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Summary

Australia’s vegetation has evolved with fire, and now variously copes with, and even depends on, a range of fire regimes. As the temperatures produced by fire are much above those that kill plant tissues, survival of individuals depends largely on how long the heating lasts (often less than a minute) and how well the critical tissues (buds and cambium) are insulated. In some plants the critical buds are well insulated within a mass of live leaf bases (e.g. tree ferns, certain grasses). In large trees, recovery depends on special strands of bud-producing tissue surviving within thick bark above the ground. In smaller trees (<10cm thick) and the herbaceous and woody undergrowth, sprouting after fire depends on buds within the insulating soil. In some species, the roots are able to generate new buds. More commonly, the critical buds are preformed underground: e.g. on rhizomes, on lignotubers, or are buds that were pulled there by contractile roots. Irrespective of their capacity to sprout after fire, plants also depend on seeds that survive fire. Some store such seed in the soil, some in thick fruits on the plant, some in thinner fruits, but high above the ground. Very few species rely on seed that is mobile enough to be supplied from unburnt areas.

Strategies for coping with fire vary with species and vegetation. In tall, moist forests, fires tend to be rare but kill nearly all plants and to induce regeneration from seeds that are either stored on the crown or in the soil, depending on species. In dry forests, fires tend to be frequent but they rarely kill the trees or the undergrowth. The undergrowth and the smaller trees tend to be killed back to the ground but recover from subsoil buds. Although there is much tolerance to fire, excessive frequency and severity of burning, are likely to change the vegetation to more resistant species (e.g. from woody plants to ferns or grasses) and to degrade soil fertility.

Since bush fires also threaten people and their properties, prescribed burning is used to reduce fuels to safer levels. Unfortunately, such fuel reductions have little success in mitigating severe fires, and the rates of fuel accumulation are mostly so fast that such burning needs to be so frequent (mostly every 3-5 years) that serious concerns arise about the conservation of vegetation and fertility. There is ongoing debate about this and to clarify aims and resolve conflicts.

INTRODUCTION

Aim and Scope - Fire kills, consumes and rejuvenates. This paper takes a broad look at ‘bad’ and ‘good’ effects of fires on vegetation and soil. It ignores the similarly important effects on animals. It outlines    (1) mechanisms of damage, resistance and recovery in various plant and vegetation types    (2) the accumulation and control of fuels and    (3) and the conflicts that arise in trying to protect humans and the environment. Although it refers mainly to Australia, in fact mainly to the Eucalyptus forests in the SE of this country, the patterns and principles apply extensively also to many other parts of the world. The paper is for worldwide readers, not only for local fire ecologists.

Problems in managing fire include:

· After agriculture, fire is the most powerful and widely used tool to manage vegetation. 

· Lack of sufficient knowledge, despite more than a thousand scientific papers on Australian fire ecology.

· Conflict between the needs of public safety and environmental conservation. 

· Rapid accumulation of fuel to dangerous levels (~2-4 years).
· The probable ecological damage done by too frequent burning (every ~ 2-5 years).
· The need to make sensible choices.
Vegetation and Fire Climates – Australia, being large, has a wide range of climates and hence a wide range of vegetation and fire environments, depending mainly on rainfall (or, more precisely, on the ratio of rain to evaporation). Rainforests, confined to the wettest places, now cover less than 1% of the area. They occur extensively in Tasmania and patchily near the east coast of the mainland. They tend to burn only once in ~ 100-400 years. The other forests are ‘open’, i.e. they have sparser canopies, and are dominated by just one genus, Eucalyptus, except in some of the driest types of forest. The open forests range from the relatively few, relatively rarely burnt (~ 50-100 years) ‘tall-open’ or ‘wet scleropyll’ forests in the moister areas to the more common ‘open’ or ‘low–open’ forests, also called ‘dry sclerophyll’ forest ( burnt @ ~ 5-50years), and to the most common, driest, most open and most frequently burnt ‘woodlands’. By far the greatest part of the mainland is semi-arid or arid and is covered by desert or variously sparse grass or shrub vegetation. The sparsest vegetation burns only when enough fuel is built up by a (rare) wet season. In the tropical North (with very wet summers and very dry ‘winters’), massive amounts of grass are produced every year and these are burnt extensively every ~ 1-3 years.

There have been fires here for at least tens of millions of years (from lightning) before the aborigines arrived some 40 000 years ago and added their burning. Some 20 million years ago, much of the land was wet and covered by rainforests. With the drying of the climate and the increases in fire frequencies, the rainforests have almost disappeared and been replaced by vegetations better adapted to drought and fire. After rainfall and fire, the most important environmental influence is soil fertility. Declines to generally low soil fertility, due to leaching, erosion and probably due to burning of these now ancient land surfaces have boosted the trend to more burning and to more flammable vegetation. Higher fertility (particularly of soils derived from more recent basalt, in small areas on the eastern coastal ranges), with adequate rainfall, has promoted vegetation with softer, less flammable foliage trending to rainforest and less likely to burn than vegetation on poorer soils.

An extraterrestrial observer might find that the present people and vegetations are well adapted to fire. Within a few years after fire has destroyed a set of people and their buildings, there are usually fully grown new people and fully grown new buildings. The responses of some vegetations can be similar, but a 300 year old forest takes longer to replace. In any case, neither the people nor the vegetation necessarily benefit from fire, no matter how brilliant their recovery.

Kinds of Fire - It is useful to distinguish three fire types:

· Surface fires. These burn mainly the litter and low vegetation. 

· Crown fires. These consume the foliage of the trees. In medium to tall eucalypt forests, crown fires depend on tall surface fires plus extreme fire weather

· Peat fires, also called humus or ground fires, burn more or less massive amounts of amorphous organic matter. In Australia, such peat is rare, except in a few bogs and in the cool, wet, old Tasmanian forests. Such peat is rarely dry enough to burn, even beneath a surface fire. When peat of more than 5 or 10 cm thickness burns, all seeds, roots and stems within that peat (even those with the thickest bark) are killed (Cremer 1962).

Similarly important are fire intensities. They can be characterized by:

· Heights to which the foliage is either scorched or, alternatively, consumed.

