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Landscape Fires '93: 
Proceedings of an Australian Bushfire Conference, 

Perth, Western Australia 

27-29 September 1993
ED1rrn Bv W. L. McCAW1, N. D. BURROWS2, G. R. FRIEND3 AND A M. GILL4

1 Science and Information Division, Department of Conservation and 
Land Management, Manjimup 6258, Western Australia. 

' Science and Information Division, Department of Conservation and 
Land Management, PO Box l 04 Como 6152, Western Australia. 

• Science and Information Division, Department of Conservation and
Land Management, PO Box 51 Wanncroo 6065, Western Australia. 

• Centre for Plant Biodiversity Research, CSIRO Dh�sion of Plant
Industry, GPO Box 1600, Canberra 2601, ACT.

PREFACE 

The Landscape Fires '93 Conference was the fourth in 
a series of Australian bushfire conferences which 
commenced in 1987 at the Australian Defence Force 
Academy campus of the University of New South Wales 
in Canberra. The 1993 conference in Perth was the 
first to be staged outside Canberra and was sponsored 
by the Western Australian Department of Conservation 
and Land Management (CALM) and the Bush Fires 
Board of Western Australia. More than one hundred 
delegates from Australia, New Zealand and the United 
States participated in the conference sessions and the 
subsequent field trip to the Mount Lesueur National 
Park some 300 1cm north of Perth. A list of conference 
delegates together with their affiliations has been 
included in these proceedings. 

The purpose of the conference was to provide a 
forum for members of the Australian fire community, 
both researchers and managers, to review d1e latest 
concepts and developments in bushfire science. 
Invited speakers presented papers addressing six main 
themes identified for the conference: 

• fire danger rating and fire behaviour prediction
• fire measurements for fire ecology studies
• bushfires and the urban-rural interface
• bushfire emissions
• fire-plant-animal interactions
• fire-induced landscape mosaics

A large number of poster papers were also displayed
in conjunction with each session. 

These proceedings contain the text of most papers 
presented at tl1e conference. A few speakers elected 
not to publish the full text of their papers because the 
work was not yet ready for publication, or because time 
constraints prevented preparation of a final manuscript. 
All papers published in these proceedings were reviewed 
by two independent referees, where possible at least one 
of them having been a delegate at the conference. 
Abstracts of poster papers, as presented at the 
conference, have been included in these proceedings 

The organizers of Landscape Fires '93 would like to 
sincerely thank the large number of people from many 
organizations who contributed to the success of the 
conference. Those people who kindly assisted the 
editors by reviewing papers are acknowledged in a list at 
the end of this volume. Particular thanks are extended 
to Joanne Elliot and Michelle Lathwell from CALM's 
Science and Information Division at Manjimup for their 
tireless work which included registering delegates, 
making arrangements for the conference, and preparing 
these proceedings for publication submission. 

Iii 
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Opening remarks 

1 General Manager, Department of Conservation and Land
Management, Crawley 6009, Western Australia.  (now retired) 

Thank you for the invitation to open this conference. It 
is a p leasme to be involved. I have had a passionate 
interest and a personal involvement in fire management 
for over 30 years, and my participation has spanned the 
full spectrum from fire-fighter, through district 
management and research to policy and politics. 
Thinking back on this, I can't quite decide which role 
was the most stressful - but I do remember working 
with many tough , dedicated and thoughtful people. It 
has always seemed to me that 'fire people' are a very 
special subculture of society, and are very special 
people; not many people choose a tough assignment 
with few rewards - and that is what fire work is mainly 
about. 

I would l ike to open by acknowledging the history 
of these conferences . They were initiated six years ago 
by the Mathematics Deparanent of the Australian 
Defence Force Academy in Canberra, of all places 
. . .  a lthough you don't need to think about it for very 
long to see the connections . I understand that the 
concept originally was to provide a forum in which 
people working in fire science could get together, but it 
was quickly enlarged to include fire managers , a move 
which makes a lot of sense . After all, fire scientists and 
fire managers are interdependent organisms in the same 
ecosystem . This is now the fourth Landscape Fires 
Conference and the first to be held off the Defence 
Academy campus. I am delighted that this conference is 
being hosted by CALM and the WA Bush Fires Board 
(BFB) .  

Speaking on  behalf of  CALM, I wou ld particularly 
l ike to welcome visitors from other parts of Australia, 
the USA, and New Zealand to WA. We are very proud 
of our traditions and of our record in fire management 
and fire research in WA. However, this is not to say that 
we are resting on our laurels .  In fire science and fire 
protection there is sti l l  a long way to travel and there 
are many complexities yet to be tackled, and resolved. 
We have a huge State, a hot, dry season every year and 

R. J .  UNDERWOOD 1

the usual interm ixture of people values and ecological 
values. We are also chronically short of money to do the 
sort of research and fire management programs that we 
think should be done. However, we do have some 
advantages . For example, CALM is an integrated 
agency and can undertake fire management and 
planning across various tenures ,  and we do have a well 
integrated multi -disciplinary research group. There are 
excellent relationships between colleagues in the Bush 
Fires Board, local government and the volunteer fire­
fighters. And compared to many government 
bureaucracies, CALM staff are accustomed to and 
committed to change. We also like to share our 
problems with our peers and our friends in the wider 
fire community, and to hear their views on what we 
should or should not be doing, or what we should or 
should not be thinking about when it comes to fire. So

please don't hold back on your helpful advice ! 
Turning now to the general issue of fire, I have to 

say that it is one of the most difficult and persistently 
controversial issues that CALM faces. The other two, 
incidentally, are timber cutting in native forests and 
providing for tourism and recreation in conservation 
reserves . From a managers perspective al l  three issues 
are similar: in each case, CALM has the job of working 
out a path to follow on the ground, while negotiating a 
minefield of complex interactions between social values, 
legislation, environmental values , science and 
conflicting community expectations . More often than 
not we find ourselves caught in the crossfire between 
interest groups, or trying to develop compromises with 
uncompromising people . 

However, a lthough the three issues are similar in a 
political and management sense, fire is the most 
demanding. This is because the cost of getting it wrong 
is so large, and because accountabil ity for getting it 
wrong is so obvious! If you get your silviculture wrong, 
or your recreation planning is below standard, it's not 
usually a matter of l ife or death . But if people or 
townships are consumed in a bush fire, and CALM's or 
BFB 's policies or fire protection measures are found to 
have been deficient or irresponsible, we are in huge 
trouble. And by 'we' I don't just mean the Deparanent 
or the Board, I mean me, and the foresters, rangers and 
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brigade officers out there in the parks and districts who 
personal ly carry the heavy bu rden of responsibi l ity. 
Furthermore, thanks to the regrettable Americanization 
of the approach to li tigation in Austral ia , gett ing it 
wrong can a lso mean t lrnt the government treasuries a rc 
in trou ble. B ushfires somet imes cost l i ves, but they 
nearly always cost dollars; serious bush fires can cost 
mil l ions of dol lars . The only people to profit from this 
arc the lawyers; everyone else loses . 

For these reasons land managers w i th fi re 
responsi bi l i t ies tend to be a fairly conservative breed -
they l i ke co st ick to what they know works best. Thi s  
c a n  hamper relat ionsh i ps betwee n managers and 
scientists, and between m anagers and envi ron mental ists 
and it can ca use big probl em when va lue ju dgemen ts 
have tO be m ade ,  for example, air qual ity in Perth versus 
b ushfire mit igation i n  south -west forests . Both are 
desirable, but it's very hard to advantage one, without 
disadvantag ing the other. It is not  that ecologica l and 
environmental values arc not u nderstood or held 
i m portant by managers; it's a matter of keeping the 
commun ity's back covered - and your own a the same 
t ime. 

I wou ld  l ike to conclude my remarks with 
comments on two impo rtant issues related t o  fi re 
management and fire science. I am s ure these issues wil l  
be discussed during t he confe rence . 

1 .  Wi th respect to m anaging fi re, I bel ieve that we 
must tackle two priori ty issues: fi rstly, we need to 
develop systems in which fi re is truly integrated with 
al l other land use val ues; and secondly, we need to 
develop mechanisms to ensu re that a l l  the stake 
holders arc ;ict ivcly involved in the decis ion-maki ng 
and the implementation processes . For both these 
reasons I :im a very strong advocate of usi ng 
structured Wildfi re Threat Analysis as a basis for fi re 
management plan n ing, and of taking these 
processes in to the com m uni ty. In this way tJ1c 
priori ties, trade-offs, and the spec ia l  concerns 
become transpare nt .  I n  this way we wil l steadi ly  
gather support from interest groups :rnd loca l  
commu n ities . On ly  in this way wi l l  we succeed in 
gett i ng  people to understand that fi re is not j ust 
CALM's or the BFB's probl em, i t  is everybody's 
prob lem . 

E-faving said this ,  I accept that the greatest d i ffic u lty 
we have i n  i mplement ing o ur fire pol ic ies comes 
fro m urba n people who are completely 
unth rcatcned by bush fi res , who do not u nderstand 
fi re ,  and who never sec it as t heir problem . Many of 
these people have great pol it ica l  i nfluence and a rc 
beloved of t J 1c media .  I do nor yet h ave the sol u t ion 
for this problem.  But  I do know th at if rurnl 
comm unit ies ( inc luding ru ra l  envi ronmental ists ) can 
work togeth er cooperatively, the fire protect ion and 
environ mental outcomes wi l l  always be higher than 
i f  they don't.  
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I am also aware that however analyt ica l  we are, and 
however hard we work tO  ensure com m u nity 
ownership of a fi re management plan ,  some people 
or groups will stay outside the process and wil l  fight 
he fi nal plan .  This is an noying, but it 's democracy, 

so you have to grin and bear it . I th ink the problem 
wi l l  decl ine when the nonsensical idea held by some 
peopl e that fire is a forei gn clement to Austral ian 
ecosystems a lso decl ines .  Also (we al l  need to 
remind o urselves) no plan can ever be considered a 
'final p lan ' - there wil l  a lways be new research 
find i n gs to incorporate, values wi l l  chan ge and 
wi ldfires wil l  a lways occur on bad days and cut 
across the best- laid plans .  
I am very pleased to sec a. special sectio n of th is 
con fere nce looki ng at bush fires and the urba n 
in terface. This is where everyo ne has the most to 
lose and probably where fire managers and sc i ent ists 
have he most work to do . 

2 .  Turning now tO fi re science, I also wou ld  l i ke to 
make two poi n ts .  Fi rst ly, it is my vi ew that fi re 
beh av iour research is of crit ical i m portance and 
must be contin ued . Fire is a natu ral feat u re of nearly 
every Austral ian ecosystem , and because of this, and 
becau se of the  fact tha t  we now have a fi re­
vu lnerable h u man society in terspersed th rough 
n,nu ral ecosystems ,  we wil l  always be w;1 11t ing to use 
fires . Whether th i s  use is for ecolog ica l  pu rposes, or 
for wi ldfire mit i gation , it doesn' t  matter; i f we go 
out  there l ighting fires we m ust be a bl e to predict
how they wi l l  beh ave and what wi l l  happen to the
smoke .  We m ust know whether we are askin g our
own people to do the i mpossi b le when we put them
up against a fi re .  We are qui te wel l  advanced in this
rega rd for a few ecosystems, but for most we arc still
in 'e lementary schoo l' .

Secondly, I believe t hat the t ime has come for fi re 
ecologists to move beyond studies which focus o n  
i ndivid ua l  species and t h e  im pact of s ingle fires .  
These studies a rc  taking us into a morass of 
i ncreasing complexity and do not hel p us to design 
p ract ical and sensi ble fire regimes . There are an 
al most infin ite n u m ber of perm u tat ions and 
combinations between fi re and the  var ious clements 
of the ecosyste m and the environmen t .  Post- fire 
response and recovery can go down many diffe rent 
p:nhs, depending on the i ntensi ty of tbe fire, the 
frequency of the  fire ,  he post - fi re weat her 
condit ions and interac t ions wi th other factors such 
as  fera l anim als or i nsect plagues. This is a l l  of 
enormous i nt e l lecrnal  interes t ,  but  doesn't help the 
manager out  there tryi ng to develop an acti on plan 
for next su mmer, or com munity gro ups work in g on 
a fi re plan for :i major conservation reserve . 

My view is that tJ1c most helpful approach which 
researchers can take is one which recognizes t.ha fire 



disturbance is natural in Australian ecosystems and 
then focuses on the ecosystems and their: 
disturbance boundaries, i.e. identifying the points 
beyond which ecosystems cannot recover, rather 
than looking at single species and their response to a 
single fire event. To this I need to add the need for 
special research directed at protecting important 
threatened species - although I caution that the 
adoption of a fire regime aimed at favouring any 
one species will inevitably disfavour some other 
species. As recently as last week I was considering 
the plight of one of Australia's rarest animals (the 
Yellow Bellied Frog) which, it turns out, is probably 
disfavoured by summer or autumn burns - the very 
sort of fire which we are being urged to carry out by 
biologists from a different scientific lobby group. 

At tl1is point I also need to acknowledge the special 
problem of small bushland reserves isolated within 
an agriculture landscape. Here, however, the 
immediate problem is not fire management, it's 
rebuilding me landscape wimin which the reserves 
occur so that they are better connected and thus 
more resilient to disturbance. 

R. J. Underwood, Opening Remarks, Landscape Fires '93 

I love to discuss these issues, and could go on for 
hours - but I know all of you are dying to get on with 
your conference. So can I make one final point. I would 
like to see fire scientists and fire managers work much 
closer together. There are many opportunities being 
lost for refinements to techniques, on the one hand, or 
for field-level experimental management on the other. 
Even in a close-knit organization like CALM, I see too 
many examples of researchers and managers pulling 
against each other, rather than working together. I 
regard the scientists as our motivators for change while 
the managers are implementers of change. Successful 
change will not be achieved unless it is managed 
properly, mat is, presented in a positive and cooperative 
climate so mat it is rapidly incorporated into the daily 
business of ecosystem management and community 
protection. I therefore doubly offer a warm welcome to 

you all at tl1is conference, especially tl1e scientists and 
managers in attendance, and wish you a stimulating and 
enjoyable week. 

Thank you. 
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Separating fire spread prediction and fire danger rating 

1 CSIRO Division of Forestry, PO Box 4008, Queen Victoria Terrace, 

Canberra 2600, ACT. 

ABSTRACT 

Australian fire danger rating systems have been 
developed by relating fire danger directly to predictions 
of fire-spread. In the past when new fire spread models 
were developed which changed the basis for predicting 
fire spread they also changed the basis for calculating 
fire danger. 

This paper examines the consequences of linking fire 
danger directly to rate of spread by comparing a 
proposed new fire spread model with the models 
developed by A. G. McArthur and used in his grassland 
fire danger rating systems. 

The paper concludes that grassland fire danger 
rating should be separated from predictions of rate of 
spread. The McArthur MkN Grassland Fire Danger 
Meter provides a sound system for calculating fire 
danger and issuing public warnings on a regional basis. 

New fire spread equations should be used to predict 
fire behaviour for specific fuel types within a local area. 
They will reflect changes in rate of spread in different 
pasture types but local arrangements need to be made 
for appropriate fire restrictions and suppression 
arrangements when pastures are very discontinuous and 
will not carry fire. 

INTRODUCTION 

The concept of fire danger involves both tangible and 
intangible factors, physical processes and haphazard 
events. By one definition: 

'fire danger is the resultant of both constant and 
variable fire danger factors affecting the 
inception, spread and difficulty of control of fires 
and tl1e damage they cause.' (Chandler et al.

1983) 

N. P. CHENEY 1 AND J. s. GOULD 1 

'Constant factors' are those that change slowly and 
vary with location; e.g. slope and fuel. 'Variable 
factors' change rapidly with time but can influence 
extensive areas; e.g. wind speed and temperature. 

The potential for ignition, spread and damage must 
be present. If there is absolutely no chance of ignition 
there is no fire danger. If fuels are absent or cannot 
burn there is no fire danger. If fires can start and 
spread but there is no economic or other value at risk, 
as is generally perceived in remote and sparsely 
populated areas such as some of the open woodlands of 
northern Australia, there is also no fire danger. 

The factors contributing to fire danger may involve 
chance, e.g. human ignition; be difficult to quantify 
numerically, e.g. suppression capability; or be 
intangible, e.g. values at risk. It seems impossible to 
embody the total concept of fire danger into a single 
quantitative index. 

Fire danger rating is defined as: 
'A fire management system that integrates the 
facets of selected fire danger factors into one or 
more qualitative or numerical indices of current 
protection needs.' (Chandler etal. 1983) 

Fire danger rating systems vary in complexity and 
reflect both the severity of the fire weather and the 
requirement of management to have some relatively 
simple measure of the flammability of fuels from day to 
day. The simplest systems use only temperature and 
relative humidity to provide an index of the potential 
for fire ignitions. The most complex systems use better 
theoretical and empirical models to combine a large 
number of factors into indices of fire occurrence and 
fire behaviour. The US Forest Service fire danger rating 
system, for example, offers the user a choice of six 
indices or components which are combined into an 
index of fire load (Deeming et al. 1977). 

If we accept the above definition of fire danger 
rating, we tl1en need to examine whether the current 
systems have selected appropriate factors to meet 
existing protection needs and to evaluate their 
performance. 

3 
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AUSTRALIAN FIRE DANGER RATING 

SYSTEMS 

The McArthur Fire Danger Rating system for dry 
sclerophyl l  eucalypt forests was presented to the first 
Austral ian Fi re Weather Con ference in 1 9 57 ( McArthur 
1 9 58 ) . Fi re danger rat ing tables for grasslands fol lowed 
soon after ( McArthur 1960 ). These systems were 
modified and publ ished as both l inear and circu lar  s l ide 
rules ( McArthur 1 966, 1 9 67 and 1 977 ) with some
modi fications to i ncorporate revised predictions of llrc­
spread . 

Most fire authorities use the  fire danger rati ng 
system to: 

• determine the type and density of fi re detect ion
observations ;

• determine levels of prcp:uedness for suppression
operations with in  fire districts . This includes setting
stand- by rosters for personnel and equipment , hours
of duty, pre - location of equipment, etc ;

• issue publ i c warnings in an attempt to restrict
ign i tion and ,  thereby, enhance pu bl ic sa fety. This
incl udes restrictions on l ight i n g fires for
management or recreation , restrictions on forest
and industrial operations, and restrict ions on pub l i c
access ;

• provide an appropriate scale for managernent,
research and the law for fire rehted matters.

Mostly the fi re danger rat ing systems arc used for
setti ng levels of preparedness and issuing of publ ic 
warni ngs .  A su rvey of rural fire authorities i n  1 990 
found that, by and large ,  the McArthur fi re da nger 
rati ng systems were satisfactory for determining the 
fu nctions above (Cheney et al. 1 990 ) . 

The McArthur Grassland Fire Danger Rating 
Systems ( MkIV and MkV) were or i g ina l ly designed for 
annual grasslands i n  south- eastern Austral i a  and 
computed an index between 1 and 1 00 from fine fuel 

TABLE 1 

Grassland fi re danger closses , rate of spread !ROSI ond di fficu lty 

moisture content and wind speed. Fuel moisture was 
computed from variables of ambient air temperature, 
relative h u midity and the state of grass curing (Cheney 
1991 ) . The grassl and fire danger index (GFDI) was 
direct ly related to rate of spread ( ROS ) and the 
McArthur fi re danger meters could be used to predict 
ROS. The relat ionshi ps used to predict ROS arc given 
in Nobel et al. ( 1 980 ) , and a multipl ier of 7.692 is 
applied to ROS to produce the GFD I on both meters . 

Fi re danger rating classes were McArthur's expert 
assessment of degree of suppression d i fficulty in average 
pastures (see Table 1 ) . 

The MkTV and the M kV meters use different power 
functions ro relate ROS to wind speed and the two 
meters compute diftcrent rates of spread for the same 
weather con ditions. The M k  V meter introduced fuel 
load (W) · di rect ly proportional to ROS. lloth meters 
have the same FDI which defi nes the fire dn ngcr classes , 
but these values represented quite d ifferent weatl1er 
conditions. For example, Figure 1 i l lustrates the 
different val ues of the FDI  from the MkIV and MkV 
meters rate of spread predictions for d i fforcnt wind 
speeds at a Fuel moistme of 3 . 5  per cent.  

300 
- New ROS oqu aUoo lor cvtJoraz:ed pastO(OS 

250 - - Mk IV 
. . . . . .... Mk V (Fuel load 3.S I ho-') 

200 
.s 

� 1 50 

[l> 1 00 

50 

0 
0 1 0  20 30 40 50 60 

Wind speed at 1 0  m ( km h·') 

Figure J .  Comparison of 1he fire danger index for differe11t 

wind speec!J at fuel moisture of 3. 5 per cent from the three 

predicted ROS models (Curing = JOO per cenl). 

70 

of suppression in onnuo l  ond perenn ia l postures that ca rry a con ti n uous 
fuel and occur on level lo unduloti ng ground lofter McArthur 1 9661 . 

F IRE DANGER F IRE DANGER 
CIASS INDEX 

Low 0 2 . 5  
Moderate 3 7 .5  
High 8 20 
Very Hig h 20 .5 · 50 

Extreme 50 .5 - 1 00 
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ROS AT MAX 
F DI I N  ClASS 

(km h 1 )

0 . 3  
1 .0 
2 .6 
6. 4

1 2 . 8  

DIFF ICULTY OF SUPPRESSION 

Low : Heodfire stopped by roods ond t racks . 
Moderate : Heodfire easi ly attacked with water. 
H igh : Head ollack genera l ly successfu l  wilh water. 
Very High : Head at tack may fo i l except under favou rable 
circumstances and bock burn ing c lose lo the head may be 
nece55ory. 
Di rect attack wil l general ly fa i l  · bockburns difficu lt to hold 
because of b lown embers. F lanks must be held al all costs . 
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Effect of New Rate-of-Spread Equations 
on Grassland Fire Danger 

An exhaustive study into grass fire behaviour (Cheney 
et al. 1993 )  showed that rate of spread was : 

• independent of fuel load if grass cover was
continuous;

• directly proportional to wind speed when tl1e wind
speed exceeded 5 km h· 1 at 10 m height above
ground; and,

• dependent on whether grasses were undisturbed or
were close cropped eitl1er by cutting or grazing .

These findings were used to develop new equations
to predict fire spread (Cheney et al. unpublished ) .  
Altl10ugh these equations are sti l l  under development 
they provide a useful example of the consequences of 
keeping FDI tied to ROS if tl1e new equations are used 
to predict ROS. The research results and the fire 
spread model developed from them show tl1at the 
previous fire danger meters under-estimated spread 
rates at moderate wind speeds and over-estimated 
spread rates if extrapolated to very high wind speeds . 

Applying the original multiplier of7 .692 on the 
ROS predicted by the new equations to calculate the 
GFDI for given combinations of weather conditions 
(Figs 1 and 2 ) ,  causes tl1e ratings to be very different 
from McArthur's miginal definition (Table 1 ) . The 
new equations will produce more GFDis in tl,e Very 
High and Extreme fire danger classes and as a 
consequence more total fire bans wil l  be declared. 
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Figure 2. The predicted spread rates by the new equation for 

cut or grazed pastures for a range of temperature, relative 

humidity and wind speed conditions related to the Mk/V 

grassland fire danger index for the same weather conditions 

(Curing = 100 per cent). 

The spread rates predicted by the new equations 
cannot simply be related to the previous GFDI as is 
shown in Figure 2. The new wind speed al gorithm for 
cut/ grazed pastures alone results in a rate of spread of 
between 6 and 1 1  km 11" 1 for tl,e combination of 
weather conditions possible at a MkIV GFDI of 50 .  

Conversely, ifwe accept that a rate of spread of 
6.4 km h· 1 represents the boundary between very high 
suppression difficulty and extreme suppression difficulty 
as per Table 1 tl,en tl1e new equations will predict 
extreme fire danger over the range of weather 
conditions represented by MkIV GFDI between 20 and 
50. In general terms this would cause an extreme
rating when wind speeds exceeded 30 km h· 1 over a
wide range of temperature and humidity.

Fire authorities were generally satisfied with the 
performance of the McArthur MkIV meter as a fire 
weather index (Cheney et al. 1990)  and this suggests 
that the McArthur's fire danger classes fairly 
represented the difficulty of suppression under the 
prevailing fire weatl1er conditions. Even though we 
now find that fires have the potential to spread faster 
man was defined by the original GFDI we consider this 
does not justify changing the index scale and the 
weatl1er conditions it represents. Therefore, we believe 
tl1at fire authorities should retain the GFDI and fire 
danger classes as defined by the McArthur MkIV 
Grassland Fire Danger Meter as an index of the severity 
of fire weather and calculate ROS separately for specific 
pasture types . 

DISCUSSION 

Generally, a fire danger rating should be  simple and easy 
to apply (Johnston 199 1 ) . We bel ieve tl1at this can 
only be achieved by separating the functions of public 
warnings of fire danger from prediction of fire-spread 
for specific fuel types. Fire control authorities can and 
do make adjustments for setting general levels of 
preparedness tO account for local variations in fuel load, 
suppression capability, and resources at risk. 

There is considerable misunderstanding of fire 
danger rating systems. In South Australia, where fire 
danger rating was given great publicity by news media 
and roadside signs, few people knew what a fire danger 
class meant (Dawson 1 99 1 ) .  In most cases tl1e only fire 
danger rating that affects the l ivelihood of most urban­
based people is the EXTREME rating when a Total Fire 
Ban may prevent the rural barbecue. On the otl1er 
hand, rural people generally have a good understanding 
of the preparedness required for different levels of fire 
danger. This level of preparedness may change during 
the fire season as the immediate threat to their 
l ivelihood changes . For example, wheat growers may 
request restrictions on tl1e lighting of fires at lower fire 
danger levels early in the season before they have 
harvested their crops, than later in tl,e season when 
they may be keen to burn stubble. 
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Most public critic ism of a fire danger rating system 
occurs when a Fire Ban D istrict (over which a fire ban is 
to apply )  is roo large and there are large differences in 
the fuel state or weather wi hin the district ( e .g .  
Southern Tablelands of SW) or when predicted 
ex treme fire danger weather does not even tuate . For 
example, when frontal systems with dangerous fi re 
weather ahead of  a cool change progress more rapid ! }' 
than forecast, there can be the embarrassm ent of a 
warning of extreme fi re danger and restrictions on 
l ight ing of fires when rain is fal l ing over extensive areas. 

Perhaps more confusion arises when fire ban 
districts arc too sma l l  ( Dawson 1 99 1 )  and too many 
fire weather warnings or fire ban restrictions arc issued. 
Many of these issues can be rect ified by com mon sense, 
with media explanations, or by withdrawing total bans 
when expected wea her conditions do not eventuate. 

Forecasts of fire danger indices cannot be very 
precise because the weather factors contributing to fire 
danger arc addit ive .  Usi ng  the Grassland F i re Danger 
Meter MkIV, errors in forecast variables of: 

Curing 1 00 
Temperature 35  ± 4 °C 
Dew Point 

Temperatu re 1 5 ± 4 °C ( IU-1 @ 30 per cent, + 
1 9  per cent or - 1 1  per cent ) 

Wi nd Speed 35  ± 1 0  km li - 1 

means that the forecast grassland fire danger ind.ex 
(GFD I )  of 40 cou ld range from 1 2  ( High )  to 90 
( Extreme) .  Considering these errors, one should expect 
GFDI fo recast to vary by at least one fire  danger rat ing 
class. By a nd l arge forecaste rs do much better than  this 
but even so , one can understand that forecasters and 
fire authorit ies may be conservative when the forecast 
index is within a few points of 50 or whatever i ndex 
val ue has been selected for setting a Tota l Fi re Ban. 

The same difficu l ty wil l ,  of course, app ly  to early 
forecasts of RO . Predictions of ROS wi l l  be mos 
accurate when based on shore-term forecasts confirmed 
or adjusted by measu rements of the local weat her at the 
fire si te . 

The McArthur M kIV Fi re Danger R,1ting System 
was developed using data mai n ly from wildfi res wi th 
some results from experimental fi res (Luke and 
McArthur 1 978 ) . The new gras land fi re spread 
eq uations arc designed to predict the potentia l  ROS o f  
grassfi rcs burning in cont i nuous fuels . We bel i eve that 
the McArthur MkIV Grassland Fire Dange r  Meter is 
the most appropriate system for rating the suppression  
d ifficu l ty of grassfi rcs spreading across the  l and cape i n  
a sta ndard fuel type most com monly represented in that 
landscape. Some variables have a functional 
relationsh ip  with fi re danger which is different to that 
used for predicti ng  ROS . This is appropriate because 
some factors wi l l  influence suppression di fficu l ty 
differendy than they influence ROS. 

The following factors have to be considered when 
comparing the fire danger index with fi re spread 
models. 
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Fuel load The fuel factor which most effects fire 
spread is fuel continuity and not fuel load. Fices wil l  
not spread in disconti nuous fuels u nti l wind speeds 
exceed a threshold value re lated to t J 1c degree of 
disconti nuity ( Gri ffin and Al lan 1984; B u rr ows et al. 
1 99 1  ). Fuel load is not necessarily related to fuel 
cont inuity ; for example , a l igh cover of ephemeral 
grasses in the inte r-tussock spaces ma}' form a 
conti nuous fuel bed without signi ficantly adding to the 
tota l fuel load .  

The introduction of fuel l oad into the grassland fire 
danger rati ng system ( McArthur 1 977; Purton 1 982)  
was an attempt to  provide a practical sol ut ion to  the 
s i tuation where grasses arc absent or eaten out after 
prolonged droughts (a condition common in the ari d 
zone of the country) where it did not seem sensi ble to 
forecast h i gh levels of  fi re danger when fires would not 
spread because of  lack of fuel . However, t J1e d ifferent 
resu lts of the Mk IV  and MkV fi re danger m eters 
created con fu ion because fuel load was i ncorrectly 
assumed to directly influence RO 

I t  may be feas ib le to introduce fuel l oad i n to a fi re 
weather warn ing system when it can be rel iably 
est imated on a regional basis usi ng  grassland 
prod uction models (Dawson et al. 1 99 1 )  o r  est imated 
direct ly from satel l i te image ry. However, we consider it 
to be more practical to calcu late fire danger assu ming a 
standard grass cover and calcu late fi re spread for spec ific 
fi.1cl types using the new equations . If  continuous fi.iels 
are a bsent local arrangements can be made concerning 
fire restrictions and suppress ion preparedness . 

Fuel height Fuel height has some e ffect on ROS 
( Cheney et al. l 99 3 ) .  h e  effect of fuel height on 
suppression difficulty is not known quantitatively but  
can be described qualitat ively. Tal l  standing grasses 
p roduce fires with high flames and high radiat ion loads: 
these fi res may be d ifficu l t  to approach directly but 
often prescn few mop-up problems once ext inguished. 
Fi res i n  low, compacted fuel beds may be easier to 
approach and suppress d i rect ly, but  the compacted fuel 
bed may rema in  smouldering for long pe riods causing 
problems with mop-up and reignition from wind­
blown embers . The effect of fuel height on suppression 
d ifficu l ty wi l l  vary widely in local areas and cannot be 
easi ly accounted  for i n  a regiona l  fi re danger rat i ng  
system.  

Fuel curing New RO equations (Cheney et  al. 
u npubl i  hcd) use a sigmoidal fu nction between ROS
and curing st1te between 50  and 1 00 per cent. In the
M klV GFD M ,  FDI i ncreases exponential l y  with curing
state which may wel l  reflect change i n  suppression
d i fficu l ty across the landscape .

Fuel state expressed :i.s a fract ion of  fu l ly cured grass 
is rarely uniform over large areas early in the season 
because there a rc large differences in oil moisture 
between ridge-tops and gul l ies. Conditions can arise 
when grasses on ridges are fu l ly cu red and burn rapidly 
whi le grasses in gully locations arc less then 50 per cent 
cured and wil l  not burn . A satel l ite estimate of curing 
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state based on the greenness index of 1 km square 
might produce an integrated curing value of 75 per 
cent in undulating topography. Fires will not spread 
uniformly but wiJI spread rapidly on fully-cu red ridges 
and be stopped by the green gull ies . Under these 
circumstances suppression is greatly assisted by natural 
barriers .  It is only when the landscape is more than 90  
per cent cured that there i s  potential for  wide-spread 
and devastating grass fires. 

As a result fire controllers should not expect 
accurate predictions of fire spread across the landscape 
before grasses are ful ly cured even though the new 
equations may give an accurate prediction of ROS in a 
uniformly cured pasture. 

Wind speed The new ROS equations propose a direct 
relationship been ROS and wind speed above a 
minimum threshold level .  It may be that rates of 
spread do not continue to increase direct ly with 
windspeed at very high wind speeds (> 70 km h· 1 ) .
However, there is no experimental evidence to support 
the contention that rate of spread slows down under 
high winds and we consider the interpretation of field 
data by McArthur ( 1 968 ) to be unreliable. 

The exponential relationship between FDI and wind 
speed used in tl1e MkIV GFDM may also be a 
reasonable description on tl1e effect of wind on 
suppression difficulty. There is l i tt le doubt that, due to 
spotting, fanning smouldering combustion ,  and erratic 
behaviour, fires at high wind speeds are more difficult 
to suppress than fires at low wind speeds, and it well 
may be that suppression difficulty increases 
exponentially as wind speed increases . 

In grass fires, the effect of fire breaks on the 
progress of the fire needs to be considered . At relatively 
low wind speeds, the potential ROS may be high in 
continuous fuels , but fire-spread across the landscape 
can be easi ly slowed, stopped or held up by narrow 
barriers such as roads and creeks . As wind speed 
increases fires wi l l  breach progressively larger breaks by 
either flame contact or by blown embers (Wilson 1988 ) 
and at very high wind speeds there wil l  be l ittle if any 
retardation of rate of spread. 

CONCLUSION 

We recommend tl1at fire danger and fire spread be 
considered and calculated quite separately. This will 
al low revision of fire spread equations to be made 
without altering the fire danger rating systems. 

Fuel load has no effect on ROS and its effect on 
suppression difficulty is complicated by questions of 
fuel continuity, fuel height and fuel compaction . 
Therefore, fuel load cannot be easi ly built into a general 
fire danger rating system . Use of McArthur MkV 
GFDM and the Purton modification of the MkN 
GFDM should be discontinued. 

The McArthur MkN grassland fire danger rating 
system has been used successfully for three decades to 

provide a guide for levels of preparedness and public 
warning in the pastoral areas of most States of 
Austral ia .  The functions used in this meter are 
appropriate for estimating suppression difficulty and 
fire authorities should continue to use this system to 
provide regional fire danger or fire weatl1er warnings .  
The scale should b e  open -ended to  reflect increasing 
suppression difficulty at very high wind speeds. 

The potential rate of spread in continuous grassland 
fuels can be calculated for three pasture condi tions: 
( i ) undisturbed pasn1res or natural ungrazed grasslands , 
( i i )  grazed or close -mown pastures , and ( i i i ) eaten out 
pastures . Local adjustments to fire restrictiom and 
suppression arrangements can be made on the basis of 
these calculations. The potential rate of spread in all 
three pasture types is likely to be higher tl1an the 
average spread rate across the landscape, when wind 
speeds are low and before the landscape is fully cured. 
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ABSTRACT 

Fire models will never be exact predictors of fire spread, 
fire behaviour or fire danger. Fires burning in the open 
in natural fuels are much too complex to be modelled 
accurately. Nevertheless, fire models are important and 
there is a need for a suite, ensemble or orchestra of 
models which the fire manager and the community can 
use to meet their particular needs. 

This paper reviews some existing models and 
outlines two models still in their developmental stages 
tl1at could assist in fire and environmental management. 
The first is a 'synoptic' model to assist in forecasting 
possible 'fire activity' in Malice shrublands. 

The second is totally different in character and is an 
attempt to model meso-scale meteorological 
parameters. It treats the fire as an input to the 
fundamental atmospheric equations. The model was 
developed at the National Centre for Atmospheric 
Research and it shows promise for predicting fire spread 
of high intensity wildfires. 

INTRODUCTION 

In what must be his earliest written comments on fire 
behaviour studies, Alan McArtlmr in 1955 wrote that 
the objectives of his studies on fire behaviour (in Pinus 
species) were .... 

1. To determine factors which control tl1e rate of
spread of fires, and

2. To determine the relative importance of each
significant factor.

Such a fundamental study to provide a basis for 

(a) Preparation of a fire danger rating system and so
provide a more accurate basis for fire weather
forecasting.

(b) Determination of man power and speed-of-attack
requirements.

( c) Explanation of normal and abnormal fire behaviour.
(McArthur 1955) 

Not much has changed in relation to fire danger 
forecasting objectives in the last 40 years but a lot has 
changed in the tools or models available to satisfy these 
objectives. However, it is doubtful if anyone is 
completely satisfied with the fire models currently 
available. 

FIRE BEHAVIOUR MODELS FOR 

AUSTRALIAN USE 

No one fire model is going to satisfy all tl1e needs of 
any fire manager or fire weather forecaster. The wildfire 

process is very complicated and we are at tl1e mercy of 
the complexity of the physical and chemical processes 
involved. A list of the subcomponents of a 
comprehensive fire model is awesome and an 
understanding is required in many different and mostly 
not well understood areas. A comprehensive fire model 
would require sub-models to describe turbulent 
combustion and meteorology. On top of all that, a 
model is required that describes the infinitely variable 
biological systems, for tl1ey determine fuel structure and 
dynamics. 

The use of fire models in the future may be very like 
the current use of weather models. No weather 
forecaster relics on only one model but on a whole suite 
of models. Greater or lesser weight is given to various 
models depending upon the forecasting range or the 
particular weather system, to which is added he 
forecasters' experience. So it may be for fire managers, 
tl1ere will be different models for different needs. Some 
models will be useful for firefighting, some for 
prescribed burning, some for high intensity 
management burns, some for domestic and rural fuel 
management (Packham 1989). 
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McArthur's Models 

Among the more usefu l  models currently avai lab le are 
tl1e McArthur models of various marks ( see for 
example, Cheney 1 98 1 ) . McArthur models have 
become such a way of l i fe in Austra l ia ,  that to some 
people fire danger is what is produced by a McArthur 
Meter. The McArthur Fire Danger Meters have tended 
to be overused and applied outside the range for which 
they were designed; for example, the dry sclerophyl l 
model be ing used for both the mal ice and wet 
sclcrophyl l .  McArthurs models are l i ke a large and 
leaky ship,  too va luable to scrap and too expensive to
repai r. A recent study of reported rates of spread i n
three i nt ense grass fi res b y  J .C .  oble ( Noble 1 99 1 ) has
prov ided a boost for the Mk4 grass land model and a
futal b low for the Mk5 version .  The Mk4 meter gave
good pred ictions whereas the Mk5 (which inco rporates
fuel as a rate of spread va ri abl e )  under predicted rate of
spread by a factor of three o r  more.

The 'Red Book' 

The Western Austra l ian ' Red Book' fire behaviour 
model ( B u rrows and Snccuwjagt 1 98 8 )  is based on an 
empirical approach as was McArthur's . I n  our  opi n ion 
it is cu rrent ly the most usefu l  and sat isfying empirical 
operationa l  fire behaviour model for Aust ral i an 
condit ions. I t is f lex ib le  and cont inues to develop at  a 
satisfying rate as an i ncreasi ng nu mber of fuel types are 
i ncluded . 

When h igh li re i ntensity and crowning behaviour is 
i ncorporated into this model we should re;Kh very close 
to pertect ion for a fire management operational too l .  
We fa i l  to  sec why the rest of the nat ion cont i nues to 
ignore it ,  especia l ly as curren t  software makes it very 
convenient tO use. 

Tasmanian Moorland Model 

A new fire behaviou r  model f'or Tasman ian moorland 
fuels has been developed by Jon Marsden-Smedley of 
the Tasmanian Pa rks, Wild l ife  and Hcrit:ige Se rvice. It 
inc l udes a butrongrass moorland fire danger i ndex 
based on fire measurements taken under a wide range 
of condi t ions .  The index predicts fire behav iour and 
su ppress ion di fficu lty i n  these nororious ly fhm mablc 
fuels .  The model wi l l  be publ ished a ·  a Parks crv icc 
Occasiona l  Paper in the next couple of monrhs. 

The Canadian Model 

The Canadian Mode! (Stocks et al. 1 98 8 )  come closest 
t0 disprov ing our contention t hat one model i not easy 
enough for a nation wit h  serious fi re prob lems. It 
seems to be growing and becoming so i ncreasingly 
comp lex that i t  may yet provide support for this view. 
However, the Canadians and others eem to l i ke it and 
it appears to be a su itabJc choice for fire managers with 
the fuel types and fire regimes that suit i t .  
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It is necessary for fi re behaviour models to be 
designed for particular climates. The Canadian and the 
American models are mostly designed for areas of high 
rainfall and l ush green forests where fuel avai labi l i ty is 
determined by foci dryness a lone. In contrast, the 
Medi terranean c l imates with frequent fi res , min imum 
summer rainfal l  and l i ttle winter snow cure, requ i re 
model speci fic for those condit i ons .  Perhaps after the 
appearance of  a fire tornado i n  Austral ia i n  the form of 
Marty Alexander, the Canadian model may fi nd some 
u efulnes in Australian pines . We shou ld observe and
cmula e the wonderfu l  presen tation and product
su pport for their fi re model .

The US Rothermel Model 

The cu rrent operat iona l  Rothermel model ( Rothermel 
1 972) seems to be usefu l in Austra l i a  i n  hcathlands 
( atchpolc 1 987;  Catchpole et al. 1 993 ) .  It has been 
hown to be usefu l in a variety of US fuels (Andrews 
1 9 80)  and the ' new' one with the considerab l e  
involvement of the atchpolcs may  have an extensive 
appl ication in Austra l ia (as em:omp:isscd in the 
B EHAVE fi re prediction system , sec Bu rgan and 
Rothermel 1 984 ; Andrews 1 986 ,  1 989) .  Whether any 
'new' model finds a place in Austral ian  fire 
management will depend as much on promotion, 
m arket ing and ease of use as effectiveness and accu racy. 

