mast event, conclusions regarding cone 

production are necessarily tentative. 

Fire did not have a significant effect on cone production. In addition, there was a 

consistent direction of change in % cone production within sexes and an opposite 
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trend between sexes for all fire treatments between years 1 and 2. These results 

suggest that coning may be influenced by alternative stimuli to fire. Possible factors 

include preceding climatic conditions or a long-term cycle of mast reproduction. 

Male coning typically exceeded female coning, which accords with a smaller energy 

cost for a plant to produce a male cone (Ornduff, 1991). The majority of putative 

adult stems were of unknown sex (72%) and there was a higher prevalence of males 

than females producing cones in more than one year of the study. Against this 

background, the observed sex ratio of 1.8 confirmed males to every confirmed 

female appears to reflect more frequent coning by male plants than female plants, as 

opposed to a real difference in the sex ratio in the popUlation. In a cultivated cohort 

of Zamia integrifolia grown in California, the coning frequency of males was 1.7 

times that of unpollinated females, while the sex ratio in the population was 1: 1 

(Omduff, 1996). A longer period of sampling, preferably including mUltiple mast 

seeding events is required to quantify the cycle of cone production, clarify the impact 

of fire on coning and identify population sex ratios. 

In the initial year the fine fuel load was greater on the unburnt block, with 42% 

higher biomass than in the burnt treatment. Both blocks had been burnt in May 1997 

so the initial difference in recorded fuel load was not simply explained by recent fire 

history. However, there was a 2.5 month difference in time of sampling. Williams 

et. al. (1998) recorded a difference in mean fine fuel load of 1.8 tonnes per ha, 

representing a 56% increase in fuel between an early dry season burn in June and a 

late season burn in September. This difference was attributed to leaf fall. Peak leaf 

fall occurs in the early to mid dry, with deciduous species reaching a peak before the 
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semi-deciduous or evergreen species (Williams et aI., 1997). It is probable that a 

substantial component ofthe difference in fuel load in year 0 between the blocks in 

this study was due to leaf fall in the intervening period between sampling. In year 1 

fuel sampling on both blocks was undertaken in the same month and the difference in 

fuel loads between blocks can be attributed to removal by fire of accumulated fuel 

from the burnt block in the previous year. 

A further implication of an increase in fuel load as the dry season proceeded was an 

increase in the actual fuel load at time of fire treatment. There was a gap of2 months 

between fuel sampling and fire treatment on the burnt block in both year 0 and year 

1. For the unbumt treatment fuel, sampling occurred 1 month after fire treatment of 

the adjoining block in year 0 and 2 months prior to fire treatment in year 1. An 

adjustment in proportion to the time gaps and change in fuel (1.8 tonnes over 3 

months) recorded by Williams et al. (1998), provides an approximation of the fine 

fuel load across the treatments, had fuel sampling and fire treatment occurred at the 

same time. The adjusted fine fuel loads for the unbumt, ambient fuel and high fuel 

treatments respectively in year 0 were 12.3, 10.3 and 20.9 tonnes per ha and in year 1 

were 14.4, 8.4 and 21.1 tonnes per ha. At these levels the high treatment fuel loads 

were less than the mean of25.3 (SE = 1.4) tonnes per ha reported by Panton (1993) 

for vegetation dominated by P. polystachion on areas that had supported rainforest 

near Darwin. A fuel load of 17.2 (n=4, SE = 2.9) tonnes per ha was recorded for a 

mesic savanna site invaded by A. gayanus approximately 120km east of Darwin 

(Rossiter et aI., 2003). In the same general area Barrow (1995) recorded 11 tonnes 

per ha and at locations near Darwin encountered 15 and 20 tonnes per ha. While 
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falling near the upper limit ofrecorded fuel loads, the high fuel treatment falls within 

the spectrum of fuel loads that occur near Darwin. The ambient fuel load was near 

the maximum reported for these sorts of savanna without alien grass invasion 

(Williams et aI., 2001). A possible contributing factor to the relatively high ambient 

fuel load is the prominence on site of the perennial grass Heteropogon triticeus, a 

species in which there is a substantial biomass in the lower part of its culms. 

Resource and logistic issues constrained this study to the application of hay to 

achieve total fuel loads that occur with the invasion of alien grasses. Thus some 

caveats apply concerning the fire behaviour encountered. The composition, vertical 

and horizontal arrangement, and moisture content ofthe fuel in the high fuel 

treatment were different to that likely to occur with alien grass invasion. In addition, 

trampling would have changed the vertical and horizontal arrangement of fuel in 

both burnt treatments. Fuel would have been compacted and aeration reduced, most 

likely resulting in decreased fire intensity. Andropogon gayanus and P. polystachion 

both remain green further into the dry season than native Sorghum, and are likely to 

carry fire later in the dry season than that applied in this study. One outcome of fires 

later in the dry season is an increase in intensity (Williams et al., 1998). Fire 

behaviour is also affected by the continuity of fuel, extent of fuel and time required 

to build up momentum. A fuel load restricted to a 20 x 20 m plot would not allow a 

fire to build up to the same intensity that could occur in a more extensive area. Thus 

the high fire treatment in this study is unlikely to have attained the high fire intensity 

that may occur with fires later in the dry season. The retention of at least some green 

leaves in the canopy after fire in both treatments is additional evidence that the 
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experimental fires were not as hot as many late dry season fires which result in 100% 

canopy scorch. 

Available data on fire intensity from the experimental treatments are inadequate to 

reflect differences in fire intensity that no doubt occurred with the difference in fuel 

load and state of curing of hay relative to the ambient fuel. Similarly the variation in 

intensity between year 0 and year I is unclear, though the rate of spread suggests a 

lower fire intensity in year 1. The relationship between fire intensity and leaf scorch 

in mesic savanna woodlands and savanna forests at Kapalga, 180km east of Darwin 

was curvilinear and a scorch height of 12 to 13 m corresponded with an intensity of 

around 2500 kW per m (Williams et aI., 1998). In the Kapalga experiment the mean 

fire intensity for early dry season burns was 2100 kW per m while late dry season 

burns produced a mean intensity of 7700 kW per m. The fire intensities in the 

current study fall within the range of fire intensity that occurs in mesic savannas of 

northern Australia. 

The high level of stem tissue damage evident at the start of the experiment for all 

treatments suggests a high level of past fire impact on the site. Some of the pre

existing stem tissue damage would have occurred during the fire in May 1997 which 

was a "hot" fire (McAdam, D. 2003, pers. cornm.). The occurrence ofa hot fire in 

1997 would be consistent with a build up of fuel if the area had not been burnt for 

several years. Exposure to hot fires appears common to many locations supporting 

C. armstrongii. It is unknown if this level of impact is typical of the long-tenn fire 

regime to which the species is adapted or if such damage is a recent phenomenon. 
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The occurrence of occasional stands displaying a high proportion of dead or severely 

fire damaged stems and a paucity of recruitment of plants possibly indicates a 

population response to a changed fire regime. On the other hand, in many areas there 

appears to be an abundance of juvenile plants. No attempt has been made here or 

elsewhere to correlate such differences in population structure with fire history. 

3.6 Conclusion 

In the absence of appropriate management, repeated fire in combination with 

increased fuel loads due to alien grasses is likely to have an overwhelming impact on 

populations of C. armstrongii. Modelling of the population response under various 

fire regimes is required to identify management scenarios that minimise or avoid 

population decline. Given C. armstrongii is considered by many as a fire tolerant 

plant, it is highly likely that such a combination of alien grasses and fire will have an 

equal or more radical impact on many woody species, pushing the balance of the 

tropical savanna of northern Australia towards grassland as opposed to woodland or 

forest. 
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4.1 Abstract 

There is evidence that a grass-fire cycle may have been initiated in the savanna of 

northern Australia. Invasion of the alien Andropogon gayanus, Gamba Grass and 

Pennisetum polystachion, Perennial Mission Grass, appear to have changed the fire 

regime, creating a positive feedback loop of increased fire impact on important 

components of the savannas, facilitating further grass invasion. A critical part of 

this cycle is the response of woody plants to fire regime. Previous work has 

demonstrated a decline in large adult Cycas armstrongii due to fire under high fuel 

loads. However, understanding the long-term implications required further analysis 

because there was an associated increase in large juvenile plants. 

To investigate the population dynamics a stage transition model was constructed 

within RAMASGIS to simulate the response ofC. arrnstrongii to various frequencies 

offire and combinations offire intensity. Under "ambient "fire with fuel loads 

representative of native species and typical early dry season fire, C. arrnstrongii was 

remarkably resilient to a broad range of fire frequencies. In contrast, under 

"intense" fire with fuel loads representative of invaded communities or intensity 

within the spectrum of "naturally" fuelled hot late dry season fire, there was most 

often a continuous population decline, exacerbated by increasingfirefrequency. 

With intense fire at frequencies of <1 in 10 years populations persisted. Under 

intense fire at frequencies of '?!1 in 3 years there was a substantial and ongoing 

projected population decline. Intense fire at frequencies of ';;::.1 in 5 years resulted in 
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a greater than 50% probability oj a population exceeding thresholds for decline 

consistent with listing as threatened with extinction under IUCN red list criteria. 

The projected decline under intense fire presents a serious land management issue. 

At least at the level of individual populations subject to contemporary fire 

frequencies, the control of the alien grasses A. gayanus and P. polystachion is 

essential if a major decline in C. annstrongii is to be avoided. 

Given the prominence of.fire in the savanna of northern Australia, if an increased 

fuel load due to the invasion of alien grasses is allowed to perpetuate it would 

appear inevitable that there will be substantial changes in the grass to tree balance. 

There is likely to be catastrophic change in the abundance of numerous plants and 

animals that comprise the biota of these tropical savanna landscapes. 
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4.2 Introduction 

Fire is an integral part of the savanna landscapes of northern Australia (Williams et 

aI.,2001). In northern Australia and more generally in other savanna landscapes the 

fire regime is an important factor in maintaining the balance between trees and 

grasses (Walker, 1985; Hoffinann, 1999). Concerns have been raised that the 

introduction of the alien Andropogon gayanus, Gamba Grass and Pennisetum 

polystachion, Perennial Mission Grass may have initiated a grass-fire cycle in 

northern Australia (Bowman, 1999; Rossiter et aI., 2003). Under such a cycle 

changes in fire behaviour due to alien grasses lead to an increase in fire which has a 

positive feedback on the occurrence ofthe alien species. There is compelling 

evidence of an increase in fuel loads (Barrow, 1995) and fire intensity (Rossiter et 

aI., 2003) following the invasion of A. gayanus into savanna woodland. A grass-fire 

cycle poses a threat to all non-mangrove vegetation types that include a woody 

stratum, including closed forest in the Northern Territory of Australia (NT) (Panton, 

1993; Liddle et aI., 1996). 

Under high fuel loads, within the range that occurs following the invasion by A. 

gayanus or P. po!ystachion, a 60% decline in adult size Cycas armstrongii stems 

occurred over 2 experimental fire events (Chapter 3). This reduction was 

accompanied by a corresponding, but amplified increase in juvenile stems under the 

"intense fire" of the high fuel load treatment. This increase reflected the capacity of 

plants to produce multiple basal sprouts, especially if the main stem was lost entirely 

or severely damaged by fire. Over the same period there was little change in stem 
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density under the unburnt treatment and the "ambient fire" of the ambient fuel 

treatment. The loss of adult stems under intense fire and comparatively slow 

replacement of those stems was likely to rapidly create a popUlation with suppressed 

capability for sexual reproduction. This can be expected to eventually lead to 

popUlation decline under fire regimes with intense fire. However, the frequency at 

which intense fire would cause long-term decline of populations was not self-evident 

and nor was the long-term status of populations under various frequencies ofless 

intense "ambient fire". A detailed quantitative synthesis of population dynamics is 

necessary to explore and present likely pattern of change in C. armstrongii 

populations. 

International Union for Conservation of Nature and Natural Resources (IDCN) Red 

List criteria provide internationally accepted criteria against which to assess decline 

in abundance of plants and animals. The criteria take into account a variety of 

information including estimates of decline and judgements about whether the 

processes precipitating decline are ongoing. Under criterion A4 a 30% or 50% 

decline is applied as a threshold for classification as vulnerable or endangered 

respectively, " ... where the reduction or its causes may not have ceased OR may not 

be understood OR may not be reversible ... " eIDCN, 2001 p16). In the savanna of 

northern Australia, the invasion of alien grasses and associated increase in fuel loads 

is ongoing (Howard, 2001) and no obvious mechanisms to halt the expansion have 

been identified. Suggestions by some that invasion is limited to roadsides or other 

heavily disturbed areas remain unsupported. fuvasions occur well away from roads 

in areas of undisturbed bush (Kean & Price, 2003). 
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To explore the population dynamics of C. armstrongii, a stage transition model was 

constructed and the response of the species simulated to compare the outcomes under 

various fire regimes. The model was used to investigate: 1) the effect of fire 

intensity (unburnt, ambient and intense fire); 2) the effect of fire frequency under 

ambient and intense regimes; 3) the effect of combinations of ambient and intense 

fire; 4) population characteristics evident from the base transition matrix under each 

fire intensity; and 5) the probability of exceeding thresholds of decline and to 

evaluate this predicted response against IUCN red list criteria. 

4.3 Methods 

4.3.1 Field survey 

A detailed description of the field study site and experimental design are in Chapter 

3. The field survey was undertaken at Charles Darwin National Park (CDNP), an 

area of primarily natural vegetation located within the city of Darwin in the NT. The 

vegetation is savanna woodland with a discontinuous overstorey of Eucalyptus spp. 

and an understorey with a more continuous layer of grasses, forbs and shrubs. 

Located in the monsoon tropics the area has a distinct wet and dry season. During 

the dry season fires are prevalent in the region. 

The site supports a high-density population of C. armstrongii, typical of many 

savanna woodland sites in the region. A large population of cycads was divided into 

two compartments with one subject to annual early dry season fire and one 
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maintained unbumt. Study plots were randomly located within high-density cycad 

habitat in the compartments. ill the burnt compartment, treatments were randomly 

allocated to plots. Two levels of fuel load were applied, giving rise to ambient and 

intense fire treatments. The lower level reflected the ambient fuel load, which was in 

the order of 8 to 10 tonnes per ha. ill the intense fire treatment hay was added to 

raise the fuel load to around 20 tonnes per ha. Fuel loads in the intense treatment lay 

within the spectrum encountered with the invasion of alien grasses in the region 

(Chapter 3). Three 20 x 20m plots were established for each treatment and field 

assessment undertaken in the periods 1998 to 1999 (year 0), 1999 to 2000 (year 1) 

and 2000 to 2001 (year 2). Fire treatments were applied as early in the dry season as 

the curing of fuel and logistics would allow, with fires lit on the 20 May 1999, 1 June 

2000 and 17 May 2001 (Chapter 3). 

All cycad plants in a central lOx 10m core area within each plot were labelled. In 

addition, in the remainder of each 20 x 20m plot all plants with at least one stem with 

a length greater than Scm were labelled. In one plot in each treatment there was a 

low number of juveniles «20 plants) in the core area, so to increase sample size for 

popUlation modelling all plants were labelled in these plots. Plants were recorded in 

five size classes, namely: SJ, a small juvenile with up to two leaves; LJ, a large 

juvenile with three or more leaves and a stem length <Scm; I, an intennediate with 

stem length ;?:5cm and <SOcm; SA, a small adult with stem length ;?:50cm and 

<100cm; and LA, a large adult with a stem length ~100cm. Retrogression from LJ to 

SJ stages was not allowed as an outcome of the definition of these size classes and 

the practicalities of sampling (Section 3.3.5). Marked plants (n = 1126) were 
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revisited at least annually (Chapter 3), with field data entered and checked on an 

Access Database (Microsoft Corporation, 1996). In contrast to the previous Chapter 

where the response of both sterns and clumps was considered, the biological unit 

applied in developing population models was the clump. A clump is a group of one 

or more sterns arising in a pattern around a remnant stump or in close proximity to 

each other, that provides a strong indication of the likely shared origin of the stems. 

Clump size is defined by the size of the largest living stern present. Reference to a 

plant in this Chapter corresponds with use of the tenn clump in Chapter 3. 

4.3.2 Model construction 

The following section focuses on construction of a stage transition matrix model, 

working progressively through: the C. armstrongii life cycle and transition matrices; 

fecundity, including constraints applied in the model; survival; carrying capacity; 

model duration and replication; and arriving at a baseline population model. For 

additional infonnation on matrix modelling readers are referred to Caswell (2001) 

and for specific details about the RAMASGIS package to Akcakaya (2002). 

4.3.2.1 Life cycle and transition matrices 

Annual records of plant size and survival were compiled in Microsoft Excel 

(Microsoft Corporation, 1997) to produce transition matrices reflecting the 

probability of plants staying within or moving between size classes, for a five stage 

life cycle (figure 4.1). Viable seed of C. armstrongii was unlikely to be carried over 

from one wet season to the next (Chapter 2) so a donnant seed bank stage was not 
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Figure 4.1: A life cycle diagram for Cycas armstro.ngii. Stages: SJ = small 

juvenile; LJ = large juvenile; I = intermediate; SA = small adult; and LA = large 

adult. F = a transition representing fecundity; S = a transition representing survival; 

and F & S is a combination of fecundity and survivaL The solid lines reflect 

transitions recorded and the broken lines represent biologically plausible transitions 

not encountered in the study. Retrogression from LJ to SJ stages was not allowed as 

an outcome of the definition of these size classes (section 3.3.5). Transition rates for 

each fire treatment are provided in table 4.1. 
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required in the life cycle. Survival and fecundity data from year 0 to year 1 and year 

I to year 2 were combined to produce an averaged projection matrix for each fire 

treatment. These matrices provided the basis for modelling with RAMASGIS 

(Akcakaya, 2002). Figures were prepared either from direct graphical output from 

RAMASGIS, in R (R Development Core Team, 2002) or Word 2000 (Microsoft 

Corporation, 1999b). 

Development of a baseline model (section 4.3.2.6), against which the outcome of 

alternative management scenarios could be compared, progressed incrementally with 

specification of carrying capacity, adult mortality, multipliers between matrices, 

replication, duration and reproduction. Development required an iterative process 

balancing biological plausibility with available data and the structure and capability 

of the modelling program. Testing of parameters was initially undertaken during the 

development phase and then repeated with the baseline model to confinn the range of 

outcomes were plausible with the revised model. 

Environmental stochasticity, the temporal variation in vital rates of survival or 

fecundity, was detennined by a standard deviation matix associated with the stage 

transition matrix. With only two annual transition rates available (from 3 sampling 

seasons), there were insufficient data to calculate a meaningful standard deviation 

(SD) for each cell of the stage matrix from field data. To provide for environmental 

stochasticity unrelated to fire, the SD for each cell was arbitrarily set at 10% ofthe 

observed value for rates below 0.500 and 10% of 1 minus the observed value for 

rates between 0.500 and 1.000. A lognonnal distribution was specified for sampling 
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random numbers from the range of vital rates to model the effect of environmental 

fluctuations. 

4.3.2.2 Fecundity 

4.3.2.2.1 Transition matrix constraints on survival 

In the transition matrix, recruitment of new plants was represented as transitions 

from adult size plants to SJ or LJ. In addition, some adult clumps regressed to plants 

of juvenile size due to mortality of adult stems. Thus in the burnt treatments, the 

adult to juvenile transitions include a component representing fecundity and a 

component representing survival. To avoid survival exceeding 100% of plants in a 

stage, the proportion within a stage matrix cell corresponding to survival may be 

applied as a constraint to limit the potential increase arising from the particular 

transition. The remaining proportion of the transition within a cell corresponds to 

fecundity and is not subj ect to such constraint. 

In the unburnt scenario all adult to juvenile transitions represented fecundity so there 

was no constraint to popUlation increases arising from these transitions. In the 

ambient fire treatment no recruitment of new plants to the population was observed 

during the field study, but there was a small component of retrogression from adults 

to juveniles (SA to SJ = 0.000, SA to LJ = 0.009, LA to SJ = 0.034, and LA to LJ = 

0.000). In the intense fire treatment there was substantial mortality of adult stems 

but survival of the clump. The observed intense fire retrogressions were (SA to SJ = 
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0.125, SA to LJ = 0.250, LA to SJ = 0.128, and LA to LJ = 0.333). The fecundity 

component of these cells in the intense fire matrix was the difference between these 

survival components and the combined transition rates for the respective cell 

provided in table 4.1. 

While the absence of recruitment observed in the ambient fire treatment was 

plausible over a period of a few years, in the long tenn an absence of recruitment was 

implausible. Even with annual ambient fire, there would be years when patchy fire 

left cycads unburnt or individual plants would escape scorching of all of their seed. 

In the absence ofrecruitment and with the occurrence of mortality, the only possible 

direction of change for the population would be decline. To provide for some 

recruitment, the fecundity rates recorded in the intense fire treatment were adopted 

for the ambient fire matrix. The fecundity component of the adult to juvenile cells in 

the ambient fire matrix was the difference between the above ambient retrogression 

values and the combined transition rates for the respective cell provided in table 4.1. 