· Depth under the soil surface to which rootlets are charred.
· Intensity (I), can also be expressed as the heat output per metre of fire front, in kW/m. Accepting the approximation that the heat value of the plant fuel consumed is ~16 000 kJ/kg,    I = WxRx27. That is, Intensity (I) is proportional to the weight of fuel consumed (W, in tonnes/hectare) and the rate of fire spread (R, in metres/minute). A prescribed fire may have an intensity of up to 500kW/m (i.e. equal to that of 500 single-bar radiators per metre) and a flame height of ~ 1.2m. Fires with intensities above 4000kW/m are very difficult to control. Forest fires can exceed 60 000kW/m with flame heights of tens of metres (Luke & McArthur 1978).

The total effects of fire depend on the fire regime. This covers not only the above fire types and intensities, but also fire frequencies, season of burning, spatial extent of the fire (ha) and spatial variability (mosaic burns). 

Fire behaviour depends much on types and quantities of fuel. The most important type is the fine fuels: litter <6mm thick, plus grasses. Fine fuels are the fastest to change in moisture content, and thus the fastest to change in flammability with changes in fire weather. The aim of hazard reduction is typically to keep loads of fine fuels below ~ 10 to/ha, because fires in heavier fuels are hard or impossible to control under severe conditions. With some moisture, only some of the litter (and little of the humus/peat) may be able to burn. If abundant and continuous, the low undergrowth can be even more important than the fine fuels in determining the behaviour and effects of fire. Under extreme fire conditions, much of the taller undergrowth also becomes available as fuel. Certain fibrous and ribbon barks can greatly accelerate the spread of fire by generating fire brands carried by strong winds to start spot fires 10s or 1000s of metres ahead of the main fire. Heavier branches and logs contribute little to fire behaviour, but can be important for locally heating the soil or causing fire scars if they burn next to a tree trunk. 

EFFECTS OF FIRE

Lethal Temperatures

The tissues of growing plants tend to be killed, i.e. scorched, when heated to ~ 50-100oC, depending on duration of heating. Dormant seeds tolerate somewhat higher temperatures: sometimes up to 120oC, if duration is <1min (Auld et al. 1991). The temperatures of smoldering are ~ 400-500oC, and those of flames are~ 700-1000oC. Much therefore depends on how close the plant part is to the fire, how well that part is insulated and how long the heating lasts. A fire in grass typically lasts for only 10-20 seconds at one point, in eucalypt litter for 50-150 seconds, and in peat for hours. Lethal temperatures generally penetrate only 0-1-2 cm deep into the soil. A ‘cool’ fire is distinguished not by low fire temperatures, but by low heat output (and thus scorch to only low heights), by short duration, and by burning when the lowest litter is moist and not combusted. 

Effects of a Single Fire

Combustion
Combustion means the plant part is converted into CO2, H2O and ashes. Many of the thinner live plant parts are more or less readily combusted once they have been sufficiently heated: particularly the leaves of grasses. Live stems may be consumed if less than 1 or 2 cm thick. Live bark is rarely consumed, unless it is very thin (<2-3 mm). If the bark is thicker and has a dead outer layer, the surface of the latter may be charred or consumed. Thick live bark is scorched but rarely charred. Lack of oxygen and heating tend to prevent the complete combustion of isolated logs and of densely packed grass stalks at the bases of grass bunches.

Scorch and Dieback

Scorched foliage is identifiable within hours as it dries and changes colour to a reddish or gray brown. The death of fruits, twigs, bark, cambium and sapwood is also identifiable by changes in colour and drying, but this takes days and cannot be seen unless the tissue is cut open. The loss in tree height may be less than a metre, but can reach all the way to the ground. Loss in height after the tree’s foliage was completely combusted is not necessarily greater than after the foliage was completely scorched (e.g 3m vs 2m, Gill 1978) but can be greater:7m vs 1m (McCaw et al 1994). Smaller trees (with stems <5-10 cm thick), shrubs and herbs tend to be killed to the ground. …Fig. 1

Bark and Stems
Bark is crucial for the protection of   (1) the cambium*(the layer that produces bark on one side and wood on the other and is thus the basis of stem’s continued growth and functioning) and   (2) the buds within the bark on which sprouting depends. The thickness of the bark is thus of prime importance, often irrespective of bark type and moisture content (Vines 1968). In trees where the outer bark is dead and fibrous and thus flammable, heat penetration is boosted if that bark burns (Gill et al 1968). The duration of heating needed to kill the cambium beneath the bark increases with the square of the bark’s thickness (Bond et al 1996). Bark thickness varies with species and increases with stem diameter. Trees of many species thus eventually become highly resistant to fire, but not till their stems are big enough. 

‘Gum-barked’ eucalypts differ from most other trees in having their bark maintain a smooth, live surface throughout their lives, and shedding its outer 1-2mm each summer.

When that smooth bark is killed by fire it usually does not combust or even char, unless it is thin (<4mm). It dries and hence cracks. Such cracks tend to extend into the underlying live bark. A crack within the live bark heals rapidly, but, if it extends as far as the cambium, it may result in a ‘gum vein’*: a visual blemish in the subsequently formed wood. If only the outer bark is killed, the dead layer is cut off actively within the outermost surviving bark. A dead skin, up to at least 10mm thick, is then shed, about a year after burning. The remaining live bark does tend to regain the thickness that is normal for that stem’s diameter, but that may take more than 10 years (Gill 1981), leaving the tree increasingly vulnerable to frequent fires. Rough-barked species do not absciss and shed their bark as above. But fire does thin their surviving bark too. …Fig. 2

A butt scar is formed if the bark is killed right to the wood, but on only part of the butt’s circumference. Although the underlying portion of sapwood also eventually dies, this has no known direct physiological effect on the functioning of the tree. The wound tends to occlude from its edges (with annual growth rings that can date the fire), and, if it is small, the wound may become completely covered. While any of the dead wood remains exposed, it is subject to infection by decay fungi, to invasion by termites and to burning by subsequent fires. The tree thus tends to develop a hollow butt, and a fire burning in that hollow may kill the tree by heating it from the inside. Veteran trees are often killed and collapsed in this way. Butt scars tend to occur where the fire was hottest and most prolonged: next to a burnt log, on the uphill side of a trunk where more fuel accumulates, particularly on the lee side of the trunk where flames are drawn by the chimney effect. The lee side is typically uphill, because fire tends to draw the air upslope. Some farmers tend to stack fallen branches against the bases of trees, and are surprised when the tree is scarred or killed by a fire. …Fig. 3

Hotter fire may kill all the bark above the ground, and hence all the above ground portion of the tree. Such a tree may recover by coppice*, i.e. by sprouting from buds surviving near or below the soil surface. Occasionally (e.g. after some bracken or grass fires) the entire circumference of a tree’s bark is killed, but only locally, not all the way to the ground nor to the crown. This means the tree is girdled* (ring barked). To survive, a girdled tree must sprout from below the girdle. The part above the girdle will die later. But it may appear to continue functioning normally, for up to a year or two, depending on how much of the sapwood was killed directly at the girdle. 