TWO MORE MODELS 

Krusel Fire Activity Model 

The mai n ori ginal aim of McArth ur and Luke as they 
wen t  about their fire behaviour smdics was to provide 
the B u reau of Meteorology with a tool that wou ld 
permi t  the forecasting of ' fi re danger ' .  McArthur 
assumed that fi re danger was the san,e as d i fficulty of 
suppression ( see for example,  McAr thur  1 9 58 ) .  
H owever, other definit ions take account of risk .  A 
whole seman tic debate always fol lows any consideration 
or attempt to defi ne the term 'fire danger' . 

Kruse! et al. ( 1 99 3 )  considered the problem of 
forecast ing fire dange r on the synoptic calc, i .e .  
1 0 00 km or 24 hours .  The pu rpose of  the study was to 
sat is fy the need for both pr ivate and pub l ic  
organ izat ions and i ndividua ls to know the l i ke l i hood 
that serious fi re wi l l  occur  over the fol lowi ng  da i ly  
forecast i ng  period .  

The motive for developi ng the model came from 
feel i ngs of d issat i  faction when using the McArthur 
Forest i re Danger Meter Mk5 in tl1e M :il l cc a reas of 
Vic ,  W and A .  The McArthu r  M eter gives h i gh fi re 
danger classes for a lmost every day during the dec lared 
fi re dan ger period . There is a seve re over-warning 
situation . 

K.rusel et al. avoided the problems of many di fferent 
defi nitions of fire danger by generat ing the concept of 
fi re act ivity. 
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'In Australia there is no consensus on the best 
definition of fire activity. Foster ( 197 6), for 
example, defined 'serious' fires in terms of: 
duration offrre; number oflives lost; area burnt; 
structures lost and estimated cost of damage. 
Cheney (1976) catalogued bushfire disasters in 
Australia from 1945-1975 by: duration of fire; 
number of days of extreme FDI; area burnt; lives 
lost; type of property damage; and value of 
damage (Consumer Price Index adjusted). 
Newspaper reports tend to focus on the loss of 
life, damage to property and on the magnitude 
of the suppression effort involved.' 

In response to this confusion Krusel et at. 
introduced the concept of fire activity as a function of 
the number of fires recorded on a day, the total area 
burnt, d1e number of persons recorded as fighting the 
fires and the number of units attending. The indicators 
were put into categories and fire activity was the 
average of the categories of the four indicators equalJy 
weighted. Table 1 gives the criteria that were used to 
categorize the indicators of the activity. 

The methodology was to determine the 
meteorological and fuel parameters that best predicted 
fire activity. Correlations were determined from nine 
years of data in the Victorian Ma/lee shrubland and 
then tested on the next two years of data. 

TABLE 1 

Table 2 provides the selection criteria for estimating 
the fire activity categories from various meteorological 
parameters. The category that is determined is d1c 
highest category for that particular parameter. 

Table 3 shows the efficiency of various 
meteorological parameters as predictors of fire activity 
and the number of days over a period of nine years on 
which a fire weather warning would be issued. 

It turns out d1at the McArthur model provides only 
a 1.6 per cent probability of correctly predicting a day 
of high fire activity. By combining a variety of 
meteorological parameters the probability of detection 
can be made some three times better. Whilst a 4-5 per 
cent probability of detection does not sound impressive, 
the use of the new technique would cut down d1e 
number of days on which fire danger is warned by two 
thirds. 

In anod1er approach using these data Dowe and 
Kruse! (1993) constructed a minimum message length 
decision tree. This alternative form of analysis has 
produced very similar results. The tree is shown in 
Figure 1 and die symbols used are indicated in Table 4. 

Kruse! has extended this study to the dry sclerophyll 
fuels where the McArthur Forest Fire Danger Index 
and the Kruse) models have been shown to have a 
similar performance (Kruse! etal. 1993). This is a 
fortunate result that confirms that McArthur has a 
predictive capacity in the fuels in which it was intended 
and that the Kruse! method is a useful fire predictor. 

Criteria for definition of fire activity categories in the Victorian Mollee. 

CATEGORY 

7 

6 

5 

4 

3 

2 

0 

PERCENTILE 

>99.0

<=99 0, 

<97.5 

<=97.5, 
>95.0

<=95.0, 

>85.0

<=85.0, 

>75.0

<=75.0, 

>50.0

<50.0 

AREA 
Iha) 

14001+ 

5051-

14000 

2001-

5050 

46· 2000 

9-45

2-8

0-1

0 

No. OF 
FIRES PER 

DAY 

7+ 

5-6

4 

3 

2 

0 

PERSONS 
ATTENDING 

180+ 

74-179

53.73 

30-52

21-29

11-20

0-10

0 

FIRE UNITS 
ATTENDING 

32+ 

16-31

8-15

4.7 

2-3

2 

0 

No. OF DAYS 
SELECTED 

6 

9 

31 

79 

154 

264 

336 

2353 

11 
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TABLE 2 

Selection criteria for high octivily doys, 1979-1988. 

METEOROLOGICAL VARIABLE CATEGORY 5 RANGE 

Maximum temperature {0C) 26 · 44 

Days Since Rain O· 38 

Keetch-Byrom Drought Index (mml 86· 192 

Wind Speed 1km h·11 0- 48 

Relative Humidity 1%) 6- 43

McArthur Grass Fire Danger Index 1 · 191 

McArthur Forest Fire Danger Index 16-93 

TABLE 3 

Abilily of various poromelers to discriminate high lire oclivily 
days based on nine years of data, 1979-1988. 

METEOROLOGICAL VARIABLE(S) NUMBER OF DAYS 
USED AS PREDICTOR SELECTED 

Maximum temperature {0C) 1270 

Days Since Rain 3155 

Keetch-Byrom Drough t Index (mml 2871 

Wind Speed (km h·1) 3215 

Relative Humidily (%) 2181 

All AAeteorologicol Variables 1102 

McArthur Gross Fire Dange r Index 3171 

McArthur Forest Fire Dange r Index 2639 

•• f 13 

(a) 

CATEGORY 6 RANGE CATEGORY 7 RANGE 

29-46 38-43 

3 · 33 6- 19 

109- 173 119- 168 

6· 44 0-37

3 - 34 6· 24 

4. 118 2 · 108 

26· 79 28 ·71 

PROBABILITY OF 
CORRECTLY PREDICTING 

A HIGH FIRE ACTIVITY DAY(%) 

3.6 

l.5 

1.6 

l.L! 

2.1 

4.2 

1.5 

t .7 

351 / 13� 

(l,) 

Figure 1. MML decision trees developed from the training data using all o
f 

the meteorological variables for predicting (a) 

'nofire'vs 'fire', and(b) 'low'vs 'high'fireac1ivity. 
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TABLE 4 

Description of symbols used. The calcu lations typically use 
observat ions talc.en at 1 500 hours [3 .00 p.m . ) ,  un less stated 
otherwise [from Dowe and Krusel 1 9931 . 

SYMBOL 

RH 

T 

WSP 

IU 

DSR 

RAIN 

MAYJ 

p 

TW 

C 

D 

FFDI 

GFDI 

DESCRIPTION 

Relal ive Humidity 1%} 

Air temperature [<>C) 

Wind speed in the open at l O m 

1 1 0  mi n averoge)lknots l 

Keetch-Byram Drought Index Imm of 

water required to return so i l  to field 

capacity) 

Days s ince measurable ro in [measured 

at 9.00 a .m. l  

Amount o f  precipi tation to 9 .00 a .m. 

Maximum doily temperature l<>C) 

Air pressu re at mean sea leve l lhPo l 

Wet Bulb Temperature [<>C) 

Deg ree of gross curing 1%1, assumed to 

be 1 00% [0% = fu lly green gross, 

l 00% = dead grass)

Drought factor as on the fv\cArthur Forest 
F i re Danger Meter 

McArthur Forest F i re Danger Meter 

fv\cArthur Grassf i re Danger /l/-€ter 

Even if the probability of detection of a high fire 
activity day is not great it still has considerable 
economic benefits to cut down the number of false 
alarms . Forecasts of fire activity do not negate the 
forecasting of potential fire behaviour which so far has 
been the only basis on which fire weather warnings are 
issued. 

The best combination of meteorological parameters 
explains only a small proportion of fire activity. The 
Forest Fire Danger Index and the Grass Fire Danger 
Index both do worse. The probability of ignition or 
the spatial occurrence of ignitions are most l ikely the 
major factors in determining fire activity in mal ice fuel . 
McArthur and others have, from time to time claimed 
that the Fi re Danger Index is an indicator of the 
probabil ity of fires starting. There is an assumption 
that there is always an adequate number of potential 
ignitions. One curious fact (si gnificant at the 95 per 
cent level ) in the Kruse! et at. study is that the 
declaration of a total fire ban day does not decrease fire 
activity in the study area . 

It may be that predicting ignition probability is 
beyond landscape fire scientists , or might take us into 
such chaotic fields as lmman behaviour where we do 
not feel comfortable. However, if an analysis of 
ignition sources is made, we wil l  find that there is one 
source of purely meteorological origin, e .g .  l ightning. 

It appears fairly certain that Australia wil l at last acquire 
a lightning detection system and our skills are then sure 
to improve. 

Some ignitions are accidental and as we could 
expect, the ignition sources have a fairly constant rate 
of occurrence, The occurrence of wildfires is then 
determined by the conditions of the fuels and the 
weather. A case in point is the ability for fires to start 
along freeways under extreme fire danger conditions , 
but rarely when the fire danger is lower. The number 
of potential ignition sources cou ld be expected to be 
dependent only on the use of the freeway. 

However, other ignitions are the results of a 
conscious act of either carelessness or malevolence and 
may be harder or even impossible to forecast. The 
question of exciting arsonists with a fire ban needs to be 
investigated with a rigour and skill that is the trademark 
of good experimental psychology. 

Meso-Meteorological Models Applied to 
Wildfire 

The basis of meteorological modelling is the 
fundamental equations of fluid dynamics. A solution of 
these equations for each spot in the earth's atmosphere 
would provide perfect weather forecasting. The 
equations cannot be solved analytically and thus 
computer solutions are sought to a grid cell 
approximation to the atmosphere to provide weather 
forecasting. Meteorological models are a big industry 
and every self respecting nation must have one or access 
to one, Within Australia we do very well having a few 
of our own as well as access to European, British and 
American models on a twelve-hourly basis . Most 
meteorological models are built on the synoptic scale, 
i .e .  a few thousand kilometres , and typically provide 
solutions for points in the atmosphere on a grid of 75-
1 5 0  km. Not much use for studying the interaction of 
fires on the weather. 

Mesa-models operate at a much finer scale from 
about 1 0  m - 20 km and may turn out to be 
particularly valuable for studies of wildfires . 

In principle, the set of fundamental equations 
should be able to encompass the heat and mass release 
of a fire front and be able to predict such things as 
height of convection, windfields around a fire front, 
and rate of spread. 

The most common approach to modelling fire 
spread is to assume that the fire is driven by radiation 
processes that heat the fuel to some combustion 
temperature. We suggest that the failure of most of 
these models is a fair hint that the approach has 
l imitations .  We suggest further that fires are primarily 
convective processes and that it is possible that 
modified meteorological models could be quite useful 
in modell ing fires as long as we can dynamical1y couple 
the fire and meteorological physics correctly. An 
international co-operative project is underway to 
attempt to do just that. 

Clark (Clark 1977; Clark and Farley 1984)  has 

1 3  
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developed a complex non-hydrostatic meso-model. 
Non-hydrostatic means that vertical air accelerations are 
explicitly treated in the model equations. The 
computing requirements for such models are large and 
as a result they are expensive. 

The Clark model has beCJ1 successful in 
demonstrating the mechanisms of atmospheric 
processes involving strong buoyant forces. The severe 
downslope windstorm is an example, a model output is 
shown in Figure 2. 

The gusts associated with these types of windstorm 
have a characteristic periodicity of several minutes. The 
gusts descend onto a particular zone downwind of the 
Rocky Mountain range. They are or an intensity capable 
of causing considerable property damage and arc now 
know to result from the breaking of atmospheric waves 
which had been generated by the steep upwind 
topography. 

Work is proceeding on including a bushfire 
component within the Clark model. A prototype has 
been applied to me Tasmanian environment to get a 
feel for its ability to model some of the wind field 
peculiarities of that very 'bumpy' State. A simple 
model was developed of the heat and mass transfer (at 
meso-scale) in a high intensity crown fire under the 
Hobart 1967 conditions. The simple model was too 
gross and blew up me meso-model. The fire model 

18 

15 

12 

(KM) 9 

6 

3 

assumed that all the surface energy was used in drying 
me canopy before canopy ignition. It is probable that 
only some 25 per cent of the heat produced by ground 
combustion is used in canopy drying. 

The spread rate was far too high, probably a factor 
of twenty, prompting a search for a better physical 
model of fire and a negative feedback mechanism. 

The initial attempts have used the McArthur mode! 
as a predictor of fire behaviour, the mesa-model 
supplying the meteorological parameters for insertion 
into the McArthur Forest Fire Danger Meter. It is 
hoped that this empiric:1! component can be relaxed 
over the next stage of model development. 

If fire is a convectivcly driven phenomenon then a 
convective parameter based on vorticity dynamics may 
we!! be needed for predicting both rate of spread and 
energy release. 

The Clark mesa-model is currently a research model 
and one that is usually run on a supercompmer. On 
the Cray Y-MP it runs about nine times real time and 
so is unlikely to ever become an operational model in its 
present form. Modelling technology is improving very 
rapidly and it is expected tl1at in a few year a real time 
workstation model may be available. 

The work is complex and confusing but the results 
look promising. 
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Figure 2. Downslope windstorm Rocky Mountains. 
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CONCLUSION 

There is in existence a range of fire models of different 
types, all of which can be useful for fire management. 
They include the Western Australian Red Book model 
tlut could be put to much more use than it has been so 
far. 

The Kruscl model for fire activity forecasting in 
Malice and dry sclerophyll fuels should be given a 
c:1reful testing in either its simple or decision tree form. 

An exciting possibility is the application of non­
hydrostatic mesa-meteorological models to predicting 
fire weather interaction including convection and even 
fire behaviour. 

The times ahead arc exciting and we must maint.1in 
the momentum. 
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ABSTRACT 

A statistical description is presented for the time 
dependence of temperature at various heights above a 
moving wild land fire. The model was developed using 
nonlinear least-squares curve fitting on experimental 
data from fires in shrubland fuel complexes and is based 
on classical theory with empirical modifications (where 
necessary) to suit the fuel types being studied. Relative 
to a stationary observation point which is overtaken by 
a spreading fire, d1e temperature-time history can be 
partitioned into two distinct regions: 

(i) As the fire approaches, the rapid temperature rise
above ambient is modelled by a Gaussian curve,
having only one free parameter� to describe its
steepness. Maximum temperature rise in measured
data generally occur within 60 seconds.

(ii) As the fire recedes, the temperature falls
comparatively slowly, with d1e fastest rate
determined by simple Newtonian cooling (again
described by one free parameter, y. In practice,
residual burning in larger components of the fuel
bed results in a long 'tail' so that y becomes an
effective value.

Fire effects upon vegetation are discussed and a
means of comparing lethal exposure experiments in me 
laboratory with wildland fire temperature-time curves is 
detailed. 

INTRODUCTION 

In studying the ecological impact of wildfires, it is 

desirable that the temperatures to which plants are 
subjected and the durations of those temperatures are 
known. In a related paper, Weber et al. (this 
publication) present a model for the variation of 
maximum temperature with height above ground for 
free-burning wild land fires. This new study considers 
the time dependence of the temperature rise, for any 
height above a given point on the ground, as a firefront 
approaches, passes over and then recedes. In particular, 
the time at temperature, for any given temperature rise 
t..T, has a major impact on the survival probability of 
vegetation. Martin et al. ( 1969) have presented 
temperature lethality curves for leaves and seeds. We 
later relate our findings to theirs and detail a method 
for determining lethal temperature exposures, a long­
standing problem. 

MATHEMATICAL THEORY 

Temperature Rise 

From inspection of many sets of experimental data, the 
temperature at a given height rises abruptly from 
ambient to a maximum value, naturally suggesting a 
plume-like, Gaussian-shaped dependence as suitable and 
appropriate given the level of accuracy inherent in 
thermocouple data. This is supported by the theory of 
Yih (1969), who modelled the temperature rise t..T for 
a large height z above and for a horizontal distance x 
away from the plume due to a stationary line source of 
heat 

t..T = kFl-1 / z exp(· x2/o.1 1}) (1) 

where k is a proportionality constant, I is the line fire 
intensity and x is the horizontal distance. A large 
height is necessary as the theory ofYih (1969) assumes 
a line heat source. The quantity Cl is an entrainment 
constant approximately equal to 0.16 (Lee and 
Emmons 1961 ). A wildland fire moving at a constant 
rate of spread U approximates a line source at position 
x= Ut so that we may recast equation ( 1) as 

(2) 
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where � =  cx/lJ, A =  k p13 and t = 0 at the time of
maximum temperature. (Note that this equation with
t=0 gives ti.T versus height and has been used by
Thomas ( 1963) and Van Wagner ( 1973 ) . )  Thus t is
negative prior to the arrival of the firefront.

Temperature Fall 

From simple Newtonian theory, the cooling rate of a
hot object is proportional to its temperature elevation
above ambient

dT/dt = - y (T- T,) ( 3 )

where y i s  a constant for  a given fuel . Integration o f
equation ( 3 )  yields the  following expression for  .1. T as a
function of time

6T "' B exp(- y t) (4) 

The obvious boundary condition is that B is equal
to 6T and thus B = A/z necessarily, where A/z was
defined.for the temperature rise . This behaviour should
apply exactly to fires where the combus�on reside�ce
time is negligible .  From a fluid-mechanical analysts of
the cooling phase, assuming idealized Newtonian
cooling; a value for y of order 0 . 1  is obtained. As se�n
later this is much greater than the fitted values and 1s

' 
. thus equivalent to much faster cooling tl1an occurs m

practice. Real wildland fires leave in their wake a trail of
partially-combusted fuel, from smouldering ash
through glowing coals to actively flaming logs .
Therefore, y obta.ined from a least-squares fi t  to  data
from such fires will be an effective cooling constant.

FITTING EXPERIMENTAL DATA 

Temperature-time Dependence 

A series of experiments has been performed in Ku-ring­
gai Chase National Park, near Sydney, and at the
CSIRO Kapalga Experimental Station in Kakadu
National Park, Northern Territory. The Ku-ring-gai
fuels were shrubby and varying in depth from 0. 5 m to
about 2 m (Weber et al. this publication) ,  while the
Kakadu vegetation consisted of mainly long dry grass,
an intermittent shrubby understorey and eucalypts to
about 1 5  m maximum height, Moore et al. (this
publication) .

Data from seven Ku-ring-gai fires and 20 Kakadu
fires, obtained over a three-year period, were analysed.
The temperature data were obtained from arrays of
shielded Type K ( chromel -alumel) thermocouples
which were mounted on an aluminium mast and spaced
between ground level and 9 m. For details of the Ku­
ring-gai experiments the reader is referred to Bradstock
and Auld ( 1 994) .  In this paper we present only results
at the 3 . 5  m and 6 .0  m level above ground where the

1 8  
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1/z plume theory is more likely to apply and d1e
moving fire appears more like a line source, so tl1at
equation (2 )  should be valid. Figures 1 and 2 show the
results of fitting equations (2) and ( 3 )  to one of the Ku­
ring-gai fires at 3 . 5  m and 6 .0  m above ground level
respectively. Both curves were constrained to pass
through ti.T . Note the rapid rise in temperature to
m aximum (;iiliin 60 seconds ) after the fire's onset,
followed by a long, slow fall in temperature over more
than 300 seconds following maximum temperature.
However, at large positive values of time, temperatures
tend to remain elevated above those predicted by the
Newtonian cooling model .  This behaviour is reflected
in the fitted values for the cooling parameter which
were 0 . 0 1 3  and 0 . 009 at the 3 . 5  m and 6.0 m levels
respectively. These are an order of magnitude smaller
t11an the d1eoretical ewtonian value of about 0. 1 .
The fluctuations in .6.T which occur during cool-down
probably correspond to small-scale flaring of fuel
elements and also to slow fluid-mechanical pulsations
connected with air entrainment.

Figures 3 and 4 depict the temperature-time history
for a Kakadu fire, again for 3.5 m and 6.0 m above
ground level .  The scaling is quite different to that of
the Ku-ring-gai fire yet d1e same qualitative behaviour is
evident. Note that, as in Figure 2, the model under­
predicts the decline in temperature as it is unable to
accommodate prolonged smouldering or persistent
localized combustion after dle firefront has passed. The
fitted value of"( was 0 .0 16  at 3 .5  m and 0 .0 1 3  at
6.0 m. In both fires the fit around the peak is very
good.

Total Time-above-temperature 

The simple approach to predicting thermal death of
plant materials in fires would be to take the length of
exposure above certain temperatures and compare the
results wid1 those from constant temperature exposure
in a furnace or water bath. Given experimental
temperature data or fitted curves such as those in
Figures 1 to 4, the total time for which a given value of
6T is exceeded may be read directly off the graph .
However, with a little algebra, we may express time
above .6.T as a function of .6.T as follows :

From equation (2 )  tl1e time above 6T during which
the temperature is ris ing is

t, = �z (ln(A/z .1.T) ) 112 
( 5 )  

From equation (4 )  the time above 6T during which
the temperature is fall ing is

t,.= ( 1/y) ln(A/z 6T) ( 6 )

Therefore the  total time above 6T is

t = �z (ln(A/z DT)) 112 + ( l/y) ln(A/z 6T) (7)
lot 
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Fitted values of A, � and y were inserted into 
equation (7)  and the resulting curves are shown in 
Figures 5 to 8 .  

It i s  also possible to obtain an estimate of time 
above Lff directly from the thermocouple data . This is 
fraught with problems as it requires an interpolation 
(by eye) between data points. However, in order to 
evaluate our method of fitting temperature-time curves, 
it seemed appropriate to compare the two methods of 
finding time above t.T. Hence the data points on 
Figures 5 to 8 ,  which exhibit the same trend as the 
curve from equation (7). 

USING TIME ABOVE T TO ESTIMATE 

DEATH OF VEGETATION 

Laboratory measurements of  temperature-time 
exposures wl1ich cause leaf death usually come from 
bathing the sample in a constant temperature and 
measuring the time ti l l  death .  This is not a true 
representation of the temperature exposure in a fire, 
due to many factors , including the variabi l ity in thermal 
envi ronment associated with wildland fires and the 
different thermal properties of water and air, but, for 
obvious reasons, is the convenient experiment to 
perform . It provides curves l ike those in Martin et al.

( 1 969) ,  characterized by the equation 

In t" = a - b T, 

where t
d 

is the time to death at an exposure 
temperature T. 

( 8 )  

A way i n  which these laboratory curves might be 
used together with our temperature-time relationship 
( equation (7) ) ,  to predict leaf death and other fire 
effects is given below. It is the heat flux and the ability 
of the vegetation to dissipate heat that governs the 
temperature rise of a sample. However, the flux is 
difficult ( if not imposs ib le) to estimate for a given fire, 
at a given height and t ime, even with temperature 
information . Hence, in the absence of detailed 
understanding of the fluid mechanics, we are forced 
into considering only the temperature information 
available to us. 

We first notice that the lethal time at a constant 
temperature ,  T '°""' will be more than the lethal time at
a varying temperature, T ..,(t) , where the m inimum is 
always equal to, or greater than, T

coru
, ·  It is then clear 

that we can perform a direct comparison of the time 
above a given temperature curve from a fire, wi th the 
death curves found in the laboratory. This provides a 
bound on the effects of the fire on vegetation .  Namely, 
if the time-temperature curve is ever at a nigher 
temperature than the death curve then the vegetation 
being considered will perish .  However, if the death 
curve is always above the time-temperature curve we 
cannot be certain of the fate of the vegetation. These 
possibilities are shown together on Figure 9 .  

A bener method to  determine the fate of  the 
vegetation, particularly in this uncertain zone, consists 
of the following. Divide the time-temperature curve 
into discrete temperature ranges and determine the 
time spent within a particular range. The ratio of this 
calculated time to the laboratory measured time to 
death at a representative time in the same range is then 
determined . This al lows for both the heating and 
cooling phases that the vegetation is subjected to . If 
we assume additivity of these exposures then the sum of 
these rati os wil l  give an indication of the l ikelihood of 
death . Mathematically this can be expressed as a death 
number, D ,  

( 9 )  

where t(T; . 1 <T <T) i s  the time spent i n  the temperature 
range (T;_pT) and tiT;" ) is the laboratory-measured 
time co death of a representative temperature (T

i
· )  in 

the range (T
i
.PT; ) .  If the sum of these ratios, the death 

number, (D )  is greater than l, then death is likely, and 
if the sum is less than 1 ,  then the vegetation is l ikely to 
survive. Of course,  for values near 1 , the outcome is 
still uncertain .  The larger the number/closer together 
the discrete temperature ranges considered, and hence 
the narrower the temperature range, the more accurate 
this method will be. In the limit as the width of the 
temperature range tends to zero equation (9 ) can be 
rewritten 

't0Tnu, 

D = - J ( ( 1/t
d
) * dt(-r)/d-r ) d-r ( 1 0 )  

which , using the  model for the  external temperature 
( equation (7) )  and the model of Martin et al. ( 1969) 
for the time to death (equation (8 ) ) ,  gives the death 
number as 

What is needed arc the laboratory-measured time to 
death of the vegetation (leaves, fruit, stem) for as many 
different temperatures as possible to determine tiT) 
and the external temperature profile either from 
experiments or the model detailed previously. 

The fires considered here both have a maximum 
temperature well above 60°C and hence leaf scorch will 
occur at the heights in question. The effects of the fire 
exposure on the fruits and stems could be determined 
using the method outlined above. Unforrunately, at 
present the data needed to use equation ( 9 )  or to fit to 
the model of Martin et al. ( 1 969 ) (equation ( 8 )) to find 
tiT) is not available in the literature. Recently Mercer 
et al. ( 1 994) have used the model outlined here as the 
external temperature input to their model for tl1e 
temperature exposure of seeds in woody fruits. 

1 9  
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Figure 1. Temperalure-lime curve and data for the Ku-ri11g­
gai fire at 3. 5 m. 
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Figure 2. Temperature-time curve and data/or the Ku-ring­
gai fire at 6.0 m. 
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Figure 3. Temperature-time curve and data for the Kakadu 

fire at 3.5 m.
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Figure 5. Duration of the fire above a given temperature for 
the Ku-ring-gai fire at 3.5 m. 
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Figure 6. Duration of the fire above a given temperature for 

the Ku-ring-gaifire at 6.0 m 
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Figure 7. Duration of the fire above a given temperature for 

the Kakndufire at 3.5 m. 
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ABSTRACT 

A mathematical model of the maximum temperature as 
a function of height above the ground, within and 
above spreading wildland fires, is presented and 
evaluated. The model is based upon classical work on 
turbulent plume theory with extensions to include the 
£laming combustion region above and within the fuel 
bed itself. This results in a 'three zone' model which 
gives an appealing qualitative description of wildland 
fire temperatures. Temperature versus height 
measurements made in shrubland fuel complexes within 
Ku-ring-gai Chase National Park, Sydney, New South 
Wales, are used to calibrate the model. The ability to 
include the fuel bed and flame temperatures is a 
significant advantage over previous models which only 
applied to the plume. 
Keywords: Fire temperatures, Models, Australia 

INTRODUCTION 

Ecological studies of the impact of wildfires need to be 
concerned with the temperatures to which plants will 
be subjected. While many measurements of the 
temperatures obtained within and above wildland fires 
have been made (e.g. Trabaud 1979), no-one has been 
able to account for the full variation of temperature 
with height. Indeed, sampling heights have usually 
been restricted to less than a few metres. Usually it is 
only the plume region, above the wildfire, which has 
been modelled. While this may suffice for studies of 
crown death, e.g. Van Wagner (1973), it is insufficient 
for a full understanding of fire effects upon vegetation. 

The model presented here is for maximum 
temperature reached as a function of height as a 
wildJand fire passes. The fuel bed, the flaming region 
above the fuel bed and the fire plume are all included in 
a consistent model. Separate temperature-height 
functions are used in each of the three regions and we 
demand continuity of temperature and flux 
( temperature gradient) across the borders of the 
regions. In this way we are able to match a constant 
temperature region in the fuel bed with an exponential 
reaction-diffusion region for flaming and the classical 
turbulent plume for above the fire. 

A knowledge of the temperature above the flames 
and how this is related to the flame temperature is 
important in the study of the impact of fire on 
vegetation above the flames. Issues such as leaf scorch, 
seed death and stem death are all reliant on a 
knowledge of the heat exposure of the vegetation. 

PLUME STUDIES 

Yih (1951) calculated the temperatures reached in a 
turbulent plume resulting from an idealized line source 
of heat 

�T = k p13 / z {l) 

where �Tis the temperature rise above ambient 
temperature, I is the intensity of the line source per unit 
length, z is the height above the line source and k is a 
proportionality constant. Note that equation ( 1) is 
applicable directly above the stationary source, x = 0. 
At other points the equation found by Yih (1951) is 

�T=(kl213 /z)*exp(-x2/Wz2) (2) 

where x is the horizontal distance from tl1e source and 
13 is an entrainment constant 
(13 = 0.16 according to Lee and Emmons, 1961.) 

Although, strictly speaking, Yih's (1951) results 
apply only for a stationary line source in a quiescent 
atmosphere, Thomas (1963) and subsequently Van 
Wagner (1973) have used equation (1) in modelling the 
temperature rise above wildland fires. As one reaches a 
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height far above a real wildland fire, it can be 
reasonably approx imated as a l i ne source and it appears 
to move only very slowly. Tims Thomas ( 1 963 ) and 
Van Wagner ( 1 973 ) have had some success; Van 
Wagner ( 1 973 ) in part icular, with providi ng a first 
model for crown death .  

A laboratory study of stat ionary pool fi res by Kung 
and Stavrianidis ( 1982 ) provides one of the best 
experimental tests of the applicabi l i ty of the sim ilarity 
analysis of Yih ( 1 9 5 1 ) to fires . The experimental results 
show impress i ve agreement i n  the pl u me region .  
However, there is a significant region of measured 
tem perature increases, i n  and around the  fl ames, where 
the theoretical resu l ts arc inadequate. 

O ur main motivat ion is to provide a model for the 
enti re temperature profile for wi ldland fires. The two 
main benefits of this wou l d  be 

( i ) the abi l i ty' to predict maximum external 
temJ:>erature rise to which vegetat ion would be 
su bjected at any height ; 

( i i ) a cla r i ficat ion of the height above a fire at which 
pl ume  theory can be rel iably appl ied . 

I tem ( i ) depends upon the com bustion 
characterist ics of fuel types as wel l  as the fl u id 
mechanics of the fire, and we can on ly provide a part i al 
rea l i zat ion i n  th is paper. I tem ( i i ) depends sole ly upon 
the fl uid mechanics and we show that our  model ad mi ts 
an understanding o f  the signi ficance of the height at 
wh i ch  the class i cal plume theory becomes appl i cable . 

Other  factors which one woll ld l i ke to i ncl ude arc 
the movement of the fire, fi re depth , wind profiles and 
rou gh terrai n .  However, these will not be considered in 
this paper. 

TEMPERATURE MEASUREMENTS 

Temperatu re measu rem ents were made i n  a series of 
experim ents i n  Ku - Ri ng-Gai Nati onal Park in SW, 
Austra l ia .  The measurements involved the use of a 
single vertical array of sheathed Type K ( ch romcl­
alumel ) thermocouples to measure temperature r ises 
above ambient in experi mental fires in heathy fuels . 
Fi res were l i t  only on days of very l ight winds. The 
depth of the foci varied greatly, from 0 . 5  m to 2 m , and 
the flame ranged in height from 1 m to l O m. A 
discuss ion of the uti l i ty of such measurements can be 
found i n  Gi l l  and Knight ( 1 99 1  ) . Typical results arc as 
shown schematically in Figure l .  For clarity, a detai led 
report of the experiments will not be included here. 
Readers are referred to the detai led report on the  
exper iments , a s  opposed to the temperature 
measurements, that can be found in Bradstock and 
Auld ( 1 994) . 

The similarity of form , despite quite different fuel 
depths, is very encouraging for the development of a 
universal model. This was the ori ginal aim of Thomas 
( 1 963 ) and Van Wagner ( 1973 ) , founded on the 
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expectat ion that d imensional reasoni ng J:>rovides 
relationships which are scale i nvariant . The key 
problem th:it arose was the inabi l i ty to determ ine  a 
universal value for the plume constant (k i n  equation 
( l ) ) . I n  our analysis , we wish to shift the em phasis
away from findi ng universal constants . Ra her, it is our
cxJ:>ectation that the  ful l  temperature versus height
profile can be understood with a 3 -rcgion paradigm .
This new paradigm is itself a leap in understanding.
Fu rthermore, it  al lows a comparison of fi res and the i r  
potential impact upon vegetation . In  the next two 
sect ions we presen t  our p:i rad igm and relate it to the 
Ku -Ring-Ga i  fires . 

A 3-REGION MODEL 

A typical curve of temperature rise above ambient, �T, 
versus height, z , can be divided i nto 3 regions, as shown 
in Figure l .  

I 
I I  
I I I  

6.T1 = K, 
6T1 1  = K exp( -a( z - zd )2 ) , 
6T1 1 1 = C/z, 

0 $ z $ zd 
zd $ z $ zp 
z � zp 

( 3 )  

where K, C, a, zd and zp arc constants which need to 
be determined. In Region I it is anticipated that the 
presence of com busting sol id wi l l  create a constant high 
tem perature region which extends through a height zd, 
perhaps comparable to the fuel bed depth .  In Region 
11 the flames mix with entrained air and an exponentia l  
decrease in temperatu re r ise , fol lowing a Gaussian 
distribution , is assumed . Region Ill is the ))l u me 
region, and extends above a height zp. 

In order to reduce the number of constants which 
need to be determi ned,  and to provide a smooth .6T 
versus z curve, the temperature rise and the gradient 
wil l  be matched across the boundari es between regions 

6.T 1 = L\.Tu at z=zd ( 4 . 1 ) 
d (6.T1 )/dz = d (6.T1 1 )/dz at z=zd (4.2 ) 

.6T1 1  = L\.T1 1 1  at z=zp (4 . 3 )  
d (6.T1 1)/dz = d (L\.Tm )/dz a t  z=zp (4 .4 )  
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There is a little algebra which needs to be done (see 
Appendix), but then these conditions determine two of 
the constants in terms of the otl1er three: 

C = K zp exp( -cx ( zp - zd)2) 
et =  1/(2 zp ( zp-zd)) 

( 5 . 1 )  
( 5 .2) 

Therefore, the model for �T versus z, consists of 
equations (3) subject to equations ( 5 ) :  and tl1ere are 
three remaining parameters to be found. These are: 

( i) K, the maximum temperature reached anywhere.
It may be possible to estimate this from a
combustion calculation, assuming a certain
proportion of total heat generated is lost to the
atmosphere.

(ii) zd, perhaps rel ated to fuel bed depth or zone of
persistent flame .

(iii) ' zp, perhaps related to the height of tl1e flames in
the zone of flame flickering.

It is valuable to have these guiding roles for K, zd 
and zp when one comes to fit wildland fire data. A 
detailed survey of �T versus z data from wildland fires is 
required to fully justify these guiding roles for K, zd and 
zp. In tl1is context one should note the extreme 
paucity of published data which uses thermocouple 
array, or other temperature measurement means. The 
most detai led studies known to t l1c authors arc Tunstal l  
et a!. ( 1976 ) ,  Van Wagner ( 1 975 ) and Williamson and 
Black ( 198 1 ), none of which, in tllcir current form, can 
be compared with our three-zone model. 

F ITTING EXPERIMENTAL DATA 

In order to determine tl1e paramters i n  tl1e 3-Region 
model, seven of the experimental fires were studied in 
detail .  The 3 model parameters were first determined 
approximately by simply viewi ng tile T versus z plots of 
the experimental data. 

This instantly provided a smootll curve which gave a 
good fit to the data . Further refinement using a simple 
least squares routine in order to minimize tl1e error was 
then done. This usual ly provided a small improvement 
to tl1e  original fit. In Figure 2 and Figure 3 we present 
the results of curve fitting from two of the experimental 
fires. For t!1e fire presented in Figure 2 the fuel bed was 
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Figure 2. log-log plot of temperature-rise profile for a deep 
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Figure 3. Log-log plot of temperature-rise profile for a 
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quite deep and the flames quite high, hence we chose 
K = 700°C, zd == 1 . 5 m and zp == 2 . 1 5  m. For the fire 
presented in Figure 3 the fuel bed was much shallower, 
although the flames were of a s imilar size, hence we 
chose K ==790°C, zd = 0 .2 5  m and zp = 2 . 00 m .  

The abi l ity of the curves t o  fi t  the experimental data 
with a minimum of fuss is most impressive. It should 
be stressed that the model is not yet predictive. Indeed, 
detailed measurements in a given fuel type would be 
required to cal ibrate tile model prior to using it in a 
predictive sense . Environmental factors such as wind, 
humidity and fuel moisture would also need to be taken 
into account. Despite this , even prior to any 
calibration, the results provide an insight into where the 
fire plume region begins. Namely, for tile heath 
communities in Ku-ring-gai , NSW, it would seem that 
2 m is the minimum height at which plume theory can 
be successfully applied. 

DISCUSSION 

The tluee regions identified here could match those 
identified by McCaffrey ( 1979 ) for fires burning natural 
gas above ceramic plates in the laboratory, viz. a 
continuous-flame region ,  an intermittent flame region ,  
and a plume region .  In wildland fires the fuel i s  sol id -
unlike the fuel in McCaffrey's fires - so it is possible that 
our Regions, especially Region I, may be related to fuel 
bed characteristics such as dept!1. Region I is effectively 
missing in shallow fuels, such as litter (Stott 1986,  
author's unpublished data), but  readily identified in 
deeper fuels, such as shrublands (present work, Trabaud 
1 979 ) and tall grasses (Tunstall et al. 1976) .  Therefore, 
tl1e situation described in this paper is the more general 
one. 

FURTHER WORK 

The main avenue for further work at present is to 
include the dependence upon horizontal distance from 
tl1e fire, an analogue of time. For the plume region, 
this is already taken care of with equation (2). 
However, in the other two regions the most versati le x- ·  
dependence is yet to be determined. 
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One could pursue laboratory work, to determine 
how the variables introduced in equation (3) relate to 
fuel bed depth and heat release rate. This would 
require a large combustion chamber so that there is 
negligible interaction between the plume and the walls 
and ceiling. 

Other possible inclusions are fire speed and flame 
depth which are related to x-dcpendence, and of course 
wind profiles. All the present work is for light winds, 
which is a severe limitation. 
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k constant 
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APPENDIX 

Of the matching conditions, equations 14. l) and (4. 2) 
are automatically satisfied by our choice for equations 
(3. l) and (3. 2). This leaves equations (4. 3) and (4.4) to 
be satisfied. Equation (4. 3) yields 

K exp(-a (zp - zd)2 ) = C / zp (A. l ) 

while equation (4.4) yields 

-2 a (zp·zd) K zp exp(-a(zp - zd)2 ) = - C / zp2 (A.2)

Equation IA. 1) can be immediately rearranged to
give equation (5) in the text. Into equation !A.2) we 
substitute equation (A. l ) to give 

-2 a (zp-zd) C / zp = - C / zp2 (A.3) 

which is rearranged and simplified to give equation (5.2) 
in the text. 
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Australian Defence Force Academy, Canberra 2601, ACT, Australia. 

WENDY CATCHPOLE 1 

ABSTRACT 

A comprehensive series of laboratory fires are being 
burned in the wind tunnel at the Intermountain Fire 
Sciences Laboratory in Missoula, MT. Together with 
field data from experimental and wildfires, information 
from these fires will be used to formulate and test the 
US Forest Services second generation fire behaviour 
model which is currently being developed. 

The fuels used in the laboratory fires are excelsior 
(wood shavings), pine needles, and 6 mm diameter 
sticks. Most fires are in homogenous fuel beds, but a 
series of fires have been burned in mixed excelsior and 
sticks, to compare fire behaviour in mixed fuel with 
behaviour in component fuels. 

In conjunction with Dick Rothermel of the US 
Forest Service, Ted Catchpole and I are developing a 
firesprcad model based on radiative and convective heat 
transfer from the flame to the unburned fuel. Each fire 
is instrumented with thermocouples, pitot tubes and 
radiometers to measure the factors influencing fire 
behaviour. Currently the model appears to predict fire 
spread well if these factors are known. In order to 
construct a predictive model it remains tO model these 
fact0rs in terms of fuel and environmental factors that 
can be measured just prior to a hazard reduction burn 
or wildfire. 

I wiU talk about progress on the model to date, the 
experimental results obtained so far, and about 
preliminary attempts to test current flame structure 
models which arc needed to describe the heat source. 
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Fire modelling and fire weather in an 
Australian desert 

A M .  GILL 1
, N. D. BURROWS2 

AND R. A BRADSTOCK3

1 CS lRO Div ision of Plant Industr y, GPO Box 1 600, Canberra 2601 , 
A C T. 

' WA Department of Conservation and Land Manageme n t, PO Box 
l 04, Como 6 1 5 2 ,  Western Australia. 