The level of constraint on survival was set for the model in RAMASGIS version 4 

and could not be varied for individual matrix cells in response to catastrophes. A 

catastrophe being an extreme environmental event that adversely affects large 

proportions of a population (Akcakaya, 2002). In scenarios with combinations of 

fire treatments, adoption of a particular set of constraints was not fully representative 

of the various treatments. To investigate the impact of adopting observed constraint 

levels from each fire treatment, simulations were run for annual ambient and annual 

intense fire with a stage matrix based on the respective field observations. 
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Table 4.1: Transition matrices for unbumt, ambient and intense fire treatments over 

an annual time step. Sample is the number of observations contributing to estimates 

of survival and recruitment in each treatment or stage. a indicates a value inserted to 

allow multipliers required for the application of fire, see text for explanation. b 

observed survival of 1.000 for the stage adjusted to be biologically plausible over an 

extended period of time (see section 4.3.2.3). Mortality for each size class is 

provided in parentheses. The stages are: SJ = small juvenile; LJ = large juvenile; 1= 

intennediate; SA = small adult; and LA = large adult. 

Treatment Stage 
SJ LJ I SA LA 

Unburnt 
SJ 0.708 0.000 0.001 a 0.029 0.457 
LJ 0.045 0.838 0.001 a 0.003 0.042 
I O.OOl a 0.150 0.923 0.001 a 0.001 a 

SA 0.000 0.000 0.071 0.955 0.000 
LA 0.000 0.000 0.000 0.044 0.994b 

Survival Sample 
265 80 212 114 65 

Total == 736 
(mortality) 

(0.246) (0.012) (0.004) (0.000) (0.005)b 

Recruit Sample 36 

Ambient 
SJ 0.814 0.000 0.016 0.016 0.265 
LJ 0.116 0.865 0.040 0.012 0.046 
I 0.012 0.096 0.896 0.009 0.000 

SA 0.000 0.000 0.040 0.964 0.000 
LA 0.000 0.000 0.000 0.018 0.966 

Survival Sample 86 104 249 110 59 Total == 608 
(mortality) 

(0.058) (0.039) (0.008) (0.000) (0.000) 

Recruit Sample 0 
Intense 

SJ 0.768 0.000 0.026 0.141 0.359 
LJ 0.130 0.861 0.123 0.253 0.379 
I 0.016 0.119 0.799 0.063 0.051 

SA 0.000 0.000 0.052 0.484 0.000 
LA 0.000 0.000 0.000 0.031 0.487 

Survival Sample 
185 194 154 64 39 Total = 636 

(mortality) 
(0.086) (0.020) (0.000) (0.047) (0.000) 

Recruit Sample 12 
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The results were compared with a model based on an unburnt matrix with zero 

constraint on the adult to juvenile transitions and fire applied as an annual 

catastrophe. The impact of applying constraints was small compared to the overall 

impact of fire regime (figure 4.2). When compared with the no fire scenario at the 

end of a century, mean total density under annual ambient fire had declined by 13% 

when constrained and 8% when not constrained. For both constrained and 

unconstrained simulations with annual ambient fire, the means lay within 1.96 SD of 

the mean projection (see section 4.3.2.5) of the alternative method. Under annual 

intense fire C. armstrongii displayed even less response to the level of constraint, 

with mean total density declining by 89% when constrained and 87% when not 

constrained. Again, the means for equivalent responses after the same times fell 

within 1.96 SD of the mean projection of the alternative method. The impact ofthe 

alternative constraints on size class distribution after a century was also minimal 

compared with the magnitude ofthe overall response due to fire regime (figure 4.3). 

In this study other factors were of substantially greater importance in deteInlining the 

outcome of simulations than the level of constraint arising from the observed 

contributions of recruitment and retrogressions, to adult to juvenile transitions. 

Therefore, in the baseline model no constraint was applied for adult to juvenile 

transitions. In the presence of fire, the absence of constraint may have resulted in an 

overestimation of survival of the adult stage and accordingly an understatement of 

population decline. 
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Figure 4.2: Projections of total population density for Cycas armstrongii subject to 

no fire and annual ambient or annual intense fire, with survival of adult to juvenile 

retrogressions constrained and not constrained (see section 4.3.2.2.1). With the 

exception of level of constraint on the adult to juvenile transitions and application of 

fire, the parameters were set as for the baseline model. The vertical bars indicate 

1.96 SD about the mean of 10,000 simulations for each fire regime. 
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Figure 4.3: Projections of density for size classes of Cycas armstrongii at the end of 

a century, under no fire and annual ambient or annual intense fire, with survival of 

adult to juvenile retrogressions constrained and not constrained (see section 

4.3.2.2.1). The size classes are: S1 = small juvenile; LJ = large juvenile; 1= 

intermediate; SA = small adult; and LA = large adult. With the exception of level of 

constraint on the adult to juvenile transitions and application of fire, the parameters 

were set as for the baseline model. The vertical bars indicate 1.96 SD about the 

mean of10,000 simulations for each scenario. 
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4.3.2.2.2 Contribution of adult size classes to fecundity 

Field records of recruits provided no evidence as to the relative contribution of SA 

and LA stages to fecundity. In the absence of information associating offspring with 

their parents, recruits were allocated in the proportion of 9: 1 LA to SA. This 

reflected the observed contribution respectively of LA en = 27) and SA en = 3) stems 

for 30 individual female coning events recorded over a 5 year period at CDNP. 

4.3.2.2.3 Mast seeding 

Cycads are regarded as mast seeders (Norstog & Nicholls, 1997), a phenomenon of 

synchronous production of seeds within a plant popUlation in one year, followed by a 

long interval when few seed are set (Ballardie & Whelan, 1986). However, during 

this study no mast reproduction events occurred in the study popUlation. The 

observed fecundity is below that which could be expected over a longer time period. 

The magnitude of difference in reproductive output and frequency of mast and non

mast years are unknown for C. armstrongii. Longer-term data were available for 

reproduction over 4 or 5 years at 8 sites supporting C. calcicola in Litchfield 

National Park, 90lan south of Darwin. These data were assumed to provide a guide 

to both magnitude of mast reproduction and shape of the frequency distribution for 

mast events in other Cycas. 

From a total of 38 site by year observations for C. calcicola, events were classified as 

mast if the proportion of reproductively active females exceeded the average and 

non-mast if below the average. A mean of 15.1 % of adult stems were reproductive 
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females in mast events and 2.8% in non-mast events, giving a ratio of 5.4: 1 for mast 

to non-mast. In no year of the study at CDNP did C. armstrongii attain an equivalent 

level of reproduction to that which would have been classed as a mast event for C. 

calcicola. For C. armstrongii at CDNP the mean female reproduction was 3.6% of 

adult stems over 4 years. An increase by 4.2 times the mean level observed for C. 

armstrongii (3.6%) would raise reproduction to the mean mast level observed for C. 

calcicola (15.1 %). Selecting the highest 3 mast events for C. calcicola, in which 

female reproduction exceeded 20% of stems, a 7.3 fold increase in the level of 

reproduction observed for C. armstrongii would be required to raise the level to that 

observed for peak events by C. calcicola. To assess the impact of the magnitude of 

mast seeding events on C. armstrongii comparisons were made between the observed 

level of recruitment and average or extreme mast events at 4.2 or 7.3 times the 

observed level. 

Investigation of the impact of the mast multiplier revealed an increase in total 

abundance with an increasing mUltiplier (figure 4.4). With ambient fire there was a 

consistent trend with the difference in density similar for all fire frequencies. With 

intense fire there was a notable reduction in the difference in density due to the level 

ofmasting at annual and biannual fire frequencies. This reduction appears to reflect 

an overriding impact of frequent intense fire. The middle mast value, based on mean 

mast activity for C. calcicola, and generating a 4.2 fold increase in recruitment in 

mast years was adopted as the standard for the baseline model. 
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Figure 4.4: Simulated density of Cycas armstrongii at the end of a century in 

response to the level of mast seeding under a range of frequencies of ambient or 

intense fire. The fire frequencies were nil (0.0), 1 in 20 years (0.05), 1 in 10 years 

(0.1), 1 in 5 years (0.2), 1 in 3 years (0.33), 1 in 2 years (0.5) and annual (1.0). 

Parameters were set as for the baseline model except for the change in fecundity 

arising from mast seeding events and application of fire. The vertical bars indicate 

1.96 SD about the mean of 10,000 simulations. 
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The frequency of mast events is variable within cycads. Two or three reproductive 

events occurring within 6 years in the rainforest cycad Zamia sldnneri in Central 

America (Clark & Clark, 1987), and a range of intervals occurred with 

Encephalartos in Africa (Donaldson, 1993). With Dioon edule in Mexico an 

individual female plant exhibited a 4 year interval between cones. In the same study 

intervals based on estimated growth rates and stem core samples from other plants in 

the popUlation indicated an interval of 10 to 52 years (Vovides, 1990). Over an 8 

year study of Zamia pumila in Florida after an intense fire event, the proportion of 

plants coning each year varied over three-fold and females coned on average about 

twice in seven years, though the popUlation did not display mast reproduction (Tang, 

1990). 

The frequency of mast seeding is unknown for C. armstrongii, however, it is likely 

the distribution of mast events is autocorrelated. I chose to simulate the effect of a 

temporally "clumped" distribution of mast events using a negative binomial 

distribution. A negative binomial distribution can be simulated by specifying the 

mean and k, an index of "clumping" (Krebs, 1989). The observations of C. calcicola 

provide a mean frequency of 3.2 years and applying the methodology of Krebs 

(Krebs, 1989 p84) a value for k of 6.4. Cycas armstrongii at CDNP have not masted 

in 5 years, so in the absence of more definitive information, a random selection of 

numbers was generated in R (R Development Core Team, 2002) from a negative 

binomial distribution with mean = 5 and k = 6.4. Commencing at the start of the 

random series, a cumulative total was compiled to represent mast events over a 

century. The random sequence resulted in 15 mast events in a century with a mean 
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frequency of 1 in 6.5 years. This sequence of mast events was adopted to simulate 

the temporal trend of mast events and hence fecundity for the baseline model. 

4.3.2.3 Survival 

A number of transition rates reflecting stasis i.e. remaining within the same stage, 

were relatively high (table 4.1). These high rates determine the proportion of plants 

that are available to move to other stages, and vice versa. lfthe rates exhibit large 

variances it is possible that the combined survival within a stage may exceed 1.0 

resulting in a truncation to limit survival to 1.0. To reflect the relationship between 

rates and minimise truncations, a negative correlation between the largest survival 

rate and other survival rates within a stage was specified in the models (Akcakaya, 

2002). 

Survival of adult stems in the unbumt treatment was 100% during this study. This 

trend continued with no mortality recorded in the unbumt treatment for 411 adult 

clumps in this or associated studies during a period of five years. In addition, the 

number of retrogressions was remarkably small with only one adult (in an associated 

study) regressing to a juvenile size class. While plausible for short time periods, in 

long-term simulations it is biologically implausible to maintain 100% survival of 

adults and nil or negligible retrogressions. The largest stem measured in this study 

had a stem length of281cm. At the growth rates presented in Chapter 3, it is 

reasonable to suggest adult stems could live for a century and very generous to 

suggest they could live for two centuries. Assuming no transitions to other stages, 
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residence time is approximately lImortality rate. A residence time of 200 years is 

achieved with a mortality rate of 0.005. Thus the survival rate for LA plants in the 

unbumt transition matrix was adjusted to sum to 0.995 (in table 4.1 composed of 

0.994 LA to LA and 0.001 LA to I to allow multipliers as explained below). 

Simulations revealed a reduction of 1.2% in total density at the end of a century in 

response to adopting a mortality rate of 0.005 for the LA stage in the baseline model. 

This change was less than the coefficient of variation (CV) (5.2%) ofthe mean of 

projections at the end of a century, for a model with no LA mortality. The adjusted 

mortality rate had little impact on the proportion of adult plants in the population 

after a century. With the adjustment to allow LA mortality there was a decrease in 

SA from 15.9% to 15.4% of the popUlation and a minor increase in LA from 15.0% 

to 15.2%. 

Changes to the vital rates brought about by catastrophes or a temporal trend were 

accommodated by multipliers on the values in the base stage transition matrix at the 

relevant time step. In the burnt treatments retrogression in size class due to fire 

occurred, however, for some cells there were no equivalent non-zero transitions in 

the unburnt matrix. To cater for these transitions, the base unbumt matrix was 

adjusted by inserting a transition rate of 0.001 in five cells that had zero values (table 

4.1). To maintain the correct survival rate for the stage, for each cell in which 0.001 

was inserted, the largest transition in the stage was reduced by an equivalent amount. 

Simulations conducted with the baseline model revealed a minor reduction of 0.5% 

in total density at the end of a century in response to adjusting the matrix. This 

change was an order of magnitude less than the CV (5.2%) of the mean of 
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projections at the end of a century, for a model based on the unadjusted matrix. Thus 

change in projections due to these adjustments was minor in comparison to the 

change brought about by fire. 

4.3.2.4 Carrying capacity 

A ceiling density dependence type was selected for the model (Akcakaya, 2002). 

Under this type of density dependence, the popUlation was allowed to grow 

exponentially until it reached the ceiling, after which, in the absence of negative 

perturbations or decline due to characteristics of the stage matrix, the popUlation 

remained at that level. 

In the absence of alternative data, carrying capacity was set at the maximum density 

ofI, SA and LA C. armstrongii recorded at this site. This was a density of 2,425 

plants per ha with above ground stems, recorded in one of the unburnt plots. The SD 

of carrying capacity was arbitrarily set at 10% or 243 individuals. At this density 

each plant with an above ground stem would have on average 4.1 m2 of space 

available. The aerial coverage of a mature plant with leaves 800mm long is 

approximately halfthis space at around 2 m2
. Juveniles were excluded from the 

carrying capacity as they can occur at high densities and their density may fluctuate 

greatly, with the majority perishing prior to producing above ground stems. The 

maximum juvenile plant density recorded across a 100 m2 sample area in this study 

was equivalent to 7,400 per ha. To investigate the response of the popUlation to 
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increasing the carrying capacity, a series of simulations were conducted with 

carrying capacity set at I, 1.5, 2 and 5 times the observed level. 

In the baseline model, density dependence was specified to affect survival rates and 

to apply to I, SA and LA stages. In the absence of infonnation about density 

dependence at low densities, no Allee effects were specified. Allee effects such as 

reduced fecundity due to inbreeding or reduced pollination due to low population 

density have the potential to exacerbate decline in small populations and/or at low 

densities. Ignoring Allee effects may have resulted in an understatement ofthe rate 

and frequency of decline of C. armstrongii at low densities. 

4.3.2;5 Model duration and replication 

During the initial development phase of the model simulations were run for 200 

years. In all cases, except high levels of carrying capacity (figure 4.5), the trend that 

appeared in the first century continued throughout the second. This is consistent 

with the projections stabilising under the given matrices within the first century. The 

time frame of most planning for land management is considerably less than a 

century. In addition, evaluation of population changes against ruCN red list criteria 

(IDeN, 2001) is typically over a specified time period corresponding with the greater 

of 3 generations for the particular organism under consideration, or a maximum of 

100 years. Generation length is the average age of parents of the current cohort of 

recruits in a popUlation and reflects the turnover rate of breeding individuals 
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Figure 4.5: The change in total density (all size classes) of Cycas armstrongii per ha 

as a result of increasing the carrying capacity (K) for the unbumt scenario. The base 

rate for K was the maximum recorded in the field, i.e. 2425 intermediate and adult 

plants per ha. Parameters were set as for the baseline model except for K, the SD of 

K (set at 10% ofK) and an extended time sequence of variation in fecundity due to 

mast seeding. The vertical bars indicate 1.96 SD about the mean of 10,000 

simulations for each level ofK. 
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(IUeN,2001). Given planning horizons and the rate of growth and longevity of C. 

armstrongii, a duration of 100 years was adopted for the modelling. 

The number of replications adopted for each run of the model was 10,000 in accord 

with the recommendation of Akcakaya (2002) to maximise the number of 

replications. An implication of the large number of replications was that the standard 

error (SE) of the mean of the trajectories from a run of the model was very tight. In 

this study comparisons between means based on SE were frequently statistically 

significant though sometimes biologically triviaL In the majority of situations, rather 

than presenting SE of the mean, an index of dispersion of the trajectories has been 

based on 1.96 SD of the mean. The dispersion bars presented in many figures are 

based on these values and display the range within which 95% of the trajectories 

occurred, assuming a nonnal distribution oftrajectories around the mean. In some 

instances the CV has been used to illustrate variability in the data. The CV has been 

calculated by dividing the SD by the mean and expressed as a % (Zar, 1996 p38). 

4.3.2.6 Baseline model 

The baseline model (figure 4.6) reflected an unburnt scenario and incorporated 

values for parameters as discussed above. Specifications ofthe baseline model have 

been provided in table 4.2. Mast seeding was specified within a file containing a 

randomly generated temporal sequence for a century. The file contained a sequence 

of multipliers that act on the fecundity component of the transition matrices. Thus, 

working within the capability ofthe modelling program, it was possible to apply 
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Figure 4.6: Trajectory summary for Cycas armstrongii subject to unbumt (upper) 

and annual intense fire (lower) scenarios. The central line of each scenario connects 

the mean total density (of all size classes) per ha for each year from 10,000 

simulations. The vertical lines represent 1 SD departure from the mean of the 

trajectories and the diamonds reflect the upper and lower bounds (full range) of 

trajectories at each year. The saw-tooth pattern of the unbumt treatment was due to 

bursts of recruitment arising from mast seeding events. ill the annual intense fire 

scenario the changes in abundance resulting from these recruitment bursts were 

reduced to barely visible ripples where the rate of decline was reduced. The upper 

unburnt scenario portrays trajectories from the baseline model and the lower annual 

intense fire scenario portrays trajectories from the baseline model plus fire. 
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Table 4.2: Specifications of the population model for Cycas armstrongii. 

Parameter Baseline Model Comment 
Number of stages 5 
Replications 10,000 
Duration 100 years 200 years for carryil1g capacity 
Density dependence type Ceiling Exponential growth up to a 

ceiling. 
Density dependence effects Survival rates 
Stages affected by density I, SA, LA 
dependence 
Breeding stages LA&SA Output ratio 9:1, LA:SA 
Sex structure All individuals (mixed) 
Stage matrix Unburnt (based on 736 field Ambient frre (based on 608 

observations composed of2 field observations, 2 annual 
annual increments and 436 increments and 326 
individual plants) individuals ). Intense fire 

(based on 636 freld 
observations, 2 annual 
increments and 364 
individualsl 

Standard deviation of stage 10% of rate of cells in stage 
matrix (environmental matrix when rate <0.5 and 10% 
stochasticity) of I-rate when rate >0.5 
Environmental stochastici ty Lognormal 
distribution 
Constraints on survival All stages/cells limited to 1.0 

except adult to juvenile cells 
Correlation between survival Negative with maximum 
rates in a stage survival rate in a stage 
Correlation of stochasticity Fecundity, survival and 
within the population carrying capacity all correlated 
Initial abundance 4,811 plants per ha Based on mean across 9 plots 

at the start of the study 
Initial stage structure SJ=2,256, LJ==1,044, 1=847, Based on mean structure 

SA=417, LA=247 plants per ha across 9 plots at the start of the 
study 

Can'y!ng capacity 2,425 plants per ha I, SA or LA plants 
Standard deviation of carrying 10% of carrying capacity = 243 
capacity plants per ha 
Catastrophes Nil in baseline model Ambient and intense fire, in 

various combinations and a 
range of frequencies 

Correlation between two Maximum negative, ie do not 
catastrophes occur in the same year 
Affect of catastrophes Vital rates, ie stage matrix 
Temporal trend following Continue with next vital rate in 
catastrophe the temporal sequence specified 

for fecundity 
Temporal sequence for Mast reproductive events Randomly selected sequence 
fecundity randomly selected from a resulted in 15 mast events in 

negative binomial distribution 100 years with a mean 
with a mean of 5 and shape frequency of 6.5 years 
determined by k = 6.4 

Dispersal Nil 
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mast events as a temporal sequence and two levels of fire as perturbations, referred to 

as "catastrophes" in RAMASGIS (Akcakaya, 2002). 

Characteristics of the baseline unbumt, ambient fire and intense fire stage matrices 

were explored with eigenanalysis in RAMASGIS (Akcakaya, 2002). Characteristics 

included the finite rate of population increase (A) and sensitivity or elasticity of A to 

changes in the matrix elements. In this context, sensitivity was the change in A in 

response to a small absolute change in the value of a matrix element. Elasticity was 

the change in A in response to a propof!;ional change in the value of a matrix element 

(Caswell, 2001). 

4.3.3 Fire simulation 

The impacts of ambient and intense fire regimes were simulated separately by 

imposing a range of fire frequencies on the baseline matrix. The fire frequencies 

adopted were nil, 1 in 20 years, 1 in 10 years, 1 in 5 years, 1 in 3 years, 1 in 2 years 

and annual. The change in total abundance through time up to 100 years was plotted, 

along with the density per ha for each size class at 100 years. 