Buds and Lignotubers

The naked and epicormic buds of eucalypts - Classically, a bud* is seen as a condensed shoot arising from the axil of a leaf. Such a bud may be enclosed by special protective scales while the bud is dormant, e.g. in an overwintering apple tree. In eucalypts and most other Australian plants the primary buds* (i.e. the first bud produced by an axil) is naked (i.e. not sheltered within protective scales). Such buds are easily killed by fire etc, but in eucalypts are readily replaced by an unlimited sequence of new buds produced by that axillary site. As the bark thickens, each axillary site produces a microscopic, radial strand of axillary tissue. With further growth, the outer bark eventually dies or sheds, but the portion of the strand remaining in the live bark survives and continues to be added to by the cambium (Cremer 1972).

This now largely undifferentiated radial strand of bud tissue hidden within the bark is the ‘epicormic bud’*. It is the reason why eucalypts are so able to recover by sprouting after fire. The epicormic buds at the very base of a stem usually gain even better protection from fire by becoming buried in soil through two mechanisms. Firstly, as the diameters of the stem and roots grow, soil is pushed up the base of the trunk. Secondly, some 98 % of Eucalyptus species (and many species from many other families here and elsewhere in the world) produce lignotubers*. These are woody swellings originating from the axils of the seedling’s first leaves; and they tend to actually grow into the soil. The lignotuber proliferates epicormic buds and accumulates food reserves. The swelling may no longer be noticeable once the stem has grown more than 5-10 cm thick.

In some species the ability of epicormic buds to sprout declines where the stem becomes very thick. Irrespective of diameters, some species sprout more readily than others. Sometimes sprouting is weak due to poor health and lowered food reserves.

Less than 1% of the eucalypts, all in the North, are known to produce rhizomes* (i.e. horizontally growing, underground stems - Lacey et al 1976). The buds on these are, of course, particularly well insulated from fires.

Only one or two eucalypt species produce suckers*, i.e. shoots from roots (Lacey et al 1976), as so many poplars are apt to do. Such shoots arise from ‘adventitious buds’*, i.e. buds formed de novo, not from predetermined tissue originating in leaf axils. Although adventitious buds are found on roots of quite a range of species, they do not seem to be found on any stems. Suckers are more common in Australia’s second most important woody genus, Acacia. These tend to be thin barked and easily killed back to ground level. Unlike the eucalypts (whose seeds usually survive on the ground for less than a year), the seeds of acacias typically survive for many decades and become buried within the soil. Acacias thus cope with fires very differently from the eucalypts.

Ways in which buds are protected - Table 1 indicates ways and degrees of protection. Much depends on how long the heating lasts. Where a fire is prolonged, e.g. under a pile of burnt logs, no subterranean bud is likely to survive. Note also that while trees may protect their buds by thick bark, most other plants protect their survival buds by keeping them underground. Two ways of doing this are:

Contractile roots are widespread, and they are well known in Europe, but virtually unexplored in Australia, except in the grass tree, Xanthorrhoea australis (Gill 1981) In most broad-leaved species, when a seed germinates on or below the soil surface, it pushes its cotyledons* (first leaves), and thus the lowest axillary buds, above the ground. Some plants, however, then develop special fleshy taproots that first anchor themselves deeply and then pull the plant’s lowest buds at least 1-3 cm below the ground, sometimes assisted by additional contraction occurring in the stem below the cotyledons. Contractile roots have been recorded in 36 families, particularly in species with bulbs; they occur also in widely known species, such as White Clover (Trifolium repens), Lucerne (Medicago sativa), Dandelion (Taraxacum), and Oxalis pes-caprae (see Norbert Puetz in “Google”). Vertical rhizomes (e.g. those of Wahlenbergia) are presumably also due to contractile roots and stems. 

Grasses are usually particularly well adapted to fire, mostly by having their survival buds at or below the soil surface. Adaptations of grasses to cope with fire (and grazing, and frost) are outlined by Lunt et al (2002) for SE Australia, and by Linder et al (1990) for the Fynbos type of vegetation in South Africa. The main adaptations are (a) soil-stored seeds, mainly in certain annual species, and (b) the ability of perennial species to sprout after fire due to protected buds arising from rhizomes, runners (stolons), bulbs, corms, and the notable tufted (caespitose*) habit.

The tufted grasses (‘tussocks’) typically form dense bunches of leaves and flowering stalks arising from a tight mass of buds at 1-3 cm below the soil surface. The four dominant native grasses of SE Australia are of this type. This habit makes them highly resistant to fire. But it is not clear how these buds manage to become subterranean. In grasses, any seeds that germinate within the soil, do keep the basal buds underground. However, it is more likely that the seeds (especially of species with short-lived seeds) germinate at the soil surface and produce a basal bud at the surface. The indications (at least for Poa sieberiana and Austrostipa scabra) are that, while the first bud produced after germination may be at the soil surface, new buds (tillers) budding off from the base of a previous bud are deeper in the soil, and this sequence of deepening continues till a suitable depth is reached. A further factor in the resistance of tufted grasses to fire is that the leaf and stem bases emerging from the soil are resistant to combustion because of their dense packing and because they hold much soil between them (and thus starve the fire of oxygen). The presence of much of this entrapped soil is due to being pushed there as new tillers emerge from below the ground at the periphery of the tuft. Some tufted species develop a dead core as they age and spread peripherally, but even the dead core remains remarkably resistant to decay and to combustion. …Fig.7

Survival from fire is less assured when the basal buds are at the soil’s surface. If Phalaris aquatica is not burnt or grazed for many years, it accumulates much fuel and may develop its rhizomes at the surface of the soil. A hot fire tends to kill such plants extensively, but new plants grow from soil-stored seeds.