' NSW National Parks and Wil dlife Ser vice, PO Box 1967, Hurstvillc 
2220 , NSW. 

ABSTRACT 

Hummock grasses  form a discrete fuel for l andscape 
fi res in the vast arid and semi - arid regio ns of Australia . 
For fires to spread in such discre te fuels , the flames 
ne ed to be  long enough to cross gaps , under su fficie nt 
wind to have large ti l t  an gles , and impin ge on the next 
hummock long enough to i gnite it. Wind  speed, 
discre te -fuel loadings , fu el moisture contents and gap ­
size distributions are key ch aracteri stics fo r  fire -spread 
modelli ng in th ese fuels .  Pres en t models de rived in the 
arid region  do not have universa l application . 

Once a mo del is formed, formal prediction of frre 
spread requires a three -stage process : (i ) a dom ain 
analysis for the applicability of  the inputs to the fire­
spread model ; (ii ) a l ikelihood-of-any-spread ana lysis; 
and, (iii ) application of a spread model to predict rate 
of spread of the head.fi re . 

That direct inpu ts , such as fuel moism re, are not 
available for model s on a routine basis creates problems 
of prediction . For fully cured fuels, fue l moistu re may 
be expected to be a fu nction of fuel temperature, fu el 
humidit

y
, and wind speed near the ground; these 

variables are not directly available so tl1ey, too , m ust be 
predicted. With each extra step in th e  esti mation of 
inputs , further errors in spread prediction are likely to 
arise. 

At Rudall River ational Park in north- western 
Western Australia, f ire weather may reac h extremes . 
Tem peratu res are often over 40°C, dew points drop to 
- 37°C; and winds, unatte nuated by trees, reach 50-60 
km h·1 at any time of the year. Fuels may appear
completely dead while gaps between plants may extend 
a metre or more. 

Appropriate fire-weath er indexes for the arid region 
need to be determined independently of fuel 
considerations and should not be tightly linked with fire 
behaviour because of the great spatial variety f ound in 
fuel condition. A ny one-step index li nked to fire 
beh aviour is l ikely to fail because several variables need 
to r each threshold l evels before spread wil l  occur. 

INTRODUCTION 

Hummock grasses are the main fuel type over 
thousands of sq u are kilom etres of arid Australia .  Fire 
interva l s  there are thou ght to be from 5 to 5 0  years 
( Walker 1 98 1 ) . However, there have been f ew smdies  
of fuels, fires  or weathe r. In this paper, we introdu ce a 
number of problems , submit some n ew ideas , an d 
pres ent pertinent data and experienc es relating to the 
spread of frres in hummock. grasses . We examine the 
contex t  of fire spread in and n ear the 1 . 6 mi l J ion 
hec tare Rudal l River National Park (Austra l i a ' s  second 
l ar gest national park ) i n  ari d nor th - western Australi a .
Because th e relie f of the lan dscapes are genera lly
sub dued we i gnore terrain . We consi de r only fuels , fue
weather ( in tl1e broadest sense ) and the spread of fires .

DISCRETE HUMMOCK-GRASS FUE LS 

Hummock grasses are the predominant fuel of the arid 
zone; they are a unique Australian growth form i n  
which : 

'Each plant branches into a great num ber of 
culms which intertwine to form a hummock 
and bear rigid, involute, pungent leaves 
representing a serried phalanx to the 
exterior. ' ( Beard 198 1 ) 

Hummock grasses belong to the genera Triodia,

Plechtrachne, Symplectrodia and Monodia (Jacobs 
1992 ) . They occur on rocks, sand and laterite ( Beard
198 1 ), usually with bare ground between the plant s. 

Hummock grasses may be too moist to burn (as in 
many parts of Rudall River National Park in the winter 
ofl992 ) or remain moribund and highly flammable for 
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years (as i n  the Gi bson Desert from 1 98 8 - 199 1 ) ; both 
the cu red and green condition may exist in the same 
region at the same ime (as at Ruda! !  River ational 
Park i n  1992) . The hu mmock grass lands of our stu dy 
areas were largely of l ive mater ial ,  the only apparently 
dead material bei ng the immediate subcanopy leaves 
and the persisten t  remnants of lea f sheaths on the ti l lers . 
Humm ocks at su itable moistu re contents supported 
fire even without the growth of ephemerals i n  the 
usual ly bare areas between the plants. A fter 27 mm of 
rai n  overn ight in Janu ary 1993  at Ruda! !  .River National 
Park, hum mock grasses, straw colou red at firs t ,  became 
greener over the next few days (A. M .Gil l , P. H . R Moorc 
and B .Wa rd, personal commu nicat ion ) ; a s imi l a r  
observation has  been made i n  the  G i bson Desert 
(N .D .Bu rrows , persona l  commu nicatio n ) .  

The coverage of humm ocks over the ground may 
vary widely from near 1 00 per cent in some drainage 
l i nes to near zero on some rocky hi l l s .  P lant size ,  and 
sh ape (see above) ,  may also vary widely. Plants 2 5 - 30 
cm tal l  were common in the study area . Hummocks 
va ried widely in density ( i . e .  n u mber of p l an ts per u nit 
area) ,  degree of aggregation ( genets per hum mock ), 
aggregate shape and hei ght, and within -p lant bulk 
den sity (pl ant weight per unit vol ume) ;  these attributes, 
alon g with moisture conte nt and wi ndspced, have a 
major bearing on whether or not a fire wil l  spread . 

The appropriate manner in which to record the s izes 
and patterning of spin ifcx hummocks for predict ion of 
fi re  spread needs fu rther research. The only method 
reported so far has  been the wheel -point (poi nt 
qu adrat ) method ( Gri ffin and Al lan 1 984; B urrows et 

at .  1 99 1 ) which records plant presence or absence 
every 1 m along a transect. Th is method gives an 
est imate of cover and an index of pattern based on the 
number of co nsecutive wheel-point contacts made on 
plants ,  or on bare ground . On the basis tha the fire 
spreads when th e gap between plants is breached by a 
flame of a su i table l ength developed from a hum mock 
of an appropriate si ze (Bradstock and G i l l  1 99 3  ), we 
need to know the l ength of flame devel oped from any 
h u m mock and the distance that flame will have to 
breach to ignite another. Bradstock and Gil l ( 1 993)  
found flame length to be correlated with hu mmock 
heigh t and diameter for c i rcular hum mocks . For 
irregularly shaped lr n m mocks, we have been exploring 
the idea of randomly selec ti n g  a hummock, select ing a 
ra ndom com pass di rection ,  measuring the longest 
in tercept across rhe h ummock in the chosen compass 
di rect ion and al igned with the nearest neighbour, 
measuri n g  the shortest distance from the edge of the 
hummoc k to the nearest ne ighbour along the same 
compass orientation ( 'gap width' ) ,  and measuring 
hummock height, width and length . Our results for gap 
wid ths ( Fig. l )  show various frequency dis tributions 
(for 50 measurements per s ite ) wi h gaps up to 2 m or 
more on some occasions; in ou r three study sites at 
Rudal l River National Park, the frequency of gaps less 
than 60 cm w ide was 70 per cent, 66 per cent and 46 
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per cent. While this idea for fuel measurement in 
discrete hum.mock-grass fuels needs to be tested in the 
light of experimental fires, it has potential in that it 
direc ts attention to the obstacles in the way of fire 
spread in discontinuous fuels. We do not know what 
the consequences to fi re spread of the different 
frequency dist ri butions of gap and h u mmock sizes may 
be but these could be predicted if isosceles triangles can 
be used as templ ates for spread, the template shapes 
and sizes representing flame shapes and dimensions i n  
plan view. 

Predict ion o f lrnmmock s i zes, and the widths of 
gaps between them,  as a fi.mction of t ime since fi re is a 
challenge waiting to be met. Plane cover, and therefore 
fuel loading (Griffin and Allan 1 9 84 ), is a function of 
acc u m ulated rainfall s ince the previous fire (Griffi n  
1 992 ) b u t  t h e  way the pattern changes with t ime needs 
to be invest i gated. 
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C: 
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1 5

1 0
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Figure I. Frequency distribution of gap widths in a spinifex 

grassland fuel at the Rudall River site. 

F IRE WEATHER 

Fire weather indices provide a gu ide a s  t o  t h e  effect of 
weather on fire behaviour. McArth u r's ( 1 967)  'fire 
danger meter' for eu calypt forests, asserts that the 
weather index given by the meter is ' d i rectly related to 
the chances of :\ fire start ing , i ts rate of spread, intensity 
and difficulty of suppression . . . '. The index is based on 
windspeed together with factors contributi ng to fuel 
moistmc. The index reflects the effects of weather on 
fire behaviour. The equivalent McArthu r  ( 1 966) index 
for grasslands uses a d ifferent formula ( able et al.

1980 ) .  
Relating weather data to  the moisture content of 

fuels l ike Triodia - which may be green and live, or grey 
and dead - is d ifficu l t . Dead fuel moisture may be 
est imated from equations such as those of Byram and 
Jemison ( 1 943 ) but  a number of steps arc involved 
(Fig. 2) .  Predict ing l ive-fuel moistu re may be even 
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more difficult and involve inputs of soil moisture and 
vapour pressure deficit of the air (Fig. 2). However, the 
nature of moisture content changes with desiccation of 
the environment in these plants is unknown. Stems of 
hummock grasses (ca 2 mm diameter) were a 
significant proportion of the fuel that may be moist 
while leaves were drier. Here, we present an overview 
only, of the weather in the vicinity of Rudall River 
National Park. 

The climate of the region may be characterized 
(using unpublished Bureau of Meteorology data from 
Telfer, 70 km to the north) as one with a low rainfall 
most of which falls in summer, high temperatures 
(average daily maxima in summer are near 40°C), low 
humidities (average relative humidity at 3.00 p.m. at 
Telfer for October is 11 per cent) and high evaporation 
rates. Telfer had an average annual rainfall of291 mm 
over the period 1974-1991 with a marked summer 
incidence. The maximum average monthly rainfall was 
84 mm in February. Average evaporation rate peaked in 
November at 15.0 mm day· 1 and fell to a minimum in 
June when the value was 5.6 mm day·1• Our experience 
was that, in summer, rainfall tended to occur as local 
storms so that the weather station record is not always a 
true reflection of the weather over the region. 

Wind is a most important variable in determining 
whether or not a fire will spread in discrete fuels and, if 
the fire does spread, how fast it will travel. Wind may 
also affect temperatures of dead fuels (Byram and 

Jemison 1943) and of live fuels through transpiration. 
Average monthly 3.00 p.m. windspeeds at Telfer varied 
from 14-17 km h· 1 with little variation throughout the 
year. Frequencies ofwind.s were greatest in the 0-10 
km h· 1 class, the frequency then declining with each 
higher windspeed class. Wind speed within any one 
month may range up to about 60 km h-1

. In January 
1993, at Rudall River National Park, we found that 
strong winds were associated with the presence of 
nearby storms (dry in our case) which were shortlived. 
Longer lasting cyclonic winds may be important at 
some times in some years. 

To summarize: fire weather in the Rudall River area 
can involve frequent high temperatures, low humidities 
and low soil moistures, and occasional high winds. 

THREE-STAGE FIRE MODELLING 

Fire managers sometimes talk of fuels which either carry 
fire extremely well or not at all - 'stop-go' behaviour; 
such fuels are usually discrete. In discrete fuels, even dry 
ones, fires will not spread unless tl1e wind is relatively 
strong. Fires in similar, but continuous, fuels will spread 
even without wind. When the wind is above the 
threshold for spread, the fire may spread at the same 
rate as in a continuous fuel. If so, the apparent 'stop­

go' behaviour is explained (Fig. 3); the more discrete 
the fuel, the sharper the contrast in the 'stop-go' 
behaviour. 

SPINIFEX FUEL MOISTURE 

Dead fuel moisture 

Wind at 
rue1 
level 

WINDAT 
STANDARD 

HEIGHT 

SHADE 
AIR 

TEMPER­
ATURE 

Fuel 
relative 

humidity 

SOiar 
radiation 

TABLES, 
CLOUD 
COVER 

AIR 
RELATIVE 
HUMIDITY 

Live fuel moisture 

vapor 
pt"eSSUf8 

deficit 

Soll 
moisture 

deficit 

RAINFALL EVAP­
ORATION 

Figure 2. Simplified charr suggesting variables that may need to be considered for the prediction of fuel moisture from 

standard weather variables in order to predict sunlit dead-fuel (after Byram and Jemison 1943) and live-fuel moisture. 

Variables in double boxes are input variables. 
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For fires to spread in discrete hum mock grass fuels, 
flames generated in the hum mocks need to be long 
enough , winds need co be strong enough to angle the 
flames enough , gaps need to be narrow enough for the 
flames to breach them,  and i gn i tion delay t ime needs to 
be short enough for the 'receiver' hum mock to ignite . 
We can imagine a n u m ber of factors l im i ti n g  spread 
despite individual h ummocks being ignitable .  For 
ex ample : i f  winds a rc too l igh t ,  flame tilt may be 
inadeq uate for spread ; with strong wi nds, flames may 
be horizontal , bu t the fi re wi l l  not spread to the nex t 
hummock un less the reach ofrhc flame :u l east eq uals 
the  gap si ze; and,  the fi re wi l l  not spread if the flames 
do not i m pi nge long enough on the h u m mock to cause 
ignition . To predict when fires would start to spread, 
therefore, requ ires that certain ( m u lt ip le )  th reshold 
conditions need to be met . The same could be argued 
for contin uous fi.1c l s  a l though rate-of-spread model s for 
conti nuous fu el� arc not usu a l ly designed to pred ict 
t h resho ld  condi t ions of spread - or when fires wi l l  go 
out. For example , the eq u at ions for the rate-of-spread 
meter of McArthur for fo re,�ts ( Noble et al. 1980)  never 
zero in relat ion to m oisture conte nt ( through its 
s urrogates, a ir temperature and relat ive hu midity ) ,  a nd, 
m athematical ly at least, a moisture content too high for 
combustion can be compensated for by a strong wi nd . 
In Rothcrmcl's ( 1 972)  formulat ion ,  the pro blem is 
hand led ,  in part only (Wi lson 198 5 ), by the use of a 
mini m u m  moistu re content for fire extinct ion . 

l�ol lowing Gil l  and B radstock ( personal
com mun icatio n ), i t  is suggested th :1.t the scienti fic use 
o f  rate-of- spread  m odels be formalized i n  o th ree 
stages: 

( i ) a domain analys is to determine whether or not the
data to be put in o the rate of spread eq uations arc
with i n  the l imits of those used in equa ion
formulation ;

Rate of spread 
(windspeed) 

ROS (U) 

ROS (o) 

0 0 

Continuous
fuel 

U(t)
Wlndspeed, U 

U (t) is threshold wi ndspeed for spread In discontinuous fuels 

Figure 3. Graph illus/rating the likely relationship between 
fire spread in continuous versus discre/e fuels. In discrete 
fuels, fires will only spread after certain 1hresholds have 
been overcome; when this happe11s, fire spread may be quite 
rapid. 

32 

CALMSclence 

( i i )  an initiation-of-spread analysis to predict the
probability of spread, wh ich, in its s implest form ,
would predict whether or not the fire would spread
at all; and, 

( i i i ) a rate-of-spread prediction .

For hum mock grass lands, Griffin and Al lan ( 1 984)
have given the domains to which their equations for 
predicting rates of spread apply; the con diti ons i nclude 
a maximum wi ndspced of 3 m s· 1 ( c. 1 1  km h· 1 ) at 2 m 
height, ai r tempcr:itu rcs of 2 3  to 3 5"C and relative 
h umidit i es from 12 to 40 per cent. For the Rudal l  River 
a rea ,  even average weather condit ions arc often  outside 
these domai ns. In experi menta l  Gibson Desert fires, the 
env i ronmental variables under which fires were 
measured spanned a m uch wider range tl1an those used 
in Central Ausu-al ia by Gri ffi n and Allan ( 1 984 ), viz. 

windspeeds ro 36 km lr 1 , air temperat ures to 5 0°C, and 
relati ve hum idit ies from 1 4  to 48 pe r cen t  (Burrows et 
al. 1 99 1  ), yet the same formu lat ions used by Gri ffi n  
a n d  A l lan cou ld be used t o  pred ict fi re rates ofsprc;1.d . 
Thus, Bu rrows et at. ( 1 99 1 )  effective ly expanded the 
domains of Gr i ffi n and Al lan 's  ( 1 984)  eq u ations as far 
as weather was concerned . 

For fuel , a simpl istic example shows the importance 
of keepi ng with in domai ns. If Griffin a nd A l l an ' s  
( 1 984) ' fuel factor' ( inversely proporrio n :1 1  to  the  
square root of fuel moist u re  co ntent ) i s  extended 
beyond stated domai ns to i nc l ude zero mois urc 
content, i ts va l u e  becomes infin i te ,  as docs the 
predicted f i re r;itc of spre:1.d .  

Th reshold conditions for spread have rarely been 
stated for any foe ! type but  various val ues have been 
su ggested for windspccd i n  h u m mock grasses , viz:

• 1 6-24 km h· ' ( MeArth ur 1 972) ;
• 1 2- 1 7  km h· 1 ( Burrows et a!. 1 99 1 ) ; and,
• < l  l km h· 1 (Griffin and Allan 1 9 84) .

At Ruda l l  River i n  January 1993 ,  i t  was found that
winds gusting  up to 50 km Ir ' at 2 m heigh t  were 
in u fficient to carry flames between h ummocks ,  
presu mably because fuels were too moist, at 24 per 
cent , and flames too short to b ridge the gaps between 
the hummocks (A. M.Gil l , P. H . R. Moorc and B .Ward, 
personal observation ) .  All l i mits - gap width ,  wind 
strength , flame len gt h ,  discrete-fue l  l oadi ng ,  fuel 
moistu re · not just any one ,  need to be overcome if fi res 
arc to spread. 

The third stage in the prediction of the rate of 
spread of the fi re is the use of models, usual ly i n  the 
form of mathematical equations. Griffin and Al lan's 
( 1 9 84)  model was the first for fires in spinifcx 
grasslands . For fi res in the s:1.mc type of grassland , but  
i n  the  Gi bson Deser t ,  Burrows et al. ( 1 99 1 )  found that 
spread rates, using the s ame form u lae as Griffin and 
Allan ( 1984 ) ,  were less than half those predicted. The 
main reason for this wide discrepancy may involve the 
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way in which fuels were evaluated (see above). Similarly, 
the successful use of the square of windspeed to predict 
fire spread in the Gibson Desert (Burrows et al. 1991) 
may not have general application; some modification of 
equations would appear to be necessary for their 
application to areas with different fuel conditions. 

CONCLUSION 

Despite the considerable advances made in our 
knowledge of ftres in spinifex grasslands in the last 
decade we sti!J have much to learn ifwe are going to be 
able to predict when discrete hummock-grass fuels will 
ignite, whether or not fires in hummocks wilJ spread, 
and how fast they will travel once they do spread. We 
need to know: how co predict the moisture contents of 
hummock grasses; how to characterize and predict fuel 
distributions as a function of time since fire or 
cumulative rainfall since fire; how to depict fire weather 
in arid lands; and how to parameterize the factors 
limiting fire spread in hummock-grass fuels. 
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Predicting fire spread in Western Australian 

mallee-heath 

1 Science and Information Division, Dcp:irrmcnt of Conservation and 
Land Management, Manjimup 6258,  Western Ausrr;ilia. 

ABSTRACT 

The abi lity to reliably predict whether a fire will sustain 
itself, and what its resultant rate of spread and intensity 
wil l be are key elements in the safe and effective 
application of prescribed fire in maUee-heath shr ublands 
in Western Australia .  A program of experimental 
burning has been conducted in Eucalyptus tetragona 
mal!ee-heath at the Stirling Range National Park to 
identify factors critical to the sustai ned spread of fire, 
and to determine the effect of burning conditions on 
the forward spread rate of fires ignited from a 200 m 
line source. Fires ignited when the moisture content of 
the shallow litter beneath the shrub layer was more than 
8 per cent ( of oven dry weight) typically failed to 
sustain a continuous flame front and did not spread 
extensively. However, when the shallow litter layer was 
below 8 per cent moisture content fire fronts sustained 
and spread regardless of wind speed. Other indices of 
fuel dryness, and simple weather variables including air 
temperature and relative humidity did not satisfactorily 
discriminate between the fires that spread and those 
that did not. 

Forward spread rates of fires burning in fuels below 
the critical moisture content threshold was strongly 
related to wind speed, and spread rates of up to 
2500 m h· 1 were recorded when wind speeds (at 1 0  m 
height in the open) were around 25  km h· 1 . Forward 
spread rates of experimental fires correlated poorly with 
the Grassland Fire Danger Index from the McArthur 
Mark 4 meter which forms the bas is for fire danger 
rating in rural areas of Western Austral ia .  Models 
developed to predict fire behaviour in chaparral 
shrublands in the United States were of little value for 
determining whether or not a fire would spread, and 
consistently under-predicted forward spread rates in 
malice-heath. 

In malice-heath it  seems that the probabil ity of a fire  
sustaining must be determined as a preliminary step to 

W. L. McCAW 1 

predicting the forward rate of spread; the former factor 
is moisture-dependent while tl1e latter is wind­
dependent. To predict fire behaviour in the field 
si tuation simple but reliable methods for estimating tl1e 
moisture content of tile shal low litter layer i n  maUee­
heath are required. 

INTRODUCTION 

Shrublands arc an important and widespread fuel type 
in soutllern Western Australia, and despite extensive 
clearing for agriculture still occupy an area of some 
5 . 5  mil l ion hectares (Beard 1984) .  Malice-heath is the 
most common form of shrubland on tl1e southern 
sandplain which extends between Albany ( 3 5° S 1 1 8° E) 
and Israelite Bay ( 34° S 1 24° E) .  Malice-heath 
commw1ities are characterized by a stratum of low 
shrubs up to 1 m or so tall with a scattered overstorey 
of short, multi-stemmed eucalypts up to 4 m tall .  A 
wide variety of plant species occur in tl1ese diverse 
communities, with Eucalyptus tetragona being one of 
the most common and widespread of tl1e malice 
eucalypts present. Extensive tracts of malice-heath 
occur on lands managed by the Western Austral ian 
Department of Conservation and Land Management 
(CALM),  including the Stirling Range, Fitzgerald River 
and Cape Arid National Parks, and on adjacent areas of 
vacant Crown land. Much of this area is relatively 
remote from population centres and management 
resources, and often inaccessible because of difficult 
terrain and l imited reading. 

Like most of southern Western Australia the south 
coast is prone to periodic fires . Severe fire weatller 
conditions characterized by extreme high temperatures, 
low humidity and strong winds occur regularly each 
summer, particularly in association with tl1e formation 
of pre-frontal low pressure troughs (Hanstrum et al. 
199 1 ) . Trough movement is commonly accompanied 
by dry lightning storms which may ignite fires over a 
widespread area .  Air photographs consistently show 
evidence of extensive fires over tile past 50 years, even 
in areas remote from land clearing and otl1er potential 
sources of human-caused ignition. More recently, three 
fires started by lightning burnt over 100 000 ha of tile 
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Fitzgerald River ational Park on a s i ngle day in 
Decem ber 1989 ( M cCaw et al. 1 992 ) .  Further 
l ightning-caused fi res burnt some 750 000 ha of 
CALM estate and vacant Crown land in the Esperance-

orseman area over the sum mer of 1 990 -9 1 ( McCaw 
1 992) .  

CALM undertakes fire management on l ands  under 
its con tro l wi th the objectives of protecti ng l ife and 
property from dam age by wildfi re ,  and maintain ing and 
enhancing environm ental values . This latter objective 
may in some cases necessitate the tempora ry protection 
of an area from fi re, whi le i n  other cases prescribed fi re 
may be used de l iberately to regenerate rlant 
commu nit ies ( McCaw :rnd Gi l len 1 99 3 ) .  Pr ior to 
about 1 98 5  tJ1e most common fire m a na gement 
strategy for large reserves i n  the south  coast region was 
to u ndertake l im ited fuel reduction burning with i n  
narrow buffer strirs located at the interface with 
neighbouri ng lands of different tenure .  This approach 
has proved problematic in mal lee- heath where sl ight 
cha nges in fuel and weather condit ions can lead to 
dramatic a lteration in fire behaviou r. I f  bu rning 
conditio ns arc su b-opt ima l  fires do not sustai n, leading 
to i nefficient use of resou rces and ineffect ive fuel 
red uction with in  buffer strips. At the other encl of the 
scale fires which exceed prescr i bed l im i ts for fire 
i ntensi ty may csc;ipe from n arrow bu ffer str ips, t h us 
posing a threat co nei ghbouring bnds and pot ent ia l ly  
endangering person nel at the fircface . 

In recent years the feasi b i l i ty of using aeri;i l  i gn i t ion 
to bum strategic str ips and mosaics with i n  large 
unroaded blocks has been invest i gated and found to
h;ive considerable prom ise as a fire management
techniqu e in m al lee-heath comm u nities. Successful
i mplementation of this tech nique depends on a sou nd
understanding of fire behaviour ;ind,  in pa rticular, the
ability to reliably predict the onset and cessation of
sust1 ined fi re spread.

In 1 989 CALM com menced ;i study of fi re 
behaviour in ma l ice- heath ,  the pri ncipal objectives of 
which were to ( 1 )  identify factors crit ical to the 
sustained spread of fi re, and (2) develop a fire behaviour 
guide for predicti ng rate of spread and fi re intensity 
from weather and fuel variables readily measu red in the 
field. The study was based around a program of 
experimental  burning undertaken in the Sti rl i ng  R.1ngc 

ation;il P;irk, and i nvolved personnel from CALM 's 
Manj imup Research Cen tre and South Coast Region . 
Experimental ly -derived data h ave been supp lem ented 
by information gained opportunistical ly d uri ng 
prescri bed burning operations and wi ldfi res. 
Prelimi nary results from the s tudy were presented by 
McCaw ( 1 99 1 ). The purpose of this paper is to present 
updated resu l ts from the experimental bu rn ing 
program,  and to exami ne the spread of experimen tal 
fires in relation to the Grassland Fi re Danger I ndex 
from McArt!mr's Mark 4 meter ( 1 973) ,  and fire spread 
predictions from two models developed for chaparral 
shrublands in the United States . 
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METHODS 

Experimental Burning 

In March 1989 sixteen plots, each 4 ha in area , were 
demarcated in a uniform area of E. tetragona mal lee­
heath near Two Mi le  Lake (34° 31 "S ,  1 1 8" 1 3 '  E) on 
the southern boundary of the Stirl ing Range National 
Park. The area experie nces a mecliterranean cl imate 
wi th ;in annu;i l  rainfall of about 470 mm. Plots were 
located on flat terrain at an elevation of 1 60 m above 
sea level in an area that had last been bu rnt in 1 969 by 
a summer wildfire. Plots were grouped into cel ls of 
fo ur, each of which was enclosed wi thi n  a 1 00 m wide 
b u ffer strip created by scru b - rol l ing and bu rn i ng t!1e 
vegetation ; the system of buffer stri ps perm itted 
exper imental fi res to be conducted u nder re l atively 
severe bu rning condit ions without undue risk of escape. 
Two larger plots ( 1 6- 5 0  ha in area )  establ ished nearby 
were also burnt ;is part of the experimental program . 

Ma l lee cucalypts common throughout the area 
incl uded E. tetragona, E. pachyloma, and E. marginata. 
The sh rub layer w;is species ric h  with between SO and 
60 species of vascu lar  plants present i n  a 1 0  1 1 1  x 10 m 
quadrat. Domi nant shru bs included species of Hakea, 
Dryandra, Jsopogon and Banksia. Fuels were assessed 
on th irty 1 0  m x l m transects distributed across d1e 
site which were harvested in four height classes and 
sorted by s ize classes i nto l ive and dead fractions ( for a 
more detai led account of this procedure see McC;iw 
1 99 1 ) .  The mean fu el load for the s ite was 1 2 .4 t ha· 1 , 

consist ing of 4 .5  t ha· 1 of l i tter, 3 . 1 t h:r 1 of dead shrub 
components ( <25 mm diameter )  and 4.8 t h a · 1 of l ive 
sh rub foliage ;ind twi gs ( <6 mm diam eter) .  The layer 
of l i tter on the ground was light and disconti n uous, 
with a projected cover of about 75 per cent .  

Weather data recorded during each experim ental fire  
i ncluded air temperature, relative humidity, 10  m open 
wind speed, and global solar r;idiation . Wind speed was 
measured using a Unid;ita anemometer mounted on a 
1 0  m tal l  Cl ark m ast loc;ited 50 m upwind from the 
side o f  the plot which was to be ignited. At the ime of 
each fire five repl icate samples of four fuel fractions 
were col lected for determination of oven dry moistu re 
content, as follows :  

• shal low l i tter ( d O  mm deep ) from beneath shrubs,
• deep l i tter ( 1 0 - 30 m m  deep)  fro m  beneath maUee

cl u mps,
• elevated dead fuel ( <6 mm d iameter) from sh rubs,
• l ive foliage from Dryandra pteridifolia, a species of

low shrub common throughout  the study area .

Plots were ignited on the u pwi nd side using a 
vehicle-mounted flame t!1 rower to light a 200 m long 
l ine of fire; ignition was generally completed wit!1 in a
two -minute period . Fires were allowed to spread across
the plot with the wind and were contained by the
scru b- rol led buffer strips.
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Fire spread was measured using buried electronic 
tim ers activated by the passage of the flame front, with 
elapsed times calculated in relation to a master clock 
started at the commencement of ignition . Reliable 
timer data were used to prepare fire spread contour 
diagrams for each plot from which the forward rate of 
spread of the fire was determined. Spread contours 
were checked for consistency with the prevai l ing wind 
direction during each fire, and compared with low­
oblique photographs and visual observation recorded 
during each burn. Inconsistencies between observed 
fire behaviour and fire spread contours plotted from 
timer data resulted in three plots being excluded from 
some stages of the analysis . 

Comparison with Predictions from 
Existing Fire Spread Models 

The forward rates of spread of fourteen experimental 
fires were compared with precuctions made using three 
existing fire spread models: the Mark 4 Grassland Fire 
Danger Meter developed by McArthur ( 1 973 ) ;  the 
Rothermel ( 1 972 ) fire spread model ; and the Arizona 
oak chaparral model of Li ndenmuth and Davis ( 1973 ) .  
Three fires were excluded from this analysis because 
forward spread rates could not be rel iably determined, 
and a further fire was excluded because it was in a fuel 
type that was not representative of the fuels in the 
remainder of the study area. 

Although not developed for predicting fire spread in 
shrubland fuel types the McArthur Grassland meter is 
used for fire danger rating in rural areas of Western 
Australia ,  including setting of restrictions on prescribed 
burning. The extent to which calculated fire danger 
indices reflect the severity of fire behaviou r in mallee­
heath is therefore an important issue for fire authorities 
and bush fire brigades working in this fuel type. The 
Grassland Fire Danger ( GFD) index at the time of each 
experimental fire was calculated from the Mark 4 meter 
using measured air temperature, relative humicuty, 10 m 
open wind speed and a constant curing factor of 100 
per cent . This level of  curing was chosen because most 
large wildfi res in mallee-heath have occurred in summer 
and autumn when pastures and crops were fully cured. 

Rates of spread were predicted from the Rothermel 
model for fuel model 6 usi ng the nomograms provided 
in Rothermel ( 198 3) .  This fuel model was selected 
from Anderson ( 1982)  on the basis of its similar 
appearance and fuel loading characteristics to mallee ­
heath. 

Variables used to calculate the rate of spread with 
the Lindenmuth and Davis oak chaparral model were 
measured air temperature, relative humidity, wind 
speed, and solar racuation. Foliar moisture content was 
held constant at 85 per cent whkh was considered to 
be a representative value for mature foliage of a range 
of ma!Jee eucalypts and shrubs (McCaw, unpublished 
data ) .  No correction was made for chemical coefficient 
(Davis and Dieterich 197 6 )  as the influence of this 
factor on fire behaviour in mallee-heath is unknown . 

Predictions from the two United States fire models 
are based on wind speeds measured at 20 feet ( 6 . 1  m 
approximately) above the ground. Wind speeds 
measured at 1 0  m were adjusted to 6. 1 m equivalents 
using the Applied Meteoroligical Tables of Beer ( 1 990)  
assuming a roughness length of 0 .2  m .  In the case of 
the Rothermel model a standard correction factor of 
0.4 was then applied to adjust wind speeds to mid­
flame height, as specified for exposed fuel situations by 
Rothermel ( 1 983 ,  p . 3 3 ) .  

RESULTS 

Factors Critical to the Sustained Spread of 
Fire 

Eighteen experimental fires were ignited over a wide 
range of burning conditi ons ranging from cool moist 
weather in spring and late autumn to hot, dry weather 
i n  summer (Table 1 ) .  

Data from Plot 3 were excluded at the outset from 
analysis because this plot contained very sparse fuels 
that were not representative of the remainder of the 
site. Most of this plot failed to bu rn despite the 
burning concutions at the time of ignition being 
relatively severe, with an air temperature of 32°C, 
relative humidity of 40 per cent, wind speed of 
1 7  km h·1 ,  and shallow litter moisture content of 7 per 
cent . 

TABLE l 

Summary of weather condi tions and fuel moisture during 1 8 
experimental fires i n  mollee-heath . 

Mois ture content IMCI data ore presenled for sha llow ISHALLOWI 
and deep IDEEP) loyers of l it1er fuel, dead elevated line fue l IDEAD), 
and l ive Dryondro fol iage ( LIVE) . Weather doto ore mean values 
recorded over the duration of experimen ta l fires which was generally 
less than ten m inu les, or over a defouh period of ten minu tes in cases 
where fires foi led lo spread. 

VARIABLE UNIT MEAN RANGE 

Air temperature oc 25 20 · 36 

Rela tive humid ity % 44 1 4 - 63 

Wind speed km h· 1 1 6 . 6  5 · 2 5  

Solar radiation W m·2 606 27 1 - 9 1 2

MCSrWJ.(YW % 6 .6 3 · 1 4

MC�EP % 1 0.0 4 · 32 

MC�AO % 9 .9 6 - 1 6

MClM % 82  68 · 90 

Five of the experimental fires failed to spread 
following ignition . The characteristic feature of these 
fires was that the flame front became discontinuous 
within a short time following ignition ( i .e . within one 
or two minutes ) and cud not spread any significant 
distance from the ignition line. Flames only persisted in 
favourable fuel situations such as the continuous l itter 
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beds beneath m aJ lee c lu mps and patches of low shrubs 
with a substantial component of elevated dead fuel .  

I n  contrast, a second group of 1 2  ex perimental fi res 
was charac terized by contin uous flame fronts which 
persisted even i n  areas where fuels were l ight and 
patchy. These fi res spread freely ac ross the plot 
according to the strength and di rect ion of the wi nd, 
and in some cases developed rapidly into a crown fi re 
withi n a mi nute or so of ignition . The distinction 
between these and the former group of failed ignit ions 
was clear and individu al fi res were assigned to one or 
other category without d ifficu l ty. 

Exploratory ana lysis of the factors critical to 
su stai ned fi re spre:id was u ndertaken usi ng scattergrams 
( Fig.  l )  with a range of weather and fuel moistu re 
var i ables plotted ngainst w ind speed. Of the weather 
vn r i abl es, ni r tem peratu re and relative humidity d jd  not 
clearly discri m in ate the fi res that spread from hose that 
didn't . The probabi l i ty of a fire susta in ing did, 
however, appear rebted to so lar radiat ion as no fires 
sustained when rad iat ion Wi!S reduced below 400 W m·2 

by he:ivy c loud cover. 
Fires which did not spread fol l owi n g  ign it ion were 

consistently associated with higher mois ure contents 
for each o f  the dead fu el fractions sampled ( Fig .  1 ) . 
The variable which m ost clearly distinguis hed the fires 
t hat spread from those that did not was the moistu re 
conten t of the shal low l i tter layer. 1n al l c :ises fires 
sp read when the moistu re content of the sh a l l ow l i tter 
was below 8 per cent .  This effect w:is i ndependen t of 
wind speed i!Cros.� t he  ra n ge of the  ex per iment a l  
bu rn ing cond itions w h i c h  i n c l uded. wi n d  speeds from 
5 - 25 km h · 1

. 

Forward Rate of Spread 

Forw;i rd rates of spread were determined for n ine of the 
exper i mental fi res with h ree fi res be ing excluded 
because t imer data were u nr el i ab le ,  or beca use shifts in 
wind di rect ion duri ng the course of the fi re m ade it 
d i fficul t to define a true fire front .  One fi re conducted 
u nder very l ight wi nds ( <5 km h· 1 :it 1 0  m) was retained
in the :in :ilysis despi te considerable variabi l i ty i n  wind
di rection .  This fi re did develop a recogni zable front,
although the direction of spread was not enti rely
consistent with the mean wind di rection over the cou rse
o f  the fire. I n  th is case tJ1e spread of the fi re fron t  wa
determ ined more by occasional stron g gusts than by
the average wind condit ion .

The effect of weatJ1er and fuel v:iriables on forward 
rate of spread w:is tested for the nine fi res remaining in 
the data set using m ult ip l e l inear regression, wi th both 
raw and transformed darn used to determine the 
equat ion of best fi t .  Wind speed was tJ1e only variable 
to have a sign ifi cant effect on forward spread rate, with 
the relationship exhi biting a l inear form over tJ1e range 
of d1e experimental data (Fig. 2 ). The regression 
equation developed for untransformed data accounted 
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for 59 per cent of variation in rate of spread -

FROS = 1 . 5 1  + 90 .6  WIND R2 = 0 . 59, P<0.05 

where FROS i s  forward rate of spread in m h · '  and 
WIND i s  wind speed in km li - 1 measured at ] 0 m 
height in t J1e open .  The tendency for variance to 
increase with increasing rate of spread was rectified by 
log tra nsforming rate of spread data, which resu l ted in 
an eq uation of sligh tly i mproved fit -

lnFROS = 5 . 64 + 0 . 09 WIND R2 = 0 . 66, P<0 . 0 1  

Comparison with Predictions from 
Existi ng Fire Spread Models 

Experi m ental fires were conducted at GFD indices 
ranging from 3 ( Low )  to 23 (Very High ); for al l but 
one of the fires the i ndex w::is below 10. I n dices 
associ:ited with the group  of fi res tJ1at failed to spread 
fol lowi ng ignition spanned a simi lar  ra nge ( 3 -9 ) to 
those associated wi th the group of fi res that did i nitiate 
and spread (F ig .  3 a) . The th ree fostest spread ing 
exper i m ental fires, whic h had forward spread rntes 
exceeding 2000 m h· ' ,  were associa ·ed witJ1 GFD 
i ndices of  8 or above. However, one of the fi res that 
fa i led to sustain was ignited at a n  in dex of 9 .  These 
resu l t  su ggest that the GFD index is u nlikely to prove 
usefu l  as an indica tor of whether or not a fi re wi l l  
i n it iate and spre:id .  Also ,  there is u n l i kely to be a 
consi stent relationship between the GFD index and the 
rate of forwa rd spread of mal l cc- heat h fi res , at le:is for 
burning condit ions result ing  i n  :in i ndex less than 1 0 .  

Ra tes o f  forward spread predicted fo r  fuel model 6 
using tJ1e RotJ1er 111cl fi re spread model ranged between 
80 111 lr 1 and 760 m li- 1 (F i g .  3b ) .  Fi res tJ1at fai led to 
i nit iate and spread were not  consistently associa ed with 
l ow predicted rates of spread .  Forward spread rates
were positively correl ated witJ1 predicted spread rates
for fuel model 6 but were typic a l ly t hree to four ti mes
faster tJ1an predicted by the m ode l .  For the subset of
n ine fires that did in i t iate and spread,  predicted and
observed spread rates were related by the fol lowi ng
l inear regression equation:

FR OS
0n.� = 94 + 2 .97 FR OS,.,rn1) R2 = 0 . 59 , P<0 .05

where FR OS
0R1 

i s  tJ1e observed rate of spread in m h· 1 , 

and PR OS,,,rno is tJ1e predicted rate of spread for fuel 
model 6 in m h· 1

• 

The oak -chaparral model predicted forward spread 
rates rangi n g  from 1 77 111 h· 1 to 388 m h· 1 for tJ1e 
fourteen experimental fi res and, as with tJ1e Rothermel 
mode l ,  there was no consistent association between low 
predicted rates of  spread and failed ignitions  ( Fig .  3c).  
Predicted rates of spread bore no relation to, an d were 
consistently m uch lower than those observed in mal lee ­
heatJ1 . 
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Figure 1. Scatterplots depicting environmental and fuel moisture variables for 17 experimental fires in mallee-heath Fires 
represented by hollow symbols failed to spread following ignition; fires represented by shaded symbols spread freely following 

ignition. 
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DISCUSSION 

The process of predicting fire spread in malice-heath 
would seem to require two distinct steps: firstly, 
determining whether burning conditions are sufficient 
for a fire to initiate and spread and, if this is the case, 
then making a prediction of the forward rate of spread. 
Evidence from tl1e experimental fires at the Stirling 
Range indicates tllat the probabil ity of a fire initiating 
and spreading in mallee·heath is largely dependent on 
the level of fine fuel dryness , while wind speed has a 
dominant effect on the forward spread rate. 