An additional measure of change was provided by the rate of attaining specified 

thresholds of decline under ambient and intense fire regimes. Two levels of decline 

were considered, equating to a 30% and 50% loss of reproductive individuals in the 

popUlation. These rates correspond with the cut-offs for decline of mature 
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individuals capable of reproduction, applied in classification of a taxon as threatened 

with extinction under Red List criteria (IUCN, 2001). 

Reproduction observed in the field had a strong bias towards large plants, with 90% 

of reproductive females belonging to the LA stage. This proportion probably 

understates the contribution of LA plants as the number of ovules that developed on 

larger stems typically exceeded that of smaller reproductive stems (Liddle, D., pers. 

obs.). Based on the proportions of SA and LA plants observed in the field at the start 

of the study, a reduction of 32.1 % or 53.4% of LA plants would result in a loss of 

30% or 50% respectively of reproductively mature individuals. For comparison, the 

reduction required to arrive at an equivalent decline was not substantially different 

with the mean size class structure at the end of a century under the baseline model. 

ill the latter case, the reduction required in LA plants was 30.2% and 50.3% 

respectively. ill simulations to evaluate the probability of exceeding thresholds of 

decline, reductions from the initial field density of247 LA, to 185 (32% change) and 

132 (53% change) plants per ha were applied as thresholds of decline. 

illvestigation of the effect of combinations of ambient and intense fire were 

conducted for total fire frequencies of 1 in 3 years and 1 in 2 years. Collectively 

these frequencies reflect contemporary fire regimes that occur across a substantial 

proportion ofthe Litchfield Shire near Darwin (Price, O. 2003, pers. comm.) and 

more extensively across the Top End of the NT (Edwards et aI., 2001; Williams et 

aI., 2001; Russell-Smith et aI., 2002). 
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Results from the unbumt plus intense fire scenarios demonstrated a substantial 

impact from fire, particularly so when intense fire occurred at a frequency of I in 3 

years or more often. To minimise the potentially overriding influence of frequent 

intense fire in the investigation of combined ambient and intense fire, I focused on 

intense fire frequencies of 1 in 20 years, 1 in 10 years, 1 in 5 years and 1 in 3 years 

where applicable. Under each ofthese frequencies, ambient fire was applied in the 

balance of years required to bring the simulation to the specified total fire frequency. 

When ambient and intense fire was combined in a scenario, the model was set to a 

maximum negative correlation between catastrophes to prevent both fire intensities 

occurring in the same year. 

4.4 Results 

4.4.1 Baseline unburnt scenario 

In the baseline scenario there was a small decline (7%) in mean density at the end of 

a century, however, the specified starting density lay within 1.96 SD of the mean of 

proj ections at 100 years. Within the simulation period, there was a decline in density 

during the first decade followed by an increase over the next decade or thereabouts. 

Thereafter, there were periodic increases and decreases reflecting the occurrence of 

mast years (figure 4.6). To account for this cycling in response to mast events, a 

comparison ofthe mean density over the last five years revealed a decline of3% 

from the initial abundance. In comparison, over years 10 to 100 the CV of mean 

density ranged from 4.8% to 6.2%. In summary, after an initial fluctuation, the trend 
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of the projected population was close to stable with a tendency to cycle a little due to 

the specified pattern of mast seeding events. 

The unburnt baseline transition matrix displayed an underlying positive growth rate 

with A = 1.030. The equivalent values for the ambient matrix and intense matrix 

were A= 1.009 and 0.983 respectively. Sensitivities and elasticities of A to changes 

in the matrix elements are provided in table 4.3 (see section 4.3.2.6). There is a 

prominence of high values for elasticity, and to a lesser extent sensitivity, along the 

diagonal representing stasis. In particular, under the unburnt treatment, the highest 

value for both sensitivity and elasticity is that of LA plants remaining as LA plants. 

4.4.2 Carrying capacity and temporal sequence of mast seeding 

Projections under 4 levels of carrying capacity (K) reveal a plateau in total 

population density for each K (figure 4.5). Mean density for the period from 101 to 

200 years, calculated from the mean density for each year from 10,000 simulations 

was 4,603 (n = 100, SE = 50),6,895 (n = 100, SE = 75),9,181 (n = 100, SE = 100) 

and 22,896 (n = 100, SE = 247) respectively for K = 1, 1.5,2 and 5 times the 

maximum observed in the field. Within the plateau the mean varied mostly under the 

influence ofmasting events. For preparation of figure 4.5, data was arbitrarily 

extracted at regular 25 year intervals to illustrate the trend over a 200 year period. At 

each level ofK, a visual classification of plotted points into high and low abundance 

resulted in years 50 (for K<5 field maximum), 75, 125 and 150 categorised as high 

and years 100, 175 and 200 as low. The mean time to the previous mast event was 
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Table 4.3: The sensitivity and elasticity of the intrinsic rate of increase of a 

population of Cycas armstrongii to stage matrix values for unburnt, ambient and 

intense fire treatments. Sensitivites have been included for biologically plausible 

transitions only, with a dash "-" indicating implausible transitions. The 3 largest 

values for sensitivity and elasticity have been highlighted in bold for each treatment. 

The stages are: SJ = small juvenile; LJ = large juvenile; I = intermediate; SA = small 

adult; and LA = large adult. 

Stage 

I I 

Stage 

SJ LJ I SA LA SJ LJ I SA LA 

Unburnt Sensitivities Unburnt Elasticities 

SJ 0.0331 0.0130 0.0190 0.0180 0.0221 0.0228 0.0000 0.0000 0.0005 0.0098 

r-w 0.2303 0.0904 0.1319 0.1252 0.1540 0.0101 0.0736 0.0001 0.0004 0.0063 

~ 0.2944 0.1156 0.1686 0.1601 0.1968 0.0003 0.0168 0.1511 0.0002 0.0002 

r-sA 0.2514 0.2387 0.2935 0.0000 0.0000 0.0173 0.2213 0.0000 

LA 0.3815 0.4692 0.0000 0.0000 0.0000 0.0163 0.4529 

Ambient Fire Sensitivities Ambient Fire Elasticities 

SJ 0.0602 0.0913 0.0904 0.0807 . 0.0339 0.0486 0.0000 0.0014 0.0013 0.0089 

~ 0.0876 0.1328 0.1316 0.1174 0.0494 0.0101 0.1139 0.0052 0.0014 0.0023 

r--r 0.1313 0.1990 0.1972 0.1759 0.0740 0.0016 0.0189 0.1751 0.0016 0.0000 

I SA 
0.3885 0.3467 0.1459 0.0000 0.0000 0.0154 0.3313 0.0000 

'"L:;\ 0.6254 0.2631 0.0000 0.0000 0.0000 0.0112 0.2519 

Intense Fire Sensitivities Intense Fire Elasticities 

SJ 0.0501 0.3651 0.2501 0.0261 0.0017 0.0392 0.0000 0.0066 0.0037 0.0006 

~ 0.0735 0.5358 0.3671 0.0382 0.0024 0.0097 0.4694 0.0459 0.0098 0.0009 

-r 0.0753 0.5486 0.3758 0.0392 0.0025 0.0012 0.0664 0.3055 0.0025 0.0001 

SA 0.3354 0.0349 0.0022 0.0000 0.0000 0.0177 0.0172 0.0000 

LA 0.0521 0.0033 0.0000 0.0000 0.0000 0.0016 0.0016 
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1.3 years (n = 4, SE = 0.63) for high abundance years and 4.3 (n = 3, 8E == 0.88) for 

low abundance years. The same pattern of short-tenn oscillations in total density in 

response to mast events, within the bounds of carrying capacity, is evident in the 

more detailed trajectories for-the unburnt baseline model provided in figure 4.6. 

4.4.3 Ambient fire 

Under ambient fire there was a slight decline in mean density with an increase in fire 

frequency, however, there was substantial overlap in a dispersal index of 1.96 8D of 

the mean of projections, for all ambient fire frequencies (figure 4.7). The lower 

abundance at 60 years coincided with an interval of 8 years from the preceding mast 

reproductive event (figure 4.6). The projections of tot a} density portray C. 

armstrongii as remarkably resilient to ambient fire with little difference in total 

abundance over a century with increasing frequency of fire. 

While total abundance was relatively stable under the range of fire frequencies, there 

was variation in the response within size classes (figure 4.8). A decline in density 

occurred in 8J and LA plants with increasing fire frequency (figure 4.9). Within 

both stages, there was a lack of overlap of the dispersion index, defined by 1.96 SD 

of the mean ofprojections, between an annual fire regime and fire frequencies of ~1 

in 3 years. Similarly, with the SJ stage there was also a lack of overlap in the 

respective dispersion index between a biennial fire frequency and nil fire. 

Contrasting these declines there was a substantial increase, indicated by lack of 

overlap of the dispersion indices, in density ofLJ plants under fire at frequencies of 
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Figure 4.7: Projections oftotal population density of Cycas armstrongii subject to 

increasing frequency of ambient fire (A). Frequency Alin 20 indicates ambient fire 

1 in 20 years. Parameters were set as for the baseline model except for the frequency 

of ambient fire. The vertical bars indicate 1.96 SD about the mean of 10,000 

simulations for each fire regime. 
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Figure 4.8: Projections of density for size classes of Cycas armstrongii at the end of 

a century, with increasing frequency of ambient fire (A). Field indicates the size 

class structure recorded at the start of the study. The size classes are: SJ = small 

juvenile; LJ = large juvenile; I = intennediate; SA = small adult; and LA = large 

adult. Parameters were set as for the baseline model except for the frequency of 

ambient fire. The vertical bars indicate: 1.96 SD about the mean of 10,000 

projections for each simulated fire regime; or 1.96 SD about the mean of9 
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Figure 4.9: The trend in projected density for size classes of Cycas armstrongii at 

the end of a century, with increasing frequency of ambient fire. The size classes are: 

SJ = small juvenile; LJ = large juvenile; I = intermediate; SA = small adult; and LA 

= large adult. Parameters were set as for the baseline model except for the frequency 

of ambient fire. The vertical bars indicate 1.96 SD about the mean of 10,000 

simulations for each fire regime. 
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<1 in 5 years compared with annual fire (figure 4.9). The increase in density ofLJ, 

and to a lesser extent I and SA plants, counterbalanced the loss of SJ and LA plants 

with an increase in fire frequency. 

Under increasing frequency of ambient fire proj ected total density was maintained 

while size class structure changed, with a reduction in density of SJ and LA plants 

and an increase in LJ plants. Despite the changes in distribution of plants within size 

classes, at the end of a century under annual ambient fire the mean projected density 

of all size classes except SJ equalled or exceeded the observed density in the field at 

the start of the study (figure 4.8). 

4.4.4 Intense fire 

Under intense fire regimes there was a progressive decline in total density with an 

increase in fire frequency. With regard to temporal trend, there was a levelling out in 

total abundance with infrequent intense fire (1 in 20 and 1 in 10 years) by the end of 

the simulation period (figure 4.10). In the last 20 years of the simulation there was 

only a very slight decline under intense fire at 1 in 5 years, with a 2.2% decrease 

between the mean of the five year period from 76 to 80 years and the period from 96 

to 100 years. Under intense fire at frequencies of ~1 in 3 years there was a clear 

downward trend in total density at the end of the simulation period. 

Intense fire had a marked impact on size class structure at all frequencies (figure 

4.11), with a progressive decline in SJ, SA and LA plants (figure 4.12). With SJ and 
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Figure 4.10: Projections of total population density of Cycas armstrongii subject to 

increasing frequency of intense fire (I), Frequency Ilin 20 indicates intense fire 1 in 

20 years. Parameters were set as for the baseline model except for the frequency of 

intense fire. The vertical bars indicate 1.96 SD of the mean of lO,OOO simulations for 

each fire regime. 
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Figure 4.11: Projections of density for size classes of Cycas armstrongii at the end 

of a century, with increasing frequency of intense fire (I). Field indicates the size 
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Figure 4.12: The trend in projected density for size classes of Cycas armstrongii at 

the end of a century, with increasing frequency of intense fire. The size classes are: 
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= large adult. Parameters were set as for the baseline model except for frequency of 

intense fire. The vertical bars indicate 1.96 SD of the mean of 10,000 simulations for 

each fire regime. 
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LA sizes there were substantial differences, indicated by lack of overlap of the 

dispersion indices, between the unbumt scenario and intense fire at frequencies of ;?: 

1 in 5 years. More generally, substantial declines occurred in all size classes under 

frequent intense fire. In contrast, at frequencies of :::;1 in 5 years there was an 

increase in the mean density ofLJ and I plants, though the dispersion indices 

displayed considerable overlap among frequencies (figure 4.12). The frequencies of 

intense fire at which the population change crossed thresholds corresponding with 

classification as either vulnerable to extinction or endangered are presented in section 

4.4.6. 

4.4.5 Combinations of ambient and intense fire 

When combinations of ambient and intense fire were simulated, the outcome for total 

density approximated the result from the intense fire scenario alone. There was a 

similar response with both temporal trend and abundance at the end of a century 

(figure 4.13 compared with 4.10). However, while a similar response, the addition of 

ambient fire resulted in a slightly greater decline (figure 4.14). Under combined 

regimes the projected response in size class structure at the end of a century 

approximated the structure achieved with intense fire alone at the respective 

frequency (figure 4.15 compared with 4.11). 

Simulations were conducted for combined fire frequencies of 1 in 3 years and 1 in 2 

years. In both series of scenarios the same patterns of temporal trend, total 

abundance and size class structure were evident. While the patterns were similar the 

extent of decline was greater under the more frequent fire series (figure 4.14). 
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Figure 4.13: Projections of total population density of Cycas armstrongii subject to 

a total fire frequency of 1 in 3 years, under fire regimes composed of various 

combinations of ambient (A) and intense (I) fire. Fire frequencies are expressed as 

events per time interval and as a probability, for example, 17 events in 60 years 

equals a probability of 0.283. Projections under the baseline no-fire scenario are also 

provided. Parameters were set as for the baseline model except for the frequency of 

ambient and intense fire. The vertical bars indicate 1.96 SD of the mean of 10,000 

simulations for each fire regime. 
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Figure 4.14: A comparison of combined ambient and intense fire in one model 

versus separate models of ambient fire or intense fire. Total fire frequency was held 

at lin 3 years and lin 2 years respectively for the combined scenarios, while the 

frequency of intense fire was varied within the range from 1 in 20 (0.05) to 1 in 3 

(0.33) years. Ambient fire was applied at the balance required to achieve the 

specified total fire frequency. Parameters were set as for the baseline model except 

for frequency of ambient and intense fire. 
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Figure 4.15: Projections of density for size classes of Cycas armstrongii at the end 

of a century, subject to fire in a total of 1 in 3 years with various combinations of 

ambient (A) and intense (I) fire. For fire regimes see the legend of figure 4.13. 

Projections under the baseline no-fire scenario and observed field density at the start 

of the study are also provided. The size classes are: SJ = small juvenile; LJ = large 

juvenile; I = intennediate; SA = small adult; and LA = large adult. Parameters were 

set as for the baseline model except for frequency of ambient and intense fire. The 

vertical bars indicate: 1.96 SD ofthe mean of 10,000 projections for each simulated 

fire regime; or 1.96 SD ofthe mean of9 observations for the field density. 
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The dispersion indices of the mean ofprojections were generally wider under intense 

fire than ambient fire scenarios indicating a more variable response (figures 4.9 and 

4.12). An exception to this generalisation occurs at annual intense fire where low 

densities in most size classes . exhibited a correspondingly narrow dispersion index. 

Projected density of LA plants after a century displayed considerable variation 

between treatments. Across all frequencies of ambient fire illustrated in figures 4.9 

and 4.12, the CV of mean LA density was 11 % (n = 6, 8E = 0.5%) while for intense 

fire the CV was 71 % (n = 6, 8E = 9.5%). The combined scenarios (figure 4.14) were 

intermediate with a CV of 59% (n=7, 8E = 7.9%) with the intense fire component 

apparently contributing the major share to the variability. 

The size class structure recorded in the field was not closely emulated by any 

particular scenario. This was not surprising given the field structure reflects the 

particular history of the site rather than a suite of scenarios simulated to gain insight 

into the response of the species to fire. However, the range of mean density for each 

size class resulting from the presented simulations did encompass the mean field 

densities except for 8J. Within the suite presented, there was overlap in the 

dispersion index of the mean of proj ections for 8J density and dispersion index for 

the mean of the field density. The density of 8J plants was predicted to display high 

variability in response to mast seed events. To test this prediction, a simulation of 

the baseline model was terminated at 34 years to coincide with the end of a sequence 

of mast seeding events (figure 4.6). The scenario produced a SJ mean density of 

2,639 plants (n = 10,000, 8D = 184) which exceeded the mean field density of2,256 

plants (n = 9, 8D = 5002). 
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4.4.6 Decline thresholds 

Under ambient fire regimes, the thresholds corresponding to a 30% or 50% decline 

below the observed field density of mature individuals capable ofreproduction were 

not reached with biennial or less frequent ambient fire (figure 4.16). Under these fire 

regimes the projected populations did not meet IUCN threat criteria for classification 

as either vulnerable or endangered. Under annual ambient fire the vulnerable 

threshold (30% decline) occurred with a mean probability of <0.01 and the 

endangered threshold (50% decline) was not reached. 

In contrast, with intense fire regimes the probability of reaching the specified 

thresholds of decline was always 0.01 or greater. Under an annual or biennial 

intense fire regime there was a probability of 1.0 of exceeding the threshold rate of 

decline to be classified as endangered (figure 4.16). At a frequency of 1 in 5 years 

there was a probability of 0.48 of exceeding the threshold for classification as 

endangered and 0.65 of exceeding the threshold for classification as vulnerable. 

With intense fires at a frequency of I in 20 years there remained a 0.04 probability of 

exceeding the threshold for classification as vulnerable. 

The maximum number of consecutive years within the century during which decline 

exceeded the thresholds during a typical replication of the model (figure 4.17) 

illustrates that the above declines were not simply ephemeral events. The duration of 

exceeding the decline threshold mirrors the risk of decline (figure 4.16) with 
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Figure 4.16: The probability of decline in size of populations of reproductively 

mature Cycas armstrongii plants exceeding thresholds of30% and 50% after a 

century, under fire regimes composed of various frequencies of ambient or intense 

fire. The fire frequencies were nil (0.0), 1 in 20 years (0.05), 1 in 10 years (0.1), 1 in 

5 years (0.2), 1 in 3 years (0.33), 1 in 2 years (0.5) and annual (1.0). The vertical 

bars indicate the 95% CI of the mean of 10,000 simulations for each fire regime as 

output by RAMASGIS (Akcakaya, 2002). Parameters were set as for the baseline 

model except for fire regime. 
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Figure 4.17: The number of years within a century for which the decline in size of 

populations of reproductively mature Cycas armstrongii plants exceeded thresholds 

of 30% and 50%, under fire regimes composed of various frequencies of ambient or 

intense fire. The fire frequencies were nil (0.0), 1 in 20 years (0.05), 1 in 10 years 

(0.1), 1 in 5 years (0.2), 1 in 3 years (0.33), 1 in 2 years (0.5) and annual (1.0). The 

vertical bars indicate ± 1 SD of the mean of 10,000 simulations for each fire regime. 

Parameters were set as for the baseline model except for fire regime. 
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effectively zero duration under ambient fire and an increase in mean duration with an 

increase in frequency of intense fire. With an intense fire frequency of 1 in 5 years 

the mean duration of exceeding the threshold was in the order of 20 to 30 years. 

Under intense fire 1 in 3 years the mean duration increased to around 50 to 70 years. 

Under these or more frequent intense fire regimes the specified thresholds of decline 

were exceeded over extended periods oftime. 

4.5 Discussion 

Cycas armstrongii is remarkably resilient to early dry season fires of intensity likely 

under fuel loads generated by native species. In contrast, intense fire arising from 

increased fuel loads lead to population decline, particularly in the abundance of LA 

and SJ plants. Under regimes with intense fire at intervals of <1 in 10 years 

popUlations persisted. Under intense fire at ~1 in 3 years there was a substantial and 

ongoing projected decline at the end of a century. The extent of decline is a serious 

management issue. With intense fire at a frequency of ~l in 5 years there was a 

greater than 50% probability of exceeding thresholds for listing as threatened with 

extinction under IUCN red list criteria. 

4.5.1 Intense fire 

The response to intense fire contrasts markedly with that of ambient fire, with a 

continuous reduction in total density and a continuous decline in SJ, SA and LA 

plants with an increase in frequency of intense fire. The loss of LA plants was 
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accompanied by a rapid decline in SJ plants with increasing fire frequency. This 

pattern accords with the substantial mortality of adult stems due to intense fire 

(Chapter 3) and an associated reduction in sexual reproductive capacity. The 

increase in density ofLJ and I stages under low frequencies of intense fire appears to 

reflect the retrogression of adult stages with mortality of adult stems. At high fire 

frequencies there was a paucity of adults to retrogress, along with a paucity of new 

recruits so that decline occurred in all stages. Despite the capacity of C. armstrongii 

plants to re-sprout from an underground stem following death of adult stems due to 

fire (Chapter 3), at the levels of damage to adult plants recorded in this study, the 

population declined with frequent intense fire. 