Seeds
Storage and Survival of Seeds - Seeds exposed to fire amongst burnt litter on the ground are probably killed (Gill 1981). Seeds above the ground are also killed if they are on plant parts that are combusted or scorched, unless these seeds are within insulating fruits (Table 1). Ways of storage and survival:

· Seed stored within insulating soil. Long-lived seeds (such as those of most Acacia spp) somehow tend to become buried over decades by ants, worms etc. 

· Seed stored in highly insulating fruits (live, large, hard to burn fruits, e.g. Banksia). 

· Seeds stored in fruits that may be only moderately insulating but are either high above the worst heat (e.g. on tall Eucalyptus trees) or are heated only briefly. Some of the seeds in woody fruits of Eucalyptus or Leptospermum subjected to crown fire are killed, but some usually do survive, even though the walls of these fruits are thin (< 2mm), compared with the thickness of ‘similarly exposed’ bark needed to protect the cambium (Ashton 1986).

· Seed produced in unburnt areas but easily carried to the burnt ground by wind or animals (e.g. the spores of mosses and ferns; certain seeds with parachutes, as in the daisy family: seeds in berries).

Acceleration of Seed Shed – In eucalypts, some seed is usually stored on the trees, because each year’s seed crop is normally shed only slowly, over 2-3 years. When a fire scorches a crown, it cuts the sap stream to the capsules on the tree and causes them to dry and shed their seeds in just a few days or weeks. Seed shed is sometimes accelerated also when the fire is not hot enough to scorch the crown. Somehow, most or all of the capsules are induced to abscise, shed most of their seed and then fall off. The uncharred capsules are then seen on the charred ground (Cremer 1965). Fire accelerates the shedding of seed in many other species also, usually by killing their fruit and thus causing it to dry out. However, in a few species more is required: in Banksia ornata the flames apparently need to actually touch the fruit (Gill 1981), and in American Pinus contorta  heat needs to melt the resin that otherwise keeps most of the cones glued shut. With accelerated abundant seed shed, the seed destroying ants and sucker bugs probably have a lesser chance to eliminate the seed. 

In eucalypts, seed is not stored in or on the ground. The seed on the ground usually germinates or dies within about one year, or is killed if burnt. In the moist forests, virtually only the seed stored on the trees at the time of burning can produce seedlings after fire, because (a) nearly all of the seed falls within a distance equal to the tree’s height (thus seed is most unlikely to come from unburnt areas), and (b) the seed bed becomes unreceptive within about one year, long before a new seed crop can mature (Cremer 1962,1965, 1971). 

In forests where rainfall is low (<500 mm/year) and erratic, regeneration by seed is less likely to be triggered by burning, and is likely to depend on the rather rare episodes of favourable weather, perhaps many years after burning. For eucalypts, it takes at least 3-4 years before new seeds can mature after a crown has been scorched. This is a further barrier to the recruitment of eucalypt seedlings on such sites.

Establishment of new Plants from Seed

In Australia, fire is probably the most important disturbance to cause plant loss and plant regeneration. Apart from accelerating the shedding of seed, fire also promotes the germination of some types of seeds and, most importantly, promotes the subsequent survival of seedlings: by reducing competition (for light, water and nutrients), and by improving the contact between soil and any newly shed seed (Stoneman 1994, p11 in Williams et al 1995). Fire tends to temporarily boost fertility, not only by releasing the nutrients in the combusted plant materials, but also by the ‘ash bed effect’. This important, but relatively localized and short-lived effect is attributed primarily to intense heating of soil, and consequent microbial changes (Wilkinson et al 1993, Williams et al 1995). The germination of hard seeds, such as those of Acacia, is often spectacularly stimulated by fire, through heat or smoke (Gill 1981, Auld et al 1991, Enright et al 1997). Burning also may remove allelopathy*, the inhibition of seed or seedlings by chemicals leached from eucalypt litter, which can be significant (May et al 1990).

Effects of Fire Regimes on Plant Communities and Soils

Succession in tall moist Eucalypt Forest

A look at this moistest, densest, tallest, and most rarely burnt of Australian forests illustrates the most dramatic effects of fire and a recovery that depends almost entirely on seeds, not on resprouting. A hot fire tends to kill and replace such a stand entirely. Take an example, simplified to essentials (based on Cremer 1960, Cremer & Mount 1965). …Fig.8 …Fig.9

Consider a stand of Eucalyptus regnans, the Mountain Ash, at up to ~100 m high, the world’s tallest flowering plant. This example stand is now 70 m tall and all the eucalypts in it are 300 years old, having germinated after a fire 300 years ago. As the site is fertile, the ‘undergrowth’ is a simple, dense, temperate rainforest dominated by just two woody species: Nothofagus cunninghami (Antarctic Beech) and Atherosperma moschata (Southern Sassafras). These are up to 30 m tall and of various ages, mostly close to 300 years old. There is also a profusion of mosses, liverworts and ferns on the ground and on the tree trunks. Since the eucalypts began seeding, about 280 years ago, eucalypt seeds have germinated here almost every month, but no new tree was able to establish, because light intensities near the ground are too low: ~2% of full daylight. If not burnt during their lifetime (~450 years), the eucalypts will die, without regeneration and without a store of seed in the soil. The rainforest species, being more shade tolerant, may continue to regenerate: a self-perpetuating vegetation climax is then reached. Eucalyptus regnans is thus both fire sensitive and dependent on fire for its regeneration.

Now consider that a fire occurs, burns deep layers of humus and thus girdles all the trees. As these old eucalypt cannot coppice, they all die. Only some 2 % of the Nothofagus and Atherosperma manage to sprout. Tree ferns survive, and those of the ferns that had rhizomes within the mineral soil below the burnt humus. The ground is now virtually bare of all live vegetation.