Sudden transitions in fire behaviour, apparently 
linked to sl ight changes in air temperature, relative 
humidity and wind speed have been reported to be a 
characteristic feature of fi res i n  mallee·heatll fuel types 
in southern Western Australia (McCaw et al. 1992) .  
The existence of a distinct threshold level of moisture 
content required for continuous fire spread provides an 
explanation for this characteristic behaviour. 
Experimental data indicated that the critical !eve! of fuel 
dryness required for fire to spread was a moisture 
content of 8 per cent in the shallow litter layer. 
Altllough no data are yet avai lable for fires burn ing 
under conditions of strong wind ( >20 km h· 1 ) wi tll
shallow litter in tl1e 8 - 1 1  per cent moisture content 
range, the extent to which strong winds can offset tl1e 
controlling effect of fuel moisture on fire spread 
appears to be quite limited in mallee -heatll . Threshold 
moisture contents will almost certainly vary according 
to the characteristics of the fuel bed, witll very dry 
conditions being necessary for fire spread in highly 
discontinuous fuels . This was clearly ill ustrated in the 
case of Plot 3 where tl1e fire fai led to spread following 
ignition despite a moisture content of 7 per cent in the 
shal low litter I.ayer. 

The observation that burning conditions must reach 
certain critical threshold before fires will spread 
continuously has been made for several other 
discontinuous fuel types including hummock grasslands 
in the Austral ian arid zone (Burrows et al. 1 99 1 ;  Gil l  
et al. 1995 ) ,  and oak-chaparral sh rublands 
(Lindenmutll and Davis 1 973)  and pi nyon·juniper 
woodland (Bruner and Klebenow 1979 ) in tl1e south­
western United States. Burrows et al. ( 1991 )  identified 
a critical range of wind speed between 12  and 17 km h- 1 

(measured at 2 m height  above ground) necessary for 
fires to spread in spinifex ( Triodia basedoivii and 
Plechtrachne schinzii) hummock grasslands in tl1e 
Gibson Desert of Western Austral ia , and reported that 
this threshold was unaffected by fuel moisture content 
up to a level of 30 per cent moisture content. The 
dominant effect of wind on fire spread in hummock 
grasslands has been attri buted to the horizontal 
discontinuity of the fuel bed which consists of discrete 
hummocks separated by expanses of bare ground . For 
fires to spread in such discrete fuels the wind must be 
sufficiently strong to ti lt flames across to the next 
hummock for long enough to ignite it (Gill et al. 

1995 ) .  Threshold wind speeds for continuous fire 
spread are therefore l ikely to vary according to the si ze, 
shape, condition and spatial distribution of hummocks 
(Bradstock and Gill 1993 ). In tl1e case ofoak­
chaparral shrubland Lindenmuth and Davis ( 1 973 ) 
noted that 'people experienced in Arizona chaparral 
have always maintained that chaparral either burns 
fiercely or does not burn at al l  - no gradation in 
between' .  Experimental burning studies by 
Lindenmuth and Davis confirmed this rule of thumb 
and identified a critical rate of spread of about 
360 m 11' 1 ; burning conditions h ad to be sufficient to 
generate spread at or above that level before fires wou ld 
spread across country. Wind was found to be a l imiting 
factor witll speeds of around 1 3  to 15 km l,· 1 ( at 10 m
height) needed for fires to spread satisfactori ly, provided 
temperature and fuel moisture conditions were 
favourable .  Based on the descr iptive account of fuel 
characteristics in tl1eir paper and my own field 
observations of oak-chaparral it seems that individual 
oak clumps are relatively discrete and that this fuel type 
is more discontinous than mal lee-heath, probably being 
intermediate between malice· heatl1 and hummock 
grassland. For pinyon·jun iper woodland B runer and 
Klebenow ( 1979 ) found tl1at the l ikelihood of a fire 
sustaining could be predicted from a simple score 
comprising the wi nd speed, air temperature and 
percentage vegetation cover; unfortunately the height 
at which wind speeds were measured was not specified 
in ilieir paper. While having some application in 
localized situations il ii s  approach has the l imitations of 
not identifying the relative importance of me various 
factors contributing to the score, and not indicating 
potential forward rate of spread, and hence fireline 
intensity. 

The Rothermel model showed greater promise than 
either tile McArtllur grassland or tl1e oak chaparral 
model for predicting rate of spread in mallee -heatl1 , 
altl10ugh none of the three models tested adequately 
identified the conditions under which fires would not 
spread. There may be scope for improving predictions 
from the Rothermel model by developing a speci fic fuel 
model (Burgan and Rothermel 1 984) for ma1Iee-heatl1 , 
and by using an improved teclmique to estimate mid­
flame wind speed (Durre and Beer 1989 ) .  The absence 
of a clear relationsh ip  between observed fire behaviour 
in mallee-heatl1 and tl1e predictions of the oak chaparral 
model are probably explained by the strictly empirical 
origins of this model which make it unsuitable for 
broader application. Differences between mallee-heatl1 
and oak chaparral in the rel ative flammabil ity of l ive 
foliage, and in tlle effects of moisture content and 
chemical composition on live foliage fl ammabi l ity may 
be important in this regard. 

To predict f ire behaviour in the field situation simple 
but reliable methods for estimati ng the moisture 
content of the shal low l itter layer in mallee-heath are 
required. A range of otl1er models for estimating fuel 
moisture content are available (Viney 199 1 )  and the 
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appl ication of these mode ls in malice- heath should be 
evaluated. D irect measurement of fuel mo isture 
conten t in the f ie ld with suitably cal ibrated gra in 
moisture meters or s im i lar devices provides an 
alternative method. However, meters currently in use, 
su ch as tl1e Marconi, arc unsuitable for measuring leaf 
litter fuels dr ier tha n about l O per cen t moisture 
content an d wou ld therefore have lim ited application in 
m allec- heath where there is a requirement to accurate ly 
measure tl1 e moisture co ntent of very d ry fuels . New 
tech nolog ies for measuring fuel moistu re con ten t in th e 
fiel d sh ou ld therefore a lso be investigated as the 
opportu nity arises . 
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Fire from a flora, fauna and soil perspective : sensible 
heat measurement 

1 Forest Research, Department of Conservation and an,ral 
Resources, Crcswick 3 363, Victoria . 

ABSTRACT 

The two main areas of interest in landscape fires are the 
protection of human l ife and property, and the 
ecological effects of fire regimes. The protection of 
human l ife and property involves the provision of 
adequate fire prevention and suppression strategies and 
requires an understanding of aspects of fire behaviou r  
such a s  rate of  spread, flame height and fi r e  intensity. 
However, an understanding of t.he ecological effects of 
fire is as complex as the different ecological systems 
themselves. In this paper I address the issue of 
characterizing fires in a way that wi H help forest 
managers to predict the likely effects of a fire on a 
forest community under different environmental 
conditions . 

Three methods of measuring the sensible heat 
output from different fires, the billy calorimeter, the 
heat sensitive plate and scorch height are presented. 
Sensible heat is defined as the integration of heat in the 
forms of radiation, convection and conduction resulting 
from a fire and the environmental conditions at the 
time of the fire. The fire behaviour and environmental 
factors affecting the sensible heat flux measured are 
explored . Measures of sensible heat are used to 
correlate the effects of fire on tree boles, soil chemistry 
and soil invertebrates . The usefulness of these measures 
as measures of the ecological effects of fire arc 
discussed. 

It is concluded that sensible heat output from a fire 
is a key criterion for determining the effect of individual 
fires on flora , fauna and soi ls .  

INTRODUCTION 

The need to  control and use fire in natural and 
cultivated landscapes has led to an interest in describing 
fires and the conditions under which they occur. 
However, as Van Wagner ( 1965 )  pointed out, the 

K. G. TOLHU RST 1 

subjective nature of fire descriptions made it nearly 
impossible to compare different fires in different places 
and at different times described by different people. 
Byram ( 1959 ) significantly advanced fire research by 
proposing a measure of fire intensity which combined 
the heat of combustion of the fuel burnt, the amount 
of fuel burnt and the rate of spread of the fire from. At 
last here was an objective measu re of fire behaviour 
wh ich described the rate of energy output along a given 
length of the fire front. Over the past 30 years Byram's 
firel ine intensity has been used as an essentia l descriptor 
of any fire being studied for research purposes, but is 
less commonly used by fire managers or fire fighters . 
However, by itself, Byram's  fireline intensity does not 
give a complete pictu re of fire behaviour from a fire 
controllers point of view nor a fire ecologists point of 
view (Tangren 1 976) .  

Fire con trailers are interested in aspects of fire 
behaviour such as its intensity, its rate of spread, 
spotting distance and flame height , and while fire 
ecologists are also interested in fire intensity, they are 
also interested in the total amount of heat output, the 
duration of tl1e heating, the moisture conditions of the 
soil and vegetation (al ive and dead ) and the general fire 
regime. McArthur and Cheney ( 1966) suggested that 
fire intensity, duration of heating, and the proportion of 
fuel avai lable at the time of the fire were important fire 
characteristics needed to adequately describe a fire for 
ecological studies .  While this may be true, nearly 30 
years later, our ability to relate the effects of fire on 
flora fauna and soils is coarse and crude. This is firstly 
due �o the complexity of tl1e interactions between t l1e 
physiological state of plants and animals at the time of a 
fire, witl1 the fire, and secondly tl1e varia bi l ity of fire, 
soil ,  plants and animals within even a small area of a 
bushfire. For this reason this paper will focus on some 
measures of sensible heat output from bushfires which 
integrate many of the variables involved in the 
ecological effects of fire. 

The idea of a sensible heat measuring device in the 
flaming zone of the fire was first reported by Martin 
( 1 9 6 3 ) . Martin used roasting dishes set at one foot 
( 0 . 3 m )  and four feet ( l . 2 m )  above ground l evel to 
measure tl1e heat load of a forest fire. No results from 
these calorimeters were recorded. Later Beaufait 
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( I  966)  used one gal lon ( 4 .5  L) pa int tins fil led with 
3 L of water, pai n ted black on the outside and fitted 
with a lid with a 1 cm hole in the m iddle,  to measure 
the amou nt  of heat transferred to the calorimeter by 
measur ing the amou nt of water lost th rough 
evaporation and he rise in temperature of the water 
remaining i n  the calorimeter. Beaufai t reported that 
there was a wide variation i n  response to different fires, 
but did not report on how the o utput was being used .  
Knight ( 1 98 1 )  descri bed a development of another 
calorimeter, the bi l ly ca lorimeter, which u sed a sensing 
device to record the duration and rate of heati ng  (heat 
A u x )  as well as the  total heat l oad .  However, Kn ight 
(·ound th :tt rhe ma i n factor a ffect ing trees and
vegetation were related to the increase in temperature
of the bi l ly  rather than the rate of increase. As wi th
Beaufait's bi l l y, Kn ight found that the b i l ly  temperature
was related to the amount of fue l  burnt ( :rnd hence he
tota l  heat output ) rather than the fire i n tens i ty.

Heat-sensi t ive materi., l s  have been used to measure 
the sensi ble heat below the flaming zone .  These 
materia l s  undergo recognizab le  and i rrcvcr' ib l e  changes 
and offer a cheaper and more convenient a l ternat ive to 
the use of thermocouples ( e .g. Ra ison et al. 1986 )  or 
other electrical sens ing devices (e .g .  Hodgkinson et al. 
1 9 82 ) .  I n  addi t io n ,  heat sensi t ive materia l s  :ire more 
easi l y  pbced i n  many lornrions with i n  t he one l i re :ind 
can give a good spatia l  measu re of temperature 
variabi l i ty ( Hobbs et a/. 1 984) . 

Some of the first quant i tat ive work on the i mp:icts 
of  f i re was done by Bc:-idlc in 1 940 . Beadle used
organ i<.: compounds  with d ifferent mcl L i ng  po ints i n
glass tubes t o  determ ine t h e  maximum temperatu re
reached by the soil subjected to a surface fi re. He
measured the tcmper:mire profi l e  in the soil by p l acing
these tllbcs at various depths. From the resu lts of  this
work and a knowledge of the heati ng e ffect 011

l ignotubers and seeds ,  he was ab le to predict  the effects
of d ifferen t ti res on the regeneration process .

Fi re ecologists arc usua l ly  interested in the time/ 
temperature profi l e  of the soi l d ur ing  and a fter a fi re. A 
number of  wel l  known changes take pl ace dependi ng 
on the temperature reached by the soi l and these arc 
summari zed i n  Walker et al. ( 1 986) .  Temperatures 
between am bient and 1 25°C usual ly affect biological 
activity in the soi l ,  between 200°C and 600"C a ffect d1e 
soi l  chemistry and temperatllres greater d1an 600°C 
affect the physical natu re of the soi l .  Usual ly, a moving 
fire only a fkcrs the top 1 to 3 cm of the soi l ( e.g. 
Tomkins et al. 1 99 1 ;  R.1ison et al. 1986 ) ,  but a 
stationary fire such as a burning log pi le can have an 
affect more than 30 cm deep ( e . g .  Tunstal l et al. 1976; 
Cromer and Vines 1966 ) .  

Th ree methods of  measuring sens ib le heat are 
discussed in this paper: the bi l l y  ca lori meter, the heat 
sensi t ive plate and scorch he ight .  Resu l ts are presented 
of measurements made in 35 low intensity fires 
( < 500 kW.m· 1 ) i n  m ixed eucalypt forest i n  d1e foothil ls
of north -cen tral Victoria .  Each of the d1ree methods is 
discussed in turn .  
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METHODS 

This work was conducted as part of the Fi re Effects 
Research Program in d1e Wombat State Forest, 
Victo ria . A deta i l ed description of d,is s tudy and its 
component projects can be found in Tolhurst and Fl inn  
( 1 992) .  

Site Description 

There are five study areas located on the Great Di vidi ng 
Range within he Wom bat State Forest which i s  8 0  km 
north -west of Melbourne, Victor ia ( l at i tude 37"25 ' ,  
longi tude 1 44° 1 5  ' ) .  The elevation o f  the study area 
ranges between 550 m and 730  m. The average 
a nnua l  ra infal l  is 890 mm with at least 30 mm fal l ing 
i n  eac h month of d1c year and abou  70 per ccm fal l ing 
i n  wi nter and spri ng. Air temperatures in the regi on arc 
cool , wi th average mont h ly temperatu res bei ng less 
than 6" for three months of  the year ( June, J u ly and 
Au gust ) and about 1 5"C in  summer, although 
maxi m u m  tem peratu res may exceed 37"C i n  summer. 
Th e study areas a rc in forest comprising Messmate 
( Eucalyptus obliqua L'I-Ierit ) , Candlebark ( Eucalyptus 
rubida Deane & Maiden ), and Narrow-lea f  Peppermint 
( Eucalyptus radiata Sieber ex DC) in the approxi mate 
rat io 5 : 3 :2 respectively. The soi ls a rc yel l ow podzols 
derived from Ordovici�u, sed imentary  rocks. 

Instrument Description 

The Billy Calorimeter u sed in th is study was based on 
the design of Kn ight ( 1 98 1 ) . The b i l l y  was a 3 L 
'Mi lo'  tin ,  painted with matt black pai n t  on the ou tside 
and with a temperatu re sens ing device i nserted th rough 
d1c base of the b i l l y. A lid was placed on the b i l ly and 
water in the b i l ly was kept sti rred with a toy boat motor 
and propel ler assembly powered by a s ingle AA si zed 
battery. The temperature sens ing  devi ce in the bi l ly was 
an a nalogue device (AD590) connected in seri es wi th a 
1 0  k res istor :ind a 9 V transistor battery wh ich gave a 
l O m V change in output for each l "C change in
tcmperat1.1rc. A cable was run underground from the
b i l ly  to a safe area ou tside the plot where the changes in
voltage ( temperature )  were manu:il ly recorded by
readi ng the voltage across the resistor with a
mu lt imeter. The necessity of burying the cable l imited
the dista nce from the fire edge to the recorder to about
3 0  m. Later ,  after m uch troub le ,  an electronic circu i t
was designed to convert the vol tage o utput from the
bi l ly to a frequency which was then sent v ia  a freque ncy
modulated (FM ) a·ansmitter ro a radio receiver with
another c ircu i t  which converted the frequency signal
back to a voltage which was measured up to 1 5 0  m
away from d1e fire's edge.

The heat sensi tive plates were m ade from 0 . 3  m m  
thick alum inium flashing. The flashing was roughened 
with sandpaper on one side and a series of 
Thermochrom crayons (Faber Castel l )  were marked on 
the plate . The plate was then folded in  two and 
hammered flat to ensure no blackening of the marked 
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surface could occur in the fire. The performance of the 
crayons was tested in a muffle furnace and an 
interpretation chart was designed for estimating the 
temperature and duration of heating to which the 
plates were exposed (Appendix 1). The final plate 
measured approximately 5 cm x 12 cm. Earlier 
laboratory studies by the author had shown that tl1e use 
of ceramic tiles as a carrier for the crayons significantly 
increased the time necessary for the a crayon to change 
colour, and when the tile was wrapped in aluminium 
foil as would be necessary for use in a fire situation, this 
time was increased further. Aluminium flashing has a 
lower heat capacity and better conducting properties 
than a ceramic tile and was found to satisfy our needs. 

Treatments and Measurements 

The results presented here are from experimental fires 
on 20 plots (4 at each of the 5 study areas) covering an 
area 35 m x 35 m. Each plot was within a larger fire 
arearanginginsizefrom 3 ha to 35 ha (15 ha 
average). A 40 m line of fire was ignited downwind 
and/ or downslope of the plots to achieve a headfue 
through the plot. Table 1 summarizes the fire 
behaviour and weather conditions. Some plots were 
burnt three times over a six-year period. 

Fifteen fine fuel samples ( < 6 mm) were collected 
before and after burning from 0 .1 m2 quadrats on each 
plot, oven dried at 105°C, and weighed to determine 
the fuel load and the amount of fuel burnt. Fire 

TABLE l 
Fire behaviour and weather conditions during the course 
of this experiment ln=-35). 

FIRE BEHAVIOUR VARIABLES MEAN 

Forward role of spread {m.h·11 35 
Fine fuel load before lire (I.ho·') 14.7 
Fine fuel lood ofter fire (1.ha·11 7.5 
Intensity lkJ.m·1)0 169 
Heal output {/v\l.m2)b 15.2 
Flame height !ml 0.38 
Scorch height (m) 5.6 
Fuel moisture content (% oven dry weightl 12.7 
Proportion of fuel burnt (%1 51 
WEATHER VARIABLES 
Air temperature (<>Cl 18 
Relative humidity 1%1 52 
Wind speed at l Om in open lkm.h"'I 11.9 
Drought factor" 7.3 
Soil dryness indexd (mm equiv.) 48 
Keetch Byrom drought index" {mm equiv.I 17 

° Fire-line intensity IByrom 1959) 
b Heal output = available fuel energy (Byrom 19 59) 
c Proportion of fine fuel available (McArthur 19731 
" Mount ( 19721 
• Keetch and Byrom 119681

behaviour observations were made at 15 or more 
predetermined locations within each plot marked with a 
1 m high post. Rate of spread was measured between 
each reference point, flame height was visually 
estimated and flame angle was measured from 
photographs taken as the fire front passed each point. 
Rate of spread, flame height, and flame angle were 
recorded at each of these points and then averaged for 
the plot. Fine fuel moisture contents were measured 
about every 30 minutes for the duration of the fire 
using a Marconi Moisture Meter ( electrical resistance 
type meter). Weather conditions were measured and 
recorded at a permanent automatic weather station in 
the open and within 2 km of the fire and 
supplementary readings were taken in the forest during 
tl1e course of the fire. 

Two billy calorimeters were setup witl1in the plot to 
be burnt. The billies were placed in a representative 
fuel-bed about 10 m inside the plot boundary. The 
billies were placed on the soil surface and a cable from 
the temperature sensing device was buried to about 
2 cm below ground level in a slot made with a spade, 
perpendicular to the anticipated direction of the fire. 
The cable was buried until it reached outside the plot 
area to a safe site for an observer. Changes in the 
temperature of the billies were recorded manually. Care 
was taken to cause minimal disturbance to the fuel-bed 
when the billies were set up. 

MAXIMUM MINIMUM 

150 5 
20.9 9.5 
12.3 4.2 

556 25 
31.1 3.7 
0.86 0.11 

12.5 1.6 
17.0 9.0 
73 14 

24 11 
75 28 
25.8 0.6 
10.0 3.8 

136 8 
102 3 
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Twelve heat sensitive plates were inserted between 
the fuel bed and the soil urface at uniformly spaced 
locations across the plot on the day of the fire. These 
plates were collected for analysis after the burnt area 
had cooled. 

The upper limit of the visible scorch wa measured 
on every scorched tree within a plot a tcw days after the 
fire. A fibreglass tape and Suunto clinometer were used 
ro measure scorch heights. The average scorch height 
on a plot was used in this analysis. 

The diameter or all regrowth a-ccs and their bark 
thickness were measured near ground level on the bum 
plots at least three to nine months after the fire. The 
trees were recorded as alive or firc-kiUed. Diameters 
were measured with a diameter tape and bark thicknes 
was measured at four places around the circumference 
using a Gill-type bark probe (Gill et al. 1982). This was 
only done after the first rotation fires because there 
were insufficient trees killed by the second and third 
rotation fires. 

Analysis 

Tree diameter was plotted against bark thickness of all 
trees measured noting those that had died. An example 
of such a graph is shown in Figure l. The threshold 

15 

-

E 

..S 10

level of diameter and bark thickness was read off these 
graphs and used for the correlation and regression 
analysis with the billy parameters, fire behaviour 
variables and weather variables. 

The temperature time curve of each billy 
calorimeter was plotted. Five parameters were 
determined from these curves, two of them (T",,,.., T,) 
were related to the increase in temperature of the billy 
above the initial temperature, one (t) was the time 
duration of a rise in temperature at a rate greater than 
l .2°C.min· 1 and the other two (r

1 
, r

i
) were related to

the rate of temperature increase as defined in equations
(1) and (2). Most temperature time curves followed
the form of equation ( l) bu some followed equation
(2). The parameters for equation (1) were determined
for each billy measurement using a line of best fit
approach and the parameters for equation (2) were
determined where this was the best model. These six
parameters were tested for linear correlation (Pearson's)
with the diameter and bark thickness of the trees killed
by the fires, and for correlation with the other lire and
weather variables mea ured. A stepwise multi­
regression was used to test the correlation of the
diameter and bark thickness of the killed trees with the
billy parameters, fire behaviour variables and weather
variables.

I 
I 

X 

X 

X 
xx 
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(I) 
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Figure 1. An example of bark thickness plotted against diameter of all trees measured on a burnt plot ( 35 m x 35 m) showing 

the delineation between the dead and alive trees and the threshold bark thickness and diameters for that particular fire. The 

majority of these trees were Narrow-leaf Peppermint (E. radiata). 
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T = 
r 

1114.'C. 

where: T, = temperature a time t (°C)

......... ( 1) 

·········· (2)

T .,.% = maximum increase i.n temperature 
above ambient (0C) 

t"" time (minutes) 
r

1
,r

2 
= rate of increase in temperature (0C.min·1 l

The maximum temperature reached by each heat 
sensitive plate was determined and recorded. A graph 
of tl1e proportion of plates reaching various 
temperatures was drawn. The mean, maximum and 
minimum temperature reached by a plate within each 
plot was recorded. The mean temperature of the plates 
was tested for correlation with the effects of the fire on 
the legume seedlings, invertebrates and soils. 

RESULTS 

Billy Calorimeter 

The temperature ti.me curves of the billy calorimeter 
followed two distinctive patterns. The first was 
described by the logistic equation (equation (1)), where 
the fire affecting the billy was predominantly a headfire 
witl1 forward leaning flames (flame angle < 90°) and the 
second pattern was described by an asymptotic inverse 

(a) Headfire

40 · · · · · · · · · · ····· .. ti 
-

C 

0 35 
0 
(J 

- Q) 

E 
(U 

• • • •  • • .  LL 

X X 

15'------------'--------� 
0 5 10 15 20 25 30 35 40 

Time (min) 

log relationship described by equation (2) where the 
fire affecti.ng the billy was predominantly a backfire 
witl1 flames leaning away for tl1e billy (flame angle 
> 90°). Examples of each of tl1ese are shown in Figures
2a and 2b respectively. In tl1e logistic model, tile
temperature of the billy started to rise 2-3 minutes
before the flames came in contact will the billy and rose
steeply soon after me flames surrounded it. In the
asymptotic inverse log model ilie temperature increase
did not start until nearly half a minute after ilie flaming
front had come in contact wiili the billy after which ilie
rate of temperature increase was rapid and ilien
decreased gradually.

The duration of temperature increase at a rate at 
least l.2°C.min·1, averaged 6.1 minutes (se=0.44,
n=59), but lasted for up to 14 minutes, which was long 
after ilie flaming front had passed. This duration of 
heating tended to be shorter for headfi.res (:f=S.7 min., 
se=0.53, n=43) and longer for the backfires Cx=7.0 
min., se=0.65, n=l6), but tl1is difference was not 
statistically significant. 

The linear correlations between tl1e diameter and 
bark iliickness of the trees killed by each fire arc given 
in Table 2. The only correlation iliat is significant is 
that between tree diameter and the increase in 
temperature above ambient (T.,,,)n equations (1) and
(2)). T., •• was most strongly correlated wiili ilie total
heat output from the fire (Pearson's correlation 
coefficient= 0.44, Pr = 0.0004) which is directly 
related to tile amount of fuel burnt. The heat output 
of the fire was more strongly correlated to tl1e diameter 
of the trees killed ilian ilie temperature increase in ilie 
billy, T,,,.,,, (Pearson's correlation coefficient of 0.73,
Pr"" 0.0001). 

(b) Backing fire

so.-------------------,

-45 ti 
(.) (II 

.2,.40 
c 

........ ' .... -�·..:.-• -'--c"i-'• -�----l� 

CD 
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15 
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Figure 2. A11 example of the temperature time response curve for a billy calorimeter (a) in front of a headfire, and (b) in front 
of a backfire. The observed poinls are marked individually (x) and the predicted models are shown as a solid line(-) (a) is 

equation (1) and (b) is equation (2). 
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TABLE 2 

Pearson's linear correlation coefficient between the threshold tree 
diameter and bark thickness of trees killed by lire. The probability 
of the correlation being greoter than zero is given in brackets and 
n=33 for all correlations. 

Diameter 

Bork Thickness 

TEMPERATURE 
INCREASE ABOVE 

AMBIENT 
(T,,.,,l 

0.36 
(0.038) 
0.07 
10.711) 

When all fire behaviour, weather and billy 
calorimeter variables were included in a stepwise 
multiple linear regression analysis, none of the billy 
variables were included in the final regression. The 
threshold diameter and bark thickness of killed trees 
was best predicted by the relationships: 

Threshold Diameter = 0.21 Heat Output • 0.52 Fuel 
Moisture - 0.29 Scorch Ht+ 0.37 KBDJ + 9.25 

(r2=0.80, n=33, Pr= 0.0001) 

Data range: Threshold Diameter, 4.5 to 10.5 cm 
Heat Output, 3.7 to 31.1 MJ 111·

2 

Fuel Moisture, 9.0 to 17.0 per cent oven 
dry weight 

Scorch Height, 1.6 to 12.5 m 
KBDJ, 3.J to 101.8 (mm equivalents) 

Threshold Bark Thickness = 3.72 Flame Height+ 
0.048 Heat Output+ 5.67 

(r2=0.46, n=33, Pr= 0.0001) 

Data range: Threshold Bark Thickness, 4.0 to 9.7 111111 

Flame Height, 0.1 to 0.9 m 
Heat Output, 3.7 to 31.l MJ 111·

2 

The above regressions and Table 2 show that it was 
easier to predict the threshold diameter of the trees 
killed by the fire, under the experimental conditions 
experienced, than the threshold bark thicknes . This 
may be due to less variability in the diameter 
measurements and reflect better the bark thickness of 
the trees before the fire and it may be due in part to a 
greater ability of larger trees to dissipate heat. 

Using the measured fire behaviour and 
environmental variables, the maximum temperature rise 
and the rate of this rise in the billy calorimeter were best 
described by the following regressions: 

50 

CALMSclence 

DURATION OF 
HEAT! GAT 

l .2"C.min•1 OR
FASTER

0.28 
(0.113) 
0.05 
[0.793) 

RATE OF HEATING 
(r1 IN EQUATION llll

0.04 
10.819) 
0.03 
(0.856) 

T,,,." = 1.06 Heat Output - 0.19 KBDI - 16.03 Flame
Height+ 17.94 

Data range: 

(r2=0.30, n=33, Pr= 0.0006) 

T 6 to 60"C 
#lnX ) 

Heat Output, 3.7 to 31.1 MJ m·2 

KBDI, 3.1 to 101.8 (mm equivalents) 
Flame Height, 0.1 to 0.9 m 

r
1 

= -0.082 Fuel Moisture+ 1.66 

(r2 =0.19, n=33, Pr= 0.O00S) 

Data range: r
1 

, 0.15 to 2.00''C.min 1 

Fuel Moi ture, 9.0 to 17.0 per cent oven 
dry weight 

The temperature rise in the billy can be used to 
calculate the amount of heat absorbed. The billies 
described here have a water capacity of 2800 g, a basal 
area of 177 cm 2 and a height of 17 cm. Since the 
heat capacity of water is 4.1868 J.deg· 1 .g· 1

, then a l"C 
rise in temperature of the billy is equivalent to 
662 kJ .m·2. If the water in the billy was to rise by 
40°C, the the heat absorbed would be equivalent to 
26.5 MJ.m·2, about 177 per cent of the expected heat
yield from a low intensity fire of 15 MJ .m·2• This
indicates that the heat catchment of the billy can be at 
least twice the area occupied by the billy. 

Heat Sensitive Plates 

The heat sensitive plates gave a spa ial measure of the 
temperature variability between the litter and the 
mineral soil surface. The average, maximum and 
minimum temperatures for each fire are summarized in 
Table 3. Surface soil temperatures were much lower in 
the first rotation ( lR) spring fires compared with the 
second (2R) and third rotation ( 3R) fires and the 
autumn fires. The 2R and 3R spring fires applied just 
as much or more heat to the soil surface as the autumn 
fires, but the 2R autumn fires heated die surface soil 
less than the lR autumn fires. 
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TABLE 3 

Summary slalistics of surface soil lemperalure for two di fferenl 
seasons and three differenl rotations 1 1  R, 2R .  3R ) . Temperatures 
o re in °C ond the standard errors of the means ore shown in
parentheses. All values ore based on the overage of 1 2
observations per fire . F i re rotal ions were 2-4 years a par t .

tv\oximum 
Min imum 

SPRING l R

1 6 1  

/30) 
3 40 
8 3  

SPRING 2 R  

403 
( 1 4) 
453 

370 

The spatial variabi l ity of the su rface soi l heating can 
be better seen in Figures 3 a,  b, c, d and e using the 
method of presentation suggested by Hobbs et al.

( 1984) .  Figure 3a shows that the var iabi lity in surface 
soil temperature in the l R  spring fires was relatively 
low, with few areas being heated above 300°C, but 
most the area was heated to about 100°C. This was in 
contrast to the 2R spring fires shown in Figure 3b 
where most of the soi ls were heated to 3 50°C, but few 
higher than 500°C.  The 3R spring fires (Fig. 3c) were 
quite variable and there was a fairly even distribution of 
temperatures across the burnt area , indicating a 
patchier burn. Figure 3d shows that the l R  autumn 
fires , like the lR spring fires , were not especially 
variable either, however, the temperatures reached at 
the soil surface were generally above 400°C. As with 
the 3R spring fires, the 2R autumn fires (Fig. 3 e )  were 
patchy and showed a wide range in temperatures . 

The surface soil temperature can be combined with 
the moisture content of the soil at the time of burning 
with the diffusivity of the soi l  (diffusivity = 
conductivity /capacity) to provide an indication of the 
depth and amount of soil heating. A model such as 
that proposed by Aston and GiJ I  ( 1 976) or Campbell 
et al. ( 199 0) can be used to predict soil temperature 
profiles in time . The moisture content of the soil can 
be estimated using a modified form of Mount's soil 
dryness index (Mow1t 1972 ) .  The modification of this 
index is to invert it to become a 'soil moisture i ndex' 
and to express th is as a proportion of 50  mm rather 
than the usual 200 mm.  This last modification more 
closely reflects the average moisture content of the top 
1 0  cm of soil . Figure 4 shows how this soil moisture 

TABLE 4 

Average fire intensity, lolal hea l oulpu l ,  surface soi l temperalure 
and increase in legume density ossacialed wilh sp r i ng a nd 
autumn fires in lhe Blokeville F i re Effects Study Area , Wombat 
Slale Forest, Viclor io. 

SEASON 

Spring 
Autumn 

FIRE 
INTENSITY 

lkW. m- 1 l

205 
1 56 

HEAT 
OUTPUT 
/1/\). m-2 ) 

1 6 .9 

1 5 .4 

SPRING 3R 

427 

/55) 
5 77 
2 3 9  

AUTUMN l R

367 

(39) 
530 

1 85 

AUTUMN 2R 

292 
(40/ 
396 

1 49 

index relates to gravimetrical ly determined soil 
moistures. 

Combining data from the vegetation proj ect and 
the fire behaviour proj ect described in Tolhurst and 
Flinn ( 1 992) ,  a clear association is apparent between 
the increase in legume density following fire and the 
surface soi l  temperature. A summary of the results is 
shown i n  Table 4. This shows that even though the fire 
intensity and the total heat output from the fires in 
spring and autumn were similar, the average surface soil 
temperatures were very different and the i ncrease in 
legume density was most pronounced wi th the higher 
indicated surface soil temperatures . This observation 
concurs with the conclusion of Christensen and Kimber 
( 1975)  that the percentage of fuel consumed and hence 
the degree of exposure of mineral soil is the more 
important than the fire intensity per se or the amount of 
heat output from the fires . 

The heat sensitive plates also give a measure of heat 
transfer to the soi l .  The heat capacity of aluminium is 
0 .90 J .deg- 1 . g- 1 , each plate weighs approximately 12 g 
and covers an area of about 60 cm2

, therefore the 
amount of heat absorbed by a single plate is 
1 . 8  kJ . deg- 1 .m·2 and the heat i nput into the soil is 
therefore a product of 1 . 8  times the maximum 
temperature of the plate. If the total heat output from 
the fire is abou t  1 5  MJ .m·2, then the proportion of 
heat being transferred from the fire to the soil is directly 
related to the maximum temperature of the plate. 
Table 5 indicates the amount and proportion of heat 
transferred to tl1e soi l as measured by a heat sensitive 
plate described here. 

SURFACE SOIL 
TEMPERATURE 

1oq 

78 
3 1 5

FACTOR OF LEGUME 
DENSITY INCREASE 
IPOSHIRE/PRE·F IRE ) 

6 .0 

1 2 . 3  

5 1  
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TABLE 5 

Relolionship belween maximum temperature of o heat sensilive 
plate and the amount of heat absorbed and the proportion of 
the 10101 heat released by a 15 MJ.rn·2 fire.

Maximum Temperature l0CI

Heat Input to Soil lkJ.m·21

Percentage of Total Fire Heal 

(a) 1 R Spring

12 

10 

a 

6 

4 

2 

100 
180 
1.2 

400 

200 
360 
2.4 

500 600 

Temperature (oC) 

(b) 2 R Spring

12 

10 

II 

6 

4 

2 

100 200 300 400 500 600 

Temperature (oC) 

(c) 3 R Spring-

12 

10 

a-

6 

4 I&.. 

2 - -

100 200 300 400 500 000 

Temperature (oC) 

300 
540 
3.6 

400 
720 
4.8 

(d) 1 R Autwnn

500 
900 
6.0 

600 
1080 
7.2 

14
,-

-------------------, 

12 

>,.10 
(.) 
� a 

10" 6 

LL 4 

2 

Temperature (oC) 

(e) 2 R Autumn

12 

10 -

e

6 

4 LL.

2 

100 200 300 400 500 

Temperature (oC) 

600 

600 

Figure 3. Frequency dislribution of temperatures reached at the soil's surface during spring a11d autumn buming with up to 

three successive fires. Temperatures were measured with heat sensitive plates. Each line represents one fire replicate. ( a) is 

the 1 R spring fires, (b) is the 2R spring fires, (c) is the JR spring fires, (d) is the JR autumn fires and (e) is the 2R autwnn 

fires. 
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Scorch Height 

The third measure of sensitive heat is indicated by the 
trees on the site. Scorching of the leaves results from 
the interaction of the temperature of the air in the 
vicinity of the leaves, the amount of heat being released 
from the fire and the cooling rate of transpiration. 

The scorch height of the fires in spring was found to 
be about 4 to 6 m, the scorch height in autumn was 7 
to 12 m even though the average fire intensities in 
spring and autumn were similar (150 kJ.m·1, Tolhurst 
and Flinn 1992). Average scorch height was best 
predicted by the amount of fine fuel burnt in 
combination with the air temperature within the forest 
and the Keetch Byram drought index (KBDI). The 
relationship between these variables was described by 
the function: 

DISCUSSION 

Billy Calorimeter - a Flaming Zone 
Pyranometer 

The billy calorimeter used here proved successful in 
providing information which differentiated between 
fires. The total amount of heat absorbed by the billy 
reflected the amount of heat released from the fuel as 
was found by Beaufait (1966) and Knight (1981), but 
it was also related to the Keetch Byram Drought Index 
and average flame height. However, because the fuel 
had been sampled from 15 points within the plot and 
the billy only sampled one point, it could be expected 
that the amount of fuel burnt would give a better 
average heat output for the plot and hence be better 
correlated with the threshold diameters and bark 

Scorch Ht. = 0.631 Fine Fuel Burnt+ 0.375 Air Temperature+ 0.052 KBDI - 6.977 

(r2=0.64, n=25, Pr= 0.0001) 

wherc:Scorch Ht= average scorch height (m) (data range, 1.6 to 12.5 m) 
Fine Fuel Burnt= (t ha·1) (data range, 2.0 to 14.7 t ha·1) 

� 

Air Temperature= (0C) (data range, 12.0 to 24.0°C) 
KBDI"" Keetch Byram drought index (mm equivalents) (data range, 3.0 to 57.0) 
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Figure 4. Seasonal variation in gravimetrically determined soil moisture content of the top JO cm of soil and the soil 

moisture index calculated using meteorological data. 
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thickness of fire  ki l led u· ees. More bi l l ies may i mprove 
thei r  correl:it ion . The r :ite at which the heat w.is 
absorbed by the b i l l ies d ur ing t he fire  v:ir ied between 
fi r es ,  bu t  this cou ld not be r e l ated tO the  111o rt;1 l i ty of 
the t r ees wi thin the plot. The r;1te of heat :ibsorbed by 
the bi l l y  was sign i fica n t l y, b ut weakly negatively 
corr ebted w i th fi ne fi. 1el moistu r e content ,  which i 
p robably due  ro :i gr c:itcr r a te of combustion when the 
fuels :i r e dr ier  ( heney 1 9 8  l ) .  

The  response curve obt ained from the b i l l y  was 
s im i la r  in shape to hat reported by Vine ( 1 968 ) for 
the te mperature o f a j arr ah ( Eucalyptus marginata Sm . )  
t r ee b o l e  at the  cam b ium layer when exposed to a 
' fie r ce'  fi re , it was a l so si m i lar to t hose reported by G i l l  
a n d  Ashton ( 1 968)  when exposing bark t o  a radiant 
heater in the laborato r y, and those obtained by 
l�:ihnestock and Ha r e ( 1 964 ) in forest fi res,  i ndicating
that the bi l l y  ca lor imeter is a re:isonable ana logue of a
t n.:t: . Th<.: m:1 i n  d i ffer e nce between the b i l ly  and :1 tree
is th:i t  there i s  no cool i n g  mec h :rn ism in the bi l ly and
therefo re the tem pe rat u re fal l s  much  s lower  th:1n i t  docs
in ; 1  tree .  Trees :1 1 T  ab le ro condu ct heat aw:iy from the
b:ise of the  tree th r o u gh s ap  move m e n t  assoc i a ted w i t h
t ransp ira tion at long i tud i na l  movement rates of u p  t o
1 S cm . m i n·1 ( I o ley and  G 1·ievc 1 966 ) . Anorher
d i fk ren ce be t ween  the b i l l y  and a t ree bo le  is t he hei gh t
o f  th e b i l l y. H a n: ( 1 9 65 ) obse r ved 1 h :1 t· u n der windy
cond i tions ,  a c < > n vcc ti on  co l u mn on the Ice of the t ree 
i n c reases the hc:it load on the bo l e .  There wa l i tt le
oppo rtu n i ty fo r th i s  pht:n omen o n  to deve lop w ith .
b i l l y. However, !or th e l i m i ted set o f  fi re and  weather
co n d i t i o ns e xper i en ced i n  t h i s  e xper ime n t ,  the  total
he a l  ou t p u  Ii-om the ri re , the  fi n e  fuel  moistu re 
co n t e n t ,  ;we r age sco rc h h e i gh t  a n d  t h e  Ke etc h 13yr:1m
D rou gh t  I n d e x  were m ost - loscl y corre l a ted w i t h  th e
si z e o f  th e t re e s  k i l led by the li re .

T h e e xp e ri m e nta l fi re i n  wh i c h t h e  b i l l y  calo ri m e te r  
h :1 s  b een u sed to d :itc h ave b ee n i n  n a tu r:1 1 f i.1 c l  bed s .  I n  
this s i tu a t i o n  th e a m ou n t  o f  sensi ble heat h:1s bee n 
strongly co rre l a ted to the a mou n t  o f  fuel  b u rn t .  
Gene ra ll y, rhe mo re ru e l  b u rn t  the lon ge r the period of 
h ea ti ng :ind so no  add itional in fo rma tio n is provided by 
kn owi n g  the d u ra tion o r  r a te of heating. These 
cond itions may ch:1 ngc i f  wi nd or slope arc more 
do m i n a n t  i n  the fi re behav iour, as a grea ter proportion 
of t he hea t may move a long close tO the grou nd surface 
befo re ri si n g  and th erefo re generate a gre a ter a mou nt
o f se nsi b le  hea t in th e fl a m ing zone . B eca use the 
m oistu re conte nt of the fuel may a ffect the rate of 
co m bustion , it m: iy be ex pected to affect the a mou n t  of 
hea t re l eased , bu t usually the conditions u nder which 
fuel moist u re : i re h igher wi ll coincide with co nditions 
wh en a sm:i l lcr pe rce ntage of the total fuel w i ll be 
bu rnt. 