Intense fire 1 in 3 years or more frequent was clearly detrimental to the population. 

At these frequencies of intense fire, persistence of C. arrnstrongii in affected 

landscapes appears unlikely. In the absence of ambient fire and with intense fire at a 

frequency of 1 in 5 years, persistence of the population appears marginal. Intense 

fire 1 in 5 years resulted in a markedly reduced total density (figure 4.10) and 

marked declines in SJ and LA stages (figure 4.12) at the end of a century, compared 

to that under an unburnt scenario. At this frequency of intense fire the temporal 

trend in total density was very slightly negative (figure 4.1 0). Mean densities of SJ, 

LJ and LA were below that recorded in the field at the start of the study (figure 4.11). 

With the addition of ambient fire, there was a small increase in decline (figure 4.14). 

The projected scenarios indicate C. armstrongii populations can persist with intense 

fire at frequencies of <1 in 10 though there was a reduction in mean total abundance 
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compared with the unbumt or ambient fire scenarios (figures 4.7 and 4.10). With 

intense fire at frequencies of <1 in 10 years the projected mean density of LA was 

greater than that observed in the field at the start of the study (figure 4.11), however, 

the variability in projections was relatively large. More generally, the variability in 

projected density of LA, as indicated by the index of dispersion, was greater with 

intense fire than with ambient fire (compare figures 4.8 and 4.11), giving rise to a 

higher risk of exceeding thresholds of decline. 

Late dry season fires fuelled by vegetation dominated by native species frequently 

result in scorch to the tops of the tallest trees (Williams et aI., 1998). Under both 

bum treatments applied in this study, green leaves remained at least in the upper 

parts of the tree canopy following fire, indicating the intensity was less than that 

often encountered in late dry season fires. The intense fire treatment was within the 

spectrum of fire intensities encountered with hot, typically late dry season fire even 

without the invasion of alien grasses. This study thus provides a guide to the 

response that may be expected under alien grass invasion or widespread late dry 

season fire in communities dominated by native species. 

An underlying assumption in adopting this position is that: the effects of extreme fire 

weather in the late dry season in combination with the build up of ambient fuel load 

that occurs as the dry season progresses; approximate the effects of higher fuel loads 

in concert with moderate weather, in terms of resultant fire intensity and plant 

response. Caveats need to be recognised in adopting this position. Resource 

constraints precluded the inclusion of season of fire as a factor in the experimental 
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design. In addition, the application of hay to achieve fuel loads similar to that which 

occurs with the invasion of alien grasses will influence the fire behaviour 

encountered (section 3.5). A comprehensive study of the mechanisms influencing 

plant response to fire e.g. survival or transition among life stages, was not the focus 

of the experimental design. It remains unknown if the response of C. armstrongii is 

primarily a function of the fire-line intensity i.e. the rate of energy release, a function 

of the total energy released i.e. the amount of fuel consumed irrespective of rate, or a 

combination of these and other factors. 

4.5.2 Thresholds of decline 

IUCN red list criteria (IUCN, 2001) provided a yardstick ofintemationally accepted 

criteria against which to assess the projected level of decline for C. armstrongii 

under various management scenarios. With intense fire frequencies of >1 in 5 years 

there was a >50% probability of exceeding the criteria for listing as threatened with 

extinction. The extended duration of exceeding thresholds of decline under many 

intense fire scenarios indicates marked decline was not just an occasional chance 

event. The extinction risk assessment was based on a single population subject to 

various fire regimes and hence reflects risks of local extinction. The high risk of 

severe decline indicates a need to extend this analysis to multiple popUlations 

representing the spectrum of fire regimes throughout the range of C. armstrongii in 

order to assess the threat to the species due to fire alone or in combination with other 

pressures. 
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4.5.3 Ambient fire 

The resilience of populations exhibited in my models of C. armstrongii dynamics 

under ambient fire supports anecdotal evidence that Cycas in northern Australia are 

relatively tolerant of fire (Beaton, 1982; Beck, 1992). However, Wesley-Smith 

(1973) reported an increase in total density of C. armstrongii in areas unburnt for 

several years. While there was only a very minor increase in projected total 

abundance with reductions in ambient fire in this study, there is potential for a 

greater increase in populations that were previously held below their environmental 

carrying capacity. Populations below carrying capacity could arise with periodic 

disturbance from agents such as hot fire, cyclone or drought. Alternatively, the 

increase in both SJ and LA plants projected in this study under unburnt conditions 

could readily create an impression of increase even though the popUlation has 

changed relatively little in total. A proliferation of both juveniles in the ground layer 

and larger plants with conspicuous above ground stems may increase the visual 

impact of the population. 

4.5.4 Unburnt 

The effect oflong-tenn fire exclusion remains unknown. While this study provides 

projections based on 2 years of observed transitions, it is probable that survival, 

growth and fecundity rates would change with long-term fire exclusion. With a 

reduction in fire the grass to tree balance of savanna typically shifts in favour of 

woody vegetation (Walker, 1985; Hoffmann, 1999). This study focused on 

response to an abundance of grass, however, it is possible that an abundance of 

woody vegetation may provide sub-optimal conditions for C. armstrongii. Clark and 
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Clark (1987) found that reproduction in Zamia skinneri, a cycad of the wet forests of 

Central America, was strongly influenced by light availability with higher 

reproduction in more open situations. Cone production by Z. pumila in Florida 

declined in the 8th and 9th year after fire, as shrubs recovering from fire damage 

shaded the habitat (Tang, 1990). 

A significant risk in maintaining areas long unburnt is the possibility of a very 

intense fire when ignition eventually occurs. In savanna dominated by native species 

fuel may accumulate to near maximum levels in 2 to 4 years (Williams et aI., 1999). 

This rapid accumulation of fuel in an environment of high fire frequency and 

increase in fire intensity as the dry season progresses, gives rise to a potential for hot 

fire at frequent intervals. At Kapalga, 180km east of Darwin, tree stem death 

following a single, high intensity fire in an area unburnt for 7 years was comparable 

to the cumulative impacts of a regime of annual late dry season fire over 5 years 

(Williams et aI., 1999). 

In addition to reducing the risk of catastrophic fire events, it is probable that C. 

armstrongii will benefit from occasional fire to maintain an open habitat. Harris 

(I 977 pp426-7) observed with respect to Cycas " ... being highly resistant to fire, 

they are differentially favoured by burning." He also suggested (P429) that on Cape 

York in north-eastern Australia" ... the large stands of cycads extant today may be, 

in large measure, the result of Aboriginal manipUlation of the woodland system." 

Fire was a primary tool for the manipulation of woodland by Aboriginal people in 

northern Australia (Russell-Smith et aI., 1997a; Bowman, 1998). 
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In the unburnt baseline treatment the influence of the LA stage over growth of the 

population was reflected in the sensitivity and elasticity of A to changes in the stage 

matrix element representing stasis ofthe LA class (table 4.3). This result is 

consistent with a study of two African species of Encephalartos with different life 

histories, wherein A was influenced by changes in the abundance of adult plants 

(Raimondo & Donaldson, 2003). However, with ambient fire the highest sensitivity 

and elasticity of A occurred with changes in stage matrix elements in the SA stage 

(sensitivity SA to LA and elasticity SA to SA) and with intense fire to changes in 

stage matrix elements in the LJ stage (sensitivity LJ to I and elasticity LJ to LJ). The 

prominence of stasis or movement to the next larger stage has intuitive appeal as 

being important elements in the life cycle of a long-lived plant. However, caution is 

warranted in interpretation as a reduction in the number of stages in a popUlation 

model has been found to increase the importance of stasis relative to movement 

between stages (Enright et aI., 1995). In addition, the ambient and intense fire 

matrices represent response to disturbance events as opposed to popUlation 

characteristics in relatively undisturbed conditions. 

4.5.5 Mast seeding 

The benefits of fire would be enhanced if the frequency or amplitude of mast seeping 

were influenced by fire. Beaton (1982), who described cycads as "pyrophilic", 

proposed that fire was a very important agent in increasing the productivity of 

individual plants of Macrozamia communis in eastern Australia and could be used to 

synchronize production within a population. In contrast, Tang (1990) found no 
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pattern of reproduction being synchronised with burning. Mast reproduction has 

been observed 2 years after fire in the African Encephalartos cycadifolius 

(Raimondo & Donaldson, 2003). 

The impact of fire on reproduction in Cycas in the NT is unclear. In the current 

study there was not an obvious increase in cone production in the ambient fire 

treatment and at no time up to four years after the initial fire did either fire treatment 

produce what might be considered a mast event. Data from C. calcicola in the NT 

show an inconsistent pattern, ranging from no apparent response to an increase in the 

level of synchronous coning in the second reproductive cycle following fire (Liddle, 

D., unpublished data). There appear to be other unidentified factors influencing the 

occurrence of mast events. Further information is required to disentangle the 

relationship between fire and mast reproduction. Nevertheless, it is at least plausible 

that fire could enhance cone production in Cycas. Potential mechanisms include 

reduced competition and increased availability of light and nutrients after fire (Bond 

& van Wilgen, 1996). Once a mast event is underway, fire is an important factor in 

determining the viability of seed (Chapter 2). 

4.5 t 6· Options to improve the model and explore land management issues 

The models adopted were based on the best available information but still required 

some assumptions or estimates based on biologically plausible values and sensitivity 

analysis. Improvements may be achieved by expanding the number of study 

popUlations, increasing the duration of data collection to encompass a broader range 
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of environmental stochasticity, documenting the population response in a vegetation 

community invaded by A. gayanus or P. polystachion and investigation of the impact 

of season of fire on population dynamics. An extended duration of study would 

assist in ascertaining if the survival or growth of plants that retrogress from adult size 

classes differs from juvenile plants that have not retrogressed. 

The sensitivity and elasticity analyses of the transition matrices indicate that adult 

survival is an important factor in detennining population dynamics, and thus should 

be one focus of further study. The importance of adult survival is potentially 

significant for the design of long-tenn population monitoring, particularly as adult 

plants are the most easily observed and thus quantifiable stage in the life cycle. The 

frequency and level of synchrony of cone production deserves more attention, 

especially the possibility of manipulating mast seeding with fire. 

With the data at hand further potential investigations include modelling: 1) the 

response of populations representative of various geographic areas, subject to the 

spectrum of contemporary and plausible fire regimes across the range of the species; 

2) the impact of harvest, especially of adult plants; and 3) the combined effect of 

plant harvest and managing the fire regime (Chapter 5). The eventual development 

of a meta-population model would be assisted by the collection of data on seed 

dispersal. Estimates of dispersal between populations are a potentially crucial 

element in modelling the behaviour of meta-popUlations (Wennergren et aI., 1995; 

Ruckelshaus et aI., 1997). 
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4.5.7 Key elements of the response of C. armstrongii to fire regime 

Scorching by fire had a marked negative impact on the viability of seeds. 

Stage transition matrices for the unburnt and ambient fire treatments 

exhibited a positive intrinsic rate of population increase (unburnt "J\= 1.030, 

ambient "J\ = 1.009). 

In contrast, there was a negative intrinsic rate of population increase under 

intense fire (A= 0.983). 

The survival of adult plants was particularly influential on population 

dynamics. 

Populations were remarkably resilient under a wide range of frequencies of 

ambient fire. 

Populations declined under intense fire, with the rate of decline increasing 

with an increase in the frequency on intense fire. 

Populations are unlikely to persist in the long-term with intense fire more 

frequent than around 1 in 10 years. 

4.6 Conclusion 

Control of the alien grasses A. gayanus and P. polystachion is essential ifmajor 

decline is to be avoided in populations of C. armstrongii subject to contemporary fire 

frequencies. The widespread beliefthat C. armstrongii is a fire tolerant species 

appear well founded given the resilience to ambient fire observed in this study. 

However, the observed susceptibility of this "fire tolerant" species to more intense 

fires raises concerns regarding the susceptibility of many apparently fire tolerant 
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species that occur in the savanna of north em Australia. Given the prominence of 

fire, if an increased fuel load due to the invasion of alien grasses is allowed to 

perpetuate, then substantial change in the grass to tree balance appear inevitable. 

Such shifts are likely to cause catastrophic change in the abundance of numerous 

other plants and animals that comprise the biota of these landscapes. 
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Status & Management Implications 

5.1 Abstract 

The projected response of a population ofCycas annstrongii to fire regime revealed 

a remarkable resilience to broad variation in frequency of cool fire events and a 

substantial population decline with increasing frequency of hot fire events (Chapter 

4). The prevalence of hot fire events in the savanna landscapes of Top End of the 

Northern Territory of Australia is expected to increase with the invasion of the alien 

Gamba Grass, Andropogon gayanus, and Perennial Mission Grass, Pennisetum 

polystachion, as a result of increased fuel loads these grasses produce. There are 

also plans for extensive clearing of native vegetation in the Top End that will result 

in the direct removal ofC. arrnstrongiipopulations. Simulations of population 

dynamics conducted in this study reveal that under relatively conservative scenarios 

of land clearing, an extension of contemporary fire frequency and season of burning, 

and invasion of alien grasses, C. annstrongii is likely to experience population 

decline that meets IUCN criteria for classification as vulnerable to extinction. 

Nonetheless harvest ofpresently healthy populations of adult cycads has also been 

proposed and approved under an existing management program. To investigate the 

sustainability of various harvest strategies, scenarios were run in RAMASGIS with a 

range of harvest rates under various frequencies of hot fire. Fire regime had a 

substantially larger impact on projected population density than' did plant harvest. 

With hot fire more frequent than around 1 in 10 years, populations declined. With 

hot fire less frequent than 1 in 10 years the trend was for stable or increasing density 

at the end of a century. With infrequent hot fire adult cycad density was stable or 
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increased at all levels of harvest simulated. Harvest output, set at 15% of adult 

plants once per decade, varied markedly with fire regime, ranging from 663 to 1606 

adult plants per ha over a century. Harvest ofe. armstrongii has been proposed as 

an incentive for landholders to implement favourable management of habitat, but the 

extent to which harvests of this and other native species can compete with other land 

uses or fund improved management of fire and weeds remains uncertain. 

The projected decline ofC. annstrongii raises complex resource management issues 

involving interactions among international agreements concerning trade in cycads, 

legislation regulating export, salvage of plants under an existing cycad management 

program, land clearing, fire regimes, weed control and the application of an 

adaptive management approach to improving management of natural resources. 

Actions that may assist in maintaining the diverse natural resource base of the 

Northern Territory include active promotion of the sustainable use of wildlife, 

encouraging diverse models of savanna management, flexibility and transparency in 

decision making, strong Indigenous involvement and promotion of the adaptive 

management paradigm. 
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5.2 Introduction 

A population model incorporating the response of Cycas armstrongii to fire indicates 

that the species is resilient to broad variation in the frequency of cool fire events. 

Intense hot fires of any frequency above once a decade caused a continuous 

population decline and the rate of decline increased rapidly with increasing fire 

frequency (Chapter 4). The invasion of the alien Gamba Grass, Androgpon gayanus, 

into the savanna woodland of the Top End of the Northern Territory of Australia 

(NT) gives rise to a substantial increase in fuel load and fire intensity (Rossiter et aI., 

2003). The alien Mission Grass, Pennisetum poiystachion, also produces increased 

fuel loads (Panton, 1993; Cook & Mordelet, 1997). As these species spread 

throughout the Top End savanna it is inevitable that the prevalence of hot fire will 

increase in the landscape. 

Clearance of natural vegetation has been a maj or factor in the loss of biodiversity in 

Australia (Glanznig, 1995). Land clearing has been relatively limited in extent in the 

NT. However, there has been an accelerated rate of clearing in the Litchfield Shire, 

near Darwin, a core area in the geographical range of C. armstrongii, since the mid 

1990's (Brock, 2001). More generally, there are plans for extensive clearing for 

agriculture and forestry across the Top End (Brock, 2001). 

The NT Government has a policy of conservation through the sustainable use of 

wildlife (PWCNT, 1997c). Under the Territory Parks and Wildlife Conservation Act 

2000 (TPWCA) native plants are included in the definition of wildlife. There is 
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potential for landholders to pursue the sustainable harvest of cycads as a means of 

gaining economic return from uncleared lands (PWCNT, 1997a). However, the 

sustain ability of different plant harvest strategies has not been explored. Models of 

the response of two African cycads to whole plant removal revealed a vulnerability 

to adult plant harvest (Raimondo & Donaldson, 2003). Similarly, in a study of 

Zamia in Puerto Rico high annual survival rates for adult plants were found to be 

important for the persistence of the popUlations (Negron-Ortiz et al., 1996), as is the 

case for C. armstrongii (Chapter 4). The availability of a population model (Chapter 

4) provides an opportunity to simulate the response of the population to the removal 

of adult plants and to compare management options with regards to harvest and fire 

regime. 

In conservation planning in the NT, emphasis has been placed on developing a 

comprehensive, adequate and representative network of protected lands (PWCNT, 

n.d.). The development of such a system is indeed an admirable goal. Should such a 

system be achieved, it will place the NT in an enviable position compared to many 

jurisdictions either in Australia or overseas. However, reservation alone will not 

ensure the long-term viability ofmany organisms, especially if reserved areas remain 

vulnerable to key threatening processes as is the case for alien grass invasion in the 

range of C. armstrongii (Rossiter et al., 2003). Understanding processes regulating 

popUlations and identification ofthresholds or gradients in species' responses to 

perturbations such as fire is important for long-term conservation (van Horne, 

submitted). Such understanding is particularly pertinent for species that are the focus 

of commercial utilisation. 
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To explore issues of land clearance, fire, alien grasses and harvest, analyses were 

conducted to provide: 1) a preliminary assessment of the conservation status of C. 

armstrongi against the International Union for Conservation of Nature and Natural 

Resources (IVCN) Red List criteria, at various levels of land clearing and invasion 

by alien grasses; and 2) population response to a range oflevels of adult plant harvest 

under various frequencies of hot fire reflecting different levels of habitat 

management. Implications for management arising from these analyses are 

discussed with regard to: land clearing; fire management; alien species; sustainable 

use; legislation and treaties; and the application of adaptive management strategies to 

the stewardship of cycads and cycad habitat in the NT. 

5.3 Methods 

5.3.1 Preliminary assessment of conservation status 

A preliminary assessment of the conservation status of C. armstrongii was 

undertaken by combining available data on proposed land use, a continuation of 

contemporary fire frequency and timing, and assuming various levels of alien grass 

invasion into cycad habitat. Simulations were conducted over a century and 

projected popUlation change was evaluated against IUCN Red List criteria. Under 

criterion A4, a 30% or 50% decline is applied as a threshold for classification as 

vulnerable or endangered respectively, " ... where the reduction or its causes may 

not have ceased OR may not be understood OR may not be reversible ... " eIUCN, 

2001 pI6). 
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5.3.1.1 Distribution and abundance 

Reflecting available information and likely trends in land use, the geographic range 

of C. armstrongii was subdivided into 4 regions for this analysis. The Tiwi Islands 

to the north of Darwin support extensive stands of the species. The land tenure is 

Aboriginal freehold and land use is likely to be different from that on the mainland 

near Darwin. To the east of Darwin lies the Litchfield Shire within which there has 

been a substantial increase in subdivision for rural residential, horticultural and 

agricultural developments over recent decades. As Darwin continues to expand the 

human population within the Shire is expected to increase and intensification ofland 

use to continue. To accommodate and direct these anticipated changes, Land Use 

Objectives have been adopted by the Northern Territory Government (2002b). The 

Coomalie Shire lies to the south of the Litchfield Shire and land use is also 

anticipated to intensify within the. Shire in the coming decades, however, the 

intensity of development is likely to be lower and rate of change slower than in the 

Litchfield Shire, closer to Darwin. A minority of populations of C. armstrongii 

occur outside of the above three regions and have been grouped into an "other" areas 

category. Principally due to their greater distance from Darwin and existing land 

uses, clearing of native vegetation in these areas is anticipated to be substantially less 

than in the Litchfield Shire over the coming century. 