The ground is then colonized rapidly. Mosses (mainly Funaria hygrometrica and Ceratodon purpurea) and the liverwort Marchantia polymorpha cover ~ 90% of the ground in 1 year and ~99% half a year later. These ancient, highly mobile bryophytes occur worldwide in similar situations. They depend on high supplies of nutrients and moisture. As the nutrient supply diminishes with time, they are replaced by the less nutrient-demanding moss Polytrichum juniperinum at 3-5 years after burning. Another mobile fireweed, Senecio minimus, a herb of the daisy family, also takes advantage of the cleared and fertile ground. It reaches peak abundance ~2 years after burning and then dies. The ferns resurge more slowly but continue indefinitely. Regeneration of the woody plants is mainly by seed from two sources. The eucalypts grow only from seed present on the crowns on the burnt site at the time of burning. They germinate within ~ 1 year. Should any seed fall from a surviving old tree at more than 2 years after burning, it will find the seedbed occupied and no longer receptive. Regeneration from the two rainforest trees is mainly of similar origin, but so modest at first that it is hardly seen in the early years. The initially most abundant regeneration of woody plants is from immobile seed stored in the soil for more than 100 years, mainly Acacia dealbata and Pomaderris apetala. The plants that had produced these seeds had died of old age in that rainforest more than 100 years previously. Had the forest been younger, the abundance of seeds still surviving in the soil would have been greater. The fire boosted the germination of these seeds. Any germination at other times is ineffective, as these species also do not tolerate shade. 

Succession after fire can also follow other paths, depending on fire intensities and frequencies, and on the age and composition of the forest. Should the above forest remain unburnt till the eucalypts have died, it will become a pure rainforest. Should the young eucalypt forest be burnt and killed before the new eucalypts produce their first seed, at 15-20 years, the eucalypts will not replaced. A couple more fires soon after that could exhaust the supply of ground-stored seeds as well, and leave the site occupied by dense bracken. Fire could thus eliminate the fire sensitive species and produce a highly fire prone but highly fire tolerant vegetation. This vegetation is of low value and low biodiversity, and it is not rare in Tasmania. Fire of sufficiently high frequency is thus likely to eliminate the ‘obligate seeders’ and replace them with the more fire tolerant ‘sprouters’.

For the local maintenance of E. regnans as a species, fires should thus occur at least every ~ 400 years (before it dies) and at most every 20 years (after it starts seeding). Keeping impressive stands requires that intervals between stand-replacement fires be more than 100-200 years.

Succession in low dry Eucalypt Forest

This example illustrates Australia’s more common drier forests, and fire effects that are quite different from, and far more widespread, than the above. Most plant individuals, although injured to various degrees, survive the fire and the forest structure remains largely intact. The forest is usually dominated by eucalypts, but the trees are of many ages. Fire can occur every 3-6 years, but may be absent for more than 50 years. The larger trees usually survive fire with their trunks and at least their major limbs intact, but the undergrowth tends to be killed back to ground level, together with the smallest trees. If the foliage of the eucalypt trees is scorched or consumed, the surviving branches and trunks sprout shoots. The burnt down vegetation sprouts from underground buds (Table 1). Even though the aboveground portions of the grasses and other herbs are the most easily combusted parts of the whole vegetation, these plants are the first to recover fully. After one year with normal rain, they tend to look better than before the fire. …Fig. 10

The undergrowth in low, dry forests varies from almost absent (on the poorest, driest sites) to a wide range in densities and heights of grasses or shrubs or both. Fertile sites tend to promote grasses, especially after frequent burning, and infertile sites shrubs (Watson 2002). While fire accelerates seed shed, and stimulates the germination of soil-stored seeds, the establishment of new plants from seed tends to be much less prominent than sprouting. Indeed, on harsher sites with low and erratic rainfall, establishment from seed tends to depend on wet spells that may not occur till many years after burning. Recruitment in the dry forests tends to be limited not by light, but by competition for water and nutrients, and by weather.

In the drier forests, most new growth after burning is from the recovery of plants that have been partly or entirely killed back to the ground, but not below the ground. Where the recovery is from rhizomes or by sprouting from roots, the number of new plants may actually be considerably larger than before the fire. Such vegetative spread occurs also without fire. Ability to resprout from underground may vary with the species, vigour and age of the plant burnt, and with intensity, season and high frequency of burning (Gill 1981). Ability to sprout from underground may be much reduced if the fire was hot (e.g. Stoneman 1994). Plants whose buds are just above or just below the soil are far more likely to die after a hot burn on dry soil than after a cool burn. Depletion of food reserves, especially when the new sprouts are grazed intensively, may explain many deaths. 

Purdie (1977) studied effects of controlled burns of moderate intensity (~1000 – 4000 kW/m) in a dry forest at Canberra (ave. rain 626 mm/yr). Of the 64 species whose mode of recovery she observed, 11 were annuals and grew from soil stored seeds. Of the 53 perennial herb and woody species, 49 (i.e. 92%) recovered vegetatively (11 by sprouting from bulbs, 19 from coppice, 12 from root suckers or suckers plus coppice, and 4 from rhizomes). All species, except those with bulbs or rhizomes (why?), produced seedlings, most from soil-stored seed. In contrast to the very low mortality of sprouts, the mortality of seedlings was high, as expected. But, because rainfall in the two years after burning was high (~1000 mm/yr), many seedlings did manage to survive:  those established on burnt plots were seven times as numerous as those on unburnt plots. Apparently, not all the seed in the litter was killed when the plots were burnt: 63 viable seeds were found in the burnt litter (compared with 609 seeds in the unburnt litter).

Herbaceous Undergrowth and Grasslands - In fire prone environments, herbaceous plants are outstanding in their ability to recover after fire. They attain maturity in just one growing season. Most or all of the native perennial species have subterranean buds that survive fire and sprout readily after burning. And the annuals (if any) tend to have ground-stored seeds.