Altho ugh there was a strong line: ir re l:itionsh ip 
between the ba rk th ick ness of the trees and diameter, 
the th reshold diameter for tree morta l ity was more 
easi ly p redicted tha n  the th reshold bark th ickness. I n  
fu nct ional te r ms ba rk th ickness is a better variable to 
mc:isu rc because Gi ll and As hto n ( 1 968 ), Vi nes ( 1968 ), 
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a n d  Hare ( 1 965 ) have shown that bark thickness is th e 
pri mary factor i n  determi ning whether or not the 
cambium is exposed to leth:11 temperatures for a given 
fir e i ntens i ty or heat exposure, but this could be used to 
advantage. Tn th i s  study, we found t h at the th ic kness of 
bark ki l led on l a rge a-ecs was s i mi lar to t he threshold 
bark thickness of fi re k i l l ed t ree s .  Gil l  et al. ( 1 98 6 )  also 
found that the :imou m of bark k i l led on gums was 
re l :ited to the period of f1:1m ing .  Where gum barked 
trees occur, t he  thickness o f  the b:irk k i l led by the fi re 
could be used as :1 d i rect measu re o f  sensible heat 
o u tpu t  from the fi re ,  so lar  r:id i at ion , wind e ffects and
am bient :i i r  temperatu re, but th is cou ld not  be
me:isu red u nt i l  a n umber of mon ths :1 fter a fire when
decorticat ion occurs.

Heat Sensitive Materials - Below Flaming 
Zone Pyranometers 

The heat s<.:ns itive pl ates show :1 va riat ion in the fi re. 
not  a ppare n t  i n  the  fi re i n tensi ty or heat  output  of t he 
r i res . The patch iness of the 2 R  autumn fi res and the 3 R  
spri ng ti res arc evi den t from t he  frequency graphs a n d  
th i s  c.1 1 1  be trans l ated into p:i tch i ness i n  t h e  e ffects the 
li re wi l l  h ave o n  the so i l s ,  pbnts :i nd i nvertebrates .  The 
conr rast in  the 1 R spring and  l R au tu mn fi res i s  not  
app:iren t  when v iewi n g  l i re i n tens i ty  Ja ra , bu t  t h e  
surface s o i l  tempe ra t ure d i ffe ren ces a rc m arked . This  
h:1s  had a s ign i tic:int  a ffect on the legume seed l i ng 
regenerat ion wh ich w i l l  l :1 te r  be rctkctcd i n  a d i fference 
i n  the s truc ture of the u n d e rsto rey. The heat sen s i tive 
p l :ites h ave t herefo re been use fu l  i n  i de mi fy i n g 
d i tk rences i n  ti res a t  a n  eco logi c a l  l e vel . 

The tem pe ra tu re p ro fi l e  o f  th e so i l  i s  rel a ted to th e 
su rface te mper:i turc o f  the  so i l ,  i ts h e a t  capac i ty, :i n d  i ts 
ther ma l  con d t1ctivi ty p rope rties , th ese i n  tu rn a rc 
:i ffectcd by t h e  d e n s ity a nd  m o isrn r c  co ntent o f  th e so i l .  
Scotte r ( 1 97 0 )  a nd  Rai so n et at. ( 1 98 6 )  fou n d  a strong 
re l a tionsh i p  betwee n t h e surface so i l  tem pera ture and 
the te mpe rature profi le i n d u ced by forest ti res . Th e 
s urf ace soi l te m per:itu rc as m easu red by th e hea t 
se nsitive plates cou l d  therefore be u sed i n  conj unction 
with estimates of soil mo isture :ind therma l conductivity 
to esti m ate the tem perature profi le i nd u ced by a fire . 

Data from the heat sensitive plates ca n be u sed 
di rectly to correlate with th e ecologica l effects of fi re. 

oblc ( 1 9 84 ) .fou nd a strong linear relati onship 
between the proportio n of cucalypt lignotu bers 
urvivi ng a fi re and the surface soil te mperatu re 
measured with tl1 is techn ique. Co ll ett et al. ( 199 3 )  
fou nd a stron g correlation between th e surface soil 
temperatu re measured durin g :1 fire and the su bseq u ent 
a bu ndance of annelids ( earth - worm s ) for successive f ires 
on the sam e s ite even though the intensity of the two 
fi res were similar. Bentley and Fenner ( 1958 ) used heat 
sens itive plates to measure the soil temperature profi les 
in grass and shrub fuel and found it an objective way to 
classify seedbeds. I would a lso expect th at the surface 
so il te mperatures could be used to predict the patterns 
of post f ire germination of legumes as reported by Au ld 
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( 1986) and Auld and O'Conne l l  ( 199 1 ) in the same 
way as the data presented here shows. 

The amount  of heat absorbed by the plate a lso 
indicates the proportion of heat being directed to the 
soi l .  Because the heat capacity and weight of the 
material being u sed for the plate is known, the 
indicated temperature can be used to calcul ate the 
amount of heat absorbed so, for example, i f  a fire yields 
1 5  000 kJ .m ·2 of energy, and the plate reaches 400°C, 
then the proportion of heat absorbed is about 4.8 per 
cent which agrees with previous published resu lts .  
Raison et al, ( 1986) found that between 4 .5  per cent 
and 6.9 per cent of tJ,e heat rel eased from the surface 
fuel in a low intensity forest fire was transferred to the 
soil , Packham ( 1 970 ) calculated that about 5 per cent 
of the energy released is transferred to the soil and 
DeBano et al. ( 1977) suggested tJ1at only about 8 per 
cent of the heat was transferred into me soi l .  The 
amount of heat transferred co the soi l will be a function 
of the amount of heat released by the fire, and the 
proportion of the surface fuel burnt and hence the 
amount left behind to insu late the soil .  Heat sensitive 
plates integrate all these factors wel l .  The advantage of 
heat sensitive plates is that it gives a good indication of 
the variability of the fire which is difficu l t  to get with 
measurements of fire i ntensi ty. 

Hobbs and Gimingham ( 1 984) used a combination 
of tJ1ermocouples and heat sensitive plates in their study 
of heath fires . They found that me maximum 
temperature reached in any fire showed a similar 
pattern in relation to the fuel structure as did the 
duration of heating over 400°C .  This indicated that 
very littJe information was lost by usi ng the maximum 
temperature alone, Fire intensity was also measured in 
mese fires and it was found mat tJ,e relationship 
between fuel structure and intensity was differen t to 
tJ1at of temperature and fuel structure. The authors 
expressed the view tJ1at 'direct temperature 
measurements may provide more meaningful 
information' than fire intensity values . 

Scorch Height - Above Flaming Zone 
Pyranometers 

The measurement of scorch height is an end in itself 
The canopy of me overstorey is important to arboreal 
birds , mammals and invertebrates who rely on tJ1 e 
canopy for food. Reduction in the canopy can also lead 
to reduced timber production or perhaps timber 
degrade (Kellas et al. 1984) . 

Scorch height has been found to be related to the 
ambient air temperature, wind speed and flame height 
(Van Wagner 1973; Cheney et al. 1 992 ; Buckley 1993 ) . 
Scorching of tJ1e canopy occurs when leaf tissues can no 
longer cope with the heat load of the fire . Therefore , 
scorchi ng is dependent on me characteristics of the fire , 
the air environment of tJ1e forest and tJ1e structural and 
physiological status of tJ1e trees . 

ln mis study, scorch height was found to be 
significantly related to tJ,e heat output of tl1e fire , tJ,e 

ambient air temperature and me seasonal dryness as 
indicated by the Keetch Byram Drought index . 
Because the tree canopy is above tl1e surface fi re, it has 
ro cope wim the convective heat produced by tJ1e 
burning litter. In higher intensity fires and fires witJ1 a 
shr ubby understorey, radi ation may become more 
important. The ambient air temperature is important 
because it determ ines what increase in temperature is 
needed for letl1a l  temperatures to be reached. Ambient 
air temperature may also affect the rate of combustion 
and affect me relative humidity of tl1e air. The KBDI 
affects me ability of tJ1e canopy to cope with t l1e heat 
load. When the KBDI is high, tl1ere wi l l be greater 
moisture stress on me trees and tl1erefore they wil l  be 
less able to dissipate heat as rapidly tl1rough 
transpiration ,  Scorch height is tJ1erefore a useful 
measure of sensib le heat output above me flaming 
zone , integrating fire and seasonal conditions. 

A useful result from this work is the finding tl1at 
KBDI is an important predicting variable . The 
observations by Wallace ( 1966) tl1at scorch height in 
jarrah (Eucalyptus marginata Sm . ) forest was seven 
t imes flame height in spring and 14 times flame height 
in autumn can be reflected in tJ1e Keetch Byram 
Drought Index. Scorch height can tl1ercfore be 
predicted with more precision than that provided by 
the Forest Fire Danger Meter (McArthur 1973 ). 

CONCLUSIONS 

The billy calorimeter was used to measure the amount 
and rate of sensible heat transfer i n  tJ1e flaming zone of 
a surface forest fires. Two distinct temperature profiles 
were described for tJ1e rate of temperature increase in 
the bi l ly calorimeter. The first followed a logistic 
function which described tl1e temperature profile when 
tJ1e billy was exposed to a headfire, and the second was 
an asymptotic inverse logarithmic function which 
applied when me bil ly was exposed to a backfire . The 
maximum increase in the bi l ly temperature ( T�, •. ,) , was
related to tJ,e total heat output of tJ,e fire, tJ1e seasonal 
dryness as measured by the Keetch Byram drought 
index and flame height. The rate of temperature 
increase was weakly related co tJ1e ambient air 
temperature .  

The most useful information derived from tJ,e billy 
calorimeter was tJ,e total temperatu re rise above 
ambient. While this was statistically related to the 
threshold diameter of tJ1e trees kil led by the fires 
measured, me amount of fuel burnt was tl1e primary 
factor affecting tree death . The rate of temperatu re 
in crease of tJ,e bi l ly was not significantJy related to tree 
death in mis study, Further investigations are needed co 
determine if these same conclusions are true under high 
intensity fires and when wind or slope are more 
dominant factors . Where gum barked trees exist, tJ1e 
mickness of the bark kil led by a fire is a useful measure 
of sensible heat output, but tJ1is cannot be measured 
until several montJ1s after me fire .  
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Heat sensitive plates were used to measu re the 
amount of sens ib le  heat transferred to the soi l below 
the flaming zone of a surface forest fire. Maximum 
surface soil temperatures could be used in conjunction 
with est imates of soi l moist ure content and soil 
conductivity to estimate soi l temperatu re profiles 
result ing from fires . The maximum surface soi l 
temperatures i n  themselves were correl ated with the 
surviva l  of earthworms , establishment of legume 
seedl in gs , and death of l i gnotubers. Heat sens i t ive 
plates were useful for indicat i ng the amount of 
vari :1bi l ity i n  a fi re which is not evident from measures 
of fl rc behaviou r such as fi re intensi ty. 

Tree scorch height was used as a measure of the 
amount  of sensible heat transferred above the flam ing 
zone of a surface forest fire .  This measure was rel iant 
on there bei ng an uneven- aged forest so that scorch 
height could be measured when i t  was less than canopy 
levels .  Scorch height was easy co determine and was 
directly rel ated to the ecological impacts of fi re on tree 
growth, :rnd arboreal an imal  food supply. 

Measu res of sensi ble heat i ntegrate fire, weather, 
topographic and seasona l  conditions as wel l  as heat 
transfer processes . They therefore ofter an cfficienr way 
of quanti fyi n g fi res in an ecologi ca l ly meaningfu l way. 
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APPENDIX l 

TIME IN MINUTES 

OC CRAYON 0 1 2 3 4 6 7 10 16 20 

670 GliEEN llARKEII DARl(ER GREY/Gllf.EN LT/GREY 

000 . DLUE AQUA WIIT/AQIJA WIIITE lllllTE MELT DOl\N OF FOIL 

670 500 /l.T /DRO,WN,, D'K/DROWN PINK SAME ... 

420 1rHIIT- YI.UOlf GltE'Y 

350 IJROWN: RED/DltO'tl'N' SAME 

070 GREEN N.C. N.C, DARKElt SAMF. SAME llllT/GltEY GRIT sun; SAME 

600 IJLUEc- N.C. N.G. IJGIITF.R UGIITER WIIT/AQUA l!IIITE SAME SAME SAME 
... 

600 500 . LT/o'Rowf( IJAltK"Fll DAR�"ER DK/DROWN SAME m:o/Gllt;Y SUIF. SAME l'INK 

'120 WJIITE Yt:U.OW YEIJ./flf!OWN Yt:1,/GllEY SAME SAIIE SAME Yf.l.LOI' SAME WIIITE 

I 350 ll1td111f ·- RED/DROlfl'I DARKER DARKEII SAIi� IJLACK 

I 600 IJLUF. -· N.C. N.C. N.C. UCIITElt SAME uG11n:11 SAME WHIT& SAME 
·,.·. 

500 ,•LT/BRO'!rl'I N.C, DARKER llAllKF.R N.C. DAltKEII 'DK/Df!OWN DK/UROWN SAME SAME 

600 ◄20 11IIITE. WUT/Yf.UOW Yl':U.011' n:1.;1mo11N n:i/rmon1 SA!,!!! SAMf! SAME 

360 JJHOWN DAl!Kf!R tu:D/llllOWN SAME SAMI: ...

I 320 GREEN LT/ULUt: SAME FAWN SAME ...

I 500 LT/DROWN N.C. DARKEll DAHKt:R DAUKf:R SA.Ill! SAMI: DK/DH011N DK/DROWN SAME 

I 420 l'IHTI: N.C. SAM!; l:llt:AM SAME WIIT/Yt:1.LOW YELi.OW IJM!Kt:H YF.L/llllOWN YEL/OllOWN 

4 20 I 350 . Oll011N DARKl:ll OK/IIUOllN nt:lJ/OROWN SAME SAMF. UK/UrtOWN SAME SAME SAME 

320 GREEN lJGIITf:11 1,T/OLIJE I.IGIITEf! SAIIE $AMI: 1:HEY/Ol.ut: SAME FAWN FN/GllEEN 

aoo l'L/GHf.EN OLY/GllEF.N DAf<Kt:ll ... SAMt: SAm: SAME SAME SAME 

420 ll'IIITE N.C. N.C. IIAHKt:R SAMt: SAMt: SAMt: SA&<t: w·ur /vt:LJ,ow EIJ./UllOWN 

350 Ullc>WN N.C. UGIITl:U SAm: wan·rn SAMt: SAMt: $AMI; RF.D/Ull011N SAME 

360 320 Gllt:f.N N.C. DK/C:Rf.F.� LT/f!!.UE GRt:Y/[IUJf. cm;y SAME SAM!: SAME UK/GRF.EN 

aoo .l'L/Gl!F.E:N DAllKFJl rmN/GRt:EN OAHKt:H SAMI: S11Mt: 

200 LT/GREEN OLY/GT!EEN 01.,\CK lll,ICK SAME SAMt: 

320 G!U::F.N N.C. N.C. N.C N.C. 1.1c11n:1t LT/ULUf. SAMt: Gl!H/111.Ut: SAMt: 

300 PL/Gl!F.f.N DAmO-:Jl DAIU(t:ll SAMt: DAUKl:ll l)AHKf:U UflN/GIIEt:N SAMt; 0 LY/ Gl!l:F.N SAME 

300 WO LT/Glll:EN llAl(Kl:11 SAME S,\Mt: SAMt: GRF.t:N/GRt:Y GRt:Y SAME SAME ... 

220 111IITF. DAllKl:ll SAME SAm: llAUKl':R Yl:L/IIROWN Yt:l./fll(OWN l,T/OHOWN DAHKF.R ... 

200 DK/DLUE OK/GREEN OLACK SAME ... 

220 - WIIITE N.C, N.C N.C. N.C. N.C. UAHKF.U DAl!KF.H LT/YELLOW LT/YELLOW 

200 .. DK/DLUE DArtKl11 DArth'f:R llARKt:H DAUKt'.R PAHKEf! llAIU(F.ll OAHKt;H DLICK 

200 JOO rN/GREF.N DAHKF.n FAWN l'llllPI.E OAl<KEfl SAMt: ... 

120 ,Cl11:AM FAWN l)AllKt:R fN/GllEt:N SAME SAME ... 

JOO FAWN· l'INK 1ll.UE SAMt: SAME ... 

J50 FN/GHt:F.N N.C. N.C. N.C. N.C. cm:t:Nt:n CUEt:Nrn t"A11N FAWN PllRPI.E 

120 ,_:/; CREAM N.C, N.C. N.C. OARKEH t'N/CRt:EN V!Ol,!:T SAMt; ... 

160 100 FAl!N -:,.: N.C. DAllKEH OLUE SOIE ... 

75 \:RM/GREEN Gl!F.1:Ntll OAflKER llAllKf:R AQUA SAIIE ... 

.. 

65 FN/CllO:N t'A11N 01.V/CREEN 01.UE/GREEN SAMt; ... 

150 fN/GREEN N.C. ... 

120 CREAM N.C. N.C . N.C. N.C. N.C. N.C. N.C. t'N/GIU:EN VIOLET 

100 100 . t·1.wN N.C. N.C. N.C. N.C. N.C. N.C. DARKtll DLUE SAME 

75 ,Clll,\/GREEN N.C. DARKt:H llARKEU AQUA SA!IE ... 

65 'FN/GR£EN N.C. OLV/GllEEN OLV/GIIEEN BLUE/GREEN SAME ... 

,�o -FN/GIIF.EN N.C. ...

120 CREAM N.C. ... 

75 100 f'AWN N.C. ... 

75 CRM/Gnr.r.,,i N.C. N.C. OAHKEH DARKER AQUA SAME ... 

6!'> f'N/G!lEE,N: N.C. N.C. 01.V/GREF.N l]LUE/GRl::EN SAME ... 
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A framework for assessing acute impacts of fire in 
jarrah forests for ecological studies 

1 Science and Information Division, Dep artment of Conservation and 

Land Management, PO Box l 04, Como 6 1 52,  Western Australia . 

ABSTRACT 

Bushfires arc commonly described i n  terms such as rate 
of spr ead, flame dimensions or Byram's intensi ty, which 
r eflect suppression difficulty or genera l dama ge 
potentia l .  Meaningfu I descriptors of the fire 
e nvironm ent for inter preti ng ecological effects are those 
which reflect the amount and rate of heat energy 
released and its distributi on .  These factors determine  
the immediate physica l  o r  acute impacts of fire which 
give rise to ecologica l  e ffects. 

The acute im pacts of fire in j a r rah forests can be 
studied and predictive models developed by : 

( i )  

( ii ) 
( iii ) 

(iv ) 

(v ) 

stra tifying the area with in  and aro u nd th e fl ames 
( i mpact zones ) ;  
identifying the physica l imp acts with i n  th e se zones ; 
identi fying rea di ly me as urable descriptors of  th e 
amo unt and ra te of heat energy release; 
identifying factors a ffecting the trans fer  of hea t to 
plant tissue and the soi l ; 
experimenti ng to devel op functional relationships 
between physical impacts, readily m easurable fire 
descriptors and facto rs affecting heat transfer. 

I NTROD UCTION 

Forest fires are described according to the level of 
in terest and knowledge of the observer. Fire managers 
and fire behaviour scientists commonly describe fire in 
terms tha t convey in formation a bout the difficulty of 
suppression or the damage poten tial of the fire, such as 
linear and area ra tes of spread, flame dim ensions, f lame 
residence ti me and intensities, and there is ample 
literature which defi nes, models, and describes ways of 
measuri ng or ca lculating these variables (e .g. , Davis 
1 959; Luke and McArthur 1978 ; Gill et al. 198 1 ;  
Chandler et al. 198 3 ;  Gill and Kn ight 1 988 ; Johnson 
1 992 ) . 

N. D .  BURROWS 1 

When studying fire e ffects on biotic and abiotic 
ecosystem components , i t  is important to identify and 
measure variables which are linked to the immediate 
impacts of fire .  Immediate or acute impacts are defined 
here as the physical  impacts of fire on the ecosystem 
components impar ted during the flaming and 
smouldering phases of combustion .  For jarrah forest 
fuels ,  most acu te impacts occur over 1 -2 minutes 
during the passage of flames .  Friend ( 1 99 3 ) ,  in 
reviewing the e ffects of fire on small vertebrates , used 
the definit ion of  acute im pact provided by Warren et al.

( 1 9 8 7 ) ,  which inc ludes the combustion phase and the 
time to the com mencement of vege tative regenera tion,  
which could be several months after the fire .  

Ac ute impacts give rise to  ecological responses ,  but  
fi re  ecolo gis ts have generally displayed i n di fference to 
how fires actually produce th eir eco lo gical effects 
(Joh nson 1 9 9 2 ) .  M cArthur and Cheney ( 1966)  no ted 
th at  i n  a li te ratur e review of fi re e ffects by Hare ( 1 9 6 1 )  
th e re was a n  absen ce of  a precise de scription of  the type 
of fi re caus ing the effects . AJ exan der ( 1 9 8 2 )  reported 
that th i s  trend had continued in spi te of advances in  the 
sc i enc e of fire beh aviour. 

As well a s  describing fi res fo r in terpreti ng ecolo gical 
effec ts, i t  is equally important to be a bl e  to link fi re 
va riables , factors affecting heat transfer and acu te 
impacts so that managed fire can be effect ively and 
relia bly appl ied to achieve a desired ecological outcome . 
M anaging fire in jarrah (Eucalyptus mar.!Jinata) forests 
of south-west Western Australia includes prescri bing 
fires to reduce fuel levels without damaging the boles 
and crowns of trees, and prescri bing f ires to regenerate 
or control speci fi c  plant species. 

An understanding of fi re- induced ecolo gical 
responses cannot be gained by sim ply measuring 
comm on fi re behaviour descriptors and it is unlikely 
that the acute impacts of f ire will be m odelled from first 
principles in the foreseea ble future for several reasons. 
Firstly, com bustion and heat transfer are separate 
processes, both of wh ich are complex and poorly 
understood . Secondly, there is limited informatio n 
linking f ire behav iour variables with acute impacts, one 
exception being the linkage between fire intensity, f lame 
dimensions and scorch height (Van Wagner 1 973 ; Luke 
and McArtlmr 1978 ; Cheney et al. 1992). Thirdly, 
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ecosystem responses wil l  depend on numerous other 
in terrelati ng factors including climate, la ndform and 
soi ls ,  the fire regime (Gi l l  1977, 1981  ), fi re size, 
patchiness, the ecological and biological characteristics 
of the ecosystem ( e .g . ,  l ife cycles, regeneration and re­
colon i zation strategics, adaptive traits expressed by 
organisms) ,  and precedent and antecedent weather. 

Therefore, i n  the absence of universal physi ca l 
models , empirical or semi -empirical models which 
predict acu te impacts from readi ly measured fire 
behaviour vari ables and hea transfer factors wi l l  
continue t o  b e  developed,  or exis t ing ones va l idated fo r  
each vegetation type o r  fuel complex .  This paper 
presents a framework for assessing the acu te impacts of 
forest fires which give r ise to ecological responses and 
to commercial losses .  

ACUTE IMPACTS OF FIRE 

The precise natu re and severity of acute impact varies 
considerably from one fi re circumstance to another, but  
general ly acute impacts can be cha racterized as :  

( i )  red uc t ion or removal of  l ive and dead vegetation 
resu l t i ng in changes in cover, structure and habitat 
to vary i ng degrees; 

( i i )  some plant and an ima l  d eath and in j ury; and 
( i i i )  soi l  heati ng and subsequent ctkcts on soi l  

chem istry, structu re and  various soi l borne 
organ isms .  

Acme impacts on t he  veget ation equate:; to an 
a l most instantaneous change in habitat ( food, shelter 
and b reedi ng  sires ) ,  pa rticu l a rly if the fi re is i n tense. 
Thus ,  the impact on fauna will depend on habitat 
requi rements , the extent to which these have been 
a tkctcd by the fire, and on t he biology of various taxa 
( Friend 1 99 3 ) .  Therefore , measuri ng  the impact of fi re 
on vegetat ion i s  the key to i nt erpret ing impact on 
faun:i .  

The extent or severity of acute impact on an  
ecosystem w i l l  depend on the  amount and  rate of heat 
energy released and on the amou nt and rate of heat 
transfer ro plants and the soi l .  Flames are the essence of 
a bushfi re .  F lame temperatu re per se docs not necessa r i ly 
re l ate to rhe amount  of heat given off as tem peratu re i 
a measu re of the degree of hotness whi l e heat i s  the 
quant ification of the work transferred from a warm 
body to a cool body. However, the rempcr:tcure history 
experienced by p l ant tissues does relate ro thermal 
death time (Wright 1 970;  Engle et al. 1989 )  so 
i nt u it ively relates to the th reat posed by fi re to plant 
tissue .  For example, Ryan ( 1 982)  found that Douglas 
Fi r ( Pseudotsi1,ga menziesii) seedling- can tolerate a 
temperatu re of 5 0"C for l hour,  60°C for l minute and 
70"C for 1 second .  

It is  therefore important to measure and de cribe 
the fire and faccors affecting heat transfer in terms that 
best reflect or characterize the temperani re hiscorics 
experienced by plant tissue and the soil at critical  
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locations . Measuring the temperature histories of 
bushfi res to characterize fi re intensity has met with 
mixed success, mainly because of the h igh degree of 
temporal and spatia l  variation in temperature ( e .g. , sec 
Hobbs and Atkins 1988 ;  Cheney et al. 1992 ;  Moore 
and Gil l , this conference ) .  There are a l so practical 
d i fficul t ies with u i ng this technique beyond smal l , 
intensively monitored experimen tal fires. However, 
d1ermocouple temperature h istories can be a useful 
means of correlating temperature  histories with 
mean ingful and more easi ly measurable fire descriptors 
such as Aame dimensions and measu res of fi re intensity 
(sec Moore, Gi l l  and Tol hurst , this con fe rence ) .  
Examples of thermocouple temperature hisrories 
recorded during an experimenta l  jarrah forest fire arc 
shown in Figure 1 .  These are typical of temperature 
histories reported by many workers for other fuel types 
(e .g . ,  Pompe and Vines 1 966;  Rothermel 1 972 ) .  

• o o  ,....r._m-'-p-• •-• •_u ,_o--'(
--'
c) ________________ ..., 

00 

200 

, o 1 :-, '2.0 �5 

llm,11 (n,lnm)  
30 

Figure I .  An example o
f 

thermocouple lemperulure histories 

al various locales during a jarrah fores/ fire. 

ACUTE IMPACT ZONES 

I present a framework which I have found useful  for 
descri bi ng the acute impacts of fire wh ich gi ve r ise to 
ecological responses i n  the jarrah forest . This 
framework, shown in a broader context in Figure 2 ,  is 
comprised of four clements : 

( i )  Biophysical ,  biological and eco logical information; 
( i i )  Fi re regime information ; 
( iv) Factors affecti ng combustion and heat transfer;
(v )  Physica l ,  acu te imp:tcts of fi re on the  biota .

No attempt i s  made co predict temperature h istories 
at a particular locale. The notion is that temperature 
h i story, therefore the acute impacts of fi re,  arc related 
to fi re behaviour var iab les which reflect heat output, 
and factors affecting heat transfer; vari ables which arc 
more read i ly measurab le  i n  the field than temperature 
histories. 

The approach I have taken for jarrah forest fires is 
to : 

( i )  stratify die area with in  and around the  combustion 
zone ;  

(ii) identify important physica l impacts within these
strata;
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( ii i )  identi fy factors that arc l i kely to affect heat transfer 
to plants and soi l ;  and 

( iv )  seek correlati ons between 'easi ly m easu red' fi re 
variables,  varia bles which  arc l ike ly to affect hea t 
transfor, and th e i m pac ts .  

To study acute impacts of fi re, i t  i s  convenient to 
recognize four strata or ' i mpac 7,oncs' , as shown in 
Figure 2 and descri bed in 'fable I .  

Impact Zone Above the Flames 

This zone is a ffected by hot ( bu t  not  burni ng) 
t ur b u lent gases risi n g  above the  f la mes. The m ost 
obvious i mpact in this 7,one is crown scorch or lea f 
b rown ing as leaves, f ine twigs and fruits ex perit:nce a 
lethal ti me-tem perature regi me .  For most spec ie  in the 
jarrah forest this leads to crown replacement 
( Ch ristensen and Ki m ber 1975;  Bel l  et al. 1 989 ) but i n  
other forests (e .g . ,  I'inus radiata) plan ts may b e  ki l led 
outright by fu l l  crown scorch . The res ult is a red uction
in cover and dens i Ly of vegetat ion and ofte n massive
and synduon i zed seed rel ease .

Flame ch aracterist ics, part icu larly f l ame he ight and 
name length , arc the m ost meani ngfu l measures for 
predict ing the  hei ght  :n which lethal tem peratures 
( le tha l  to leaves and  fi ne twigs) occur in t h is zone 
because flame size refl ects the amount of heat bei ng 
given o ff (fi re int e ns ity )  ( Lu ke and McArthur 1978 ) .  
An empir ical ly derived relat ionship between fla me 
height and crown scorch heigh t for jarrah forest fuels is 
shown i n  Figu re 4 ( from B urrows 1 994) .  

The nm ount of heat tra nsferred to vege tat ion above 
t he f lames is a l so a fkcted by ambient temper::iture and 
wind speed .  Semi -empi r ical models for predict ing 
scorch height (e. g . ,  Van Wagner 1973; Cheney et al. 
1 992 ;  Tol hurst et al. 1 992)  i ncorporate wi nd speed and 
ambient temperature :is factors which effect scorch 
height independen t of the effects of these factors on fi re 
behaviour .  Van Wagner's ( 1 97 3 )  scorch height model is 
an example of determi n i ng an acute impact (sco rch 
height) from a m easu re of heat energy re l eased 
( Byram's  intens i ty)  and factors a ffecting heat transfer 
( am bient temperatu re and wind speed ) .  

Bu r rows ( 1 994) found that Byram's  ftre i n tcns i t)' 
also relates reasonably wel l  to corch height experienced 
in jarrah forests ( Fig. 3 ) . 1 heorer ica l ly  i t  shoul d ,  as i t  
characterizes the tota l  I H.:at output from the {fo mes .  
Alexander ( 1 982)  and Cheney ( 1 990 )  provide deta i l s  
on how to co rrect l y calcu l a  c and interpret fi re
intensity. A l i mitat ion with c a lc.: u l at i ng  fi re i ntensity is
knowing what fuel ;i m\ how m uch of it i s  i n volved in
the flam ing com bustion zone. This,  and the fact that
Van Wagner's re l at ionsh i p  was developed from
exper im ents in a diftercn r  fuel and forest type, probably
explains t he di fferences between the models gr:1.phcd in
Pigme 3 .  The best approach is to set som e rules which
apply for a spec ific fuel type. For example ,  for jarrah
forest l i tter bed fuels I aSsllme that th e quant i ty ( before
fire minus after fire ) of dead surface fuel <6 mm and
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l ive fuel <4 mm ( up to flame height )  is burnt i n  t J 1 e  
flaming zone .  Rough bnrked trees such as jarrah can 
become d i screte fu el en t it ies ( fuel rods) ,  especi a l ly 
u nder conditions of h i gh fire danger. I-- l a rnes w i l l  spread
in bark up the  tree bole , re l easing heal close to the tree
c rowns . This co mribution c:1.nnor be si m ply added to
the intensity of the surface fi re for correlat ing wi th
crown scorch .  I have not been able to devise a sensible
mechanism which acco u nts for th i s  other than to
observe that it occurs most freq u ently when the Soi l
Dryness Index (Mount 1 972 ;  B u rrows 1 987) is h i gh ,
fue ls arc dry  ( < 1 0  per cent moistu re content ) a n d  wi nds
arc stronger than about 1 0- 1 5  km h · 1 .  I accept i t  as
part of the u nexplained var i abi l i ty of tht:  scorch hei ght­
i ntens i ty  re l ationshi p shown in Figure 3 .  The difficulty
wi th  ca lc ulati ng in tensity probably expla i ns why the
various empir ica l ly der ived rel ati onshi ps between
i n tcn ity and scorch hei ght  have di fferen t coefficients
( Fig. 3 ) .

The seaso na l  d itrcrences between the  scon:h he ight ­
fhme height relat ionship ( Fig .  4) reO ects d i fforences i n  
am bient tem perature a n d  moistu re condi tions and 
differences i n  the physiologic;il status o f  the vegetat ion .  

Impact Zone in the Flames 

Plants are ki l led eithe r  by defol iation ( i ncinerat io n )  or 
by stem gi rdl ing at or near ground l eve l .  Defoliation 
height is ;ibout the height of the flames wh en flame 
height is l ess than the height of tJ1e vegetat ion . Most 
u nderstorey species in the jarrah forest have pape r-thi n
bark a n d  arc read i ly girdled a n d  ki l led t o  ground level
by even the mildest of fi res (most re-sprou t  from
su bterranean organs) .  Trees and tal l  sh r u bs which
develop thick protective bark are more resistant to
death by thenml gi rdl ing. Stem mortal ity wil l  depend
on bark thickness, bark moisture content , and the
temperatures ;ind duration of heating experienced at
the bark surface .

During laboratory fires ( Burrows 1 994) ,  exposed 
therm ocouple maximum temperatures reached in the 
flames at a ft xed distance ( 1 0  cm ) above the fuel bed 
related reasonably wel l  to flame len gth and fire i n tensity 
unti l a certai n flame t h ickness (emiss i vity) wa.s n:ached 
when maxi m u m  temperatu re satu rated. I-Ieat load , or 
the d u ration of heati ng, was independent of i ntensity 
but  re l ated reasonably we l l  to the quantity of fuel 
consu med, :ind to fl ame residence t ime .  Duri ng the 
same experi ment , thermocou ples inserted into the 
cambiu m of Banksiagrandis stem sect ions ( near 
ground leve l )  showed that temperatures experienced 
during low intensit)' laboratory fires were l a rgely 
dependent on bark thickness and on the q uantity of fuel 
consumed and were independent of flame rate of 
spread . 

I n  contrast to laboratory studies, field st udies 
showed that tJ1e mortal ity rate of Banhia grandis and 
cambial damage to jarrah is affocted by bark t hickness 
and fire i ntensity classes (Burrows 1 98 5 ) .  That is , 
con troll ing for bark thickness and the quantity of fuel 
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consumed , mortal ity and cambial damage increased 
with increas ing heat flux from the fl ame, as 
characterized by i n tens ity c l asses . It i s  possib l e  that the 
highly spiked nature of the heat fl ux experienced dur ing 
very  i ntense fi res d i ffi.1ses th rou gh the  bark to the 
<.:amb ium suffidcnt ly to he:it the ce l l s  to 60-70"C. An 
alternative expla nation is that i n  the fie ld, i ntensi y per 
se may not be acco u nt i n g  for increased death and 
inj my, bur  reflect i n g  burning conditions , espec ia l ly fuel 
moistu re and wind speed. Past spread ing facs arc 
usual l y  associated wi th wa rm , d ry :i ml windy cond i t ions  
:ind under th ese cond i tions, other ti.l e !  sources, wh ich 
may be over looked , contri bute to the hc:it ou tput of 
the f ire . These incl u de larger di ameter su rfa<.:e materia l  
:ind bark on sta nding trees .  Rough barked trees cin not 
be considered as i nert rods or s labs in a fuel bed , but arc 
potenti;1 l  V i. 1el rods in a fuel bed .  A s ign ificant 
proportion (up ro 30 per cent o f tot:il thickness d ur ing 
i ntense fi res) of bark burns on the tree, especia l ly on the 
leeward s ide ,  contribut ing s ign i ficant ly to  e;1m bia l  
da mage (G i l l  1 974; Tu nsta l l ct al .  1 976 ; G i l l  ct iil. 
1 986 ) .  

Impact Zone Below the Flames 

This zone is Lhc  top few cent imetres of the soi l ,  
incl uding the  soil su rface . T h e  degree of fi re - induced 
soi l  heat ing and subseq uent changes to soil chemical 
and phys ic:11  propcrL ics wi l l  depend on how m u ch of 
the fuel resti ng on the soil is consumed ,  how dry the 
fuel is and the therma l  properties o f  the soi l ,  such as 
moisture content and bulk densi ty (Aston and Gil l  
1 976; Frandsen a mi Rya n 1 986; Hu nge rford 1 989 ;  
B ur rows 1 994 ) .  Soi l hc:i t i ng  is i ndependent of i ntensity, 
a l though i ntensity may reOect fuel consu mption . The 
extent to which the so i l  is h eated wi l l  a ffect seed bed 
preparation , germin ation of soil stored seed ,  micro ­
organism responses a n d  the chemistry :md structure of 
the soi l .  When fu els and the soi l  arc moist and there i s  
on ly pa rt ia l  combustion of the l i tterbcd, then top soi l  is
u n l ikely to be affected .  The physical process of heat
transfer through so i l  and some effects of fi re on soi l  arc
sum marized by Aston and Gil l  ( 1 976 ) ,  Wel l s  u al.
( 1 979) ,  and H umphreys and Craig ( 198 1 ) .

Impact Zone Behind the Flames 

This is the  zone behind the fbm ing combustion wne 
where larger fuel part ic les such as l i m bs, l ogs :ind old 
hol low-butt trees burn away s lowly, often sm ou ldering 
rather than nam ing. Lo n g  d urations of l oca l ized 
heat ing can have consi derable i mpact on the soi l  :ind 
nearby vegetation ,  giving rise to the 'ash bed' dlcct, and 
to severe cambi:11 i njury to trees. Ho l low -butt trees may 
burn down .  The e xrent to which this occurs wi l l  
depend on t h e  ::i m o u m  a n d  d i stribu t ion of coarse fue l ,  
fi. 1c l  dryness and the i ntensity of the fi re carried i n  fine 
fuels .  
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CONCLUSION 

Fi re im p::icts which a rc  l i kely to be l inked with 
ecological cffc<.:ts , fi re  descr i ptors wh ich  relnte to these 
i mpacts , ::i n d  factors infl uenc ing the heat transfer 
process arc summarized i n  Table 1 ! -or each of the four 
i mpact zones . 

J h:we presented a fr::imcwork which may be u sefu l  
for g:i t hering i nform:.tt ion about fires for eco logi cal 
study. This framework is comprised of four cle ments: 

( i ) biophysica l , b io log ical and ecologi cal i n fo rm ation ; 
( i i ) Vi re regime i n formation ; 
( i i i ) com bustion and heat transfer; 
( iv) phys ica l  i m pacts .

F i re wi l l  i mpact di re<.:tly on p l ants and an im als an d
indirectly on an i m als by its i mpact o n  plants ( habitat ) .  

1�undamental processes of com bustion :i n d  heat 
trans fer arc poorl y u nderstood , so loca l ,  empi ri ca l  or 
semi -em p i rica l  models wi l l  need to be derived which 
l i n k  acute im p;1cts with meani ngfu l  des<.: ri ptions of heat
e nergy o utput and dist ri bution .
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TABLE l 

Impact zone, impacts, quantifying impacts, descriptors of heat output and factors affecting heat transfer. 

IMPACT ZONES 

ABOVE FLAMES IN FLAMES BELOW FLAMES BEHIND FLAMES 

Impacts Scorch and death of Defoliation, Soil heating, seed Super-heating of 
leaves, twigs, fruits mortaility cambial germination, soil soil, allbed, chemical 
leading to defoliation damage, bark loss, chemical and and structural 
seedfoll, cover soil exposure, seedbed strucutrol changes, changes, removal/ 
reduction. preparalion, seedfoll, microorganisms. replacement of hollows, 

seed mortoility. stem damage, tree foll. 

Measure of impacts Scorch height, Defoliation height, Soil temperatures, Area cambial damage, 
scorch area, cover, area defoliated, chemical changes, damage, number logs 
density, quonity of mortality by species, bulk density, colour removed, number logs 
seedfoll. area of cambium soil seed germination. created, trees downed, 

damaged, cover, area of oshbed. 
structure, depth of burn 
quantity of fuel burnt. 

Descriplors of heat Flame height, flame Flame height, flame Fuel consumed, fuel Coarse fuel consumed, 
output length, Byram depth, flame size, fuel moisture, consumed, burn out 

intensity. residence, time flame residence time. tiem, fuel moisture, 
inlensity, combustion drought index. 
rate, fuel consumed. 

Factors affecting Temperature, wind Bork thickness, stem Soil moisture content, Soil moisture, soil heat 
transfer speed, height above size, plant moisture soil bulk density, structure, drought index, 

Rames. content, bark moisture drought, index. distance from fuel to 
ambient temperature, tree stem. 
drought index. 
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Figure 3. Crown scorch height as a Junction of Byram 
(1959) fire intensity for summer/autumn jarrah forest fires. 
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consumed, mortal ity and cambia l  damage i n creased 
with increasing heat fl ux from the flame,  as 
characterized by intens ity classes .  It is possible that the 
high ly spiked nature of the heat flux experienced during 
very intense fi res diffuses through the bark to the 
cambium su fficiently to heat the cel ls to 60-70" . An 
alternative exp lanation is that in tbe fie ld,  in ccnsi y per 
se may not be accounting for increased death and 
injury, but reflecting burning condit ions, especia l l y  fuel 
m oisture and wind speed . Fast spread ing fi res arc 
usua l ly associated with  warm, dry and windy condi t ions
;md under these cond i t i ons, other fi.1 c l  sources, which
may be overlooked, contri b ute to the heat output of
the fi re .  These i nclude l arger d iameter su rface materi a l
and bark on standi ng  trees .  Rough barked trees cannot
be considered as inert rods or s labs i n  a fuel bed,  but arc
potent ia l  fuel rods i n  a fue l  bed. A s ign i ficant
proport ion ( u p  to 30  per cent of total thickness d ur ing
in tense fi res ) of bark bums on the  tree ,  especia l ly on  the
l eeward s ide ,  contr i but ing sign i ficantly to cambia l
damage (Gil l 1 974; Tu nsta l l  et at. 1 976; G i l l  et 1:it.
1 986 ) .