Detailed survey data were not available for the distribution and abundance of C. 

armstrongii in the four regions. The contribution of each region was estimated by 

combining vegetation survey data from the Tiwi Islands and observations arising 

from extensive, though non-uniform travel by the author, within the mainland areas 
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over the last decade. A survey of the biological attributes of the Tiwi Islands 

provided a guide to the distribution and abundance of C. armstrongii (Woinarski et 

a1.,2000). Across the range of vegetation communities surveyed, C. armstrongii 

primarily occurred in eucalypt forest. The forest was subdivided into dense, mid

open and open structural classes with 78, 110 and 73 plots sampled in the respective 

classes. The percentage of plots in each structural class where C. armstrongii 

contributed to an assessment of basal area was 27%, 19% and 18% respectively. The 

average basal area of adult C. armstrongii per plot was adopted as an index of the 

relative abundance of the species per unit area within each structural class. Scaling 

the highest average basal area as 1.00, the relative contributions were 1.00, 0.60 and 

0.59 respectively for the dense, mid-open and open forest. These were grouped into 

two classes with dense forest classed as high quality cycad habitat and the mid-open 

and open forest classed as moderate quality habitat. An initial relative value per unit 

area of 1.0 was adopted for the high quality habitat and 0.6 for the moderate quality 

habitat. The contribution of each habitat type to the total population was obtained by 

multiplying the area of each vegetation type by its relative value. 

Land unit mapping was available for the Litchfield Shire (Fogarty et al., 1984). The 

densest and most extensive stands of C. armstrongii typically occur in land units 3a, 

3b and 1 (Liddle, D., pers. obs.). Respectively, these correspond with deep loamy 

massive earths, moderately-deep massive gravely earths and hills with slopes in 

excess of 5%. These land units were classed as high quality habitat. At the other 

extreme, seasonally inundated floodplains and mangroves that do not support the 

species were classed as unsuitable habitat. The intermediate areas were classed as 
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low quality habitat. An initial relative value per unit area of 1.0 was adopted for the 

high quality habitat and 0.05 for the low quality habitat. 

Fewer data were available concerning cycad distribution and abundance in the 

Coomali Shire, with observations in the main limited to the perspective gained by 

travelling the maj or roads in the area. Given the paucity of information the area was 

allocated into high and low quality habitat in the same relative proportions of these 

classes as in the adjoining Litchfield Shire. 

Areas not included in the Tiwi Islands, Litchfield or Coomalie Shires include 

popUlations to the east ofthe Adelaide River such as on Woolner Station and the 

Mount Bundy Hills. Typically small and disjunct populations extend south of the 

Coomalie Shire to at least the vicinity of Emerald Springs, 160km south-east of 

Darwin. There are small populations on the Cobourg Peninsular 200lan to the north

east of Darwin. While the extent and abundance ofthese populations remains largely 

unrecorded, localised dense patches of cycads do occur. However, the extensive 

high-density populations of the Litchfield Shire are not known to occur in these 

areas. Accordingly the contribution of these other popUlations was set fairly 

arbitrarily at 10% ofthe population of the Litchfield Shire. 

Based on the above criteria the contribution to total habitat area for the Tiwi Islands, 

Litchfield Shire, Coomalie Shire and Other regions was 65%, 24%,9% and 2% 

respectively. Adopting a relative value of 1.0 for high quality habitat, 0.6 for 
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moderate quality habitat and 0.05 for low quality habitat the contribution to total 

population for each of the regions was 84%, 11%,4% and 1 % respectively. 

5.3.1.2 Land clearing 

Government policies of economic growth (NTG, 2002a) and land use planning 

(NTG, 2002b) point towards extensive land clearing over the coming decades. The 

move towards economic development applies to many Indigenous lands as well. On 

the Tiwi Islands there is a major expansion of forestry activities proposed with 

approval granted for the clearing of26,000 hectares, subject to various conditions 

(Crase,2001). Options under consideration include an expansion to 100,000 ha 

(Brock,2001). To maximise returns, forestry operations will presumably be targeted 

towards the areas best suited to growing trees. Accordingly, a proportional 

allocation of75% of the forestry to occur in dense eucalypt-forest lands and 25% in 

mid-open and open eucalypt-forest lands was adopted. Under the proposal to clear 

26,000 ha, application of these criteria will result in clearance of 10% of the high 

quality cycad habitat and 2% ofthe medium quality cycad habitat on the Tiwi 

Islands. Under the proposal to clear 100,000 ha the respective figures are 38% of the 

high and 7% of the low quality habitat. 

To provide an estimate of probable clearing of cycad habitat in the Litchfield Shire, 

maps of designated land use (NTG, 2002b) and land units (Fogarty et aI., 1984) were 

intersected in ArcView (ESRI, 2000) (Price, 0., unpublished data). The extent of 

clearing is likely to vary with land use, In this analysis it was assumed that lands 
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designated for conservation would remain uncleared, pastoral and agricultural land 

will be 50% cleared, rural living will be 50% cleared and other land uses such as 

commercial, industrial or horticulture will result in 100% vegetation clearance. 

Application of these criteria will result in clearance of 58% ofthe high quality cycad 

habitat and 46% of the low quality habitat in the Litchfield Shire. 

Data were not available for proposed clearing of cycad habitat in the Coomalie Shire 

and other cycad areas. A level of clearance intennediate to that of the Tiwi Islands 

and Litchfield Shire was adopted, with 20% of the high quality cycad habitat and 

20% of the low quality habitat to be cleared over the coming century. 

5.3.1.3 Fire regime 

Contemporary patterns of fire frequency and timing were used as a basis for 

projections of fire regime over the coming century. Fire frequencies for the savannas 

ofthe NT north of 15°S (Table 12.4 p289 in Williams et al., 2001) were adopted for 

the primary scenario. Season of fire was based on the Melville Island and Vernon 

Bushfire Council Regions (Table 12.5 p290 in Williams et al., 2001). Of the 

landscape burnt over the years 1993 to 1998, in the Melville Island Region 38% was 

burnt in the early dry season (pre mid-July) and 62% in the late dry season (post mid

July). The respective proportions for the Vernon Region were 75% early and 25% 

late. Recent data from the Litchfield Shire, which forms part of the Vernon Region, 

reveal a similar split (76 to 24%) between early and late fire (Price, 0., unpublished 

data). In the primary scenario, the proportions for the Melville Island Region were 
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applied to the Tiwi Islands and the Vernon Region applied to the mainland cycad 

regIOns. 

Assuming there was negligible occurrence ofthe same area burning twice in the one 

year, the average percentage ofthe landscape burnt in the Vernon and Melville 

Island Bushfrre Regions was calculated by the addition of early and late fire during 

each year from 1993 to 1998 (Table 12.5 p290 in Williams et aI., 2001). Taking into 

account the % of the landscape burnt and area of each fire region (Edwards, A. 2003, 

pers. comm.), the average % burnt per year in the Vernon Fire Region (46.8%) was 

higher than the average of the combined fire regions located north of 15°S (40.7%). 

The average burnt in the Melville Island Fire Region (32.2%) was lower than the 

average of the combined frre regions. The higher than average fire frequency in the 

Vernon region accords with the intensity of land use and abundant sources of ignition 

by people (Williams et aI., 2001) in the proximity of Darwin. Adopting an inflated 

or deflated fire frequency in the population model while maintaining the same ratio 

of early to late season fire would respectively overstate or understate cycad decline 

due to a higher or lower prevalence 0 f late hot fire. The analysis herein is based on 

the best available published data at relatively coarse spatial scales. There is potential 

to refine the analysis with fmer scale data on fire frequency and season for specific 

areas or land units where cycads occur. 

In the primary scenario early dry season fires were classed as low intensity "cool" or 

ambient fuel fires. Late season fires were classified as intense "hot" or of similar 

effect as high fuel fire (Chapters 3 & 4). This pattern reflects the trend of more 
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intense fire as the dry season progresses (Williams et aI., 1998; Williams et aI., 

1999). 

5.3.1.4 Alien grass invasion 

The invasion of alien grasses was accommodated by adjusting the proportion of early 

dry season events classed as cool or hot fire. The primary scenario was with no alien 

grass invasion, with all early dry season events classed as cool fire and all late season 

events classed as hot fire. The impact of alien grasses was simulated at levels of 10, 

20 and 30% invasion. At the respective levels of invasion 10,20 or 30% of the early 

dry season cool fire events were reclassified as hot fires. The modelled invasion 

assumed an "instantaneous" spread in that for scenarios including alien grasses, the 

level of grass was held constant throughout the simulation period. 

Applying an incremental increase in alien grasses is a potential refinement that may 

improve the models. However, an incremental increase is unlikely to change the 

eventual outcome of alien grass invasion. In the scenarios simulated, the initial 

unrealistically high occurrence of these alien grasses is offset by a very conservative 

estimate of the potential level of invasion (maximum 30%) of the available habitat 

during the time period simulated. The adoption of a conservative approach reflected 

the current relatively limited distribution of the alien species that lead to significantly 

increased fuel loads and the lack of knowledge as to the rate at which these species 

may spread throughout the geographic range of C. armstrongii. In the longer term 

there appears to be little to stop alien grass species spreading widely throughout the 

200 



Status & Management Implications 

landscape (Kean & Price, 2003) including all habitats supporting C. armstrongii. 

The simulations conducted in this study are likely to significantly understate the 

potentiallong-terrn decline of C. armstrongii if the spread of alien grasses is not 

brought under control. 

5.3.1.5 Model design 

The impact of land clearing and fire regime under various levels of alien grass 

invasion across the four regions were combined in an Excel spreadsheet (Microsoft 

Corporation, 1999a). Summary data from Excel were used to produce graphical 

output in R (R Development Core Team, 2002). The response model was developed 

incrementally as detailed in the following equations. 

The current large adult popUlation (LAS/art) is the sum ofregional populations. 

r=4 

LASW' = L LAr Eqn 5.1 
r=l 

Where LA popUlations (LAr) 1 to 4 correspond with the LA cycads in the Tiwi 

Islands, Litchfield Shire, Coomalie Shire and other regions. 

The area of high, moderate and low quality cycad habitat varies among regions. In 

addition the contribution to the LA population per unit area varies with habitat 

quality. Thus equation 5.1 can be rewritten as: 

r=4.q=3 

LAStart = I W Aq WDqLAr Eqn 5.2 
r=l.q=1 
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Where weight WAq reflects the area (A) within each region of high. moderate and low 

quality (g) habitat. Weight WDq reflects the relative density (D) per unit area for high, 

moderate and low quality (q) habitat. On the basis of available data all levels of 

habitat quality have not been allocated in each region. However, this does not 

invalidate equation 5.2 as the weight reflecting the area of a particular habitat quality 

is zero if none exists in a region. 

There will be a decline due to land clearing (LAcleared), leaving an uncleared remnant 

population (LAuncleared)' 

LAUncleared = LAS/art - LAC/eared Eqn 5.3 

Equation 5.3 can be rewritten as: 

r=4,q=3 r=4,q=3 

LA Uncleared = L W Aq W DqLAr - L W AqC/eared W Dq LAr Eqn 5.4 
r=l,q=! r=I,q=1 

Where weight WAqCleared reflects the proportion of the area CA) of high. moderate and 

low quality (q) habitat cleared within each region. 

The remnant uncleared cycad populations within each region (LAruncleared) will be 

subject to a range of fire frequencies, with each fire frequency occurring over a 

proportion of the area of each habitat quality. Where fire occurs, the effect on the 

LA population will be a function of the mix of cool and hot fires. The LA population 

at the end ofthe simulation period (LAEnd) is thus a function of the weight for cycad 

density within the habitat quality class (WDq), the weight for the area of the habitat 

quality class (WAg), the proportion of the area subject to the particular fire frequency 

202 



Status & Management Implications 

(WAFireFreq), and weight for the fire effect within the frequency category (WFireEjJ), 

summed for all regions. 

r=4,q=3,AFireFreq=7 ,WFireEjJ =n 

LA End = L W FireEff W AFireFreq W Aq W Dq LArUncleared Eqn 5.5 
r=l ,q=I,AFireFreq=l,WFireEjJ =1 

The weight for the fire effect (WFireEffJ was calculated by the proportional change in 

density of LA plants between the start and end of a 100 year simulation period. 

_ FinalLADensity / 
wFireEjJ - /InitialLADensity Eqn 5.6 

The impact of various fire regimes on LA cycad density was simulated in 

RAMASGIS (Akcakaya, 2002). The cycad population model developed in Chapter 

4 was applied at the respective fire frequencies and proportion of cool and hot fire. 

In the absence of alien grass invasion the proportional allocation of fire intensity was 

that recorded for the Melville Island and Vernon Districts (section 5.3.1.3). With the 

invasion of alien grasses there was a reallocation of early dry season cool fire events 

to hot fire events (section 5.3.1.4). 

5.3.2 Management response 

Faced with an inevitable and potentially rapid decline in the extent of C. armstrongii 

habitat, it is pertinent to consider options to minimise the decrease in abundance of 

the species. Land use planning provides one option, though the mix of land uses 

considered highly desirable in the Litchfield Shire (NTG, 2002b) will inevitably 

result in substantial loss of prime cycad habitat. This is particularly so in land units 
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3a and 3b of the Litchfield Shire that are suitable for horticultural and agricultural 

use. However, land use planning alone will not adequately address decline in 

cycads. A number of management scenarios and likely response in cycad 

popUlations, inferred from modelling in Chapter 4, are provided in table 5.1. Given 

predicted responses, it is apparent that management of alien grasses and fire regime 

will be required to maintain cycad popUlations. 

5.3.2.1 Harvest tied to land management 

Sustainable use of cycads provides an avenue for focussing attention on the 

maintenance of cycad habitat. To be sustainable, harvest must be conducted at a 

level that allows for long-term maintenance ofthe population. Harvest associated 

with appropriate land management practices, including management of fire regimes 

and weed control to prevent increase in fuel loads, may have the potential to provide 

for the long-term maintenance of cycad popUlations. 

One model for each scenario was simulated in RAMASGIS (Akcakaya, 2002) 

applying the baseline cycad model (Chapter 4) with various levels of harvest and 

fire. Plant harvest was simulated by the removal of a proportion of the SA and LA 

plants in the last year of each decade over a century. The proportions removed were 

0.005,0.01,0.025,0.05,0.1 and 0.15 of the respective adult plant size classes. A 

periodic harvest was chosen in preference to an annual harvest on the same site, on 

the basis that a periodic harvest at a higher level of plant removal was likely to 

provide a higher economic return per unit of harvest effort. The presently extensive 
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Table 5.1: Management scenarios and likely response in the prevalence of alien 

grasses, early fire, late fire and cycad abundance in lands not subject to vegetation 

clearance. 

Management Likely Response 

Scenario Prevalence of Early Fire Late Fire Cycad 

Alien Grasses Abundance 

No specific Increase Increase in Increase in Decline 
management intensity as intensity as 

fuel loads fuel loads 
increase increase and 

frequency as 
curing occurs 
later 

Weeds Status quo or Status quo Status quo Decline 
controlled with reduction 
fire frequency 
and timing 
unaltered 
No weed Increase Increase in Increase in Decline where 
management intensity as intensity as intense fire 
but a shift in fuel loads fuel loads more frequent 
fire frequency increase increase. May than around 1 
and or timing be offset by a in 10 years 

reduction in 
frequency, but 
constrained by 
later curing of 
alien grasses 

Weeds Status quo or Status quo or Status quo or Status quo or 
controlled and reduction potential likely decline potential 
a shift in fire increase if in intense fire increase where 
frequency and emphasis reflecting an intense fire 
timing placed on early increase in less frequent 

fire early fire than around 1 
in 10 years 
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stands of cycads in many parts of the Top End provide a resource base amenable to a 

rotational harvest. Unharvested scenarios were modelled for comparison with the 

harvest regimes. 

The frequency of fire was held constant at 1 in 3 years. This is the most common 

contemporary fire frequency for the area ofthe Top End north of 15°S, with 22% of 

the landscape burnt 2 in 6 years, but is a conservative figure because another 47% of 

the landscape burned more frequently (Table 12.4 p289 in Williams et aI., 2001). 

The categorisation of fires into cool or hot events reflected the timing of early and 

late dry season fires in the Melville Island and Vernon Fire Districts (Table 12.5 

p290 in Williams et aI., 2001). To represent land management with a focus on 

application of cool fire, 50% of the contemporary late season hot events were 

reclassified as cool events. In the absence of a focus on application of early dry 

season fire andlor where alien grasses are not controlled, hot fires are likely to 

become more prevalent. To reflect an increase in hot fire, 50% ofthe early season 

cool events were reclassified as hot events. The probability of cool and hot fire 

events under these scenarios of current, reduced hot fire and increased hot fire are 

provided in table 5.2. 

Simulations were conducted for a century. A cumulative total of harvested adult 

plants provided a measure of harvest output under each scenario. The final harvest 

occurred in the 100th year of the simulation. To avoid a bias arising from a 

temporary decline in the year of harvest, total population and LA density at 99 years 

was used as a measure of the popUlation response. 
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Table 5.2: Annual probability of cool and hot fire events under management 

scenarios in the Melville IsJand and Vernon Fire Regions, and % change in projected 

density oftotal and large adult (LA) cycads from 0 to 99 years and 19 to 99 years. 

Total fire frequency was 1 in 3 years for all scenarios. Adult harvest 0.15 simulated 

the removal of 15% of small adult (SA) and 15% of LA plants once every decade. 

Values in parentheses () are the mean harvest in adult plants per ha over a century. 

Fire Scenario, Cool Hot Adult % Change in Mean % Change in Mean 

the mix of cool Fire Fire Harvest Density of Total Density of LA 

and hot fire Prob- Prob- Rate and Plants Plants 

events ability ability Plants o to 99 19 to 99 o to 99 19 to 99 

Taken years years years years 

Nil 
0.063 0.270 -56 -32 -66 -27 

Melville 50% (0) 

cool to hot 
[1 in 15.9 [1 in 3.7 

0.15 
years] years] -67 -50 -77 -47 

(663) 

Melville Nil 
-44 -17 -45 -11 

contemporary 0.126 0.207 (0) 

mix of cool and [1 in7.9] [lin4.S] 0.15 
-58 -36 -60 -32 

hot (812) 

Nil 
-25 4 12 6 

Melville 50% 0.230 0.103 (0) 

hot to cool [lin4.4] [lin9.7] 0.15 
-33 -5 -2 0 

(1274) 

Nil 
-45 -17 -45 -12 

Vernon 50% 0.125 0.208 (0) 

cool to hot [linS.O] [1 in4.8] 0.15 
-59 -37 -61 -32 

(807) 

Vernon Nil 
-22 7 27 9 

contemporary 0.250 0.083 (0) 

mix of cool and [lin4.0] [lin12.1] 0.15 
-28 1 14 6 

hot (1376) 

Nil 
-15 11 63 12 

Vernon 50% 0.291 0.042 (0) 

hot to cool [lin3.4] [lin23.S] 0.15 
-20 8 51 11 

(1606) 
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5.4 Results 

5.4.1 Preliminary conservation status 

Under proposed land use and a continuation of contemporary fire regimes C. 

armstrongii meets ruCN criteria for classification as vulnerable to extinction (figure 

5.1). Under the scenarios including approved land clearing for forestry on the Tiwi 

Islands, there was an 11 % projected decline due to direct loss of habitat through land 

clearing. With a continuation of contemporary fire regimes and in the absence of 

invasion by alien grasses there is a further 18% projected decline. These two factors 

alone account for a 29% decline in total abundance of the species over the next 

century. With an invasion of alien grasses and associated increase in hot fire decline 

is accentuated. At 10,20 and 30% invasion by alien grasses of the remaining 

uncleared habitat the combined proj ected decline due to clearing and hot fire is 32, 

35 and 38% respectively. 

Including proposed forestry activities on the Tiwi Islands, the respective projections 

are a 25% decline due to clearing. A further 14% decline due to fire regime in the 

absence of alien grasses, giving rise to a 39% decline in total abundance. With 10, 

20 and 30% invasion of alien grasses, projected total decline is 42, 45 and 47% 

respectively. 
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Figure 5.1: Projected decline in Cycas armstrongii throughout its range over a 

century, due to land clearing and the combined effect of fire and alien grass invasion. 

Land clearing in graph a) includes approvals already obtained, but subject to 

conditions, for clearing of 26,000 ha for forestry on the Tiwi Islands. Land clearing 

in graph b) includes proposed clearing of 100,000 ha for forestry on the Tiwi Islands. 

The horizontal dotted line represents the level of decline at which a species meets 

IUCN criteria as vulnerable to extinction. Potentiallong-tenn alien grass invasion 

has been understated by the imposition of a cap of invasion of 30% of the uncleared 

habitat in the scenarios modelled. While the rate at which alien species will invade 

the full range of cycad habitat is unknown, there is no evidence to suggest invasion 

will not eventually occur over the full geographic range. 
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5.4.2 Sensitivity to habitat quality 

The projected decline displayed low sensitivity to changes in the relative value of 

classes of habitat quality. Under the scenario including approved land clearing on 

the Tiwi Islands, projected decline was recorded while holding the relative value of 

low habitat quality at 0.05 and varying the relative value of moderate quality habitat 

between 0.1 and 0.9 that of high quality habitat. Decline varied between 28.5 and 

30.8% with no weed invasion and between 36.8 and 40.3% with 30% weed invasion. 

While holding the relative value of moderate habitat quality at 0.6 and varying the 

relative value oflow quality habitat between 0.01 and 0.1 that of high quality habitat, 

decline varied between 28.8 and 29.0% with no weed invasion and between 37.9 and 

37.6% with 30% weed invasion. 