Writing mainly about America, Daubenmire (1968) concluded that frequent fire tends to change woody vegetation to grassland (and, conversely, rarity of fires tends to allow woody vegetation to invade grass lands), that fire is often mainly beneficial to grasses (and makes them more palatable and nutritious), that grass fires are usually much cooler than forest fires (especially at ground level) and that seeds lying right on the ground may survive fire, while those on the plants or on the litter do not. These conclusions also apply in Australia, with the additional comment that survival of seeds on the ground probably depends on how hot the fire was.

Health and Rejuvenation of Plants 

Many woody species of the undergrowth have short life spans and their vigour declines after some 20-50 years. They may be rejuvenated by fire, either by sprouting or by growing new from seed. Such fire needs to occur before the seeds in the soil have all died. Also, just as lopping off decadent crowns sometimes rejuvenates a tree, so fire may occasionally increase a tree’s vigour. A ~6m tall stand of coppiced Eucalyptus dives, having lost all of its branches through a fire in spring, recovered all its former leaf area in just half a year (Gill 1978).

Fire may boost vigour and flowering in many herbaceous perennials (Lunt et al 2002). From his and other studies Watson (2002) concluded that grassland species not only survive frequent burning, but actually need it to maintain species diversity.

Fire sometimes boosts tree health. It has been suggested that the nitrogen fixed by wattles arising after burning may inhibit the jarrah’s root pathogen Phytopthora cinamomi (Shea et al 1976). Ellis et al (1980) found that the crowns of Eucalyptus delegatensis in parts of Tasmania tend to die back prematurely unless the undergrowth is burnt occasionally. Jurskis & Turner (2002) argue that most of the eucalypt diebacks seen in some of Australia’s forests and much of the rural areas is attributable to lack of cool fires to modify the undergrowth. 
Vegetation Trends with repeated Burning
Fire frequency can profoundly affect vegetation both when frequency is too high or too low. Fires tend to eliminate the more fire sensitive species and thus favour the more resistant species. Frequent fires favour species that recover by sprouting, not those that depend on seed (Wilkinson et al 1993). Conversely, lack of fires tends to favour the more sensitive species. Fire in an 86-year-old stand of mixed eucalypt species killed 41% of the E. regnans, 17 % of the E. oblique and only 9% of the E. cypellocarpa, and boosted the bracken over the more sensitive understorey species (Ashton et al 1996). This related to differences in both bark thickness and ability to produce epicormics. 

Bowman et al (1981) present observations and argue that in much of Tasmania (perhaps only on poorer sites?) frequent burning reduces soil fertility, and that the vegetation tends to change from rarely burnt rainforest through eucalypt forest to frequently burnt sedgeland. In general, frequent fires tend to change woody vegetation to grassy or ferny vegetation, especially in the moister forests (as mentioned). Some vegetations, however, are highly tolerant of frequent fires, especially the drier forests (e.g. Christenson et al 1989), provided they do not have species that rely on seeding, or that these can seed in the short interfire periods. Some vegetations probably benefit from frequent burning, e.g. the temperate grasslands, when they are not grazed or mowed (Watson 2002).

Loss of Litter

Burning lowers fuel hazards by reducing the quantities of litter, low vegetation and tree bark. This can amount to a serious loss of mulching effects: conservation of soil moisture, protection from erosion, and exposure of the ground to wider fluctuations in temperature. It takes some 10-20t/ha of litter to protect slopes of 16-30o (Good 1996). There have been reports (perhaps relevant only to certain soil types) of extreme erosion after hot fires followed by heavy rain: e.g. 148. 204, 306, 550 tonnes/ha.

Loss of Organic Matter and Nutrients

Repeated burning of surface litter (and humus) may eventually degrade the physical qualities of the soil, chiefly by reducing the organic content of the soil itself and thus reducing water and nutrient holding capacities, soil crumbliness, aeration and drainage.

There is also serious concern that repeated burning reduces long-term fertility through loss of nutrients. The nutrients are lost by volatilization, with ash blown away, by accelerated erosion and by leaching. However, despite many studies demonstrating losses of nutrients, uncertainty remains about the significance of the observed losses, because of scales and difficulties of measurement, complexities about: inputs and outputs of nitrogen, inputs from rain and from weathering of parent rock, and the total nutrient budget (p 34, Williams et al 1995). Foresters of the SW are the strongest proponents of prescribed burning, where the evidence suggests that fertility ‘is neither dramatically nor permanently affected by low intensity fire’ (Christensen et al 1989). 

The case for conservation of organic matter has, however, been sufficient to lead to the widespread cessation of burning of logging debris between crops of planted Pinus radiata (e.g. Flinn et al 1979). Conservation of organic matter (mulch, compost) is now widely practiced in gardening and organic farming. The removal by farmers of litter from forests of central Europe over past centuries has been recognized as a major degrading influence on fertility and has been stopped.

FUEL ACCUMULATION 
Fuel Accumulation

Fine fuels - There have been many studies on fuel dynamics in eucalypt forests, mainly on the fine fuels, < 6mm thick, (Raison et al 1983, Good 1996). Depending on site and vegetation, fine fuels are produced typically at 1-5t/ha/yr. Fuel accumulation is fastest in the first 5-7 years after a fire, about 1-4t/ha/yr. Accumulation then slows as decomposition becomes more prominent, till production and decomposition often balance to produce a ‘steady’ state after some 10 to 20 years, with equilibrium fuel levels ranging from ~10t/ha in some dry forests to ~40t/ha in certain moist forests. Within each year, fuel levels vary modestly (e.g 1-2t) rising during summers in response to accelerated leaf shed (especially after drought), and declining in winters when decay predominates. The above pattern is probably the most widespread in Australia, but may not apply in cool moist forests where humus/peat may well accumulate indefinitely.

Generally, fine fuels tend to regain hazardous levels (10t/ha) in just 2-5 years after a fuel reduction burn, with recovery being faster after spring burns than after autumn burns. In a dry forest, with an equilibrium fuel level of some 12t/ha, fuel levels may be reduced to ~5t/ha by burning but fully recover in 2-4 years (Tolhurst 1996). Dangerous levels of fuel will be exceeded in just 2-3 years after fuel reduction burn in most eucalypt forests (Good 1996). There is increasing recognition that shrubs and bark are important in promoting severe wild fires, and it is suggested that the benefit of fuel reduction burning is more lasting if these are reduced (Tolhurst 1996). A hot wild fire causes much greater fuel reduction and is followed by much slower fuel accumulation.