Impact Zone Below the Flames 

Th is 7,onc is rhc top few centi metres or I he soi l ,  
i n cl ud i ng r he  soi l  surf;Ke. The  degree of li n:- in du ced 
soi l  hea t i ng  and subsequen t  changcs to soi l  che1 1 1 i c1 I 
and phys ical p roperties wi l l  dcpcnd on  how m uch of 
the rue! resti ng  on the soi l  is consu med ,  how dry  t he 
fi. 1cl is :md the thernlJ !  properti es of the  soi l ,  such :i · 

moisture content and bu l k  dens i ty (Aston and Gi l l  
l 976; Frandsen and  Ryan 1 986 ;  Hu ngcrford 1 989 ;
B u rrows 1 994 ) .  Soi l  hc;1 t i 1 1g is independent of in r ensi ty,
a lthough intensity may reflect lt1cl consu mption . The
extent to which the soi l  is heated wi l l  a ffect seed bed
prcpaL1t ion , germ i nation of so i l  stored seed,  micro ­
organism responses and the chemistry and  struct ur e  of
the soi l . When fuels :1 11d rhe soi l  a rc moi  t ;rnd there is
only partial combust· ion of the l i tterbcd, then rop soi l i s
un l i ke ly to be affected . The physica l process of heat
transfer t h rough soi l :md some eff.ects of fi re on soi l a rc
su m mari zed by Aston and Gi l l  ( 1 976) ,  Wel ls et at.
( 1 979) ,  and H umphreys and Cra i g  ( 1 98 1  ) .

Impact Zone Behind the Flames 

This is the zone behind the fl aming combustion zone 
where l arger fuel particles such :is l imbs, logs and o ld  
hol low-bu tt trees burn away s lowly, o li:en smou l der ing 
rather rhan thm ing. Long d ur at ions of local ized 
heat ing can have considerable impact on the soi l :ind 
nearby vegetation , givi ng  r i se  to  the  'ashbed' effect, and 
to severe cam bi :i l i n ju ry  to trees. Hol low -bu tt t ree  m:iy 
burn down . The exten t  to which chi occurs wil l 
depend on the amou nt and distri bu tion of  coarse foci , 
fuel dryness and the i ntens ity of the fire  carried i n  fine 
fuels .  
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CONCLUSION 

Fi re impacts which are l i kely to be l inked with 
ecological effects, fire descriptors which relate to these 
impacts, and factors influenci ng  the beat transfer 
process arc summarized i n  Table l for each of the four 
impact zones . 

I have presented a framework which may be useful  
for gathering i nform:ition about fi res for ecological 

I r--r-11 • r t • • t ,• j.. t 

Sl llt i y. ! 1 1 1 S 1 ra 1 1 1 c w u 1 1<. ,� LUl l l)J l l�Cl.l U I  I U LI I  Cl 1 1 1c 1 1 G . 

( i )  biophysica l , biological and c ologic:i l i n formation ;  
( i i )  f ire regime i nformation ;  
( i i i ) combustion a n d  heat transfer; 
( iv )  phys ica l  impacts. 

F i re wi l l impact di rectl y on plant · and ani mals and 
i nd i rect ly on :in ima l s  by i ts impact on plants (habitat ) .  

Fundamental processes of  combust ion and  heat 
transfer :ire poorly understood,  so l oc:il , empir ica l  or 
sem i -empirical models wi l l  need to be derived which 
l ink acu te impacts wi th mean i ngfo l descriptions of hear
energy omput and di tribut ion.
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Measurement and effects of fire heterogeneity in 
south-west Australian wheatbelt vegetation 

1 CSIRO Division of Wildlife and Ecology, LMB 4 PO Midland 6056,
Western Australia . 

ABSTRACT 

Shrub vegetation in the Western Austral ian wheatbelt is 
very spatial ly heterogeneous, with variation in structure, 
floristics and l itter cover. Usi ng Thermocolor 
pyrometers and thermocouples, we show that this 
vegetation heterogeneity translates into heterogeneity 
in fire-fuel con.figurations which result in marked 
variabi l ity of fire treatment within individual fires. 
Vegetation heterogeneity combines with variations in 
windspeed to produce variation in fire severity at broad 
and fine scales . Temperatures can vary greatly in the 
shrub canopy and at and under the soil surface over 
very short distances and between species .  Variation in 
liner cover also affects temperatures reached, and we 
show that t his is related to variation in the post-fire 
establ ishment of seedl ings. Fi re heterogeneity may be 
an important factor contri buting to the coexistence of 
shrub species i n  species-rich heath communities. We 
argue that some measure of fire heterogeneity needs to 
be incorporated into fire studies . 

INTRODUCTION 

Most natural vegetation exhibits a degree of spatial 
heterogeneity in composition and structure. The scale 
and degree of heterogeneity varies between vegetation 
types, with some types exhibiting l ittle heterogeneity 
( e.g. shrublands with monospecific dominance ) and 
others considerably more ( e .g. species-rich heatlllands, 
wbkh exhi bit marked structural and floristic variation, 
or open woodlands which exhibit considerable 
structural variation ) .  

We contend that this spatial heterogeneity in 
vegetation results in heterogeneity in the spatial 
configuration of standing fuel and l itter which in turn 
affects the spatial pattern of fire severity. Our previous 
studies of the spatial variabi l ity of fires in south-west 
Western Austral ian vegetation supports this idea, with 

LYN ATKINS 1 
AND R. J. HOBBS 1

marked differences in temperatures reached both 
between vegetation types with different fuel 
configurations , and between different vegetation 
components within particular vegetation types (Hobbs 
and Atkins 1988 ) .  This variation in fire treatment may 
then have important effects on the post-fire vegetation 
response since fire-induced seed mortality and/or 
germination stimulation will also vary spatial ly. 

I n  this paper, we discuss the measurement and 
effects of fire heterogeneity with particular reference to 
management fires in heath and shrubl and vegetation in 
the Western Austral ian wheatbel t .  

METHODS 

Study Sites 

In this paper we discuss two management fires 
conducted in Durokoppin Nature Reserve, north of 
Kellerberrin in the central wheatbelt ( 1 17° 42 ' E, 3 1° 

24 ' S ) .  The vegetation of the reserve is a mosaic of 
heathland, shrubland and woodland type (Hobbs et al. 
1989 ). A 40 ha area in the extreme north-west corner 
of the reserve was burned on 6 April 1 988 . Most of the 
burned area consisted of dense shrubland dominated 
by AJ!ocasuarina campestris, Mela!euca uncinata,
Calothamnusgilesii and Acacia spp. Shrub heights 
ranged between 1 and 2.5 m, often with an understorey 
of smaller shrubs and sedges, especially Ecdeiocolea 
monostachya. Some patches of tal ler shrubs ( 3 -4 m ) ,  
woodland dominated by  Acacia stereophylla (4 -5  m ) ,  
and open heath (0.5 - 1 . 5  m) were also present. 

The second fire area was 80 ha in the eastern 
section of the reserve, consisting mainly of open low 
heath with a high diversity of shrub species varying in 
height between 0 .5  and 2 . 5 m, with occasion al 
emergents of Grevillea eriostachya and Eucalyptus 
burracoppinensis, and areas dominated by Xytomefam 
angustifotium, Allocasuarina huegeliana and 
Leptospermum erubescens. This area was burned on 
15 March 1989 .  

Prefire vegetation sampl ing was carried out in both 
fire areas duri ng the spring ptior to the fire . Quadrats of 
1 0  m x 10  m were set up throughout the fire areas ( 1 8  
i n  the 1 988 fire and 20 i n  the 1989 fire area )  and 

67 

CAIMSclence 



CALMScience Supplement 4: 67-76 (1 995) 

an alysed floristically (species complement and 
percentage cover) , and structure was ana lysed by 
counti ng the number of hits by vegetation on 10 levee 
rods randomly pl aced in each q u adrat. 1n addit ion 
four 5 x 5 m quadrats with in  the 1 989 fire area were 
harvested for above-ground biomass estimates . 
Samples were div i ded into the foll owing fuel 
components: l ive stems <6 mm diam eter, l ive stems 
>6 mm diam eter, l i tter <l cm d iameter, l itter > l  cm
diameter,  and standi ng dead . Each component was
oven dried and weighed.

Fire Temperature Measurements 

Two methods of assessi n g  fi re tem peratures were used. 
First ly, thermocolor pyrometers were used, as described 
by Hobbs et a!. ( 1 984)  and Ho b bs and Atki ns ( 1 98 8 ) .  
These cons isted o f  strips of m ica sheet 50 x 37.5 x 
0 . 08 mm, on which stripes of heat sensit ive 
Thcrmocolor pai nts were pai nted. Ten pai nts were 
used, each of which changed col our irrevers ibly at a 
di fferent temperature over the range 65-770°C . These
were pai nted in an array on two mica strips, which were 
then joined with paper c l ips wi h the pai n ts on the 
i nside s urfaces .  These pyrometers provide a re lative l y  
i nexpen sive way of obta in ing comparative temperature
esti mates from a wide range o f  locat ions withi n :i fi re 
area . l n  the experi menta l fi res discussed here, 
pyrometers were distr ibuted over numerous locations, 
inc l nd i ng with i n the  canopies of part icu b r  shru b
species, on the ground su rface , and a t  2 cm depth in 
the soi l .  Genera l ly 1 0  pyroni ctcrs were p l :iced w i th in  
each location type . 

Fol lowing the fi re, the pyrometers were retrieved 
and changes in p:i.i nt colour recorded . For each 
locat ion type, a frequency dist.ribu tion of temperatures 
experienced was p roduced. I n  such diagrams , a 
uniform,  intense fire wil l produce a straight l i ne , while a
heterogeneous fire wi l l  y ie ld a more ragged curve 
( Fig. 1 ) .  
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The second temperature measurement system used 
consisted of chromel-al nrnel thermocouples connected 
via insul ated leads to mechanical data loggers. Two 
loggers , each with 8 thermocouples, were used in each 
fire. The Grant Instruments ROK8/lr  recorders have 
a 30 s recordi ng i nterval, and were positioned in fire­
res istent vacu u m  conta iners, buried in the ground . 
Thermocouples were placed i n  a variety of l ocations, as 
for the Thcrmocolor pyrometers, a lthough repl ication  
was l imi ted due to  the low n u mber of thermocouples 
avai lable. The thermocoupl es provided data on the 
time course of tcmper:i.ture changes d ur ing the fi re . 

Effects of Litter Cover 

A feature of the shru b comm unities studied is the 
patchy distr ibution of l i tter on the ground. Litter 
accumu l ates in soi l depressions, u nde r sh rubs and i n  
other places where l ateral movement is restricted. 
Other areas have predom i nantly bare m i neral soil . We 
investigated the e ffects of this heterogenei ty in l i tter 
cover on fire tempera urcs and post -fire vegetation 
regeneration .  Prior to the 1 989 fi re, an a rea of open 
heath (:i.pprox im atcly 50 x 50 m) was categorized into 
areas with and without a pronounced l i tter cover. Ten 
50 x 50 cm quadrats were marked in area. with l i tter, 
and adjacent to each of tl1ese an equi valent qu adrat was 
marked in an area wi thou t l itter cover. Close to each 
qu adrat,  all the l i tter with i n  an eq u i va len t  50 x 50 cm 
area was col lected ,  oven dried and we i ghed . A 
Thc rmocolor pyrometer was placed wit h in  each m:i rkcd 
quad rar at the  so i l  s u rface ( i .e .  under  the l i tter where 
prese n t ) .  1 1 1 t h e  yc.1r fr > l lowing the f in.:, seedl ing 
estab l i sh ment was fol lowed i n  c:ich q uad ra . 

In order to explore further the i n fl u ence o f  l i tter 
cover on fi re temperatu re and subseque nt vegetation 
development ,  we experimentally added l itter to plots 
witl, in the area to be bu rned. With in the same general 
are::i as the 50 x 50 cm q uadrats were m:irked, six 5 x 
5 m plots were m:irkcd prior to the f i re .  I n  th ree of 
these, dry foliage and stem materi a l  of Altocasuarina

campestris harvested from nearby was placed on the 
ground so that bare soi l  areas were covered in this 
si mu lated ' l itter' at a rate of approxi mately 500 g·2 

( 5  t ha · 1 ) .  Adjacent plots were left with no added l i tter.
Thermocolor pyrom eters we re placed at 1 m above 
ground, the soi l  surface and 2 cm soi l  depth within 
each of these sets of plots. In May 1990 ,  1 4  months 
after the fi re, co unts of seedl ings we re taken in ten 50 x 
50 cm quadrats randomly pl aced wit h in the l i tter added 
plots and an equivalent set i n  the plots without l itter. � 

'-
0 a. 
0 
'­

a. 0 200 400 600 o 200 t100 600 aoo RESULTS AND DISCUSSION 

T e  n, pcral ure c · c i

Figure 1. Method of presenting pyrometer results, showing 
the shape of a graph for hypothetical fires with the same 
mean temperature (500 °C) 'Which are (a) uniform and (b)
heterogeneous (from Hobbs and Atkins 1 988).
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Vegetation and Fire Heterogeneity 

The vegetation in both areas was ver y heterogeneous, 
with marked spatial variation in com position and 
structure (Figs 2, 3) .  This variability was apparent both 
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at a broad scale ( e.g. between quadrats in different 
locations separated by hundreds of metres in the burn 
areas) (Fig. 2a and b), and at a narrower scale, such as 
within individual 10 x 10 m quadrats (Fig. 2c) or 
between quadrats located 5-10 m from each other 
(Fig. 3 ). Our studies have also indicated that 
considerable floristic differences can occur between 
closely located quadrats (R.J. Hobbs and L. Atkins, 
unpublished data}. 

(a) 
40 "T""-----------------� 

0 

E 

(b) 

"' 
....c 
..::I 

ci 
.. 
.. 

... 

E ::I 
z 

(cl 

.. 

.. 

..!! 

.. 

E 

30 

20 

10 

0 

Ouadrat a 

Height Interval {cm) 

40-.--------------------

30 

20 

10 

12 

10 

8 

6 

4 

2 

Quadrar 5 

Ouadrat 3 

Height Interval (cm) 

Litter 0-25 50 75 100 125 150 
Height interval 

Rod 

■ 1
■ 

■ 3 

l?J 4 

□ 5

Figure 2. Results from levee rod sampling within JO x JO m 

quadrats in shrub vegetation in westem Durokoppin Nature 
Reserve prior to buming. Graphs indicate the total number 

of touches by vegetation at height intervals from ground 

level to 5 m on JO rods in each quadral (Quadrats 8 and 3), 
and the number of touches on five individual rods within one 

quadrat (Quadrat 5). 
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Figure 3. Above ground biomass (oven dry-weight) of 

various components harvested from four 5 x 5 m quadrats 

taken in close proximity in sandplain heath prior to fire in 
east Durokoppin Nature Reserve. 

The 1988 fire resulted in a very patchy burn 
(Fig. 4), with a range of fire severities over the burn 
area. Two factors appear to have contributed to the 
patchiness of the fire, i.e. vegetation patchiness and 
variations in windspeed. Windspeeds varied 
considerably during the fire ranging from 0-15 km 11'1• 

The fire report prepared by KJ. Atkins (CALM) reads: 
'The fire moved rapidly into the surrounding bush 
until the windspeed dropped, then the fire suddenly 
slackened. If there was no ground fuel, such as a Borya 
hcrbfield, then the fire would tend to be dampened 
right off with occasional flareups in areas of denser 
vegetation. An increase in windspeed may cause an 
increase in fire behaviour, but often the fire had 
dropped to such an extent that there was no such 
response ..... In areas where there was a ground fuel 
present the fire would display more intense behaviour 
and with a drop in windspeed would still burn as a 
ground fire. Increases ln windspced would result in a 
rekindling of fire behaviour.' 
Thus, variation in fire severity was caused by two 

interacting factors. Dense vegetation and ground cover 
led to a more intense and/or continuous burn, 
especially at higher windspeeds. Less dense vegetation 
still ignited, but generally only at higher windspeeds. 
The interaction of vegetation heterogeneity and 
variation in windspeed is thus likely to produce a very 
variable fire treatment. A further variable which we did 
not include in this study was canopy moisture content, 
which might also vary spatially and between species. 

The 1989 fire was conducted with more uniform 
and stronger winds (10-20 km h·1) and resulted in a
considerably more complete burn. Even so, unburned 
and partially burned patches remained, presumably as a 
result of the same interplay between fuel distributions 
and windspeeds. 
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0 100 

metres 

200 

fl burnt 

ITT1 canopy burnLill 

� patchy burn 

D unburnt 

Figure 4. North-western portion of Durokoppi11 Nature Res •n1e following management }ire in t\pril 1988, indicating variation 
in severity of fire. /Jurnt = complete bum of 11nderstorey and ground layer. withoul compiele re1110,1al of canopy layer; 
Canopy bum = complete removal of canopy and wulerslorcy; Patchy burn = partial hum with some unburnt areas; Unburnt
= IW ji /'(' t l'('l/(1/lf'III. 

Tcmper:nure recordings during the two fires 
indicate that the scales of variation found in the 
vegetation arc replicated in the range of temperatures 
experienced. Tint,, within marked 1 O x IO 111 quadrats, 
considerable variation occu rrcd in temperatures 
experienced in rhe canopy and at and below the soil 
surface (Fig. 5). Thermocouples placed in and under 
different plant species situ a t:cd within metres of each 
other indicate that quite di ffercnt fire treatments can be 
experienced by plants witllin close proximity, even in 
what was considered a reasombly intense fire (Fig. 6). 
As well as this fine scale variation in temperatures, larger 
scale differences can also be observed. Data from three 
IO x 10 m areas situated a bom 10-20 m apart (Fig. 7) 
indicate that areas with approximately similar 
vegetation (i.e. mixed heat:h) can have markedly 
different fire treatments, with no soil heating in one 
case and soil heating to 500°C in another. Variation is 
also caused by the presence of particular species, such as 
the emergent Eucalyptits burmcoppimnsis. In this case, 
a considernbly more uniform fire treatment was 
experienced, with soil tcrn.peramrcs reaching 770"C, 
presumably as a result of' an increased litter cover. 

Addition of litter to n--iixcd heath quadrats altered 
the fire treatment markedly, with higher, more uniform 
temperatures experienced in the canopy and at and 
below the soil surface following litter addition (Fig. 8). 
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This is reflected in data from marked areas with :rn<l 
without liner before the fire, and temperatures reached 
at the soil surface were significantly higher where litter 
was present (Table 1 ). Bradstock et al. ( 1992) have also 
discussed the influence of litter type and depth on soil 
temperatures in mallce shrublands. 

Litter and Post-fire Vegetation Response 

Data from marked quadrats with and without litter 
prior to the fire indicate significant differences in 
seedling establishment between the two microhabitats. 
Several species had significantly more seedlings in the 
litter areas, while others had more in the areas with no 
litter (Table 1 ). There was no apparent relationship 
between seedling numbers and species of adult shrub 
present before fire. One might expect greater seedling 
establishment in areas with litter since seeds are liable to 
collect in these areas and there may be some response 
to post-fire nutrient release in ash. Ash deposits were, 
however, dispersed by wind in the days following the 
fire. The fact that some species were more abundant in 
areas without litter indicates that these fuctors alone do 
not account for die post-fire distributions of seedlings. 
Data from quadrats where litter was experimentally 
added support this contention (Table 2). Herc, the 
same species which were abundant in the areas with 
litter occurring naturally (Table 1) were also abundant 
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Durokoppin West 6-4-BB 

1 0 x 1 Om quadrat 

Allocasuarlna campestrls, Melaleuca cardlophylla, Grevlllea paradoxa 

100 

Cl) so
en 
C: 

l'tl 
.= 
u 

g,eo 
·3:
0 

.=
Cl) 

'E40
Cl) 
(.) 
,._
cu

a. 

20 

200 400 600 

Temperature (°C) 

1 m above ground 

soil surface 

2cm below soil surface 

800 

Figure 5. Thermoco/or pyrometer results from within one JO x JO m quadrat during the fire in western Durokoppin in April 
1988. Results from ten pyrometers in each location. 
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Figure 6. Results from thermocouples located in a11d below the canopies of three different species within a JO x 10 m quadrat 
in sandplain heath burned in March 1989. The double peak in Grevillea integrifolia represents the passage of the initial.fire 
front and a second fro11t which spread laterally some time later, a11d illustrates the potential complexity of fire treatment 
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TABLE 1 

Dry weigh I of lilter present before fire, maximum lemperoture 
recorded at the soil surface during lire, and numbers of 
seedlings of most r.ommon plant species presenl 14 months alter 
the fire in marked areas with and withoul litter cover in kwongon 
in eost Durokoppin Nature Reserve, 1989. Doto from ten 
50 cm x 50 cm quodrols in each microhobitot lype (mean± l. 
S.E.), with significant differences between microhobitols 
indicated, as determined by t test for liner weight and 
temperalure, and Monn-Whitney U lesl for seedling numbers. 
Liller was collected from 50 x 50 cm quodrots localed near to 
marked areas immedialely prior to 1he fire in Morch 1989. 

Liller dry weigh I lg m-2) 

Maximum lemperature, soil su rfoce 

NUMBERS OF SEEDLINGS 

A!locosuorino oculivolvis 
Allocosuorino compesrris 

Boeckeo floribundo 
Grevillea inlegrifolio 

Grevillea prilze/i; 

leucopogon nomulosus 

Verlicordio cnrysonlno 
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LITTER 

212 ± 24 
665 ± 36 

3.1 ±0.8 
1.9 ±0,9 
2.4 ± 1.6 
0.6±0.4 
1,3 ±0,5 
1.0 ± 0.5 
0,4 ± 0.2 

p< 0.001 
p< 0.01 

p<0.05 
p<0.05 

p<0.05 
p<0.05 
p<0.05 

BARE SOIL 

8±3 
560±0 

0.5 ± 0.2 
0.2 ±0.2 
0.3 ± 0.3 
0.3±0. 1 

0.3 ± 0.2 
20. 1 ± 10.7

1.3 ±0.3
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TABLE 2 

Numbers of seedlings of common species presenl in Moy 1990 
within 5 x 5 m plots which received additional litter 
!approximately 500 g m·21 prior to fire in Morch 1989 and
adjacent areas wilh no added lilter, within kwongon vegetation
in east Durokoppin Nature Reserve. Doto ore from ten 50 cm x
50 cm quodrats token randomly within 3 litter-odded plots and
10 taken in immediately adjacent 5 x 5 rn areas !Mean ± l
S.E., wilh significance of difference indicated, as determined by
Monn-Whitney U test).

Acacia nigripilosa 

Allocosuorino compesfris 

Grevillea integrifolio 

Grevillea prilzelii 

Leucopogon homulosus 

Verlicordio chrysonlha 

LITTER ADDED 

3.5 ± 1.2 
3.9 ± l.4 
2.2± 1.5 
5.7 ± 2.2 
1.8 ± 1. 1 

0.2 ± 0.2 

in areas with litter added. Similarly, species most 
abundant in areas with no litter were also more 
abundant in the plots with no addition of litter. If 
seedling distributions were related only to the pre-fire 
distribution of litter and its effect in trapping seed, 
addition of litter shortly before the fire should have had 
no impact on seedling distributions. All the species 
recorded here store seed in the soil, except the two 
Atlocasuarina species, which maintain canopy seed 
stores. However, the fact that seedling numbers of 
Allocasuarina spp. were higher in the quadrats with 
litter and in quadrats with litter added indicates either 
tl1at these species may also have a soil seed store with 
heat-stimulated germination, or that seed dispersed 

100 

Durokoppin East 1 5-3-89 

Mixed heath 

�---------,''

p< 0.05 
p< 0.05 

p< 0.05 
p< 0.05 
p< 0.05 

ADJACENT 

0 
0.6± 0.6 
5.4 ± 2.0 
0.8 ± 0.4 

17.0 ± 5.0 
2 2 ± 0.6 

from the canopy germinates preferentially ( or 
seedlings survive better) in areas with a pre-fire litter 
cover. Clearly, more detailed study is required to 
investigate these possibilities. 

The results suggest that the effect of litter on fire 
treatment may be an important factor in determining 
post-fire seedling distributions. The mechanism for this 
is likely to be differential responses by the seeds of 
different species to fire treatment. It is likely that seeds 
of some species require a high temperature treatment 
to stimulate germination (Cushwa et al. 1968; Martin 
et al. 1975; Portlock et al. 1990; Auld and O'Connell 
1991; Bell et al. 1993), while seeds ofother species will 
be intolerant of high temperatures. Differential heating 

Durokoppin East 15-3-8� 

Ml xed heath + added litter 

100-r--------�--. ''
\ 

\ 
\ 

� 80 
C, 

\ 1 m above ground 
\ 

80 
\ '•

C: 
al 
.r:. 
0 

cn60 
C: 

'i 
0 

.r:. 
<II 

'E 40 
� 
0 ...� 
0.. 

20 

200 400 

' 
\ soil surface 
' 

\ 
\ ..... 2cm below soil surface
' ' ''

\ 
\ 

\ 
' 
\ 

\ ' '
\ 

600 

\ 
\ 

\ 
\ 

\ 

\ 
\ 
I 
I 
I 

800 
Temperature (°C) 

60 

40 

20 

200 

' 
\ • 
\ 
\ 
\ 
. 

\ ' ' ' ' ' • ' ' • ' • ' •
············... \ 

400 600 

' •
I 
I ' 
I 
I 

800 
Temperature (oC) 
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of seeds stored either in the canopy or in the soil wi.ll 
then result in a heterogeneous response to fire. We do 
not have data on the effects of elevated temperatures on 
germination of the species found in our study quadrats, 
but data on understorey species from Eucalyptus 
salmonophloia wood.land, another major vegetation type 
in the region, indicate that species' responses can vary 
markedly (Fig. 9). Some species were inhibited and 
others stimulated by high temperatures, and subtle 
differences in tempera ure response arc evident. Species 
coexistence may thus be facilitated by t!1eir differential 
responses to a heterogeneous fire treatment. 

In this respect, fire heterogeneity may be an 
important mechanism promoting t!1c maintenance of 
species diversity in shrublands and other vegetation 
types, in addition to ot!1er mechanisms proposed 
(Hnatiuk and Hopkins 1980; Hopkins and Griffin 
1984). Other studies have indicated the importance of 
heterogeneity in post-fire litter disrribution in 
determining species' establishment success (Enright and 
Lamont 1989; Lamont et al. 1993), but the present 
results indicate t!iat pre-fire distributions can also be 
important. 

CONCLUSIONS 

In this paper we have indicated that heterogeneity in 
fire severity is an important aspect of fires in shrub 
communities. This heterogeneity can be attributed to 
vari:.1bili yin ground and canopy foe! configurations, 
possibly in conjunction with va1i;1tion in wind strength 
during the course of a fire. The fires studied were both 
controlled management fires, and it is possible that 
such heterogeneity would be less evident in a wildfire 
situation. Nevertheless, even under such conditions it 
appears likely that variations in windspecd and in the 

74 

CALMScience 

distribution of canopy and, especia!ly, litter fuels would 
induce some spatial variation in fire treatment. This 
spatial variation in fire severity in turn influences the 
patterns of post-fire regeneration. 

Is t!1is spatial variability in fire severity important� 
Certainly, in order to derive an understanding of the 
processes influencing vegetation response to fire, it is 
important to recognize t!1at such variability exists (sec 
also Gill i98 l ). Fire studies frequently rely on simple 
descriptors which summarize the fire treatment, using 
mean fuel loadings and single parameter intensity 
measures. While this is probably appropriate for broad 
management considerations, for more focussed analysis 
of fire effects more consideration of fire heterogeneity 
is needed. The biota exhibits a varied response to fire, 
and heterogeneity in fire severity clearly has important 
ramifications for the long-term persistence of that 
biota. For management, the implication seems to be 
that heterogeneity of fire treatment should be aimed at; 
uniform !ow or high temperatures will not provide the 
range of treatments and hence cues for the range of 
species present. 

Th measurement of fire heterogeneity is an 
intensive process, requiring adequate replication and 
spatial coverage. The pyrometers more efficiently 
captured the range of spatial variation in temperature 
than did tl1e thermocouples, since these were restricted 
in number. Unfornmatcly, Thermocolor paints arc no 
longer available, and tests of alternatives have shown 
them to be less satisfactory. However, since variation in 
fire severity can be linked directly to fuel configuration 
;ind is :ilso probably mediated by windspeed variations, 
it should be possible to derive estimates of fire 
heterogeneity from tl1ese two variables. This then 
involves building variation into standard metl1ods of 
estimating fire intensity. 
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Figure 9. Germination (percentage) of three Acacia species which are common componellls of the understorey in Eucalyptus

salmonophloia woodland in the central wheatbelt, following various treatments. Seeds were scarified and subjected to 
different temperatures in an oven for JO minutes, placed on filter paper in petri dishes and watered regularly for 38 days. In 
addition, charcoal fragments were added to some dishes. Controls received 110 heat or charcoal. Five dishes were assigned to 
each treatment, with te11 seeds per dish. Asterisks indicate significant differences from control, as determined by I test on 
square root transformed data: * p <0.05, ** p<0.01, *** p< 0.001. 
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Tree mortality in relation to fire intensity in a tropical 
savanna of the l(akadu region, Northern Territory, 
Australia 

1 CSIRO Division ofWi ldJife and Ecology, PMB 44, Winnellic 0821 

orthern Territory. 

ABSTRACT 

Frequent fire is a feature of the tropical savannas of the 
I<akadu region of the Northern Territory. In a 
landscape-scale experiment at Kapalga Research Station 
in Kakadu, fires have been l i t experimental ly in 
catchments 1 5 -20 km2 in area, both early in the dry
season (June ) and late in the dry season (September) 
between 1 990 and 1 993 .  In Eucalyptus miniata -
E. tetrodonta forest the mean intensity of early dry
season fires ( 4200 kW m· 1 ) was less than that of the late
dry season fires (7800 kW m· 1 ), although there was
considerable spatial and yearly variation . In 199 1 -92 ,
two years after the commencement of  the fires, tree
mortali ty was greatest in compartments burnt late in
the dry season ( 1 5  .4 per cent), intermediate in
compartments burnt early in the dry season (7 .6 per
cent) and least in the unburnt compartments ( 3 . 5  per
cent) .  Season of burn, however, was not a statistically
significant predictor of tree mortality; maximum fire
intensity (fitted as a co-variate ) explained the majority
of the variation in tree mortality. Measurement of fire
intensity, which can be used as a co-variate in
experimental fire-effects studies, is thus a vital
component of fire experiments where season of burn is
a factor within the design.

INTRODUCTION 

Frequent fire  i s  a feature of the tropical savanna forests 
and wood lands of the 'Top End' of the Northern 
Territory. Tens of thousands of square kilometres burn 
each year during the dry season (Press 1988 ;  Graetz et 
al. 1992 ), and the vast majority of fires are deliberately 
l it by humans. The vegetation of the region is
predominately open savanna, with a discontinuous 
overstorey of Eucalyptus spp . and a more continuous 
understorey of annual and perennial grasses, forbs and 
small shrubs (Wilson et al. 1990 ) .  Press ( 1988)  

R .  J .  WILLIAMS 1

estimated that in the Alligator and Adelaide Rivers 
region, over 50  per cent of all lowland forest systems in 
al l  land use categories carried fire during the 1980-
1985 period. The fire-prone nature of the region is a 
consequence of the strongly seasonal climate. Summer 
rainfall is relatively high (800 - 1 800 mm)  and supports 
consistent annual growth of the understorey. The dry 
season is long (6 -9 months ) ,  hence fuels cure each year. 
Fire has been used for millennia by local aboriginal 
people, with a 9 . 5  month fire season, and a peak of 
activity in July (Braithwaite 199 1 ) . Fire is used currently 
as a management tool by most land users witl1in the 
region, and most fires are deli berately lit. Reasons for 
burning include fuel/hazard reduction , promotion of 
more palatable herbs and grasses, and emulation of 
traditional aboriginal burning practices. 

Within the World Heritage Kakadu National Park, 
prescribed fire is used within the savannas and 
grasslands by the managing agency (Austral ian National 
Conservation Agency; Anon . 1 989 ) .  Burning 
commences in the early dry season (May), and is mostly 
complete by August. Braithwaite and Estbergs ( 1985 )  
estimate that the  savannas of Kakadu are burnt two 
years in every tl1ree . Fire, and its effects, have been 
l ittle-studied in Kakadu . CSIRO is presently conducting 
a landscape-scale fire experiment in savannas at tl1e 
Kapalga Research Station within Kakadu National Park. 
The aim of this experiment is to assess the effects of 
various fire regimes on the soi ls ,  plants , invertebrates 
and vertebrates of the savannas (see papers by G. Cook, 
R. Braithwaite, tl1is volume) .  This paper presents data
on fire behaviour with respect to season of burn for the
years 1990- 1992, and effects of fi re on tree mortal ity.

METHODS 

Study Site 

Kapalga Research Station is 180 km east of Darwin and 
occupies some 700 km2

. Open eucalypt savannas
predominate on tl1e wel l -drained Lateritic soi ls of the 
drainage divides. Floodplain areas are occupied by 
treeless grasslands, and there are several pockets of 
monsoon vine forest .  For tl1c fire experiment, tl1e 
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region has been su bdrvided i nto a number of 
management compartments, which represent the 
catchments o f  minor streams wh ich drain into the 
su rrounding major river systems - the West Al l i gator 
and the Sou th A l l igator Rivers. Each compartment is 
1 5 -20 km 2 in area . Within each compartment a 
pernnnent, reference transect, 700 m long , has been 
established along a topographic -soi l - mo i s ture  gradient, 
from the more poorly-drained sha l low sands of the 
creek m argi n s ,  to he better dra ined loamy soils of the 
drainage divides; re l ief a long the transects is 1 0-30 m . 
The vegetation of the creek margi ns is woodland 
dominated by Eucalyptiu alba and E. papuana; the 
undcrstorey is mostly peren nial grasses . The vegetat ion 
of the better-drai ned soi ls is open forest of E. miniata 

and E. tetrodonta, with the u nderstorey dominated by a 
mi xture of annual grasses such as Sorghum intrans and 
perenn ia l  grasses such as Heteropogon triticcur. 

Fire Treatments 

Each compartment is subject o one of fo ur fi re 
regimes: 

( 1 )  ' Early dry season' ;  burnt once duri ng the early part 
of the dry season ( June). 

(2) ' Progressive'; burnt 3 ti mes ( J une , J uly and
September) dur ing the dry season as the  fuels cure;
the spatial pattern of bu rn i ng is concentri c ,  from
the outside of the com partment  to the  ins ide.

( 3 )  ' Late dry  season ' ;  burnt once dur ing  the l ate dry 
sc;1so11 (Scprcm bcr). 

(4) ' awra l ' ; u n b ur m  cont rol ;  fi re i� cxdudcd f i·om
these compart m ents, a l though one or two sma l l  
sca l e  ( < 1 ha) fi res have been detected ovcr the  s t udy
period.

For each of the ear ly, progressive and late fire 
regi mes, there are three repl icate compartments; the 
natural regime has four repl icates. Fires arc l it from 
vehicle-based grou n d  crews, and control led by a series 
of double- fuel breaks between compartments .  The 
bu rning regimes commenced in June 1 990 ,  and have 
been appl ied ann ual ly s ince then . The data presented in 
his paper arc from each of the th ree early and three late 

compartments and th ree of the four natural  
compa rtments . 

Fire Measurement 

Byram fi re- l ine i ntensity was determi ned for most of the 
exper imental early and late dry season fires l i t  between 
1 990 and 1 993 .  Intensity, I, is a measure of the energy 
release along the fire front, and is defined as the 
product of the heat content of the fuel ,  fuel standing 
crop, and the rate of forward spread of the fire l ine or 
perimeter; the un i ts are kW 111· 1 (Byram 1 9 59 ) .  The 
mineral - free heat of com bustion of the fuel was 
assumed to be 20 000 kJ kg· ' .  Rate of forward spread 
was determined using a ser ies of electronic fire timers 
over a representative 0 .5  ha area, as described by Moore 
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and Gill ( this volume) .  Fuel weight (kg m·2 ) was
det ermined directly by 5 x 0 .25 m2 g uadrats. For those 
compartments where intensity was not measured 
direct ly, intensity measu rements were based on rates of 
spread observed by the fire crews, coupled wi h 
empi r ical ly derived relationships between fire  intensity 
and canopy corch height (A.M. G i l l ,  P. M . Moore and 
R.J, Wil l iams; unpubl ished data) .  Based on the
experience of the fire crews and those i nvolved i n  di rect
measurem ent, these estimates are considered to be
accurate to wit h in  1 000 kW 111 · 1 , or a bou t 1 0  per cent .

Tree Morta lity 

The impact of the fi res of 1 990 on tree mortal ity was 
assessed by determining th e abundance of standing 
dead trees a long the permanent t ransects in each of 
tluee of the ear ly, late and n atural fi re compartments . 
M easurements were restricted to one widespread 
vegetation type: open E. miniata·E. tetrodonta forest 
on well drained !atcritic soils . The su rvey was carried 
out  at the end of the wet season ( Apri l -May) 1992 ,  two
ful l  growing seasons after the initial fi res .  The tota l
number of t rees ta l ler than 3 m in a 200 x 20 m section
of each permanent transect in this forest type was
counted for each of the three repl icate compartments
of the natura l ,  ea r ly and l ate fire reg imes .  For each tree,
the fol lowing attri butes were determi ned:  species, x, y
co-ordinates, height, diameter at breast height, and l i te
stare ( based on presence/absence o f  cpiconnic or basa l
rcsprouts; trunks without either were scored as dead) .
Approx i mately 2000 t rees in tota l were sam pled .

Data Analyses 

Fi re intensi ty data were analysed by repeated- measures 
ANOVA, fo l l owing log transformation.  Tree mortal ity 
was analysed by GLMs, usi n g  a bi nom ia l  error 
struct ure and logit l i nk function ; the design strata arc 
displayed in Table 1 .  Fined terms included fire i ntensity 
( fitted as an explanatory variable) , season of fi re ( ea rly, 
late, natura l )  and size class of i ndividual (> 3 - <6 m ,  >6-
<9 m, >9-< 1 2  m ,  > 12 - < 1 5  m ,  >15  m) .  The effects of 
both fire in tensity and season of fire were tested against 
the fire x repl icate interact ion ; d1e effect of si ze class 

TABLE I 

The design stro lo of !he lerms and inlerocl ions of the model fi t ted 
lo lhe lree mona l i ly data . 

TERM DF 

I ntens ity l 

Season of burn 2 
F i re . Rep !=Comportment ) 5 

Heigh!  class 4 

I n tens ity x heigh! class 4 
Season x height  class 8 

Residual 20 

To!ol 44 
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was tested against the overall residual . 
The analyses were conditioned by several l imitations 

of the design . First, the assessments of forest condition 
( canopy cover and standing dead) were undertaken at 
the end of the second growing season ( 199 1 - 1 992) , 
that is after two years worth of fires - 1990 and 1991 . 
For the analyses of co-variance, the maximum intensity 
of the fires applied to a given compartment during 
either the 1990 or 1991 dry seasons was fitted as the 
co-variate ( explanatory variable) . The primary reason 
for this was that for al l but two of the compartments 
the measured i ntensit ies between years varied by 
between 5 and 1 5  times, with the fires of l990 being 
overwhelmingly more intense . For the two 
compartments wherein this was not the case, fire 
intensity was similar between years. 

Secondly, one compartment in the late dry fire 
regime (Compartment F) was accidentally burnt in 
1990 at the time of the early dry season fires. It was 
burnt the following year at the experimentally correct 
time (September), with an intensity very simi lar to that 
of the previous year. To a l low for this design problem , 
two sets of analyses of mortality were undertaken . The 
first set was based on a non-orthogonal design with 
respect to season of burn ,  with three replicates for the 
natural fire treatment, four replicates for the early dry 
season fire treatment, and two replicates for the late dry 
season fire treatment. The second set was based on an 
orthogonal design, with three replicate compartments 
per fire regime, as if the accidental burning of 
Compartment F in June 1990 had not occurred. 

RESULTS 

Fire Intensity 

The average fire intensity for the early and late dry 
season fires for the years 1990- 1 992 are given in 
Table 2. The mean , overall intensity of early dry season 
fires ( 4200 ± 1 000 kW m· 1 ) was approximately half that 
of the late dry season fires (7800 ± 1750 kW m· 1 ),

although there was considerable spatial and yearly 
variation .  The fires of 1990 were the most intense. The 
peak fire intensity was 1 8  000 kW m· 1 , recorded on one 
of the late- fire compartments (Compartment G) in 
September 1990 .  Fires between 7000 and 10 000 
kW m· 1 occurred on tl1e early-fire compartments in 
June 1990. In 1 99 1 ,  fire intensity was substantial ly less 
than tl1at of 1990 ,  in both the early and late fires; there 

TABLE 2 

The average fire in tensity lkW m· 1 ; ± SE) for the ea rly and late 
dry season fires for the years 1 990- 1 992 , and the average 
(AVG) pooling years . 