5.4.3 Response to harvest and land management 

The analyses of population density under scenarios of current, increased and 

decreased prevalence of hot fire events and various levels of adult plant harvest, 

reveal a response dominated by the probability of hot fire (figures 5.2 to 5.5). In 

scenarios reflective of potential land management in both the Melville Island and 

Vernon Fire Regions a reduction in probability of hot fire was accompanied with an 

increase in projected density of both total and LA plants (figures 5.2 and 5.3). In the 

absence of harvest and with a hot fire probability of 0.270 (1 in 3.7 years), there was 

a 56% and 66% decline from the initial density respectively in mean total and LA 

plants. With a hot fire probability of 0.042 (1 in 23.8 years) there was a 15% 

reduction in total plants and 63% increase in LA plants (table 5.2). 
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Figure 5.2: Simulated total and large adult (LA) cycad density in a population after 

99 years, and total adults harvested (fine dotted line) over a century under a range of 

levels of plant harvest for three fire scenarios based around the contemporary mix of 

early and late dry season fires in the Melville Island Fire Region. Fire frequency was 

held at 1 in 3 years while the mix of cool and hot fires was varied (see text). The 

vertical bars indicate ±1 SD about the mean density of 10,000 simulations. Harvest 

simulated removal of a proportion (nil, 0.005, 0.01,0.025,0.05,0.1 and 0.15) of each 

of the small adult and LA classes once per decade. 

211 



0 a) Vernon Increased Hot Fire, Total 
g-

Probability of Hot Fire 0.208 r0-
t{) 

.<= 0 
Cii g- l~' Total Plants 
c.. ". ... Harvested Plants 
~ 0 "T:"7- ~ - ..,-'" g-:§ ('") ~-ljJ-~ 

..,-
>. I 

~ 0 III I - --iii- I g- _~ _'- 1 
I -- .... c: 

Q) N I 0 
'0 0 

'" §-U •••• ___ .0 >. 
(j ~- ..... --

0- .01) - 010- - • 

I I I I 

0.00 0.05 0.10 0.15 

0 
c) Vernon Current Fire, Total 

0 
0 Probability of Hot Fire 0.083 rn t{) 

.C! 0 -I-II-i-I;; g - I 1- --
0. v --Ib- -til - - - lit- _ _ I .. -.!..!..L _~ _~ I ~ C 0 

'" g -:e ('") 

>. 0 ~~ g-
ai N 
Cl .. 0 
'0 0 .... 
'" g- .... ---
U T" .... 
>. .... . -
(j 

o,oA''' .tJ-
.... 

0-

I I I I 

0.00 0.05 0.10 0.15 

0 
e) Vernon Reduced Hot Fire, Total 

ro-
~- Probability of Hot Fire 0.042 

.C! 0 
..,.....,.-,-,- ,- ,-

I;; g- .-Ib- -til - - - lit- __ ~ 
0. v -l./..l.. - L _L _ L _L .. 
C 0 
C1I g-:§ ('") 

>. 
0 

~ g-c: 
<Il N 

•• 0 Cl .... -'0 0 ..... 
'" g- -. 
" .... .... -
>. ..... 
(j oP" .. -

0- ",,'" .. 
0.00 0.05 0.10 0.15 

H arv est Level 

ro-
.J: 

Cii c.. 

'" c 
.!Il 
o. 

~ 
B .. c: 
<Il 
Cl 
'0 

'" " >. 
(j 

r0-
.<= 
t;; 
c.. 
<II 
C 
'" Ci. 

~ 
~ .. 
c:: 
Q) 

Cl 
"C 

'" " >. 
(j 

rn 
.<= 
t;; 
c.. .. 
E 
~ 
~ 
~ 
'(ij 
c:: 
OJ 
Cl 

~ 
u 
>. 
(j 

o 
~-

Status & Management Implications 
b) Vernon Increased Hot Fire, LA 

I~ LA Plants I 

*1 I I 
o -1--.-___ ..-__ -. ___ --.--' 

I I I I 

0.00 0.05 0.10 0.15 

d) Vernon Current Fire, LA 

o 
0 
It) 

--
0 
0 

-, -, 
~ 

0 
0 
C'> 

0 
0 
N -'- -- - '-
0 
0 .... 
0 

0.00 0.05 0.10 0.15 

f) Vernon Reduced Hot Fire, LA 

0 

III I 
0 

I 
t{) 

0 
0 
~ 

0 
0 
C'> 

0 
0 
N 

0 
0 

"" 
0 

0.00 0.05 0.10 0.15 

Harvest Level 

Figure 5.3: Simulated total and large adult (LA) cycad density in a population after 

99 years, and total adults harvested (fine dotted line) over a century under a range of 

levels of plant harvest for three fire scenarios based around the contemporary mix of 

early and late dry season fires in the Vernon Fire Region. Fire frequency in all 

scenarios was 1 in 3 years while the mix of cool and hot fires was varied (see text). 

The vertical bars indicate ±1 SD about the mean density of 10,000 simulations. 

Harvest simulated removal ofa proportion (nil, 0.005, 0.01, 0.025, 0.05, 0.1 and 

0.15) of each of the small adult and LA classes once per decade. 
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Figure 5.4: A time sequence of simulated total and large adult (LA) cycad density 

in a population subject to nil harvest and removal of 15% of small adult (SA) and 

15% of LA plants once every 10 years, under three fire scenarios based around the 

contemporary mix of early and late dry season fires in the Melville Island Fire 

Region. Fire frequency in all scenarios was 1 in 3 years while the mix of cool and 

hot fires was varied (see table 5.2 and text). The vertical bars indicate ±l SD about 

the mean density of 10,000 simulations. 
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Figure 5.5: A time sequence of simulated total and large adult (LA) cycad density 

in a population subject to nil harvest and removal of 15% of small adult (SA) and 

15% of LA plants once every 10 years, under three fire scenarios based around the 

contemporary mix of early and late dry season fires in the Vernon Fire Region. Fire 

frequency in all scenarios was 1 in 3 years while the mix of cool and hot fires was 

varied (see table 5.2 and text). The vertical bars indicate ±1 SD about the mean 

density of 10,000 simulations. 
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Harvest of adult plants resulted in a decline in density at 99 years with increased 

levels of plant removal (figures 5.2 and 5.3). At the maximum level of harvest 

simulated and a hot fire probability of 0.270, there was a 67% and 77% reduction 

respectively in total and LA plants. With a hot fire probability of 0.042 there was a 

20% reduction in total plants and 51 % increase in LA plants (table 5.2). Because 

harvest quotas were set as a proportion of the population, the mean number of plants 

removed under particular harvest regimes over a century reflected the population 

density, which was primarily controlled by the fire regime (figures 5.2 and 5.3). 

Under the maximum harvest regime, removal ranged from 663 adult plants per ha 

per century with a hot fire probability of 0.270, to 1606 adult plants per ha per 

century with a hot fire probability of 0.042. 

The relative contributions of fire regime and harvesting regime are evident in figures 

5.2 and 5.3 wherein the response due to fire is reflected by a shift in relative position 

of the plotted lines up or down the Y axis. The response in total and LA population 

due to harvest is reflected by the negative slope of the respective lines with 

increasing levels of plant removal. The variation in slope indicates an interaction 

between fire and harvest. In the Vemon Fire region total density declines more 

rapidly with an increase in plant harvest under increased hot fire than under reduced 

hot fire (figure 5.3 a) and e)). In the Melville Island Fire Region under increased hot 

fire mean LA density varied from 83 plants per ha at 99 years with no harvest, to 57 

plants per ha with maximum harvest. Comparable densities were 277 to 243 plants 

per ha under reduced hot fire (figure 5.2 b) and f»). In the scenarios conducted, 

varying harvest resulted in a difference in the order of tens of LA plants per ha while 
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varying fire regime resulted in a difference in the order of hundreds of LA plants per 

ha. 

An additional important difference between harvest and habitat management (weeds 

and fire) is that harvest can be stopped with relatively low cost whereas habitat loss 

or serious deterioration such as predicted to occur with alien grass invasion is 

difficult or impossible to reverse. Ifreversible, such change is only likely to be 

achieved at high cost. 

Of critical importance to sustainable land use is the temporal trend in the population 

under alternative management scenarios. The projected change over time displayed 

two components, a shift from the initial abundance in the first couple of decades, 

followed by an ongoing trend (figures 5.4 and 5.5). The changes in density over the 

first couple of decades reflected the initial population moving towards a balance or 

consistent trend under the conditions of the scenario. A useful guide to long-term 

trend was provided by considering change in density over the period from 19 to 99 

years (figures 5.4 and 5.5, table 5.2). 

Within any particular fire regime the harvested scenario consistently produced a 

lower density than the nil harvest scenario. However, within each fire region the 

long-tenn trend under nil and maximum harvest was typically more consistent within 

a fire regime than between fire regimes. At hot fire probabilities of 0.207 to 0.270 

there was an ongoing decline in total and LA plant density (table 5.2). At hot fire 

probabilities of 0.042 and 0.083 there was a positive trend in plant density. Between 
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19 and 99 years, and with a hot fire probability of 0.103, there was a positive (6%) or 

stable (0%) trend in LA density respectively at nil or maximum harvest. With regard 

to total density over the same time period, the trend was positive (4%) under nil 

harvest and negative (-5%) under maximum harvest (table 5.2). Under the scenarios 

conducted, a hot fire probability of 0.1 (1 in 10 years) approximates a transition from 

a positive long-term popUlation trend at lower fire frequency, to a negative long-term 

trend at higher fire frequencies. 

The relative importance of fire and weed management versus harvest on the 

dynamics of C. armstrongii over a century is illustrated by the following: 

Under infrequent hot fire (1 in 23.8 years) and no harvest there was a 63% 

projected increase in LA plants. 

Under frequent hot fire (1 in 3.7 years) and no harvest there was a 66% 

projected decline in LA plants. 

With application of 15% harvest once per decade under infrequent hot fire (1 

in 23.8 years) the above 63% increase was reduced to a 51 % increase. 

With application of 15% harvest once per decade under frequent hot fire (1 in 

3.7 years) the above 66% decline was exacerbated to produce a 77% decline. 

Adjusting the frequency of hot fire resulted in a difference in the order of 

hundreds of LA plants per ha. 

Adjusting the level of harvest resulted in a difference in the order of tens of 

LA plants per ha. 
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5.5 Discussion 

The projected decline in C. armstrongii whereby the species meets ruCN criteria for 

classification as vulnerable to extinction is indicative of the potential for catastrophic 

change in the biota in proximity to Darwin over the next century. The decline 

reflects an intensification of land use and associated clearing of native vegetation, in 

combination with weed invasion and inappropriate fire regimes for maintenance of 

the taxon. 

Cycas armstrongii was remarkably resilient to a broad range of frequencies of cool 

fire i.e. early dry season fire with ambient "natural" fuel loads (Chapter 4). In 

contrast, substantial population decline was proj ected under scenarios with frequent 

hot fire due to increased fuel loads (Chapter 4). The prevalence of C. armstrongii, 

and more generally cycads across northern Australia, reflects a long history of 

Indigenous fire management that has at a minimum been conducive to their survival 

and arguably has promoted their abundance in the landscape (Harris, 1977). The 

resilience of populations to cool fire evident in this study, provides support to the 

suggestion that cycads have prospered under a land management regime where the 

use of fire was common in the landscape. A decline in traditional Indigenous use of 

fire over much of the savanna landscape of the Top End and the adoption of 

contemporary regimes where late season hot fires are common is a major factor in 

the projected decline in cycad abundance. The potential for hot fire is exacerbated 

with increased fuel loads due to the invasion of the alien grasses A. gayanus and P. 

polystachion. 
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Given the resilience of C. armstrongii to cool fIre, it is highly likely that the 

application ofland management practices that result in a substantial decline in this 

taxon will also result in the decline of numerous other plants. The tree to grass 

balance of the northern tropical savanna is likely to shift in favour of the grass 

component. Such shifts are likely to be accompanied by major and irreversible 

change in the abundance of numerous plants and animals that are part of, or depend 

on, the woody component of the vegetation. 

5.5.1 Land clearing 

The loss of habitat due to land clearing was a signifIcant factor contributing to the 

projected decline in C. armstrongii over the next century. Future land clearing on 

the Tiwi Islands is particularly important (fIgure 5.1) reflecting the high proportion 

(over 80% based on available data) ofthe total population occurring there. Given 

that cycads are generally patchily distributed across the landscape, there is 

considerable scope to either exacerbate or minimise proj ected loss by focusing on or 

avoiding large populations. The correspondence between cycad abundance and 

prime horticultural land in units 3a and 3b in the Litchfield Shire (Fogarty et aI., 

1984) provide an example where selective clearing may target cycad habitat. In 

contrast, the occurrence of the species in steep or rocky terrains of land unit 1 in the 

Litchfield Shire may reduce the likelihood of clearing. 

An improved understanding of the occurrence of C. armstrongii in the landscape is 

required to refine estimates of the impact ofland clearing. The occurrence of the 
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species is likely to reflect a variety of factors from soil and drainage to historical and 

contemporary fire regimes. An improved knowledge of cycad distribution and 

abundance would provide an increased capacity to plan land clearing so as to 

minimise negative impacts on the species and its habitat. 

Land clearing will result in fragmentation of populations. My simulations assume 

that small isolated C. armstrongii populations are as likely to survive as connected 

populations of equal density. However, in many situations intensification ofland use 

is likely to be associated with modification of habitat even where cycads remain 

uncleared. The minimum viable population size for C. armstrongii under various 

degrees of habitat modification is unknown. Issues such as seed dispersal, survival 

of insect pollinators (Donaldson, 1995) and maintenance of genetic integrity are 

likely to be more significant for small, isolated and/or modified habitat patches. 

Changes in land use in proximity to Darwin provide an opportunity to investigate 

such factors over the coming decades, with a view to refining recommendations for 

land use planning and management of cycad populations. 

5.5.2 Fire management 

The impact of fire on seed viability (Chapter 2) and adult stem mortality (Chapter 3) 

are two mechanisms by which fire may negatively impact on cycad populations. A 

reduction in seed viability has the potential to reduce recruitment while loss of adult 

stems is likely to produce a corresponding decline in sexual reproduction and 
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recruitment of new plants. In addition to an impact on plant recruitment, there is also 

an increase in mortality of adult plants with hot fire events. 

The frequency of hot fire events has been a key factor in determining the projected 

population response in the scenarios modelled. Hot fire only, at a frequency of ~1 in 

3 years resulted in a substantial and ongoing projected decline at the end of a 

century. At a frequency of 1 in 5 years there was a decline over a century and the 

trend was for a very slight ongoing decline. At hot fire intervals of ::::;1 in 10 years 

populations persisted (Chapter 4). While popUlation response was dominated by the 

frequency of hot fire, addition of cool fire contributed to the decline. With a total 

fire frequency of 1 in 3 years and hot fire 1 in 5 years there was ongoing decline at 

the end of a century (Chapters 4 and 5). Under a total fire frequency of 1 in 3 years 

and hot fire around 1 in 10 years the population trend was close to stable (table 5.2). 

Collectively the available data indicate that to maintain a population of C. 

armstrongii the frequency of hot fire should not exceed 1 in 10 years. An indication 

of the contemporary prevalence of hot fires in the Top End is provided by a mean of 

16% of the landscape burnt by late dry season fires from 1993 to 1998 inclusive 

(Table 12.5 p290 in Williams et aI., 2001). The prevalence of hot fire is set to 

increase with invasion by alien grasses (Rossiter et aI., 2003). Even in the absence of 

alien grass invasion the prevalence of hot fire may increase as the human population 

increases in the Top End, as fire ignition in the savannas is overwhelmingly due to 

human activity (Williams et aI., 2001). 
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Given the resilience of C. armstrongii to cool fIre, frequent early season fire under 

ambient fuel load is likely to minimise the risk of fuel accumulating and the 

occurrence of hot fires. However, increased frequency of cool fire does result in a 

reduced abundance of LA and SJ plants (Chapter 4). With the accumulation of 

maximal levels of fuel in 2-4 years without fire (Williams et aI., 1999), a regime of 

early dry season cool fire every second or third year is likely to provide a reasonable 

balance of frequency and intensity. In situations where there is a high probability of 

late season fire where left unburnt, a leaning towards more frequent cool fire is a 

preferable option for this species at least. 

The projections of fire impact have been based on popUlation responses collected 

from 3 plots in each of 3 fire treatments over 2 years of fire application, with fires 

classified as cool and hot events. Fire intensity will vary in a more continuous 

fashion than that encountered in this study. Similarly, cycad response will vary, 

though it is possible there will be thresholds of fire intensity that cause stem death or 

other acute shifts in demographic parameters. Improvements in the capacity to 

predict the outcome of fire regime on cycads may be gained by monitoring 

popUlations at multiple sites over a longer time period to provide data on the 

variability in response in relation to intended and observed fire history. 

There is potential to further refine fire prescriptions with data on the application of 

fire to promote mast seed events and recruitment of juveniles. Resource limitations, 

such as starch required for cones, are likely to constrain reproduction. A fire free 

period may allow the accumulation of resources and their subsequent allocation into 
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cone production rather than the replacement of leaves removed during fire events. A 

fire free period followed by the stimulus of a fire event may enhance reproductive 

output. Mast seeding has been recorded in the second year after fire in Macrozamia 

in Western Australia (Baird, 1977) and Encephalartos cycadifolius in South Africa 

(Raimondo & Donaldson, 2003). In the current study the annual fire treatment did 

not result in a mast reproductive event (Chapter 3). In contrast, increased 

reproduction has been recorded in some populations of Cycas calcicola in the second 

year after fire, where the fire event was preceded by an unbumt period (Liddle, D., 

unpublished data). Clarification ofthe effect on seed production and optimal 

duration of an unbumt period preceding a fire is the subject of ongoing research. 

The susceptibility of seed to fire scorch (Chapter 2) supports the contention that a 

fire free period after the initiation of a mast seed event will optimise the availability 

of viable seed. Following germination, contractile roots pull the apical shoot 

underground providing increased insulation from the heat of fire for young plants. 

Given the predominance of germination in the first wet season following seed shed 

(Chapter 2), maintenance of a fire free period over the first dry season following seed 

drop, is likely to provide sufficient time for the apical shoot to be drawn 

underground. In summary, a fire preceded by a fire free period may stimulate a mast 

reproductive event. A further fire free period is likely to optimise available seed and 

establishment of juvenile plants. While the length ofthe optimum pre-mast unbumt 

period is unknown, evidence from this study supports a two-year fire free period 

following the initiation of a mast reproductive event, to optimise recruitment of 

juvenile plants. 
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The decline of C. armstrongii with hot fire more frequently than 1 in 10 years raises 

questions about the timing and frequency of fire under traditional Indigenous 

regimes. There has been considerable debate around different interpretations of a 

variety of types of information concerning the season of fire in northern Australia 

(Braithwaite, 1991; Fensham, 1997; Crowley & Garnett, 2000). There is mounting 

evidence that Indigenous fires were lit throughout the dry season in the Top End 

(Preece, 2002) though season of fIre varied in different parts of the landscape 

(Russell-Smith et aI., 1997a). While the available evidence is inconclusive, it is 

conceivable that some areas supporting cycads would have been burnt by late dry 

season fire at a frequency of more than 1 in 10 years. If those late fires were of 

equivalent intensity to the typical contemporary late season fIres near Darwin, it is 

doubtful the country would support extensive stands of C. armstrongii. An 

alternative explanation that the current extensive cycad stands have developed since 

Indigenous fIre management declined in the landscape is highly unlikely, particularly 

given the projected population trend under contemporary fire regimes. 

In the savanna of central Arnhem Land, in a landscape without an understorey 

dominated by grasses of the genus Sorghum, Yibarbuk et ai. (2001) describe the 

application oftraditional fire management practices that produce relatively cooler 

late dry season fires. Additionally, they report that traditional Indigenous owners in 

the area regard the presence of dense Sorghum as evidence of poor fire management. 

By their nature, fuel loads composed of Sorghum are conducive to relatively hot late 

season fires. The application of fire late in the dry season under Indigenous fire 

management raises an apparent inconsistency between the effect of "hot" late dry 
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season fire modelled in this study and the abundance of extant cycad populations. If 

late dry season fire was common and these fires were "hot", giving rise to severe 

damage to cycad populations, then one might expect cycads to be scarce or of very 

restricted distribution in the landscape. This apparent inconsistency is removed if 

there has been an increase in fuel loads, i.e. if the widespread occurrence of dense 

stands of Sorghum in the north-west ofthe NT is regarded as an artefact of fire 

regimes imposed since the cessation of traditional Indigenous fire management 

(Bowman et aI., 2004). 