Flammability – Eucalypts attract fire. Mount (1979) enumerates evidence suggesting that eucalypts not only are adapted to cope with fire, and even need fire, but also produce fuels that positively attract and promote fire. This gives the eucalypts a competitive advantage over the more fire sensitive rainforest species. The eucalypts shed abundant foliage, bark and branchlets; and these decompose slowly, accumulating as highly flammable fuel. During fires, bark on many trees produces floating embers that spread the fire. Even the live leaves are relatively flammable, because they contain oils and waxes, but relatively little minerals and water.

This high flammability contrasts with certain other types of vegetation that not only tend to be moister, but have far less flammable foliage and accumulate far less litter: e.g. rainforests and thickets of willows. Where Salix purpurea has come to dominate a stream in Australia, it tends to exclude even severe bush fires. Its moister live foliage is harder to ignite; its dense shade excludes nearly all other plants (and hence their litter) and its own litter decays so fast that very little accumulates.

In certain vegetation types, burning greatly increases fire hazard: e.g. when rainforest is changed to bracken or grass, or when sub alpine grassy open woodland is changed to dense shrubby forest with Bossiaea foliosa (R. Good pers. comm.). Bracken tends to accumulate enough dry fuel to burn readily almost every three years. Similarly, for many grasses. It is important to identify any vegetation that is made more flammable by burning.

Dilemmas for fire management

Dilemma 1 : Identifying and reconciling the Aims of Fire Management 

Major aims can be

· Hazard reduction

· Biodiversity conservation (incl. species composition, vegetation structure, and ecosystem functioning)

· Forestry: establishing or protecting a new crop of trees

· Grazing

The aims need to be objectively identified, understood and accepted. The ‘philosophies’, commonly espoused (e.g. ‘suppress all fires’, ‘let them burn, it’s good for the bush’, ‘imitate aboriginal burning’, ‘aim for “natural” fires/vegetation’) are of little objective value. ‘Blizzards of ecological detail’ are also of little help, unless they can be distilled into broader guidance, within an understanding that we have to live with fire, inevitably. At present, much of the burning seems to be done mainly to satisfy public expectation concerning protection of life and property. Burning for environmental conservation may sometimes be implied but is still rarely mentioned by fire managers.

Bush fires are terrifying and destructive, but, if the aim is to save life and property, we should note the relatively low importance of bush fires. The annual deaths on roads and annual losses of houses from other fires are each hundreds of times greater than losses due to bush fires. Lives can probably be saved more efficiently elsewhere. There are other ways of addressing fuel hazards. Fuels can sometimes be reduced by mowing or grazing. The risk to buildings has begun to be reduced through better building and landscape designs, driven by education and building regulations, especially in bushland settings. Regular fuel reduction burning is now tending to be confined to zones where it is most urgent and most worthwhile: where people and property are most threatened.

Dilemma 2 : Burning to reduce Fire Hazard

It is widely understood that fine fuels should be kept below ~10t/ha. This fuel load occurs when the litter forms a continuous, 2cm deep layer. The level above which fire control becomes impossible varies, of course, with fire weather, availability of manpower and equipment, terrain and access. It may be higher or lower than 10t/ha in some situations: this should be defined. Gill et al (1987) estimated that for the Melbourne climate, and on level ground, fires would be just controllable on almost all days if fuel weights were less than 8t/ha. 

Whatever the likely hazard level is, the rate at which fuels accumulate is mostly so fast that burning to keep below the hazard levels would need to be so frequent (typically every 3-5 years) that there is risk of serious damage to soil and vegetation in the long run. As indicated above, it takes only 2-3 years after a fuel reduction burn to rebuild fuel loads to 8-10 tonnes/ha in most eucalypt forests (Good 1996). Although it may not yet be clearly proven, ecologists believe that burning indefinitely at 2-5 yearly intervals is probably environmentally unsustainable, in most situations (e.g. Morrison et al 1996).

So far, there is little evidence that fuel reduction burning has been effective in mitigating major bush fires. There is no doubt that hazard is minimal right after a hot burn, but there is need to determine under what range of conditions fuel reduction burning is worthwhile in reducing hazards. Some observations indicate that at more than two years after a fuel reduction burn, wildfire behaviour was not affected while weather conditions remained extreme, but was made more manageable once conditions had moderated ((McCaw et al 1992, Buckley 1992). There is also need to determine to what extent (if any) fuel reduction burning can prevent the environmental damage done by severe wild fires.

Dilemma 3 : Burning for Biodiversity

If we knew enough about the growth habits of each species, what it needs to regenerate and thrive, its reaction to fires of various sorts, its dependence on seed or sprouting, when it seeds and when it dies, etc, and if we knew and had decided which are the most sensitive species/communities we want to preserve, we could devise fire regimes to suit them. Thus the desirable interval between burning might be at least 2 and at most 8 years for certain grasslands, 10-30 years for certain shrublands, 50-400 years for some of the taller eucalypt forests, and 300-1000 years for rainforests. The National Parks Service of NSW aims to identify the highest and lowest fire frequency needed to avoid local extinctions of species. 

More specifically, we should identify vegetation types that should never be burnt deliberately: e.g.  rainforests,  areas above the alpine tree line,  swamps and bogs when these are dry,  stands of young eucalypt timber crops while these are vulnerable, # the extensive areas that only rarely accumulate fuels to dangerous levels.

In the past decade, laws have been introduced to balance the needs for protection of humans and the environment. Nevertheless, the law requires landholders ‘to take any practical steps to prevent the occurrence of bush fires on, and to minimize the danger of spread of bush fires on or from, that land’ (NSW Rural Fires Act 1997). What is ‘practical’? Only near complete and permanent clearing will stop an extreme fire. Fire management has to be an ever-shifting compromise between the requirements of laws, public safety, ecology and public expectations. 