EARLY 

1 990 
8300 ± 700 

1 99 1 
3200 ± 1 300 

was little difference in tl1e average intensity of the early 
and late fires during tl1at year. In 1 992, the intensity of 
the early fires was about one-third that of tl1e late fires . 
Despite the occurrence of several fires of relatively high 
intensity ( > 1 0  000 kW m·1 ) over this three-year period,
crown fires did not occur. Crown scorch , however, was 
complete in all fires of intensity greater than ca 7000 
kW m· ' .  

Tree Mortality 

Tree mortal ity, as expressed by the average percentage 
of standing dead trees tal ler than 3 m, in relation to 
season of fire is given in Table 3. For these data, 
Compartment F (the ' late '  compartment accidentally 
burnt 'ear ly' in 1 990 ) is included within the late dry 
season regime; averages determined by including the 
data from Compartment F within the early dry season 
fire regime were within 3 per cent of these figures . 
Mortality was greatest in the late-burnt compartments 
( 1 5  .4 per cent ) ; the comparative figures for the early­
burnt and unburnt compartments were 7 .6  per cent 
and 3 . 5  per cent (Table 3 ) . There was substantial 
within-treatment variation , however, and the effect of 
season of fire on mortal ity was not si gnificant (p>0. l ;  
2 ,5 Df) . Analysis ofco-variance , however, with 
maximum fire intensity over the 1990- 199 1 period as 
the explanatory variable , indicated that the effect of fire 
intensity on tree mortality was significant ( p<0 .05; 1 ,5 
Df) ; both non-orthogonal and orthogonal ANCOVAs 
gave similar results . 

TABLE 3 

Tree morta l ily, as expressed by the average percentage I± SE) of
standing dead trees tal ler than 3 m which were dead in April 
1 992 , by fire treatment (Natural or unburnt cont rol , Early dry 
season f i re , la te dry season lire) . F igures are fitted volues , based 
on GIMs which include lire in tensily and tree size as terms, 
pooling he ight class .  

F IRE TYPE 

Notural Early Lale 
Dry season Dry season 

3 .5  ± 0.9 7.6 ± 3 . 6  

1 992 AVG 
1 900 ± 500 4200 ± 1 000 

LATE 1 3 300 ± 1 900 3700 ± 2 1 00 6300 ± 1 000 7800 ± 1 750 
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Tree mortality was also significantly affected by tree 
si ze ( Fig.  1 )  and species (Table 4 ). Mortal i ty was 
greatest in the  sm:i l lest size cl ass ( 3 -6 m )  and least i n  
t h e  la rgest si ze class ( > 1 5  m ) .  Mort:i l i ty was also 
:iffected by species, bei ng less i n  the c:inopy dominants 
- Eucalyptus miniat1J and E. tetrodonta - than in the
canopy subdomin:ints such :is the legu minous t ree
Erythrophle1-1,m chlorostachys.

15  

3 6 9 1 2  1 5  
TREE HEIGHT (m) 

1 8  21 

Figure I .  Tree mortality as a .function of tree size. Figures 

are fitted values ( + SE), pooling season o
f 

fire and species. 

Tree height.I' are the 111 id-poi111s of the height classes 

indicated on. the X-axi.l'. 

TABLE 4 
F i l led values of morlo li ly by species, based on GLMs which 
i nc lude f i re inlensi ly and l ree species as le1rns . 

SPECIES 

Euco/yplus miniolo 

Euco/yplus lelrodonlo 

Erylhrophleum chlorostochys 

DISCUSSION 

Fire Behaviour 

MORTALITY 

2.6 + 0 .7  

3 . 2 + 0 .9  

5 . 2 + 1 . 9 

The envi ronmen t  of northern Australia is extremely fi r e ­
pronc. Th i .  i s  bec:iuse of the com bin:it ion of :i regu lar  
wet  season which  makes annua l  prod uct ion of fine fue ls  
possible, :1 long dry season which makes fuels  
flam mable f-i:.>r :i l l  but a few mo nths of the yc:ir, :ind th e 
existence of potential ignit ion sou rces from either 
h u man or non -h u man so urces over the whole of period 
when �i.Jc ls  a rc com bustible .  Thus, fi re i s  more freq u ent 
in  the  cuca lypt forests and woodlands of northern 
Austral ia ( every 1 - 2 years ) than in those of southern 
Austral ia ( every 5 -20 years :  Cheney 1 976; Stocker and 
Mott 198 1 ;  Walker 1 9 8 1 ) . 

Measu red fire intensity ranged from < 500 to 
1 8  000 kW m · 1 ; the latter was the most inten e fire 
measured in northern Austral i a .  Fire i ntensity at 
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Kapalga was low, however, relative to potential peak 
intensit ies of ca 1 00 000 kW m· 1 which may occur 
dur ing wi ldfire in the forests of south-eastern Ausu-alia 
( Gi l l  and Knight 1 99 1  ) .  In the present stu dy fire 
i ntensity varied with season o f  ignition . Over the years 
1 990- 1 992 , tl1e average intensi ty of fires in the early dry 
se:ison ( J une)  was less than that of tl1osc in the late dry 
season (September) ,  which is consistent  with the 
seasonal  pattern of both Forest and G rassland Fire 
Danger I ndices as determined by Gi l l  et al. ( 1 987, 
1 990 ) .  This is  due to a n u mber of factors . By the late 
dry season there is more fine fue l ,  pri mari ly as a 
conseq uence of i ncrca cd l eaf-fa l l  in the trees, both 
dcci duou and evergreen .  A fternoon relative hum idity 
decreases progressively throughout the dry season ,  thus 
i ncreas i ng the potent ia l  rates o f  spread ( Gi l l  et al. 1 98 7 ;  
G i l l  and  Knight 1 99 0 ) .  However, despi te the clear 
associat ion between season of burn and fi re intensity, in 
the present study there was u bstantia l  variation in fi re 
in tensiLy, both  t empora l ly :md spat ia l ly  (sec a lso 
Bowman 1988)  i ndi cati ng that season of burn is not a 
precise p redictor of l i re i ntensity. 

Effects of Fire on Savanna Trees 

There a re some aspects of th is  study wh ich must be 
t aken i nto acco u nt when assess ing the effects of fire on 
savanna t rees .  Tn t h i s  st udy, as in t hat of Lonsdale and 
Braithw:iite ( 1 99 1  ) ,  the effects of fi re on the savanna  
trees have been  determined by  a s ing le- t ime study of  
forest condit ion afrcr fi re, but withou pre -li re measures 
of forest cond i t ion .  Furt h er, r his  study is  i n  cHcc one 
o f  assessi ng t he effects of f i re fo l lowi n g  a set or
rebtivcly intense fi res i n  the fir t yc:ir of the
e xperimental burning - 1 99 0  - and a set of general ly
low i ntensity f ires in 1 99 l .  The fi res of 1 99 l were of
much lower i n tensi ty (5 - 1 5  t i mes less i ntense ) than
t hose of l 990 in  al l  but  two cases.  I n  these two cases,
the fi res of 199 1 were about the same as those of 1 990 .
I n dependent m easurem ents of tree mortal i ty  on other
reference plots fol lowing th e l 99 1 fires in dicate that
tree mortal i ty was mi nimal  ( R.. J .  Wi l l iams, u npu blished
data ) .  Hence it is  h i gh ly  l i kely that the main patterns of
stand condition measured on the exper imental
com partments at the end of the 1 99 1 - 1 992 growi ng
season renect the effects of the  fi res of 1 99 0 ,  rather
than the combined effects of the fi res of 1 990 and
1 99 1 .

The effect of fi re on p:it tcrns of tree mortal ity 
depended on i nteractions between fire in tensity, tree 
si ze and tree species .  Of the fi re variables ( fi re in tensity 
and season of burn ) ,  i nt ensity was a m ore powerful 
p redictor of overa l l  tree mortal ity than was season , 
which expl ai ned less tha n  5 per cen t  of the va riabi l i ty in 
tree mortal i ty. This docs not i m ply, however, that 
season is un important , and the i n teraction between 
se:ison and intensity i l i kely to be ecologica l ly  
significant.  For ex:imple, i n  most woody species the 
majority of flowering and leaf flush occurs between 
September and Novem ber ( B rock 1 9 8 8 ;  Wilson et al.
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1995 ) , hence fires in d1e late dry season are likely to
impact on these processes. 

Tree mortality was also affected by tree size and 
species . Mortality increased with decreasing tree size, 
and was lower in tl1e dominant eucalypts - E. miniata 
and E. tetrodonta - than in canopy subdominants such 
as Erythrophleum chlorortachys. Thus, fire has 
considerable potential to affect the species composition 
of savannas, given such differential susceptibi l ity to fire 
of the major trees, botl1 by species and by size. The 
reasons for this are at present unclear, but the 
relationship between bark th ickness and species 
susceptibility are currently being investigated. 

Management Implications 

The major management implications derived from this 
study are tl1at, first, season of fire is not necessarily a 
precise predictor of fire intensity; in some years, 
relatively intense fires can occur in the early dry season. 
The conditions determining these fires , and their degree 
of predictability, require further research. Second, s ingle 
intense fires may have dramatic and long-lasting effects 
on forest structure and composition. There is some 
evidence iliat following the most intense fires of 1990, 
regeneration in tree sapl ings (less than 3 m tal l) was 
stimulated on al l  burnt compartments . On tl1e other 
hand, rates of recruitment from this below-3 m fraction 
of die tree population to the above- 3 m fraction has 
been insufficient over the 1 99 1 - 1993 period to replace 
losses due to the fires of 1990 (R.J. Williams; 
unpublished data) . The old- growtl1 stems of adult trees, 
and the actively growing sapling stages are bod, 
important components of long-term pools and fluxes of 
both nutrients and carbon . Increased loss of these 
components of the forest due to high intensity fire may 
lead to depletion of nutrient supplies ( especially 
nitrogen ) and a decreased store of carbon (see G .  Cook 
et al.; this volume) . 

It is virtually impossible to prevent fire from 
occurring in the savannas of northern Austral ia . 
Therefore, the occu rrence and impacts of different fire 
regimes on forest regeneration ,  given tl1e variation i n  
botl1 timing and intensity of ftre, requires further study, 
to understand the impacts of both fire regimes, and 
individual fires . In particular, there is need for long 
term monitaring of both post- fire seedling 
establishment and tree mortal i ty; such studies are i n  
progress a t  Kapalga .  

In fire-impact studies, especial ly where season o f  
bum i s  a factor in the design, measurements of fire 
behaviour are critical to interpretation of biological 
response. Direct measures which reflect the amount 
and rate of heat energy released in the vicinity of plants 
are discussed elsewhere in this volume by Bu rrows and 
Tolhurst . However, fire intensity - an integrated 
measure of energy release - is a convenient measure of 
fire behaviour, suitable for large-scale fire experiments 
such as the Kapalga experiment. Equipment such as 

tl1at described by Moore and Gill (this volume ), and the 
empirical relationships between intensity and post - fi re 
attributes such as scorch height, are useful aids in this 
task. 
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Quantifying bushfires for ecology using two electronic 
devices a nd biological indicators 

1 CSI RO Divilion of Plant Industr y, GPO Box 1 600, Canberra 2601 ,  

ACT. 

ABSTRACT 

The main fire input to models concerned with the 
ecological impact of fires on biota or soils is 
temperature ,  either as a critical instantaneous value or 
as a t ime sequence .  An i nstrumented system for 
measuring temperature-time c urves in fires is described . 
B ased on shielded min era l - insulated thermocouples and 
a data logger, i t  h as proven to be effect ive, rugged , 
rel i able  and portable i n  a wide range of vegetation 
types . This system is relatively expensive . To obtain 
more ex tensive covera ge of fires , l ess expe nsively, and to 
also m easu re rates of spr ead of fires , a 'temperatu re­
res ide nce -tim e  meter' ( TRTM ) has been developed . 
This meter r eco rds the ti mes that tem peratures persist 
over a chosen value .  B y ana lysi ng 1 0 6  te mperature - tim e
cur ves from nea r  gro u n d  level duri ng fire s  in wo o dlan ds 
and fores ts at Ka kadu Nati on a l  Park, we have foun d 
th at the durations o f  c h osen h i gh temp eratu res were 
s tatistica lly inte rcorrel ated ( r> 0 . 82 ) bu t that the tim es
to reach peak tem peratures from 60°C (a measure o f
flame residence tim e )  were poorly correlated with these 
durations (r>0 .40 ) .  Both electronic devices have 
widespread application for studi es of f ire ecology. 
Selected botanical attribu tes may be used as post-hoc 
indicators of fire properties. 

I NTRODUCTION 

While ecological effects of fires are the result of the 
interactions between ecosystem properties and fire 
regimes , immediate impacts of f ires can be related to 
the severity of fires as measured by, for example, f ire 
intensity. While fire inte nsity - a measure of rate of heat 
re lease - is a most useful measure of f ires for ecological 
p urposes, it is a correl ative measure rather than an 
explanatory one. Explanatory models of immediate f ire 
effects invariably use f ire - induced temperatures as 
inputs. Why this is important is indicated by various 
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temperature thresholds approximating critical levels for 
various processes to achieve particular significance: 

• 60°C ,  denaturation of pro teins, h ydrated-cell death;
• 100°C, boiling point of water, temperature of

thermal arrest, desiccation of tissues;
• 300°C , ignition temperature , decomposition of

plant m ateria ls ,  ch arring of tissues ; 
• 500°C mineralization of organic matter. 

In al l cases, these thresholds vary som ewhat and are 
a ffected by duration of exposure .  In l eaf-s corch model s ,  
an instantaneous value of temperature for leaf death has 
o ften been used (e .g . Van Wa gner 1 9 7 3 )  or assumed, 
wh ile a model of bark death in Eucalyptus (Gi l l  et al.
198 6 )  used a 60°C temperature of cell death and the
time the external bark temperature persi s ted above 
1 00°C as inputs . Mercer et al. ( 1 9 9 3 ) used a lethal 
temperature of 70°C for seeds ( after B radstock et al.
1 99 3 )  and  various forms of external time-tem perature 
curves as i nputs to a m o del fo r  predictin g  th e  im pact o f
fire s  on survival o f  seeds i n  woody fr uits . I n  a soi l 
m odel , Aston and Gill ( 1 9 7 6 )  used a temperatu re -tim e
cu r ve at th e  su r face as an input .

M easuri ng temperatu re - time c urves at va rious 
positi o ns in  the fi re or plume is important for th e 
provision of suitable inputs to ecological models . Here 
we descri be a means of measuring the temperatu re- time 
profile during fires . As well, we describe an inst rument 
which measures periods of time its sensor experiences 
above-threshold temperatures while recording the t imes 
of arrival and departure of the f ire . The times of arrival 
of fires at a num ber of sensors can be used to measure 
rates of spread of f ires. Rate of spread is a crit ical 
component of intensity measurement. The profiling 
system allows intensive sets of measurements to be 
taken while the cheaper instrument measuring 
durations of elevated temperatures can be used to 
measure variation across landscapes . Interpreting fire 
conditions can be aided also by measurin g biological 
attributes which are discussed below. 

TEMPERATURE -TI M E  PROF I LES 

The temperature-time profiling system first developed 
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by the authors du ring 1 988 is an effective, rngged, 
portable, minim al cost, reliable system which is easily 
and quickly put in place in the field .  It uses 
thermocouple sensors displayed in vertical and 
horizontal arrays connected to a bu ried data logger. 
The thermocouples chosen for routine use were 
sta i n less-steel sheathed , mi nera l - insulated, chromcl ­
a l umel thermocouples (Type K, from 'Pyrosa les 
Austral ia ' ) 1 . 5 mm outside diameter encasing insu l;itcd 
wi res of 0 .25 mm diameter. The system has been used 
successfully in fires with i ntensities up to nearly 20 000 
kW 111 ·

1
• Using this system ,  temperatu res have been 

measured dur i ng fi res in hcath l :mds ,  111:i l lcc,  empcratc 
forests and tropica l woodbnds .  

Thermocoup le s ,  u n l ike pai nts or crayons, give the  
t ime course of temperatures. Gi l l  and Knight ( 1 99 1 )  
pointed o ut that tem perature measurement by 
thermocouple, strictly speaking, gives a ' thermocouple 
tem peratu re' rather than a 'fire temperature' because 
there arc l ikely to be non -equi l i brium exchanges of heat 
taking p l ace be tween fire and thermocoup le .  Using the 
same eq uipment each time a l lows legi timate 
compariso ns to be made. However, caution i n  
interpretat ion is needed when comparing le 1 1 1perat u n:.s 
from d i fferen t sets or eq uipment . 

A typical tcmpcram rc-t ime curve produced from 
the  instru ment is depicted i n  Figu re l :  i t  shows the 
usual rapid rise in temperature as the fi re reaches the  
d1ermocoupk and rhe  slower decl i n e  in temperat u re 
associated with t he pass ing of the  tbmes. The example 
is from a heigh t o f a bout  1 0  cm but the  usual 
deploymen t of the 9 thermocoup les i n  the verti c a l  
d i rect io n is from n ear grou n d  level ro  a he ight of 9 111 . 

Th e tcmper;it ure-ti m e  p rofi l ing system has now 
been used for five years in Austral ian vegetation types . 
The system used h as s imilari t i e s  to those used overseas 
by Bidwel l  and Engle ( 1 990 ) ,  and J acoby et al. ( 1 992) .  
However, these inst r umen t s  recorded temperatu res up 
to on ly 3 1 1 1 . 

The tempera tu re - t ime µrofi l ing system provides 
h igh q ua l iLy data for a si ng le  profile in the fire but ,  as 
the system req u i res a data logger and computer, i t  is 
re l atively expensive. 13cca usc fire attributes often vary 
widely from point to point wi thin a fire, addi tional 
measurements that can be taken over a wider area and 
less expensively, wou ld be usefu l .  The tempcrature­
residence-t i me meter (TRTM ) ,  descri bed below, is a 
novel instru ment that part ly  achieves this objective. 

THE TEMPERATURE-RESIDENCE-TIME 

METER 

' Residence t ime'  is one  t ime measure i n  the time­
dependent  wei ght- loss curve for fue l ,  a cu rve which 
reflects the heat generation ra c of the ti re. 'Residence 
time' has been defi ned as the period of flaming 
combustion ( Cheney 1 98 1 ) . However, as mentioned 
above, ecological studies may be concerned with times 
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above certain temperatures, if not the detai ls of the 
temperatu re-time curve, and these temperatures may be 
i n fluenced by charring combustion and residual heat in 
the env i ronment .  Rothermel and Deeming ( 1 980)  
suggested that the  flame-residence ti m e  i eq ual to the  
t ime from init ia l  temperatu re rise to the t ime of 
'definite drop' following attai nment of peak 
tem peratu re whereas the temperatu re- residence times 
are longer ( Fig. I ) . The TR.TM's measure the time 
registered by the thermocouples above a certain defined 
tem peratu re as wel l  a rates of spread of fi res. 

£.-' 

f1l 
� 

ii. 

I I 

__ J t., L-

700 
- PEAK TEMl'EUATURE

600 

500 

400 

300 ------ PE.RICO ABOVE 300'C 

200 

100 - PE.RIOD ABOVE lDO'C

�:..._ _______ - AMDrnNT TEMP. 

0 

0 50 1 00 150 200 

TIME (seconds) 

Pigurc I. A typical temperature- l ime curve for surface fires. 

'Time · is the elapsed time ftvm the first rise above ambient. 

1, is the flame residence t ime (Rothermel and Deeming

1 980). 

The TRTM , is a smal l instrum ent that is buried in 
soil w ith :i thermocoupl e sensor exposed above ground 
i n  t J1e path of a fire; it  records the times of fire arrival 
at, and departure from , the se nsor. The prototype was 
developed in 1 98 8 .  By having three o r  more meters la id 
out in tri angl es (Simard et al. 1 984) ,  rates of spread can 
be calculated from the arriva l ti mes of the fire at the 
apices of the triangles . 

The fire meter is com prised of a smal l µlast i c box 
( 1 2  cm x 6 . 5  cm x 4  cm . )  incorporating a digital 
stapwatch and electronic c i rcuits, a con nector for a 
detachable tJ1ermocouplc 1 and external electronic 
contacts (for  batch battery charging of meters i n  a 
'holding box' and for synchroniz ing the starting and 
resett ing of a l l  meters ) .  The detachable tJ1ermocouplc 
consists of 1 m of thermocouple w i re on a 60 cm lead 
of thermocouple exte nsion wire. 

The meter is tri ggered ( on or off) by a 
thermocouple-generated voltage equivalen t to an 
approximate thermocouple temperature of 200°C .  This 
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thermocouple temperature was chosen as being high 
enough to avoid triggering the meter in air and 
appropriate to indicate the presence of flames when 
placed 1 0  cm above the ground. The threshold level is  
'approximate' because '200°C' really represents the
difference in temperature between the exposed 
thermocouple and the cold junction buried in the soil; 
the error due to variation in soi l ,  and cold-junction, 
temperature is relatively smal l .  The threshold 
temperature can be adjusted to the user's specifications . 

The thermocouples chosen for routine use were the 
same as those used for the temperature-time-profiling 
system . They were effective, rugged and rel iable. Fused 
bare-wire thermocouples of the same 0 .25  mm 
diameter continually broke down, short circuited or 
turned the instruments off prematurely ( due to their 
sensitivity to cooler-air pulses within the fire as the 
flames died down) .  A finer-drawn version of the 
sheathed thermocouple with a 1 mm outer diameter 
was found to be satisfactory in terms of ruggedness and 
reliability on most occasions but there were more 
breakdowns with this than with the larger-diameter 
version. Because of the detachable nature of the 
thermocouples, users can choose the thermocouple 
most appropriate to their particular needs. 

TRTM is a reliable, relatively inexpensive, portable , 
reusable instrument suitable for grass and litter fires of 
intensities up to at least 18 000 kW m·• . 

We have analysed 106 temperature-time curves from 
thermocouples placed 5 to 10  cm above ground during 
fires in woodlands and forests in Kakadu National Park. 
The durations of temperatures above 60 , 100 , 200, 300 
and 400°C were all intercorrelated with statistically
significant correlation co-efficients between 0.82 and 
0 .96 .  The period from the time the thermocouple 
reached 60°C to the time it reached peak temperature -
a measure of flame-residence time - was highly 
significantly correlated with the other times recorded 
above but with the relatively low correlation coefficients 
between 0.40 and 0 .54. Thus, there is a trend indicated 
between 'flame residence time' and ' temperature 
residence time' but prediction of one from the other on 
the basis of these measurements is inappropriate . 

For rate of spread measurement, the TRTM, is a 
development of the instrument reported by Blank and 
Simard ( 1983 ) .  The latter workers used a piece of 
solder to sense the fire (by melting). TRTM may be 
reused without sensor replacement, is easier to read, 
and has greater reliabi l ity and sensitivity than Blank and 
Simard's instrument; it is more expensive but still of a 
reasonable cost . 

FIRE INTENSITY AND TEMPERATURE 

Fire intensity has become a standard variable to 
measure in studies of fire ecology so it is of interest to 

examine the relationship between intensity and 
temperature. Intensity is a measure of the rate of heat 
release per length of fire-line (fire-line intensity, 1

8
, 

Byram 1959) or burning area (reaction intensity, IR, 
Rothermel 1972) .  

IR
=IB.d 

where d is the flame depth . 

I
8
=H.w,r 

where I
8 

is the intensity in kW m· 1 , H is the heat of 
combustion in kj kg· • ,  w is the fuel loading in kg m·2 

and r is the rate of spread in m sec· 1 • 

Current theory links intensity, I, and peak 
temperature of the temperature-time curve, Tm' at 
different heights, z, but only in the plume weU above 
flames (Yih 1952; Van Wagner 1973 ) :  

T., - T,  = k(Io.61 /z) 

where T, is the ambient temperature and k is a 
constant. Recent work by Weber et al. ( 199 3 )  examines 
the problem of extending equations to the prediction of 
temperatures in the flaming zone. The relationships in 
the equation above appear to have limited value for 
ecological studies because of their applicabil ity to the 
plume of the fire only and because temperature 
duration is not predicted. However, in the above­
mentioned studies by the authors at I<akadu National 
Park, correlations between peak temperatures and 
durations of temperature above 60 , 100 ,  200 , 300 and 
400°C in the 106 curves analysed were statistically
significant with correlation coefficients between 0 . 64 
and 0 .82. 

BIOLOGICAL INDICATORS OF 

TEMPERATURES 

Post-hoc indicators of fire severities for ecological 
studies are useful because fires may occur unexpectedly 
in study areas and intensity limits to fire control (Luke 
and McArthur 1978 ) may limit experimentation. The 
'indicators' can be the items of interest to the ecologist 
but to put the situation into a management context 
may require a knowledge of the links between fire 
properties and the 'indicators' themselves. Common 
indicators are height of leaf scorch (Fig.2) while less 
commonly considered are thickness-profiles of bark lost 
from smooth -barked trees (Fig . 3 ;  Gill 198 1 )  and 
heights of leaf char (Fig.4) .  Diameters of live stems 
consumed by fire at different heights provides another 
indicator (Fig. 5 ) .  When considering biological 
indicators it is important to remember that, apart from 
the fire itself, immediate prefire tissue temperatures and 
moisture contents and species effects may be important 
in determining the observed results. 
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Figure 2. Maximum height of leaf scorch as a function of 
maximum temperature reached in temperature-lime profiles 
during fires at Kakadu National Park in /990-/99/. 
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Figure 3. Thicknesses of decorticated bark as a function of 
sample height on mature smooth-barked trees following fires. 
The examples, all from south-eastern Australia, were chosen 
10 show bark losses in fire.r producing a range of scorch 
heights. 
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Figure 4. Maximum heights of leaf charring as a function of 
maximum temperature reached in temperature-time profiles 
during fires at Kakadu National Park in 1990-199 J. 
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Figure 5. Diameters of live stems, twigs or branches of 
ma/lee eucalypts consumed by fire at various heights during 
fires at Yathong Nature Reserve, New South Wales, 
December 1991. 
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CONCLUSIONS 

Two useful instruments with widespread application 
have been described and thoroughly tested. The 
temperarure-time-pro6ling system measures profiles of 
temperatures for the duration of the fire. The 
temperature-residence-time meter measures the times 
of arrival and departure of a fire at a thermocouple 
sensor and records the duration of exposure of the 
sensor above a threshold value. From triangulated 
TRTM measurements, the rate of spread of a fire can 
be measured. The authors have found the instruments 
to be rugged, reliable, portable and effective. In the 
absence of such instruments, biological indicators may 
be used but their study is in it's infancy. 
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Using technology to facilitate community preparedness 
( abstract only) 

1 Country Fire Authority, PO Box 71, Mt Waverley 3149, Victoria. 

M. WHELAN 1

ABSTRACT 

Fire authorities constantly strive to improve their 
capacity to control bushfires, using tl1e results of 
inquiries and research. Significant gains have been 
achieved in strike power and organisation have been 
achieved following major bushfires. Despite mis, 
however, significant life and property loss are still likely 
in major bushfires in the urban interface. 

This paper considers the public warning and 
importance of providing knowledge of the bushfire 
phenomena and real time information on the 
immediate fire threat. It reviews a new Country Fire 
Austhority (CFA) project, Community Fireguard, 
which targets people in high fire hazard areas witl1 a 
view to getting them to accept responsibility for their 
own bushfire safety. The CFA's technological duust 
using sophisticated computer technology is also 
considered in the context of being better able to 
provide real time fire spread information to the 
threatened public. 
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Analysis of rural ignition patterns on Canberra's 

urban/rural interface 

1 ACT Rural Fire Service, PO Box 104, Curtin 2605, ACT. 

ABSTRACT 

An approach to using records of man-made ignition 
patterns, as part of the overall system for rural fire 
hazard management in the ACT, is presented. The area 
being managed has been divided into blocks exhibiting 
a relatively uniform land-use pattern. A predictive 
model relates expected number of ignitions per square 
kilometre per annum to distance from suburbs and 
principal land-use. 

The relationship between ignition rates, land-use 
types and distance from nearest suburbs shows that 
Canberra Nature Park, industrial lands, commercial 
sites and pine plantations all have relatively frequent 
ignitions ( expressed as number of fires per square 
kilometre per annum) close to suburbs. Ignition rates in 
the Nature Park and commercial sites decline rapidly as 
distance from nearest suburbs increases. Rural lands 
have constant, low ignition rates. 

Some implications of these patterns arc discussed. 
An urban/rural interface transition zone can be defined 
using the model. The model allows improved liaison 
with planning authorities and land managers. It also 
offers a quantitative method for setting standards of fire 
response. 

INTRODUCTION 

The urban/rural interface of Canberra is a major 
problem for fire managers and land managers. The 
basic planning philosophy of Canberra as a 'bush 
capital', with abundant open space (Seddon 1977), has 
led to discrete town centres being developed, separated 
by hills and ridges that are left undeveloped. The 
growth of the city is by means of the building of largely 
contiguous new suburbs, each of which replaces 
traditional rural land-uses. There is thus a very 
convoluted and long interface1

• A recent trend towards 
urban consolidation may do little to counter this. The

R. H. D. McRAE 1

interface is almost entirely classic [ clearly demarcated 
transition], with some occluded interface [rural 
intruding into urban] and very little mixed interface 
[ urban outliers in rural areas] ( using the terms of 
Laughlin and Page 1987). 

As part of an assessment of rural fire hazard in the 
ACT (McRae 1991), the following process was carried 
out: 

• Define the problem to be addressed. Here rural fire
hazard was defined as being:

Hazard: A measure of how frequently fires occur, how 
quickly they spread and how close they are to life and 
property. 

This may be restated from an operational 
perspective as being a need to provide quick detection, 
quick response and quick suppression. 

• Devise a process that allows a quantitative or semi­
quantitative assessment of hazard. This was done
through a flow chart that led from raw data
through to modelled indices (Fig. 1).

• Devise ways of using the assessment to guide
management and planning for land-use and fire. If
the hazard were assessed as being high, then
working backwards through the flow chart provides
an indication of the most effective ways of
mitigating the hazard - and also indicates which
factors are not able to be managed (such as being
prone to natural - i.e. lightning - ignitions, see
Figure 2). Further, the modelling software indicates
which of the component indices contributed most
to the hazard value. These guides permit cost­
effective hazard mitigation.

Achieving the relatively straight-forward process 
outlined above proved quite difficult in a number of 
respects. The prediction of areas prone to lightning 
ignition required a new procedure to be developed 

' With o populotton or over 290 000 In 1993. Canberra hod on lnlerloce 
esttmoled lo be 1400 km In lenglh. 
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Figure 2. Area distributions for sub-Fire Accounting Blocks 
in the ACT. 

(McRae 1992). There was little known about the 
spatial distribution of ignition patterns around 
Canberra's urban interface, or even their distribution 
among generic land-use types. The ACT Bush Fire 
Council's fire records archive proved an invaluable and 
almost complete source of information, allowing many 
of the problems to be solved. 

The full-time emergency agencies in the ACT are 
now combined as the Emergency Management Group, 
with agency identities retained, but centralizing of all 
support roles. This group is revitalizing the Emergency 
Planning process, and has adopted an 'all-hazards' 
approach to finding the balance between: 
• overall threats to the community;
• agencies' capabilities to respond to emergencies;
• the need for cost effectiveness.

METHODS 

As part of the assessment of rural fire hazard in the 
ACT, and the on-going establishment of a quantitative 
foundation for the new Emergency Management 
Group, a number of steps have been taken towards a 
quantitative analysis of fire ignition patterns. This paper 
deals with one aspect of this work - the detailed 
relationships between ignition frequency and land-use 
and proximity to suburban development. 

The ACT was divided into a series of blocks with 
relatively uniform land-use patterns, called Fire 
Accounting Blocks (FABs). Some of these were divided 
further, by progressing into a finer scale of resolution, 
into sub-FABs (sFABs). There were 182 of these. For 
each sFAB, the area in square kilometres was calculated, 
and the number of recorded fires over the last 11 years 
was noted from operational archives. The observed 
average number of fires per square kilometre per 
annum, the Man-made Ignition Index (Mil

0b
,), was 

calculated as the fire tally divided by the area divided by 
11, the number of years of observation. Changes in 
land-use during the time interval were taken into 
account. The frequency distribution of sFABs in area 
classes is shown in Figure 2. 

The principal land-use (PLU) for each sFAB was 
determined from maps, air photos and office records. A 
distance (DIST), in kilometres, from the centre of each 
sFAB to the nearest edge of suburban development was 
calculated. 

A line of best fit was obtained which, for each PLU, 
could predict ignition frequency (MII

P
,) given DIST. 

The equation for the model is: 

MII
P
rc = e •* e (b' DIST) 

which was reduced to a linear form that allowed easier 
fitting of the constants: 

log.(MIIrJ =a+ b* DIST 

The values of a and b were determined for each 
principal land-use. Unfortunately, low sample sizes 
prevented formal regression analysis, Lines instead being 
fitted to the data by eye. 

RESULTS 

The values of the constants are shown in Table 1 and 
the curves generated by tl1e model for each land-use are 
graphed in Figure 3. The general nature of the 
equation is that with increasing distance from suburbs 
the ignition frequency starts from an initial value and 
declines towards zero. The initial value varies widely, as 
does the rate of decline. In one case the rate of decline 
is zero, i.e. the value is constant. 

In general, small sample sizes ruled out a 
quantitative assessment of the goodness of fit for tl1e 
model. However, the general trends are clear enough 
for the model to be useful. Furtl1er work is required to 
improve the statistical rigour of the model. 
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Figure 3. The relationship between predicted ignition 

frequency and distance from nearest suburb (ranging up to 

JO km) for each principal land-use. 
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TABLE 1 
The areas of eoc.h principal land-use lype. together with the 
values of the two constants used in the predictive model for 
ignition frequency. Also shown for the lond-uses ore categories 
(zero, low, moderate and high) describing the relative initial 
value of ignition frequency and its relative rate of decline with 
distance from nearest suburb. 

AREA VALUE FOR 
PRINCIPAL LA D-USE (km21 CONSTANT A 

Canberra Nature Pork0 56 0.3 
Industrial site 16 0.1 
Pine planlation 235 ·0.3
Commercial site 15 -0.2
Open space 30 · l.2
Natural land 1090 -1.3
Semi-industrial site 10 -1.7
Rood corridor 93 · 1.9
Rural lands 526 -4.3
Urban 150 n.o.

VALUE FOR 
CONSTANTB 

-2.1
·0.04
-0.4
·2 2
-0.4
-0.4
·0.5
·0.l
0

n.a.

I ITIAL 
VALUE OF 
IGNITION 

FREQUENCY 

High 
High 

Moderate 
Moderate 
Moderate 
Moderate 

Low 
Low 
Low 
n.a.

RATE OF 
DECLINE OF 
IGNITION 

FREQUENCY 

High 
Low 

Moderate 
High 

Moderate 
Moderate 
Moderate 

Low 
Zero 
n.a.

•CN.P. is a series of discrete natural or semi-naturol lond parcels in ond around the city, managed for recreation ond conservation.

APPLICATIONS - RESPONDING TO 

PATTERNS IN IGNITION FREQUENCIES 

The predicted ignition frequency model assumes that all 
of the spatial pattern in ignition frequencies can be 
related to distance from closest suburb and principal 
land-use. To interpret this, the suburbs may be viewed 
as a source of ignition in the form of people going into 
nearby open-space and related :ircas for various 
purposes, but in the process causing fires, either 
m:iliciously, carelessly or accidentally. The destination 
can be either 'whatever is on the other side of the 
fence', or some specific attraction, such as a favoured 
picnic spot or a site favoured because arson may be 
carried out with little risk of detection. However, the 
magnitude of all of these effects declines with distance 
from snburbs. 

Among the issues arising from this that arc now 
being addressed in the ACT arc: 

(I) Definition of an interfocc transition zone.
(2) Liaison with planning authorities.
(3) Liaison with land managers.
( 4) Standards of fire response.
(5) Decision support for dispatch.

96 

CAlMScience 

Definition of an Interface Transition Zone 

The predicted ignition frequency patterns can be used 
to define an urban/rural interface transition zone. 
Rather than addressing the interface itself, this 
approach considers the transition zone on the rural side 
of it where rural fires arc most frequent. 

The zone can be defined as including all points 
where predicted ignition frequency exceeds a specified 
value. (Lands closer in to the submbs with different 
principal land-use may be outside the zone.) Two 
approaches to the cut-off value examined are: 
• Predicted ignition frequency is 50 per cent of what

it would have been if that land were adjacent to
suburbia.

• A constant value for predicted ignition frequency
(such as 1.0, 0.5 or 0.25 fires per square kilometre
per annum).

Table 2 shows the results of these. 
From the perspective of fire managemem in the 

ACT, no formal definition has yet been adopted, but 
that based on a predicted ignition frequency of 0.25 
fires per square kilometre per annum appears the most 
valuable as a starting point as it quantifies existing 
working arrangements. The zone resulting from this is 
identified in the map in Figure 4. 
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TABLE 2 

Definilions of rhe interlace transition zone, based on distance 
from suburbs to achieve specified ignilion frequencies. All 
dislonces ore given in kilometres. 

DISTANCE 
TO 50 PER 
CENT OF 

PRINCIPAL LAND-USE /1111>:t.lMUM 
FREQUENCY 

Canberra Nalure Pork 0.33 
Industrial site 17.31 
Pine planrotion 1.88 

Commercial site 0.90 
Open space 1.74 
Natural land 1.58 
Semi-industrial site 1.32 

Rood corridor 5.34 
Rural lands n.a.
Urban n.a.

C:>Hall 

Figure 4. Map of the ACT urban/rural interface transition

zone ( shaded black). The outlined areas are suburban 

development. 

DISTANCE DISTANCE DISTANCE TO 
TO 1.0 FIRES TO 0.5 FIRES 025 FIRES 

PER km2 PER km2 PER km2 

PER ANNUM PER ANNUM PER ANNUM 

0.14 0.47 0.80 
2.5 19.83 37.16 

1.06 2.94 
0.22 0.53 

0.47 
0.20 

Land-use Planning Guidance 

The model can be used to guide cost-effective land-use 
planning. Planning authorities are constantly 
attempting to balance a broad-spectrum of competing 
demands in urban or rural environments. One of these, 
protection from wildfire, has rarely been satisfactorily 
quantified, and has thus often been given a lower 
priority than factors such as visual and recreational 
amenity or traffic flow. Changes in public perceptions 
and the threat of massive economic impact following 
large wildfires are forcing a change in both the effort 
expended in addressing the threat and in prioritizing 
protection measures. 

Obvious strategies suggested by this include: 
• Conducting an assessment of the overall impact on

the local fire problem arising from a development
proposal, allowing cost effective fire protection and
forecasting of impacts on the work.loads of fire
agencies.

• Liaising with planners to ensure that lands adjoining
new suburbs are not those with the highest
predicted ignition frequency. For example, general
open space is better from this perspective than a
pine forest.

• A 'buffer' of less ignition prone lands between
suburbs and other land-uses could prove effective. A
buffer widtl1 of 200 m would significantly alter
ignition frequencies. Buffers would also improve fire
protection for the interface, and, if properly
designed, could reduce maintenance costs - for
example, by reducing the need for fire fuel
management.
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Land Management Agency Liaison 

The on-going liaison between Rural Fire Service and 
Government land management agencies and rural 
clements of the private sector benefits through use of 
the model to allow fu II recognition of the potential 
impacts of the ignition patterns. The need for plans of 
management to be prepared or the threat of economic 
impact drives the timetable for this process. 

A nLtmber of measures arc currently in place in the 
ACT, inclLtding: 
• Liaising with land management agencies to ensure

that their management goals are linked into ignition
patterns. As an example, of two similar sites for a
rare plant species, one closer to suburbia will have
less chance of long-term survival since it has a
higher ignition frequency. Both sites may, however,
be given an equal chance of survival by expending
more fire suppression or fire protection effort to the
area closer to suburbia. However, this requires an
on-going commitment and may have a large impact
upon a limited budget.

• Where the land management agencies provide fire
suppression resources, tl1e deployment of these is
optimized with respect to proximity to current
ignition patterns, minimizing travel times, and
management of the total costs of having resources
committed to fire duties.

• We are seeking a better understanding of the
reasons when the observed ignition frequency differs
greatly from the predicted ignition frequency. Low

TABLE 3 

Comparison of characterislics of lhe lronsilion zone and other 
rurol lands. 

COMPONENT 

lgnilion frequency 

Deteclion 

TRANSITION ZONE 

High, rapidly decoying wilh distance 

from neoresl suburb. 

Good - '000' coils from public. 

observed values may be due to some aspect of local 
land management. For instance, some lands in 
Canberra arc managed a part of the scat of Federal 
Government and are not used by the public in the 
same way as other lands. Al o, the results of changes 
in land management may take a number of years to 
show up clearly in the observations. Finally, 
localized increases in ignition frequencies may be. 
due to the actions of arsonists, and we are working 
closely with the Australian Federal Police on 
utilizing these observations for law enforcement. 

These measures may suggest locally applicable ways 
of preventing fire, but they must also be compatible 
with any current plans of management. Por example, 
closing an access road into an area of high recreational 
demand would reduce fire frequency in the area, but 
this may be counter to public expectations expressed 
during the preparation of the plan of managemenL. 

Standard of response 

The predicted ignition frequency pattern can be a 
cornerstone of cost-effective rnral fire protection. The 
interface transition zone can be used to determine a 
specific standard for response, based on detection, 
actual response times and number of units dispatched. 
Each component of the standard can be optimized with 
respect to both the standard and cost. 

Table 3 highlights some of the problems posed by 
the transition zone in comparison with other rural 
lands. 

OTHER RURAL lANDS 

Low, opproximotely conslanl, nalural ignilion 

polterns prominent. 

Poor. Need commilment lo sloffing fire lower 

network. 

Access Good. /Vv:Jny access poinls from suburbs, 
frequent vehicular tracks. Some hindrance 
from drains, etc. 