5.5.3 Alien species 

Fire management within cycad habitat is complicated by the invasion of alien 

grasses. Andropogon gayanus and P. polystachyion both increase the fuel load and 

cure later in the dry season than the dominant native grasses, increasing the 

likelihood oflater, hotter fire events (Bowman, 1999; Rossiter et al., 2003). In a 

vegetation community with the ground stratum dominated by these species, by the 

time the fuel has cured sufficiently to carry a fire, there is an increased likelihood the 

event will be a hot fire. Fires occur 1 in 3 years or more frequent over 69% of the 

landscape north of 15°S (Williams et aI., 2001). Projections of the response of C. 

armstrongii under such frequent hot fire point to inevitable decline of the species 

where these alien grasses invade. Only 12% of the landscape remained unburnt after 

6 years (Williams et aI., 2001). The probability of cycad habitat remaining un burnt 

for more than a decade is low indeed. A strategy based on reducing total fire 
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frequency without controlling fuel load is unlikely to succeed in maintaining cycad 

populations as there is an increased likelihood of severe damage when fires do occur. 

The single most important management action required to avert decline in C. 

armstrongii populations is to control alien grasses. The predicted decline in C. 

armstrongii provides additional support to the arguments for control of alien species 

(Bowman, 1999; Whitehead & Wilson, 2000; Kean & Price, 2003). Once present, 

there appears to be little to restrain these alien species from dominating the 

vegetation. This study supports available evidence (Rossiter et a1., 2003) that a 

grass-fire cycle has been initiated in the northern savanna landscape. Once 

established there will be a self-perpetuating cycle of increases in alien grass and 

reduction in many native species, including the overstory tree stratum, under a 

regime dominated by intense fire (Liddle, D., unpublished data). 

To avoid substantial change in the tree-grass balance and associated loss of diversity 

within the northern savanna requires prompt action. The first priority to minimise 

further deterioration of the situation is to prevent the introduction of additional alien 

species that have similar characteristics. The next priority is to minimise further 

spread of the-alien grasses already present that give rise to substantially increased 

fuel loads. Control of existing occurrences of these species is required to prevent 

ongoing deterioration of the natural resource base on which the prosperity of the 

people of the NT depends. The limited extent of alien grasses on the Tiwi Islands 

(Fensham & Cowie, 1998) provides an opportunity to eradicate these influences from 

a major stronghold for C. armstrongii. 
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Calls for control of these alien species will be disputed by many, particularly those in 

the pastoral industry. However, there are many more people whose livelihood is 

dependent upon the nature based tourist industry ofthe NT or Indigenous people 

whose economic and spiritual welfare are closely tied to the plants and animals ofthe 

Top End landscape. While one may debate the right of past ora lists to damage the 

natural values of land designated for pastoral purposes, the inability of the pastoral 

connnunity to constrain these species to pastoral land has and will continue to result 

in off-site impacts that degrade adjoining lands. The right of any sector to promote 

such widespread change in the landscape is indeed questionable (Whitehead & 

Wilson, 2000). 

Modified fire regimes due to the invasion of alien grasses is a major environmental 

issue in northern Australia. Effective management of the issue will require a co

ordinated approach that attracts wide public support. Control is beyond the capacity 

of many individual landholders and will only be achieved by a substantial shift in 

community attitudes, along with allocation of resources to tackle the problem. The 

assessment presented herein understates the long-tenn impact of alien grass invasion. 

Ifleft uncontrolled the invasion will not stop at 30% of the uncleared landscape. In 

addition, this assessment is based upon fire regime alone, irrespective of the 

multitude ofother likely impacts of alien grasses. Other potential impacts range 

from direct competition and structural change (for example, Germano et aI., 2001) 

through to potential impacts on nutrient flows and carbon storage (Rossiter et aI., 

2003). 
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5.5.4 Sustainable use 

The impact of adult plant harvest on projected density was small relative to the 

impact of fire. Based on the available data, harvest is sustainable, if conducted in 

association with management of fire and control of weeds. Hot fire at a frequency of 

less than 1 in 10 years gave rise to a projected increase in LA density, thus increasing 

the resource available for harvest. This contrasts sharply with the projected decline 

with weed invasion and contemporary fire frequencies. 

In a study of two African cycads, Raimondo & Donaldson (2003) concluded that 

harvesting of adult plants led to rapid population decline. They reported contrasting 

times to recovery following adult harvest from a population of 200 plants for two 

species with different life history characteristics. Encephalartos villosus recovered 

in 11 years following removal of20 adult plants (10% harvest) while Encephalartos 

cycadifolius took 290 years to recover from the same level of harvest. The dramatic 

differences in time to recover, illustrate the caution required in extrapolating from 

one cycad to another, particularly across species that exhibit different life history 

characteristics. Furthermore, these results suggest the need for flexibility rather than 

blanket rules regarding adult harvest of wild cycads. The variable response 

highlights the need to consider issues of both the biological response of the cycad 

population and ability to control harvest. On the data presented, it would appear 

biologically feasible to allow a low level of harvest of adult E. villosus, for example 

10% of plants once every 15 to 20 years, and for the populations to recover between 
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harvest events. Such a strategy would not appear to be viable for E. cycadifolius, 

though the authors canvas a possible altemati ve harvest of suckers, subj ect to further 

investigation to confirm the impact on remaining stems. In the African situation 

where many small disjunct cycad popUlations are under serious threat from illegal 

removal of adult plants, it may be appropriate to advocate severe restrictions or even 

prohibition of removal of adult cycads from the wild. However, in different 

circumstances where it is biologically feasible to allow adult plant harvest, and 

illegal removal is not a significant issue, it may be more rational to adopt a strategy 

of adult plant harvest from wild cycad populations. 

The harvest of adult cycads has the potential to provide an economic return that will 

focus attention on and give more members of the community a direct stake in 

maintenance ofthe resource base, and could offset at least part of the cost of 

management. Management cost can be expected to vary substantially. In many 

circumstances the cost of implementing an early season fire regime in native 

vegetation would be relatively low. In comparison weed control in vegetation 

already invaded with alien grasses is likely to be relatively high and is probably 

beyond the resources of many landholders. Analyses of benefits and costs are 

required to reveal the real cost of alien grass invasion to the people of the Top End. 

The potential income to be derived from harvest of cycads is likely to be small 

compared with intensive land uses like horticulture. Sustainable use of wildlife, both 

plants and animals, is likely to be most relevant where relatively unmodified lands 

are favoured for other purposes. In particular, on Aboriginal lands where a principal 

purpose of land use is the maintenance of the customary economy. The need for 
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alternative sources of inc orne is particularly pressing for many Indigenous people 

who, as a group, have the lowest economic status of all Australians (Altman, 2000). 

5.5.5 Legislation and treaties 

Trade in cycads, and land management issues more generally, may be influenced by 

legislation and policy at a number of administrative levels. Within the NT the 

primary legislative instrument controlling harvest of wildlife is the TPWCA. Under 

this Act there is a cycad management program (pWCNT, 1997a). The NT cycad 

management program also falls under the umbrella of a Government policy of 

conservation through the sustainable use of wildlife (pWCNT, 1997c). The 

established system of permits for commercial harvest, provisions for attaching 

conditions to permits to take and the requirement for tagging of plants removed from 

the wild provides a mechanism for controlled use. 

However, the emphasis placed on salvage harvest in the NT cycad management 

program undermines the incentive for landholders to embark upon sustainable plant 

harvest. Salvage is the removal of cycads that would be destroyed regardless of the 

harvest activities, such as may occur with the development of roads or vegetation 

clearance for other purposes. Salvage provides a relatively cheap source of plants as 

the supply is independent of ongoing land management costs. While such a cheap 

source of plants is available the market value will be low and there will be little 

incentive for landholders to manage cycad habitat with a view to maintaining an 

economically valuable resource. An even greater impediment to the maintenance of 
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cycad habitat arises as salvage may provide a financial return and increase incentives 

for clearing. There is scope for the sale of salvaged cycads to subsidise the cost of 

fuel to bulldoze the habitat. This situation creates a dilemma; to prohibit commercial 

salvage would result in the waste of a potentially saleable resource, yet allowing 

commercial salvage achieves a perverse outcome that is contrary to the NT 

Government policy of conservation through sustainable use of wildlife. The stated 

aim ofthe NT cycad management program is the maintenance of viable wild 

popUlations of all cycad taxa and cycad habitats across their range in the NT. The 

entry of salvaged plants into commercial trade runs contrary to this aim. A 

compromise may be to allow salvage by private individuals for personal use, but 

prohibit the entry of salvaged plants into commercial trade. Under such an 

arrangement the concern by landholders or others to relocate plants that would 

otherwise be destroyed can be accommodated, without acting as a major disincentive 

to conservation through sustainable use. The opportunity exists to build upon the 

modelling undertaken in this study by combining population and economic models to 

clarify the potential outcomes of alternative policies on salvage and sustainable use. 

NT legislation also has a role to play in controlling the introduction and spread of 

alien species. The damage to the landscape and economy of the Top End that will be 

wrought by the unrestricted spread of A. gayanus and P. polystachion provides a 

strong rationale for including these species within listings of the Weeds Management 

Act 2001. At a minimum, listing under an appropriate classification could assist in 

limiting further spread of these damaging plants. 
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Export of cycad plants from Australia requires an export permit from the 

Commonwealth of Australia. Trade is regulated under the Commonwealth 

Environment Protection and Biodiversity Conservation Act 1999 (EPBC Act). To 

facilitate trade, cycads harvested in accordance with the NT management program 

were declared controlled specimens under the former Wildlife Protection (Regulation 

of Exports and Imports) Act 1982. The declaration has been carried forward under 

the EPBC Act as an approved wildlife trade operation. 

The provisions of the EPBC Act control export of CITES listed species and eligible 

listed threatened species from Australia. Listing of the NT endemic (Jones, 2002) C. 

armstrongii as vulnerable on the national list of threatened species would preclude 

export for commercial purposes of wild harvested plants. Under section 303DG of 

the EPBC Act the issue of a permit for a threatened plant for commercial purposes is 

limited to export from an approved artificial propagation program. Export permits 

may be issued under exceptional circumstances. An examination of applications 

posted on the Environment Australia web site indicate requests for exceptional 

circumstance permits typically relate to the export of pet birds. It is highly 

questionable and probably unlikely that the provisions of this section would be 

readily applied to the wild harvest of threatened cycads from the NT. Should C. 

armstrongii be listed as nationally vulnerable to extinction, the option to promote the 

maintenance of cycad habitat through sustainable harvest of plants will be removed. 

Commonwealth legislation for the protection and conservation of biological 

resources leans so strongly towards a protectionist approach to resource management 

that it precludes some important options for the sustainable management of the 
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Australian biota. A situation that appears contrary to the objects of the EPBC Act 

pertaining to ecologically sustainable development and the conservation of 

biodiversity. In the savanna landscapes of northern Australia conservation through 

sustainable use is one of the few tools available to both promote conservation of 

cycad habitat and financial independence of Indigenous communities (Senate Rural 

and Regional Affairs and Transport References Committee, 1998; Whitehead, 2000). 

The inclusion of all NT cycads under the EPBC Act reflects their listing under 

Appendix IT of the Convention on International Trade in Endangered Species of Wild 

Fauna and Flora (CITES). While the focus of CITES is international trade, attention 

at an intemationallevel has raised the profile of cycads at the national level and 

appears to have had a flow on effect in the way cycads are treated under Australian 

legislation. For eligible listed threatened species the Australian legislation is more 

restrictive than the international convention. With regard to Appendix II species, 

CITES provides for trade in specimens of wild origin as long as the exporting 

country has issued a permit that meets the condition that such export will not be 

detrimental to the survival of that species (CITES Article IV, clause 2(a)). Thus, 

considerations at an intemationallevel impact on the management of cycad habitat in 

the NT, either indirectly through the connection between international conventions 

and national or state legislation, or directly through controls on NT cycads traded 

internationally. In places such as Africa, small disjunct cycad populations are 

particularly vulnerable to the removal of adult plants (Raimondo & Donaldson, 

2003) and international restrictions on trade attempt to reduce uncontrolled 

plundering of plants from such populations. 
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However, a flexible approach to trade in wild harvested plants is required at an 

international level. For the harvest of northern Australian cycads to be economically 

attractive to land managers there must be a market for the plants. Overly restrictive 

conditions on international trade in wild harvested adult cycads aimed at constraining 

plundering from the wild from Africa or other localities is likely to exacerbate the 

decline of cycads in northern Australia. While this study provides an example where 

international trade in adult cycads has the potential to produce positive conservation 

outcomes, such trade must be supported by appropriate tagging, monitoring and 

enforcement to minimise the risk of legally harvested cycads being used as a cover 

for trade in illegally harvested plants. The monitoring ofthe status of wild cycad 

popUlations and their habitats that would be required under a commercial use 

program, provides incentives for land owners and conservation interests to be active 

on country and assess the success or otherwise of fire and other habitat management 

programs. 

5.5.6 Adaptive management 

The principles of adaptive management underlie both the NT strategy for 

conservation through sustainable use and the NT cycad management program. 

While adaptive management is often referred to as learning by doing, this simple 

statement underemphasises the importance of managing to test alternative hypotheses 

and evaluating the response of the system or organism to management (Walters, 

1986). The implementation of management and associated evaluation of the 
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response is particularly challenging when dealing with natural systems and long-

lived organisms where many years may elapse before the outcomes of management 

actions are evident. Taylor and Tulloch (1985) in a study of rainfall at Darwin 

noted that the variation and rainfall patterns meant that an ecological study should 

continue for at least 6 to 8 years. Madsen and Shine (2001) in a study of a tropical 

snake in the Top End found that short-term studies underestimated mean growth 

rates and mean frequency of reproduction of adult females. Madsen and Shine 

concluded that long-term studies are necessary to accurately characterise the mean 

values of demographic traits oflong-lived organisms in variable environments and 

that the mean value of a trait may be less important than its variance. 

Cycas armstrongii provides an example of a long-lived organism where there is a 

need for implementation and evaluation of management action over an extended 

period of time to both refine and validate models of population response. Obtaining 

knowledge of something as fundamental as sex ratios in a population can take many 

years. The percentage of plants of known sex after five years of observation varies 

from 8% (n = 26 adult plants) to 35% (n = 27 adult plants) of putative adults across 

plots at Charles Darwin National Park (CDNP) in Darwin. Establishing even basic 

demographic characteristics oflong-lived organisms may be beyond the time frame 

of a typical university post-graduate research project or the guidelines of most major 

Australian research funding bodies. 

Whether dealing with an individual organism or the complexity of community or 

system response to management perturbations, an adaptive management approach is 
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unlikely to be successful without strong ongoing institutional support. A team 

approach is essential for long-tenn success. The variety of skills and resources 

required to design, implement and evaluate scenarios to test alternative hypothesis 

about land management are typically beyond those possessed or available to an 

individual. In addition, a management approach driven by individuals and based on 

the premise that those individuals will always be available to precipitate the next step 

in the management process is likely to falter at some point. 

An incomplete investigation of the response of Cycas calcicola to fire and seed 

harvest provides an example of the critical role of institutions like Government 

conservation agencies in dealing with the special challenges posed by long-lived 

organisms. The project was established in Litchfield National Park, an area for 

which the land tenure and designated use is in accord with the ongoing maintenance 

of wild popUlations of native plants and animals (CCNT, 1992). Within the Park the 

focal species ofthe project, C. calcicola, occurs in scattered popUlations in proximity 

to the western escarpment of the Tabletop Range. Populations range in size from a 

few individuals to thousands of adults. Extending outside the Park, disjunct 

popUlations occur over a large range, though concern has been raised about the 

impact of fire on the species (PWCNT, 1997a). 

In 1996 and 1997 a series of 4 annually burnt and 4 infrequently burnt sites were 

established to investigate the impact of fire and seed harvest on the species (figure 

5.6). Fire treatments were allocated in accord with the practicalities offire 

management within the Park and adequate site area to accommodate seed harvest 
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Figure 5.6: Location of 8 Cycas calcicola study sites in Litchfield National Park. 

Sites 13, 15, 17 and 19 are annual burn sites and 12, 14, 16 and 18 are infrequently 

burnt sites. The grid represents 1 km square cells on the base National Topographic 

Map Series R621 Sheet 5071 Edition 2-AAS. Source: Sampling Rationale and 

Methodology, 3 March 1998 by D. Liddle. 
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treatments and sampling plots. Sample plots were randomly located within treatment 

areas. A schematic diagram of the experimental layout is provided in figure 5.7. 

Plot design and sampling was conducted with only minor variation to the procedures 

applied to C. armstrongii at CDNP (Chapter 3). 

The study was designed to address a variety of questions ranging from formal 

statistical hypothesis testing of fire and seed harvest regimes through to filling gaps 

in knowledge of natural history such as sex ratios and stem growth rates (table 5.3). 

To date, fire treatments and population monitoring have been implemented for four 

years, from 1997 through to 2001. A substantial quantity of data has been collected, 

however, a thorough analysis and development of population models has yet to be 

undertaken. 

A major strength of the design is the attempt to address the highly pertinent issue of 

fire management with replication of treatments across a substantial number of sites. 

Data from tagged plants are expected to provide a robust population model of plant 

response to fire treatments. The investigation of seed harvest has been limited by the 

paucity of mast seeding events. Despite this limitation there is a substantial amount 

of seed harvest data that can be incorporated into population models. When the 

project was established it was not intended that intensive annual monitoring would 

be ongoing. However, the plant marking was undertaken using highly durable 

stainless steel tags to maximize the opportunity for periodic monitoring of at least 

some sites. There is considerable scope for scaling down of the project to focus on a 
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Cycas calcicola Sites in Litchfield National Park 
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Figure 5.7: Layout of Cycas calcicola sites in Litchfield National Park, with annual 

fire treatment sites on the left and infrequent fire treatment sites on the right. Source: 

Sampling Rationale and Methodology, 3 March 1998 by D. Liddle. 

239 



Status & Management Implications 

Table 5.3: Extracts from the experimental design for an investigation of Cycas 

caliciola at Litchfield National Park. Source: Sampling Rationale and Methodology, 

3 March 1998 by D. Liddle. 

Impact of Fire 
Hypotheses 
Ho Cycad populations under all flre regimes exhibit the same change in size class distribution. 
Ho Mortality of adult stems (or any other size class including seedlings) is the same at all flre 
regimes. 
Ho Growth rates of adult stems (or any other size class) is the same at all fue regimes sampled. 
Design 
2 fIre treatments (annual, less frequent); 8 sites; 3 quadrats per treatment (8 x 3 ::: 24 quadrats) 
Statistical Procedure 
2 way ANOV A with main effects of fITe and site, with site nested in fITe. 
Linear Model 
Response = population mean for the response + response due to flre (flxed factor) + response due to 

site (flxed factor) + random deviation. 
Impact of Seed Harvest 

Hypotheses 
Ho The establishment rate for small plants (seedlings and small juveniles) is the same for all 
harvesting regimes. 
Ho Cycad populations under all harvest regimes exhibit the same change in proportion of small 
plants (seedlings and small juveniles). 
Design 
3 harvest treatments (0%, 50%, 100%); 4 sites; 3 quadrats per treatment (4 x 3 x 3 = 36 quadrats) 
Statistical Procedure 
2 way ANOVA Randomised Block Design with main effects of harvest and site. 
Linear Model 
Response = population mean for the response + response due to harvest (flxed factor) + response 

due to site (flxed factor) + response due to interaction of harvest and site + random 
deviation. 

Other Components of the Study 
Stage Transition Population Models 

Density Dependence 
Primary Hypotheses 
Ho Mortality for each size class is the same at all distances from the nearest cycad stem. 
Ho Growth rates for each size class is the same at all distances from the nearest cycad stem. 
Permutations of these hypotheses include 1) distance to the nearest adult stem 2) density of adult 
stems within specifled distance (area) classes. May wish to exclude stems from the same plant. 

Reproductive Effort and Sex Ratios 
Frequency of reproduction, comparison between annual and less frequent fITe. 
Quality of seed produced, comparison between annual and less frequent fue. 
Timing ofreproduction, comparison between annual and less frequent fITe. 
Sex ratios. 
Proportion of stems that are reproductively active. 

Impact of Fire on Viability of Seeds 
Viability of scorched or non-scorched seeds. 

Establishment of Planted Seed and Survival of Juveniles 
Establishment rates, including a comparison between annual and less frequent fITe. 
Survival rates, including a comparison between annual and less frequent fITe. 
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few readily accessible sites with the fire regime tailored to fit within the spectrum of 

fire management applied by local land managers. Such a course of action has the 

potential to yield immensely valuable information about the long-term response of C. 

calcicola to fire regime that can be feed back into management of the savanna 

landscape. 

Population modelling is one tool to assist in resolving management questions. 

However, without a long-term view to providing feedback into tlie adaptive 

management loop through ongoing monitoring and validation of population models 

where developed, much opportunity for improving management will be lost. ill a 

political environment where economic rationalism is a dominant paradigm and 

decision making and allocation of resources appears to be more closely allied to 

electoral cycles than the long-tenn maintenance of natural resources, the challenge of 

investigating the population dynamics of long-lived organisms is not to be 

underestimated. 