Cool fires are probably generally preferable to hot fires, as they do much less obvious harm to plants, seeds and sites. But there are also arguments for some hotter fires, mainly to promote the hard-seeded species. From extensive laboratory studies on seeds of 35 species of acacias and other Fabaceae, Auld et al (1991) predict that soil temperatures under cool fires are not high enough to stimulate enough germination of these species. That conclusion may be questioned. Some soft seeds occur in most seed lots, and others develop with time in the ground, so that some germination also occurs without fire. From his studies and extensive review, Catling (1991) suggests that frequent (at least every 5 years) burns tend to greatly reduce the height and amount of undergrowth and litter and thus disadvantage the native mammals in SE Australia, while rarer burns do the opposite.

It would also be generally desirable for burns to be patchy. For hazard reduction, however, at least 50% of an area should be burnt. 

Intervals between fires should vary. Forest zones that may need frequent burning for fuel reduction also need occasional fire free spells of at some 10-30 years to allow recruitment to the tree stratum, instead of the young trees being killed back to the ground after each burn.

In the absence of sufficient information, it seems wise to aim for variability and to avoid extremes: aim for cool fires with occasional hot ones (some are inevitable); vary the fire intervals and suit them to the vegetation; generally avoid too frequent burning; perhaps burn in different seasons. And learn from results.

Whatever the ideal burning regime, is hard to achieve because optimum conditions for prescribed burning occur only rarely: e.g. on 11-14 days/year; or less, if weekends and the fire season are excluded (Gill et al 1987).
CONCLUSION

Fire in vegetation can have good and bad effects. The debate on what burning is desirable is likely to continue indefinitely, even as we learn more, because the issues are many and complex (Gill et al 1994). Fire is needed for both hazard reduction and for environmental conservation. We need to take some action; but as there are conflicts between aims and concerns about sustainability, we need to be cautious.
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Captions
Fig.1

A low open eucalypt forest 1 year after fire had killed all its foliage. Sprouting of new shoots was confined to those parts of the tree where buds had survived due to thicker bark: mainly the trunks of the larger trees.

Fig. 2

A smooth-barked eucalypt shedding the outer bark that had been killed by fire a year earlier. As all the innermost bark had survived, no butt scar was formed.

Fig. 3

Butt scar in old eucalypt tree, caused by a fire decades earlier killing part of the circumference of the trunk. The wound was too big to occlude and has lead to the decay of the trunk’s centre and to increased vulnerability to future fires. 

The loose foliage of the tall bunch of grass is readily burnt, but not the densely packed core, so that the basal buds within that core can survive and sprout after fire.

Fig. 4

Lignotuber of a young eucalypt, partly excavated. Normally only the top shows above the soil. 

Fig. 5

Excavated rhizome with two Blackberry (Rubus sp) sprouts one year after burning. The buds in this 4 cm deep rhizome had been well protected from fire. These sprouts arose after burning, as evidenced by the lack of charred stumps +/- at the soil surface. The same area also produced Blackberry plants grown from soil-stored seed; such plants each had a single vertical taproot. 

Fig. 6

A 15 years old pine plantation (Pinus radiata introduced from California) killed by hot fire one year earlier. As this pine has no protected buds above or below the ground, it was unable to sprout once all its foliage-and-bud-bearing twigs had been killed. Seed stored in well-insulated woody cones on the trees shed after the fire and produced seedlings that are now hidden by the prominent now dry grass, an introduced annual species grown from soil-stored seed.

Fig. 7

Sketch of the base of a young grass bunch, showing how basal buds can become subterranean.

Fig. 8
A one-aged, wet, old eucalypt forest overtopping a rainforest understorey, not burnt since the fire ~300 years ago that gave rise to both.

Fig. 9
A one-aged, wet, young eucalypt forest resulting from a fire 39 years ago that had killed nearly all of the previous forest and its undergrowth. The skeletons of some of the old killed eucalypts are still standing.

Fig. 10
A low, dry eucalypt forest, with very sparse undergrowth and trees and shrubs of many ages. Although no fire damage is seen here, the older trees have probably experienced several (cool) fires. Note the smooth and stringy bark types.

Table 1   Ways in which BUDS are protected from Fire

	1 Protection is zero (P0), when the bud is in or close to fire. Protection is better when the bud is high above the fire 
	1.1 Naked buds (e.g. primary buds of eucalypts)

1.2 Covered buds (e.g. Nothofagus)

1.3 Epicormic buds in thin (<2 mm) bark
	P0-1

P0-1

P1-2

	2 With buds located close to the ground (0-1cm), there is some protection, provided that the soil is ~moist, and even more protection if there is little fuel
	2.1 Runners / stolons (e.g. some grasses)

2.2 Basal buds of certain grasses and rosette herbs

2.3 Portion of lignotuber above the soil

2.4 Layers: i.e. stems that touched the ground, took root and then grew much in diameter (e.g. Salix purpurea)
	P1

P1

P1

P2

	3 Protection is moderate to very high, depending on thickness of enveloping tissue and height above fire
	3.1 Epicormic buds in ~thick bark (e.g. most eucalypts)

3.2 Woody fruits (e.g. Banksia, some eucalypts,)

3.3 Buds protected within densely packed (~non flammable) leaf bases (e.g. grass tree, tree fern, Poa labilliardiera tussock grass)
	P3-5

P3-5

P3-5

	4 Protection is high to very high, depending on depth within mineral soil and on duration of fire


	4.1 The buried portions of lignotubers

4.2 Buried portions of upright stems 

4.3 Subterranean buds of many grasses

4.4 Bulbs or other buds pulled into the soil by contractile roots (incl. Xanthorrhoea, ?Campanula)

4.5 Buds in rhizomes, corms, tubers (e.g. bracken, certain grasses, Dianella)
4.6 Potential adventitious buds on roots (e.g. some acacias)
	P4-5

P5

P5

P5

P5

P5

P5

P5


P0 = no protection…. P5 = greatest protection…Values depend on proximity and duration of fire etc….Not applicable to peat fires (which are likely to kill everything within the combusted zone).

SEEDS:

· P0-1 if within combusted litter or in thin fruits adjacent to scorched or combusted foliage
· P2-3 if in a (moister, lower) litter layer that remains partly unburnt, or in fruit of medium size
· P4-5 if deep within soil, or in large fruit, e.g. Banksia, certain Eucalyptus (even when adjacent crown is scorched)