Success in closing the adaptive management loop is likely to be assisted by: a team 

approach to the issues at hand involving both land managers and scientists; the 

development of clearly enunciated alternative management hypotheses; selection of 

study areas where the tenure or management of the immediate or surrounding land is 

consistent with, or at least in minimal conflict with the management actions required 

to test the hypotheses; planning of the resources .and mechanisms required for 

implementation of management, monitoring and interpretation of the popUlation 

response, provision of feedback to land managers and consideration of further 
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pertinent management questions; providing for replication across sites; and striving 

for a balance between consistency in approach to address the major questions while 

maintaining flexibility to adjust questions and management as understanding 

evolves. 

All of these attributes clearly demand the sort of institutional stability that our system 

of parks and reserves assume will be provided. It is paradoxical that many Parks 

Services have failed to take advantage of the special opportunities that guaranteed 

tenure offers for advancement of knowledge ofthe natural resource management. 

Even the best-funded Parks like Kakadu have not established good systems for 

reviewing conservation performance (ANAO, 2002) and all Australian Parks 

Services acknowledge weakness in their monitoring and performance reporting 

systems (Hoskings et aI., 2000). In the United States of America, knowledge of· 

biological systems inside Parks is often weaker than outside them (Kaiser, 2000). 

Thus, I would argue that in addition to providing an opportunity to promote wider 

public understanding of the conservation issues facing Australian savannas, cycads 

provide an opportunity to build institutional capacity to genuinely understand and 

rigorously apply the adaptive management paradigm to an issue of fundamental 

significance to northern Australia. In a case study of adaptive management in forest 

communities in North America, Danks (2002, pI21) concluded that " ... the 

challenge of how to institutionalise adaptive management in a pluralistic society 

without creating additional marginalisation and conflict remains." The need is acute 
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and has been formally acknowledged, the challenge remains for institutions to take 

the necessary steps. 

There are numerous gaps in knowledge, the investigation of which could contribute 

to improved management of cycads and their habitat. Potential cycad projects range 

from those amenable to the time frame of university post-graduate studies to those 

where a longer time perspective is appropriate (table 5.4). With co-ordination there 

is the potential for land managers and researchers to work together to implement and 

evaluate management actions, and for research proj ects to build upon each other. 

The existence of established cycad plots and marked individuals provide an 

opportunity to address questions that would not normally be within the scope of 

short-tenn projects. 

5.5.7 Summary 

The classification of the fire resilient and abundant c.armstrongii as vulnerable to 

extinction is indicative of broad scale environmental change across northern 

Australia through land clearing, inappropriate fire regimes and invasion of alien 

grasses. The response of C. armstrongii to fire at increased fuel loads supports 

previous suggestions that a grass-fire cycle has been initiated in northern Australia as 

a result of the introduction of alien grasses (Bowman, 1999; Rossiter et aI., 2003). 

Sustainable harvest of adult cycads provides a mechanism to focus attention on the 

maintenance of habitat and thus minimise the decline. However, maintenance of 

habitat and harvest of plants, particularly of threatened cycads, raises complex issues 
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Table 5.4: Projects that could contribute to the management of wild cycad 

populations and their habitat. Projects have been subdivided into short and long-term 

investigations, however, these categories are not exclusive. 

Amenable to Short Term Investigations 
The distribution and abundance of C. armstrongii in the Litchfield Shire (and/or 

other areas). 
The environmental relations or position in the landscape of C. armstrongii. 
Relate remotely sensed fire history to contemporary population structure in the 

Litchfield Shire (A test of the available population model). 
Refine the assessment of conservation status with remotely sensed data on fire 

frequency and season for different regions and land units or vegetation types. 
Population response in communities invaded by alien grasses (To test and refine 

the available population model). 
Dispersal rates and vectors. 
Develop a meta-popUlation model incorporating dispersal between patches. 
Pollination mechanisms. 
Life cycles of pollinating insects. 
Relative abundance of pollinators in variously fragmented populations or modified 

habitats. 
Seed production, size of reproductive plants and recruitment. 
Effect of fire on seed in the field (A test ofthe findings of Chapter 2). 
Genetic variability and potential effect of fragmentation. 
Develop and refine population models based on short-term survival, growth rates 

etc. 
Response to various fire regimes, can expect some variation between species. 
Response to harvest; seeds, leaves, plants. 
Alien grasses, spread and control. 
Economic analyses eg markets, benefit cost of alien grasses, Government policy on 

salvage versus sustainable use of cycads. 
Development of harvest enterprises by Indigenous communities. 
Indigenous approaches to land management, particularly harvest of wildlife. 
Horticultural investigations eg techniques for transport of open rooted stock and to 

maximise survival of wild harvested adult plants. 
Amenable to Longer Term Investigations 
Response to various fire regimes, particularly with alien grass. 
Response to harvest; seeds, leaves, plants. 
Sex ratios. 
Survival and growth rates of seedlings versus basal sprouts. 
Variation in demographic parameters eg recruitment. 
Frequency, synchronisation and stimuli of mast seeding. 
Density dependence. 
Population response to fragmentation and habitat modification. 
Validation and refinement of population models. 
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ranging from international agreements, through Commonwealth and Territory 

legislation, to land clearing, fire regimes and the control of alien grasses. These 

issues need attention if the decline in cycads and cycad habitat is to be kept to a 

minimum. 

Adaptive management provides an approach that will allow for the refinement of 

land management prescriptions as experience is gained. To optimise the benefits 

from adaptive management there is a need for clear articulation of alternative 

hypotheses to be tested by management action. With long-lived organisms in 

particular, ongoing implementation, evaluation and feedback requires co-ordination 

between the parties. In the case of cycads in the Top End there is considerable scope 

for co-ordination between land managers, harvesters, government agencies and 

researchers in refining land management practices that are likely to result in the 

maintenance of cycads and their habitat. 

5.6 Conclusion 

The foregoing analysis and discussion poses many challenges to decision makers and 

land managers in northern Australia. The issues pertinent to the maintenance of C. 

armstrongii and its habitat are both complex and are not restricted to this one species. 

With regard to C. armstrongii it is pertinent to pose the question: Would the 

declaration of the species as vulnerable to extinction prevent the changes in 

savanna's that are leading to that status? The answer is no, because the alien grass 

genie is out of the bottle and incremental clearing involves no clear threshold 
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separating the acceptable from the unacceptable. However, such a response does not 

undermine the wisdom of firmly placing a stopper to prevent the emergence of the 

next alien grass genie. 

The previous response raises a further question: Will creative approaches to savanna 

management be required? The answer is a resounding yes. Northern Australia is 

characterised by a sparse human population and there is a need to engage as many 

elements of that population as possible in conservation management, if the declines 

in the quality ofthe natural resource base that are evident in much ofthe rest of 

Australia and more generally around the globe are to be avoided. 

What steps might be taken to achieve a different vision, one that is not dependent on 

an unquestioning application of rules derived for different circumstances? For 

example, a focus on the protection ofrare and threatened organisms without due 

regard to the landscape scale issues that will inevitably produce a multitude more 

threatened organisms ifleft unaddressed. Writers with an interest in conservation in 

northern Australia have frequently emphasised the opportunity to produce better 

results by abandoning the formulaic (Woinarski et al., 1992; Whitehead et al., 2003). 

An opportunity exists where the approach to managing landscapes and wildlife can 

be part of building an identity for the NT. There are different and arguably more 

appropriate ways of dealing with the unique problems and opportunities in the north. 

Steps that may assist in seizing the opportunity are: 
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1) A revitalised strategy for the sustainable use of wildlife with a commitment 

of resources for implementation. 

2) The fostering of a broad coalition of interests to derive "mixed" models of 

savanna management, that promote alternatives to the previous formulas that 

appear to be heading down a well trodden path of eroding the natural resource 

capital of the north. 

3) The exploration and promotion of alternatives is likely to require a flexibility 

in decision making that will challenge some of the prescriptive legislation and 

decision making processes currently in force. There may need to be some 

devolution of authority to make decisions, be that to government ministers, 

land management authorities or Indigenous traditional owners. However, for 

public confidence to be maintained and enhanced, there is a need for 

transparent decision making processes where all interested parties have the 

opportunity to contribute. Transparency needs to extend to monitoring and 

evaluation of the resource base. Population monitoring data must be readily 

available for interpretation by diverse interests. 

4) A strong Indigenous representation with a commitment to empower 

alternative views of desirable land management outcomes. 

5) The active promotion of an adaptive management approach to refining land 

management practices. 

This vision of a better approach to resource management may be derided as Utopian. 

However, the costs of prevailing approaches are becoming sufficiently impressive 

and widely understood (Yencken & Wilkinson, 2000) to warrant genuine exploration 

of alternatives. 
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6.1 Relevance of cycads to land management 

Cycads are an ancient and interesting group of plants. However, despite their long 

history and persistence through many periods of gross environmental change, they 

are now in decline in many areas around the globe due to human activities. Habitat 

destruction and uncontrolled harvest from the wild are two major pressures. 

Northern Australia has in the past been relatively unaffected by both these pressures. 

Human popUlations are sparse and its diverse cycads have only recently been seen as 

suitable targets for commercial use. The landscapes of northern Australia are mostly 

structurally intact and so support one of the most extensive tracts of relatively 

unmodified tropical vegetation around the globe. Despite the intact appearance of 

these landscapes, there is an increasingly alanning array of evidence that adverse 

change is occurring rapidly, behind the screen of structural integrity. Declines have 

occurred at a range of scales from local to widespread, extending across the savanna 

landscapes that occur over much ofthe northern third ofthe continent. 

Fire has been an integral feature ofthe savanna landscapes of northern Australia for 

thousands of years. Modified fire regimes associated with a reduction in traditional 

Indigenous land management practices have been implicated as one cause of 

biodiversity decline. It is likely there will be further, potentially accelerating change 

in fITe regimes due to increased fuel loads associated with the invasion of alien 

grasses. There is evidence that a grass-fire cycle has been initiated, with the 

potential to result in a substantial change in the tree to grass balance in the northern 

savannas. In addition, the priority given to economic development by governments 

249 



Summary 

of all political persuasions will inevitably lead to further declines in the natural 

values of these landscapes as land is cleared for other purposes. 

Cycads have long attracted the attention of people due to their value as food and 

medicine. Societies using them in this way have often incorporated them in religious 

or spiritual beliefs and observances. Their toxicity, unusual biology and evolutionary 

significance, the rarity of some species and potential use as ornamental plants has 

attracted attention from a broad audience. In contrast to the global trend, cycads 

remain abundant in northern Australia. Their abundance and widespread 

distribution, in combination with local, national and international demand for plants 

provides an opportunity for sustainable harvest from wild populations. It has been 

suggested that commercial harvest, tied to land management practices favouring 

cycad populations, provides a mechanism to encourage the conservation of cycad 

habitat. 

Conservation of cycads and their habitats requires consideration of a diverse mix of 

resource management issues ranging from the sustainability of prevailing land 

management practices, compatibility of commercial use with customary use and 

spiritual significance, land use planning, economic and marketing considerations 

through to legislation and international treaties. Cycads thus provide a flagship to 

focus attention on contemporary land management issues in northern Australia. 

However, their long generation time and the highly variable environment in which 

they live means that short term studies can provide only a partial understanding. An 

adaptive management approach provides a means to refme the management of cycad 
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habitat over the longer tenn. In this thesis, I seek to make optimal use of the 

information collected over a 3 to 5 year period and also provide a robust framework 

for a refinement of management practice through time. 

6.2 Scorching by fire reduces seed viability 

Cycas armstrongii seeds develop slowly and are held on the plant from the end of 

one dry season to late the following dry. Given the large areas burnt and high 

frequency of fire in the landscape exposure to fire is common. A trial was 

undertaken to ascertain if scorching by fire influenced seed viability. Seed collected 

in the wild from stems and from the ground was exposed to fire and gennination 

tested in a nursery using a Latin square experimental layout. Seeds collected from 

the ground were also categorised with regard to the extent of sarcotesta present. The 

nursery trial was maintained for 7.5 months post harvest. The low viability of seed 

that had not germinated within 7.5 months indicates that viable seed from one 

reproductive cycle is unlikely to be carried over to a second wet season. 

Scorching by fire markedly reduced the viability of C. armstrongii seed. While 

similar proportions ofunscorched stem- and ground-collected seed germinated, the 

ground-collected seed did so more rapidly. Ground-collected seed with less 

sarcotesta intact germinated most rapidly. While these differences in germination 

may reflect relative maturity of the seed, it is likely removal ofthe sarcotesta reduced 

the time to germination. If so, animals that remove the sarcotesta provide a dual 

benefit in assisting germination as well as dispersal. Maintaining C. armstrongii 
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populations unbumt in mast seed years is likely to optimise the availability of viable 

seed. If maintaining a population fire free in a mast year is impracticable, the 

adverse impact of fire on seed viability is likely to be minimised by applying a cool 

fire early in the dry season. 

6.3 The response of plants to fire 

The response of Cycas armstrongii plants to fire was investigated by following the 

growth, reproduction and fate of marked stems and clumps through two fire events. 

The fire treatments were unburnt, annual fire at ambient fuel load and annual fire 

with high fuel loads, achieved by adding fuel to a level likely to occur if the habitat 

was invaded with alien grasses. 

There were substantial changes in size class distribution with a 60% decline in 

density of stems of adult size classes in the high fuel treatment. There was a 

corresponding, but amplified increase in juveniles in this treatment, reflecting the 

capacity of plants to produce basal sprouts. There was little change in density in the 

unburnt and ambient fuel treatments. 

A custom function adapted from Hoed's special function provided the most useful 

(biologically plausible) model of stem growth. Growth rate varied with stem size, 

with rates of3.1, 4.8 and 3.5 cm per year respectively for stems from 5 to <50 cm, ~ 

50 to <100 cm and ;;;:::100 cm talL Stems that survived the high fuel treatment 

displayed a higher growth rate than the other treatments. The growth model 
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indicated that, allowing for a period below ground prior to emergence of a stem, the 

predicted age to attain stem lengths of 100 and 200 cm respectively was 40 and 75 

years. 

Interpretation of reproduction was limited by the apparent absence of a mast seeding 

event during the study. For stems of known sex, the observed ratio of 1.8 male to 

each female stem probably reflected more frequent coning by male plants as opposed 

to any real difference in the sex ratio of the population. 

The loss of adult stems under high fuel loads and comparatively slow replacement of 

those stems is likely to rapidly create a popUlation incapable of sexual reproduction 

and lead to eventual popUlation decline. In the absence of appropriate management, 

fire in combination with increased fuel loads due to alien grasses is likely to have an 

overwhelming impact on popUlations of C. armstrongii. However, the popUlation 

dynamics under various frequencies of fire require further exploration. 

6.4 A single population model incorporating response to fire 

To investigate the popUlation dynamics a stage transition model was constructed with 

RAMASGIS to simulate the response of C. armstrongii to various frequencies of fire 

and combinations of fire intensity. Under "ambient" fire with fuel loads 

representative of native species and typical early dry season fire, C. armstrongii was 

remarkably resilient to a broad range of fire frequencies. In contrast, under "intense" 

fire with fuel loads representative of invaded communities or intensity within the 
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spectrum of hot late dry season fire, there was a continuous population decline with 

increasing fire frequency. With intense fire at frequencies of ::;;1 in 10 years 

populations persisted. Under intense fire at frequencies of ~1 in 3 years there was a 

substantial and ongoing proj ected population decline. Intense fire at frequencies of ~ 

1 in 5 years resulted in a greater than 50% probability of a population exceeding 

thresholds for listing as threatened with extinction under rueN red list criteria. 

Key elements of the response of C. armstrongii to fire regime are: 

Scorching by fire had a marked negative impact on the viability of seeds. 

Stage transition matrices for the unburnt and ambient fire treatments 

exhibited a positive intrinsic rate of population increase (unbumt 'A= 1.030, 

ambient 'A = 1.009). 

In contrast, there was a negative intrinsic rate of population increase under 

intense fire ('A = 0.983). 

The survival of adult plants was particularly influential on population 

dynamics. 

Populations were remarkably resilient under a wide range of frequencies of 

ambient fire. 

Populations declined under intense fire, with the rate of decline increasing 

with an increase in the frequency on intense fire. 

Populations are unlikely to persist in the long-tenn with intense fire more 

frequent than around 1 in 10 years. 

The projected decline under frequent intense fire presents a serious land management 

issue. At least at the level of individual popUlations subject to contemporary fire 
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frequencies, the control of the alien grasses A. gayanus and P. polystachion is 

essential if a major decline in C. armstrongii is to be avoided. To make inferences 

about the consequences of these observations for the status of the species as a whole, 

required application of the population model to the response ofpopulations 

representative of various geographic areas, subject to the spectrum of contemporary 

and plausible fire regimes throughout the range of the species. 

6.5 An assessment of conservation status; application of the population model, 

land use scenarios and management implications 

Simulations of population dynamics revealed that under relatively conservative 

scenarios of land clearing, an extension of contemporary fire frequency and season of 

burning, and invasion of alien grasses, C. armstrongii is likely to experience 

population decline that meets IUCN criteria for classification as vulnerable to 

extinction. 

Nonetheless, harvest of presently healthy populations of cycads has also been 

proposed and approved under an existing management program. To investigate the 

sustainability of various strategies for harvest of large adult plants, scenarios were 

run in RAMASGIS with a range of harvest rates under various frequencies of hot 

fire. Fire regime had a substantially larger impact on projected population density 

than did plant harvest. 
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dynamics of C. armstrongii over a century is illustrated by the following: 

Summary 

Under infrequent hot fire (1 in 23.8 years) and no harvest there was a 63% 

projected increase in LA plants. 

Under frequent hot fire (1 in 3.7 years) and no harvest there was a 66% 

projected decline in LA plants. 

With application of 15% harvest once per decade under infrequent hot fire (1 

in 23.8 years) the above 63% increase was reduced to a 51 % increase. 

With application of 15% harvest once per decade under frequent hot fire (1 in 

3.7 years) the above 66% decline was exacerbated to produce a 77% decline. 

Adjusting the frequency of hot fire resulted in a difference in the order of 

hundreds of LA plants per ha. 

Adjusting the level of harvest resulted in a difference in the order of tens of 

LA plants per ha. 

With hot fire more frequent than around 1 in 10 years, popUlations declined. With 

hot fire less frequent than 1 in 10 years the trend was for stable or increasing density 

at the end of a century. With infrequent hot fire adult cycad density was stable or 

increased at all levels of harvest simulated. Simulated harvest output varied 

markedly with fire regime, with a range from 663 to 1606 adult plants per ha over a 

century, under a harvest set at 15% of adult plants once per decade. Harvest of C. 

armstrongii has been proposed as an incentive for landholders to implement 

favourable management of habitat. The extent to which harvests of this and other 

native species can compete with other land uses or fund improved management of 

256 



Summary 

fire and weeds remains uncertain, but clearly those profiting from harvest will have a 

clear incentive to maintain favourable (weed-free) fire regimes to increase their 

access to the resource. 

An underlying assumption in the modelling presented is that: the effects of extreme 

fire weather in the late dry season in combination with the build up of ambient fuel 

load that occurs as the dry season progresses or build up due to alien grass invasion; 

approximate the effects of higher fuel loads in concert with moderate weather, in 

tenns of resultant fire intensity and plant response. A useful avenue of further 

research would be to clarify the effect of season of fire on plant response, along with 

the effect of a greater variety of fire intensities. 

The projected decline of C. armstrongii raises complex resource management issues 

involving interactions among international agreements concerning trade in cycads, 

legislation regulating export, salvage of plants under an existing cycad management 

program, land clearing, fire regimes, weed control and the application of an adaptive 

management approach to improving management of natural resources. Actions that 

may assist in maintaining the diverse natural resource base of the Northern Territory 

include promotion of the sustainable use of wildlife, encouraging diverse models of 

savanna management, flexibility and transparency in decision making, a strong 

Indigenous involvement and promotion of the adaptive management paradigm. The 

costs of continuing with present approaches to resource management warrant 

genuine exploration of alternatives. 
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The likely outcome of failure to address contemporary issues such as alien grasses 

and fire is evident by the projected decline in many of the simulations conducted in 

this study. Cycas armstrongii is widely considered as a fire tolerant plant, a 

reputation supported by the simulated response to early dry season fire under fuel 

loads representative of communities dominated by native species. Given the 

projected response of this fire "tolerant" species and the prominence of fire in the 

savanna of northern Australia, if increased fuel loads due to the invasion of alien 

grasses are allowed to be perpetuated then substantial change in the grass to tree 

balance appear inevitable. Such shifts are likely to cause catastrophic change in the 

abundance of numerous other plants and animals that comprise the biota of these 

tropical savanna landscapes. 

This depressing picture is most likely to be realised if government and non

government conservation interests rely too heavily on passive approaches to 

conservation of biodiversity. Management of a vast expanse of savannas presents 

extraordinary challenges that can be met only if a large part of northern Australia's 

sparse human population is actively engaged. The incentives needed to do this will 

not be found in a retreat to formulae developed for other situations in other places. I 

remain hopeful that the people of northern Australia will 'engage with the challenge. 
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