Spa rse rural rood network, few access tracks. 

Need to travel cross-country. 

Access strolegy 
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Urban units radiate oul from urban centres. 
Rural units deployed at key paints on rurol 

periphery, or converge from outer rural oreos. 

Local units nearby. other units hove large distances 

to ravel. 
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Identification of a separate transition zone permits 
separate standards of response to be applied: 

Transition Zone: As the fire danger index goes up, 
required response times become shorter, reflecting the 
expected increase in potential rate-of-spread. ote that 
i n  the ACT there is a lower l imit of perhaps 1 0  minutes 
which cannot be bettered without undue cost to the 
community. 

Other : Response times for first and second units , 
and their destination with respect to incident, should 
reflect the value of the Control Urgency Index ( CUI, 
McRae 199 1 ), as indicated in Table 4. Control 
Urgency Index is a component of the ACT Rural Fire 
Hazard Assessment and reflects proximity to property 
or resources. 

These times could be improved considerably as fire 
danger index increases and units are strategically 
deployed , but the degree of improvement that can 
realistical ly be achieved represents a bal ance between 
the cost of standby and perceived threat to the 
community. 

TABLE 4 

Goa ls for Standards of travel t ime outs ide the interface transit ion 
zone . 

CONTROL 
URGENCY 
OBJECTIVE 

5 

4 

3 

2 

INDEX 

20 minutes 

20 minutes 
30 minutes 
45 mi nutes 

1 hour 

1 ST UNIT 

30 mi nutes 
45 mi nutes 

1 hour 

2 hours 
As needed 

Decision Support for Dispatch 

2ND UNIT 

At fire 

At fire 

At fire 
In area 

In oreo 

Software has been developed, and is being refi ned, that 
uses all of the above clements, and the detai ls of timing 
and location from the Rural Fire Service standby roster, 
to advise on the most appropriate units to dispatch to 
any location.  This can be the key to ensuring that the 
standards of response arc met as often as possible . 

CONCLUSION 

This analysis of  historical data for the ACT has 
confirmed the conventional ,  subjective opinion that 
most fires occur close to the urban/rural interface. A 

clear pattern emerged relating land-use and distance 
from nearest suburb to the frequency of ignitions .  

At a time when the ACT's urban and rural fire 
services are having to learn how to work together more 
closely this finding is of great benefit. 

The Emergency Management Group has recently 
redefined the legal definition of the fire services' 
juri sdictions to reflect land-use planning pol ic ies in the 
Territory's key planning instruments, the Terri tory 
Plan ,  developed by the ACT Government's Territory 
Planning Authority, and the National Capital Plan, 
developed by the Federal Government's National 
Capital Planning Authority. 

As jurisdiction is now based on land-use, and land ­
use is being used to quantify fire management on the 
urban/rural interface, we have been able to resolve 
what has been a major issue for interface fire protection. 

There were insufficient data on ignition patterns to 
permit proper statistical analysis .  Forthcoming fire 
seasons wil l  see data being collected specifical ly for this 
purpose. There is a continuing dilemma in the ACT -
the balance between resolution and precis ion .  The area 
is so small that a compromise must be reached between 
div id ing any data set up to resolve the interaction of 
determining factors and yet stil l havi ng enough 
replicates to al low rigorous analysis . This applies in 
spatial and temporal analyses . A further problem witl1 
temporal analyses is that the growth of the city is so
rapid that the extension of the duration of an historical 
analysis in order to gain extra precision must be 
cognisant of the fact that past trends may no longer be 
relevant. 
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ABSTRACT 

To date, there have generally been two approaches to 
mitigating building destruction. One approach has 
been to manage the vegetation (the 'landscape 
approach') whereas the other has been to select 
building materials and designs to minimize the effect of 
the bushfire attack (the 'building approach'). There is a 
need to combine these two approaches and this paper 
suggests that it can be done on the basis of the agents 
by which bushfires ignite, damage and destroy 
buildings, viz. burning debris, radiant heat, flame and 
wind. 

A model to combine these approaches might be 
comprised of three modules: 

(a) the first module is the potential bushfire attack,
based upon the properties of the vegetation
producing that attack;

(b) the second module is the modification of the attack
by the environmental conditions and the landscape
(this provides the opportunity to use the 'landscape
approach'); and

(c) the third module is the reaction of building
materials and design to the (modified) bushfire
attack (this provides for the 'building approach').

This paper describes such an integrated model, 
briefly discusses the current state of knowledge with 
regard to the modules and the research that is needed 
to realize a quantitative model. 

INTRODUCTION 

A significant portion of the cost of bushfires in Australia 
is the destruction of buildings and the loss oflife. For 
example, the 1983 Ash Wednesday fires in Victoria and 
South Australia caused the loss of76 lives and damage 
estimated at $400 million which included some 2463 

houses (Ramsay eta!. 1986). Most of the buildings at 
risk were those situated at the interface between urban 
development and the countryside. Such development is 
increasing as cities and towns spread, lower-priced 
housing is needed, and the demand for recreational and 
permanent housing increases in areas where landscape 
and indigenous vegetation provide desirable 
environments. The nature of the countryside 
comprising the interface varies considerably and may 
include farms, orchards, forest plantations, national 
parks, state forests and undeveloped areas. However, 
the most desirable areas appear to be those with an 
abundance of indigenous vegetation, and consequent 
high bushfire potential. 

These trends reinforce the need to give more 
attention to design for the survival of buildings in 
bushfires and for better information to facilitate such 
activities. This paper addresses the need for an 
integrated model, based on the underlying mechanisms 
which cause the ignhion and destruction of buildings, 
which could be used to facilitate the design of buildings 
and their surrounding landscape. 

MECHANISMS OF BUSHFIRE ATTACK 

The mechanisms of bushfire attack, which have been 
established (Barrow 1945; Cole 1983; Ramsay et at.

1986; Wilson and Ferguson 1986) by examination of 
buildings ( or their remains) which have been subjected 
to bushfires, are: 

(a) ignition by burning debris (carried by wind);

(b) ignition and damage by radiant heat;

( c) ignition by flame contact; and

( d) damage caused by wind accompanying the fire.

Ignition by burning debris is generally believed to 
be the major mechanism and this may occur in a 
number of ways. The burning debris, along with other 
windborne combustible material such as leaves and 
twigs, can: 
(a) pile up against combustible materials used at, or

near, ground level as stumps, posts, subfloor
enclosures, steps, door frames and window frames;
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( b )  accumulate on combustible m aterials used for decks 
verandahs, pergolas and window si l ls ;

' 

( c )  lodge in gaps and crann i es in combustible materials
used for exterior wal l  c ladding, wi ndow frames and
door frames; and

( d) gain entry to the interior of the building through
b1·okcn windows ( damaged by radiant heat , the
force of the wind or flying debris), or through gaps
in the exter ior wall or roof cladding. Once inside the
bu i ld ing,  the bu rning debris may ignite framing,
fitt ings and contents .

The small igni t ions i nd uced gradua l ly  get l a rger, 
involvi ng other com b ustible parts of the bui ld ing and 
its conten ts, u nti l  the bui lding becomes total ly involved 
in fi re .  

Hc:i.t radi ated from a bushfi re may ass ist ignition 
caused by bu rn i ng debris .  It may do this by preheating 
the bu i lding and its contents, or by breaking the 
glning of wi ndows, al lowing burning debris to enter 
the bu i lding. f n  extreme cases , the heat may be 
sufficien t to directly i gn ite the co mbustible exterior 
parts of the building and the interior fomish i ngs 
situated near windows. Flame from the bush f-i re may 
also ignite com bust ib le exterior parts of the bui lding, 
particularly i f  vegetation located di rect ly against the 
bu i ldi n g  catches a l ight .  

W i nd carries bu rning debris, driving i t  against or 
i nto a bu i lding, as well as large items such as branches 
and bui lding m ateri als which may break windows and 
damage roof-ing. The fo rces produced by the wind may 
also damage :i. bui lding by breaking windows, removi ng 
port ions of the wall and roof cladding o r  loosening 
them;  this assists the entry of b u rning debris and leads 
to the u lti mate destruction of the bu i ldi ng. 

CURRENT DESIGN APPROACHES 

To date ,  there have general ly been two approaches to 
mit igati n g  bu i ld ing destruction .  The fi rst approach has 
been to manage the vegetat ion by means of fuel 
reduction and firebreaks. This approach has become 
more sophisticated with the use of measures such as 
w indbreaks, suitable location of amenit ies :md 
protect ive pbnt ings, and is refe rred to i n  this paper as 
the ' l andscape approach' . The seco nd approach has 
been to select bui lding materia ls and designs which 
were believed to m i nimize the risk of the bushfire 
dam age. Thi s  ' bu i ldi n g  approach '  tends to assume a 
cert a i n  level of bush fi re hazard and 'designs agai nst i t ' .  

Present design processes tend to reinforce this 
dicho omy, with the bu i ldi ng design and construction 
bei ng separate and preceding any detai led consideration 
of the surroundings of the bui lding and landscape 
design . When professional designers arc employed, 
different pcop!e general ly carry out the design of the 
bui ld ing and the landscape, even if they are from the 
same practice, further enhanci ng the division of the 
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design process. Ideal ly, for a l l  the reasons discussed 
below, the two design processes should be carried out 
concurrently, enabling interaction between the two 
approaches. However, where this is not practical , it is 
preferable for at least the overal l landscape design to be 
carried out before the bu ilding design . This wou ld 
provide the  opportun i ty to  incl ude desirable landscape 
measures, wh ich may otherwise be precluded by the 
s i ting o r  design of the bui lding. 

THE NEED FOR A COM BINED 

APPROACH 

Proponents of the landscape approach to design ing 
(especially when confined to fue l  reduction ) have 
su ggested that elim inating or reducing the bushfire 
attack at its source is the most effective and practic:i.l 
course of action ,  espec ia l ly given the rel uctance of 
bu i lders and owners to incorporate recommended 
bush fire measures into new and ex isting b ui ldi ngs .  
However, t o  ensure bu i l d ing su rvival solely by this 
means wou ld often necessitate a degree of fu el removal ,  
which is u nacceptabl e t o  many people, a n d  remove 
much of the attract iveness of ' l ivi ng in the bush' . Where 
al lotments arc smal l ,  such fuel reduction m ay requi re 
the cooperation of the own ers of n eighbouring 
a l l otments. In some cases the 'neighbouring al lotments' 
may be extensive public lands such as forests and 
conservation areas where su bstanti a l  landscape measures 
are neither possible nor desi rable. Fu rt l1ermore, bu rning 
de br is may  travel considerable dista nces and removing 
the vegetat ion in the vicinity of the bui lding would not 
eli m i nate this hazard. Ta ken to its extreme,  this is an 
argument for citl1er the removal of most i ndi genous 
vegetat ion or i ts replacement by exotic vegetation . In 
addit ion ,  there is the problem of the l ong-term 
main tenance of such fi.1cl reduction measu res. 

Proponents of the  bu i lding approach take the view 
that useful modification of the landscape ( especia l ly 
vegetation ) is not feasible either in the practical sense or 
pol i t ica l ly, t l1at the bu i lding i tse l f should be bui l t  in 
such a way as to prevent its ignit ion and destruction 
and that peop le  shou ld be encouraged to stay i n  their 
bui ldi ngs duri ng a bush fi re to ensu re this .  This 
approach becomes more and more d ifficu l t  to 
accom pl ish as the fire hazard of the  l an dscape inc reases 
and the cost of fu rther bu ilding measu res increases 
accordingly. The 'concrete bu nker' is the ultimate 
outcome of this approach .  I n  addit ion , there is no 
guarantee that people wil l  be: 

( a ) with the bu i lding at the crncial t ime ;

(b)  be  able to extinguish mu ltiple i gnitions before they
grow to tl1e stage that they arc out of control ; or

( c ) awa re of a l l  the ignitions which have occurred.

Without a com bined approach , landscape and 
bu i lding measures tend to be implemented 
independently, leading to eitl1er a rel iance on one 
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approach to the exclusion of the other or the use of 
both approaches regard.less of the benefits of the other 
(a 'belt and braces' approach) .  In both cases, other 
requi_rements for the development such as retention of 
the vegetation ameni ty, passive solar design and large 
areas of glass for views may be sacrificed in the pursuit 
of building surviva l .  This points to one of the strengths 
of a combined approach: the flexibility to 
accommodate other requirements by judicious choice 
of both landscape and bui lding measures . This 
flexibi l ity leads to a range of design solutions most 
appropriate to the development, and to possi ble 
consequent cost savings. For example, there may be a 
s ituation where there is a desire to have large windows 
facing a particu lar direction for aesthetic reasons and 
sunsh i ne penetration into the building. The windows 
that satisfy these objectives could be a serious weakness 
in a bush fire because they could be cracked by radiant 
heat or broken by windbornc objects , tl1us al lowing 
burning debris to enter. Even if unbroken, they could 
adm it radiant heat into me interior making 
combustibles more prone to ignition by embers. 

There are many possi ble options to solve mis 
confl ict and protect the building: 

(a) use special glass which is resistant to breaking;

(b) reduce d1e s ize of d1e panes of glass;

( c )  use metal insect screens externally to catch embers
and reduce radiant heat; 

( d) use metal shutters (sliding, vertical, rolling or
hinged );

( e )  avoid locating any external combustible structures 
close to tl1ese windows; 

(f) protect these windows externally with suitable
planting located to form a barrier or deflector for
wind, windborne debris and radiation;

(g)  manage me vegetation for a given distance outside 
these windows to reduce ember, radiation and flame 
attack. 

It will be seen that me first five options listed are 
building options and the last two are landscape options . 
Some of mese options can be used in combination thus 
adding to the flexibility of a combined approach . 

The combination of the landscape and bui lding 
approaches model is most practically achieved by a 
consideration of the individual measures cliat might be 
applied for each building element . In cl1e present state 
of knowledge, me matchi ng of a finished landscape 
design with a complete bui lding design is not yet 
possible as mere is no quantitative measure of either 
with regard to bushfire hazard or bushfire performance 
respective.ly. 

AN INTEGRATED MODEL 

For the effective combination of tbe landscape and 

building approaches, it is desirable to have a model of 
the urban interface under bushfire conditions . Such a 
model, coupled with a bushfire spread mode l ,  could be 
used not only for the design of bui lding and its 
surrounding landscape, but also for fire prevention and 
firefighting activities to minimize much of the bui lding 
loss. 

A Structure Ignition Assessment Model (SIAM) has 
been proposed (Cohen et al. 199 1 )  which comprises 
three major modules for 'fire behaviour' , 'heat transfer' 
and 'building ignition' with a subsidiary 'fire brand' 
module . This model appears to concentrate on ignition 
of combustible elements of me building exterior and 
does not include ready provision for the integration of 
landscape measures and design. In addition, 'heat 
transfer' by way of radiation and flame contact is a 
major module of d1e model rather than the 'fire brand' 
module ,  despite c l1e assumption (Tran et al. 1992 ) that 
' ignition by burning debris plays a very important role 
in d1e ignition of structures' .  

We beljeve d1at a more appropriate model, based on 
tl1e clements of bushfire attack ( burning debris, 
radiation, flame and wind) might have d1ree modules 
which : 

( a )  quantify the potential attack according to the 
vegetation types and quantities; 

(b) modify the attack according to the environmentaJ
conditions and landscape features ; and

( c) determine me response of the building accordi ng to
its materials and design.

Bushfire Attack Module 

Alcl10ugh there is an extensive body of literature (Gill 
et al. 199 1 )  on bush fires and meir effects, very little 
effort has been devoted to characterizi ng and 
quantifying the attack mat the burning of various types 
of vegetation might generate in the vicinity of 
bui ldings. The l iterature was recendy reviewed 
( Rudolph 199 3a )  and a qual itative approach developed 
for assessing the effects of individual species. Fourteen 
attributes were identified and each was considered 
separately for its effect on each of the four elements of 
bushfire attack (embers, radiat ion , flame and wind) (see 
Table 1 ) . The Table shows, for example , that when 
considering me attributes of bark texture, increasing 
looseness (as opposed to tightness) tends towards an 
increase in ember attack. Alcilough there are a Large 
number of 'unknowns' in me Table, this work provides 
useful information for assessing bushfire attack and a 
systematic basis for accumulation of data for the future . 

Much more data is required before a quantitative 
approach can be taken and viable models for bushfire 
attack developed. In tJ1e meantime, we must rely on 
experience and expert judgment to determine me l ikely 
modes and magnitude of attack that a given vegetation 
loading will produce. 
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TABLE 1 .

Effects of attributes of plants on four modes of bushfi re attack . 

E lfecl of o l l ributes on mode of ollock 
I = increase, D = decrease,  
NE = negl ig ib le or no effect, ? = unknown 

ATTRIBUTE OF PIANT SPECIES DEGREE OF ATTRIBUTES 

l . Moisture content of leaves h igh/low 

2 . Vola t i le oi l conlenl of leaves high/low 

3 . Mi nerol content of leaves h igh/low 

4 . Leal f i neness broad/narrow 

5 . Density of fol iage c losely 

spaced/ sparse 

6. Continu ity of plan t  form connecled/broken 

7. Heigh t of lowest fol iage high/low 

8 . Size of plant - vo lume large/ smal l 

- spread wide/narrow 

9. Dead material on p lan t  heavy/l igh t  

1 0 . Bork lex lure loose/l igh l 

1 1 . Qua n t ity of ground fuel heavy/l ight 

1 2 .  Part icle s ize o f  ground fuel fine/coarse 

1 3 . Compoctabi lity of ground fuel pocked closely/ 
loosely 

1 4 . Mineral conlen l of ground fuel h igh/ low 

Attack Modification Module 

The act ual :mack experienced by :i bui ld ing wil l be 
determined by both the environ mental conditions and 
the landscape . Although the env i ronmcnt1l condition 
affecting bushfires (wi ndspecd ,  temperature and 
hum idi ty) arc well known and arc  incorporated into 
various fi re spread models, the i r  effects on the bushfire 
attack ( burning  debr is , radiat ion , ffamcs and wi nd)  on a 
build ing are not  wel l defi ned and there arc no models 
to pred ict tll is  attack. The attack is also affected by 
featu res of die l andscape (slope, windbreaks, radiation 
barriers, c leared a reas , etc . )  but again no models a re 
avai lable .  

The overal l  attack on a buildi ng can be beneficial ly 
modified by m anaging the  vegetation , mit igating local 
wi nds and changi ng landscape features. All these 
measu res consti tute the ' landscape approach ' .  More 
explic it ly, this approach involves the election and 
location of vegetation ,  the man ipu lation of the 
landform , the siting and design of amenit ies such as 
wal ls ,  fences, pad1s , d riveways, paved areas, c leared 
open spaces and the sit ing of the bui ldi ngs d1emselve s .  
A considerabl e amount of qual itative information and 
advice on implementing such measu res is avai lable and 
this has been brought together in a recen t handbook 
'Bui lding in B ushfire-prone Areas - Information and 
Advice' ( Ramsay and Dawki ns 1 993) .  

A scheme for assessing the performance of 
individual pla nts in terms of their ' flamm abil ity', 'abi l ity 
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EMBERS RADIATION FIAME WIND 

? D/1 D/1 NE 
? 1/D 1/D NE 
? D/1 D/1 NE 
? ? D/1 ? 

? ? ? D/1 
? ? ? D/1 
? ? D/1 1/D 

1/D 1/D 1/D ? 
? ? ? D/1 

1/D 1/D 1/D NE 
1/D ? ? NE 
1/D 1/D 1/D NE 
? ? 1/D NE 

? D/1 D/1 NE 
? D/1 D/1 NE 

to produce ground l itter' and 'barrier forming abi l ity' 
based upon d1cir ' attribu tes' has been developed 
( Rudolph 1 993 b) .  This scheme is su mmarized in 
Table 2 .  To provide an overal l  :issessrn ent for a 
pa rt icular species, the scores could be si mply added up, 
but the result would be distorted as d1ere is ,  at present, 
no weighting system for either the attributes or the 
degree of importance of d1c three performance 
characteristics . It should be possible to arrive at an 
overa l l  assessment using a rules-of-com bination method 
as descri bed by Hopkins ( 1977). In th is method, rules 
would be developed d1at state levels at which individual 
attributes and com binations of them,  become critical . 
In the meantime, certain critical attributes can be red ­
flagged for special attention . The scheme provides a 
basis for decis ions to be made wid1 regard to manag ing 

i 1 1 .

As indicated :ibovc, we can general ly on ly go so far 
in mitigating the bushfire attack on a buildi ng using the 
landscape approach .  In addition,  a lack of maintenance 
of some l andscape measures used , especial ly with regard 
to vegetation management, can l i mit the long-term 
vi abi l ity of this approach ( compared with the bu i ld ing 
approach ) .  

Building Response Module 

I n  d1e last ten years much has been learnt concerning 
d1e behaviour of bui lding materials subjected to 
bushfire attack and the infl uence that design has on the 
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TABLE 2 

Effect  of o�ri butes of plan ts on thei r performance character i stics . 

Effect of a ttributes on mode of a ltock 
I =  i ncrease, D = decrease, 
NE = negl igib le or no effect, ? = unknown 
- = effect considered elsewhere in table

ATTRIBUTE OF PLANT SPECIES 

l . Moisture content of leoves 

2 . Volotile oil content  of leaves 

3 .  Minera l  content  o f  leoves 
4 .  Leaf fineness 

5 .  Density o f  fo l iage 

DEGREE OF 
ATTRIBUTES 

h igh/low 

nigh/low 
h igh/low 

brood/ narrow 
closely 
spaced/ sparse 

FLAMMABILllY PROVISION OF BARRIER 
GROUND FUEL FORMING 

ABILITY 

D/I N E  
1/D NE 
D/I NE 
D/I 1/D 

1/D 1/D 

6 .  Cont inu ity of plant  form connected/broken 1/D 1/D 

7. Height of  lowest fo l iage h igh/low D/I D/1 

8 .  Size o f  pla n t  - volume large/smal l  1/D 

- spread wide/narrow 1/0 

9 Dead moter ia l on pion! heavy/l ight 1/D NE 

1 0 . Bork texture loose/light  1/D NE 

1 l . Qua ntity of ground fuel heavy/l ight 1/D 1/D NE 

1 2 . Particle size of ground fuel line/coarse 1/D 1/D NE 
1 3 .  Compoclabi l ity o f  ground fuel pocked closely/ 

loosely 

1 4 . Mineral content of ground fuel high/low 

ignition and destruction of buildings. Nearly al l  the 
information has been gathered by surveying the fate of 
buildings in actual bushfires and statistical analysis of 
the attributes of the landscape and buildings (Cole 
1 9 8 3 ;  Ramsay et al . 1986; and Wilson and Ferguson 
1986) .  Such analyses can be used as a model for 
predicting bui lding survival given certain vegetation 
attributes and building features, but the one model that 
has been published (Wilson and Ferguson 1986 )  is 
limited in terms of the number of parameters included. 
Such models are generally specific to the area surveyed 
rather than of general applicability, and should only be 
used withi n the lin1itations imposed by the original 
database .  

Surveys of buildings involved in bushfires that have 
been carried out (McArdmr and Ramsay, unpublished) 
since those of the 1983  Ash Wednesday fires (Ramsay 
et al. 1986; Wilson and Ferguson 1986)  have tended to 
support the conclusions of previous surveys. Table 3 
summarizes the fate of the houses and indicates die 
signi ficant role that peopl e played in preventing d1e 
destruction of a majority of those houses that survived. 

Some experimental work has been carried out to 
understand the parameters that affect d1e ignition of 
timber by burning debris under bushfire conditions 
(McArthur and Lutton 199 1 ) .  A laboratory study of 
the ignition of bui lding detai ls incorporating timber 
under bushfire conditions, was carried out using 'mock­
ups' of the these details using both realistic ( leaves and 

D/1 D/I NE 
D/I D/1 NE 

twigs) and artificial miniature timber crib ignition 
sources . Parameters such as mock-up type, moisture 
content of the timber comprising the mock-up, 
temperature and relative humidity of d1e experimental 
atmosphere were examined . It was found that all these 
parameters affected the ignition and flame propagation 
induced and that under conditions typical of a severe 
bushfire (40°C, 10 per cent relative humidity, 5 per 
cent timber moisture content) , only very smal l amounts 
of fuel were required to cause ignition . These results 
support the belief, based on field studies , that ignition 
of exterior bui lding details made of rim ber plays an 
important role in the destruction of buildings in 
bush fires. 

A study of the behaviour of aluminium building 
products in bushfires has been carried out to assess the 
validity of assertions that they perform poorly under 
bushfire conditions (McArthur 199 1 ). The work was 
conducted in two parts: an examination of data from 
bushfire damage surveys and laboratory experiments i n  
which window assemblies were exposed to  radiant heat 
from a furnace ,  Data from surveys were augmented 
with information from a specific questionnai re. Analysis 
of th is data did not provide any support for the bel ief 
that houses incorporating aluminium building products 
are at greater risk of being destroyed. The laboratory 
experiments on bod1 timber- and aluminium-framed 
windows showed their performance under simulated 
bushfire conditions to be similar in that the glazing 
cracked before the frames became involved. 
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TABLE 3 

Agency carrying oul fire fighting octivilies and fate of houses. 
{S = surviving house and D = destroyed house) 

AVOCA AND 
MELTON 
VICTORIA 

TOCUMWAL 
NSW 

NSWCENTRAl 
COAST 

STRATHBOGIE 

DECEMBER 
JANUARY 1985 JANUARY 1990 

DECEMBER 
1990 AND 

OCTOBER 1991 1990 

AGENCY s D s 

Occupants 41 3 16 

Fire brigade 5 5 2 

Occupants and lire 

brigade 5 0 0 

Others 7 0 0 

None 10 28 I 

Unknown 17 29 9 

Subtotal 85 65 28 

Total 150 31 

Both the surveys and the laboratory work provide a 
basis for assessing the response of a building to a given 
bushfire attack and designing against it using the 
'buildjng approach'. The current state-of-the-art with 
regard to information and advice on measures that 
might be employed for individual building clements in 
the builrung approach has been compiled in a recent 
handbook (Ramsay and Dawkins 1993). This 
handbook reproduces the requirements of the 
Australian Standard which sets out minimum measures 
for protection against burning debris (Standards 
Australia 1991), and ruscusses adrutional measures 
which may be used for further protection against 
burning debris, and measures for protection against 
attack by radiant heat, Aamc contact and wind. It is 
intended that designers will select measures for each 
building clement, tailored to the type of bushfire attack 
envisaged. However, no quantitative measures are given 
and expert judgement is required to select appropriate 
measures. 

FUTURE RESEARCH 

One can identify the modules of an integrated approach 
to designing for building survival in bushfires in a 
qualitative fashion and, with expert opinion, use such 
an approach to produce a range of design solutions that 
will undoubtedly improve building survival. However, 
much more data is required before a quantitative 
approach can be used. Such an approach is needed if 
one is to develop appropriate mathematical models of 
the interface of urban areas with the countryside. This 
quantitative approach will enable: 

106 

CAlMScience 

D 

0 

0 

0 

0 

0 

3 

3 

S D 

8 
6 

2 
2 

0 
7 

25 

37 

0 
0 

0 
0 

5 
7 

12 

s D 

13 2 

0 0 

5 0 

0 0 

3 I 

8 0 

29 3 

32 

(a) trade-offs between landscape and building design
approaches;

(b) cost-effective design solutions to be identified; and

( c) actual predjction of building survival.

In particular, data arc required on the bushfire 
attack potential for various plants, how that attack is 
modified by various landscape components and design 
measures, and the likelihood that a given attack will 
cause ignition and destruction of buildings of particular 
combinations of materials and designs. 
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A basis for planning fire to achieve conservation and 

protection objectives adjacent to the urban interface 

1 Environmental Survey and Research Division, New South Wales 
National Parks and Wildlife Service, Box 1967, Hurstvillc 2220 NSW. 

ABSTRACT 

The use of planned fire to achieve both protection and 
conservation objectives in bushland adjacent to 
developments is a major challenge to land managers. 
Here we develop and present some simple conceptual 
models that may help tO resolve this problem. By 
presenting these models we anticipate that they may be 
further developed in a quantitative manner. 

INTRODUCTION 

The selection of fire regimes to meet multiple land 
management objectives remains one of the principal 
problems facing fire managers and scientists. The 
problem is perhaps most acute in those lands dedicated 
for conservation which abut urban, industrial or rural 
development. Humans are a source of unplanned 
(UPF) and planned (PF) fires, the latter being 
employed mainly to alleviate the threat posed to 
humans by the former. The interaction of these two 
types of fire will substantially influence both protection 
and conservation. 

Debate is generated by the use of PF to manipulate 
fuel quantities in order to provide human protection 
(e.g. McMahon et al. 1984). Concurrently there is 
concern that disturbance regimes in areas managed for 
conservation have been substantially altered in the 
recent past (Hobbs and Hopkins 1990) and that some 
form of PF may be needed for conservation in specific 
systems (e.g. Saxon 1984). The objective of 
conservation is to maintain biotic diversity and the 
processes that are associated with biota (Western 1991). 
In practice, witlun discrete areas such as reserves, this 
translates into maintaining populations of species (i.e. 
avoiding extinctions). 

R. BRADSTOCK 1 AND JUDITH scon 1

There are outstanding examples where the use of PF 
is directly targeted at conservation objectives 
(Christensen and Maisey 1987). Often strategies for the 
use of PF are carefully derived to achieve both 
conservation and protection objectives (Sneeuwjagt 
1989). Sometimes, however, conservation is used as an 
ad hoc justification for PF operations directed at 
protection (Good 1985). Is the sort of PF needed for 
protection the same sort needed for conservation 
objectives? How much fire, if any, do we need to inject 
into an area to conserve biodiversity? 

Despite improvements in knowledge of fuels and 
aids to management in the last 10-15 years, community 
debate about the management of fire and particularly 
the use of PF continues. Should tl1ere be more PF or 
less? How much is needed within a landscape to protect 
an adjacent urban interface? Is a form of PF required 
for conservation purposes and if so can a single PF 
operation or program be planned that fulfils both 
protection and conservation objectives? The answers 
will depend on the physical location and extent of PF 
operations in any particular landscape. 

Strategies for use of PF in particular areas are often 
intuitive (Sneeuwjagt 1989), despite the element of 
sophistication afforded by modern databases, 
geographic information systems, fire behaviour models 
and methods for integrating these tools. Formal 
relationships between the use of planned fires, 
protection and conservation in landscapes have not 
been explicitly developed in a quantitative manner. 
Such an approach may quantify the relationships and 
assumptions that often lie behind the use of PF in 
landscapes and assist with the comparison of options. 

Here, several conceptual models are presented 
which summarize ideas that could lead to a quantitative 
basis for evaluating the contribution of PF to 
protection and conservation. 

We use the Sydney area as a background to illustrate 
our ideas. There the interface of urban development 
with bushland is extensive ( a scale of> 103 km in 
length) with much of the bushland composed of fire­
prone shrub/woodlands on sandstone soils (Benson 
and Howell 1990). 
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THE ROLE OF PLANNED FIRES IN 

PROTECTION 

How e ffecti ve is  PF for haza rd reduct ion in l imiting 
wi ldfire spread , par t i cu l arly to an in terface? There are 
few case studies that objectively deal wi th th is  quest ion 
(e.g . Underwood et al. 1 9 8 5 ;  Buckley 1 992;  McCaw 
et al. 1992 ) .  Her e we discuss the concept of protection 
(pr obably the inverse of hazard ) at the i n terface as a 
function of the amount (area) of fire prescri bed for 
hazar d r ed uction in adjacent bushland. 

For a landscape such a a reserve that has an 
extensive u r ban interface , the degree of  protec t ion 
a fforded to the i nter face wil l  be some func t ion of th e 
area su bje cted to PF fo r hazard reduction ;  Figure l a  
i l l ustrates the simplest abstract case. We assume that i f  
nearly the whole a rea is su bjected to PF, protection 
would be close to maximum,  whereas if l i ttle of tl1e a rea 
is tr eated ,  protection wou ld be m inimal . Between tl1cse 
ex tremes the s ize and location of individual PF 
operations i n  relation to facto rs such as fuel type ,  
phy iograph ic features and proximi ty to  t l 1 e  i nterface 
wi l l  determine the natu re of the relation h ip  between 
pro tec tion and to tal extent o f  PF. Here we postulate 
two fonctions (Fig .  I b )  which reflect d i fferent and 
more rea l isti c  configura tions of PF.  l f  PF i s  
concentrated on asp ects wi th h ighest fire potential ( e .g .  
s teep s lopes and  h igh fue l  loads ) ,  both at the urban  
i nterface and in  strategi c bu ffe rs more remote from the 
i nte r face , i t  is a rguab le  th a t  th e ' e fficiency' of  
pro tecti on  wi l l  be grea ter ( cu rve I ,  Fig .  l b ) ;  i . e .  
protecti o n  i s  grea ter per u n i t  a rea o f  l a nd trea ted . There 
is re s u l ta n t l ow haza rd i m m ed iate ly  adj acent to tl1 e 
i n terface . 

The lowest e fficiency may correspond  to scattered 
dis tribution  o f  PF operation s on i nappropria te aspects , 
l ow  fi.1e l loads a n d  places ver y rem ote fro m the
i nterface , l eavi n g  d a n gero u s  con d i tions i m med i ately 
adjacent to th e i nterface . The l as t  poi n t  is im portant as 
it presu m es th a t  there is some ri k of PF passin g
th rou gh PF a reas a nd reachin g the i nte rface . In the case
of th is second scenario (c u rve JI Fi g. 1 b ) ,  the outcome 
is tha t a brge area o f  PF is n eeded to achieve a high
level o f  protection .

These scenarios can be i ll u strated i n fo rmally usin g 
:1 1 1  exa m ple ( l◄ig. 2 )  of a severe wi ldfi re in the B ri sban e 
Water Na tional Park, near Gosford (a bout 8 0  km north 
of Syd ney ) o n  23 Dece m ber 1 990. This fi re took place 
u n der ex t re me weather (Syd ney FFD I = 8 3 ,  maximu m
te m peratu re = 40 °C, ma x imum windspeed =
46 k m  11 ·1 , relative hu m idity = 1 4  per cent ) and resul cd 
in the destructio n of several houses i n  tl1e town of Pearl
Beach . The path of the fire incl uded a num ber of areas 
tha t  had burnt le s than 5 years prior to tl1e wildfire
(Fig. 2 ) , i n c l uding the entire va l ley beh ind tl1e town
(burn t 1 3  mo n tl1s before ). The wildfi re spread downhil l
i n  this va lley. P r io r, recen t f i res p ro bably reduced the
level of da mage susta ined in the town compared to that
l ike ly under higher fuel levels.
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The outcome of alternatives in tl1 is example can be 
imagined. Given the weatl1er, would more or less 
protection to tl1e town have been provided by; 

( i )  a zone of i ntensively ma naged fuels, extending 
several hu ndred metres around the perimeter of the 
town;  

( i i )  a more di ffuse distribution of recently burnt patches 
(but equivalent in area to those in Fig .  2) before tl1e 
wi ldfire; 

( i i i ) more extensive (greater area) fu el management 
by PF remote from the town? 

These a lternatives wou ld be l ikely to produce 
di fferent functions when presented in  the form of 
Figure l and rims cou ld  be formally compared. 
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Figure 1. (a) Protection at the interface is presumed to be 
postively related to the extent of planned fire ( PF) in an 
adjacent landscape. (b) Two forms of this relationship 

(cun1es I and II) indicate the sensitivity of the relationship to 
the Location and configuration of areas of PF in the 

landscape. 
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Figure 2. Maps showing pre-fire condition and extent of a major wildfire (December 1990) in the Brisbane Water National 
Park north of Sydney which remlted in property destruction ( denoted by *) in the town of Pearl Beach. The direction of 
headfire spread was from north-north-west. 
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THE ROLE OF PLANNED F IRE IN 

CONSERVATION 

Specific guidel ines a n d  objectives fo r  fi r e  man agement 
for conservat ion arc ofi:.c n lacki n g  for part icu lar are as 
(Good 1 98 1 ;  Press 1 989 ) .  Man agement by defaul t  
concentrates on i ndividual spec ies ,  usual ly because they 
a rc rare or have been smdied .  However, this can be 
detrimental to co- habi t i ng  non- target species ( e .g .  
Keith, this vol ume ) .  

How d o  w e  frame gu ide l ines for t h e  ma nagemen t o f  
grou ps of species? For t h e  p lan t s  o f  fire-prone 
woodlands an I sh ru blands of the Syd ney region, 
empir ical evi dence (Ca ry 1 992 ;  Morrison et al. 1 995)  
suggests that there is ;1 re l at ionship between fi re regime 
variabil ity and the num ber of spec ies in a s ite (Fig. 3 ) .  
V.1 riabi l ity of fi re freq uency is o f  part icu lar importance 
in determ ining florist i c diversity i n  this 11ora ( Cary 
1992 ;  Keith and l3rndstock 1994 ;  Morrison et al. 

1995 ) .  
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Figure 3. Number of plant specie;· al a sile level is 

postulated to be a function of }ire regime variability in fire­
prone shrub/woodlands o

f 

Sydney. Fire regime variability 
exceeding a threshold (dashed line), will mainiain species 
numbers al or near their maxim um, 

Given the i mport ance of fire frequency we wou l d  
define a non -variable or u niform reg ime as consisti ng o f  
su ccessive fi res spaced identical ly in t ime. In the 
sh ru b land and woodland comn1L 1 nit ies a round Syd ney 
the evidence suggests that such a u n i form fire freq uency 
( low vari a nce in frequency) m ay res u l t  in the eventua l  
e l imination o f  species i rrespective of whether the  reg ime 
is composed of short ( < l  0 years ) ,  moderate ( 1 0-30 
years) or long ( > 3 0  years )  i n tervals between fire. Note 
t hat each fire frequency scenario affects species in 
d i fferent  categories according tO l i fe histo ry, tho ugh the 
net resu l t  i n  each case is si mi lar: i .e .  a reduction in 
num ber of S J  ecics . It fol lows that to mai ntain al l  
species, a m ixture of fi re intervals of diffi:rcnt length 
(h igh fi re frequency var iance ) is requi red, incl udi ng th e 
occasional incidence of a very short fire i nterva l .  The 
mechan isms behind th is arc more ful ly explained by 
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Keith (this volume) and Keith and Bradstock ( 1 994 ) .  It 
is important to note that these conclu sions apply at a 
fine level of sca le (e .g .  in stands and sites) .  

From Figure 3 i t  is possible to define a threshold for 
fi re  regi me v;u iab i l ity which demarcates differen t levels 
of species presence at sites .  Fire-m anagement to 
mai ntain high num bers of species at a site wou ld  
the refore be  aimed .1t keep ing fi re regi me variabi l i ty 
above this th reshold. Note that  we postu late that a 
wide range of fire reg ime variabi l ity ( or perm utations of 
i n tervals between fire ) is com pati ble wid1 maxim u m  or 
near maximu m species presence. Definit ions of these 
fi re regi me thresho lds for some ydney sandstone 
com mun i t ies are provided in Bradstock et al. ( 1 995 ) .  

IMPORTANCE OF F IRE FREQUENCY 

G iven that it is possible to define  the level of fire regi m e  
variabi l ity needed t o  maintai n plant species at a fi ne 
scale, what rol e  do plan ned fires p l ay i n  contributing o 
th i s  variabi l i ty across a l :mdscape? It is l i kely tha fire 
regime variabi l ity at th i s  l evel of scale w i l l  be som e 
funct ion of the area covered by planned fires i n  that 
landscape . 

A model is presented in Fi gure 4 which relates the 
sp:itia l  extent of fire regime varia bi l ity ( e.g. the 
proport io n of s ites in which species are maintained 
close to the  max imum)  lo ex tent of planned fires .  The 
landscape is assumed to be composed of a matri x of 
many si tes . This assumes that a regime of UPF prevai ls 
in the  landscape, the nature of the  mode l being high ly 
dcpcnden on t he character ist ics of U PF and most 
important ly the in teraction or overlap between PF and 
UPF at part icul ar s ites .  

We predict (Fig. 4a ) that when PF extent is low 
then UPF is predominant i n  the landscape. A 
proportion  of sites wi l l  therefore be subjected to 
relatively un i form fi re regi mes and species presence i n  
those s i tes will be reduced. A s  t h e  extent of PF 
increases, an i ncreased proport ion of sites ( greater area) 
will be subject to fi re reg imes with sufficient variabi l ity 
to maintai n species n u m bers c l ose to the maximum . 
This comes about i n  several ways th rough the 
interaction of UPF and PF. Unplanned fi res in extreme 
condit ions wi l l  bu rn through areas subject to PF (e .g .  
F ig .  2 ) .  Such areas arc t herefore su bject to a h igh 
chance of a · hort i nterval between fires . 

Conversely in some situ;\t ions the presence of a PF 
wil l  l imit  the extent  of an UPF by moderat ing its spread 
rate and extent .  Th us UPF wi l l  not reach some sites, 
changing the fire freq uency in those sites to a more 
variable state than wou ld  have prevai led without PF. 
The model postulates that there is a level of PF extent 
th:it optimizes this over lap effect and thus opt i m i zes 
fi re regime variabi l i ty across a maxi m u m  number of 
si  cs in the landscape . The model wil l  be sensit ive to the 
local ity of PF in a landscape as well as ex tent  of PF (Fig. 
4b ). For example, there are often defined wi ldfi re paths 
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in particular parcels of land according to patterns of 
ignition and weather (Minnich 1989). The placement 
of PF in relation to these paths will determine overlap 
effects. 

We postulate that as PF extent increases beyond the 
optimum level either uniform PF regimes may become 
predominant, or the overlap between PF and UPF may 
become too extensive and repetitous through time, 
resulting in fire regime uniformity over an increasing 
proportion of sites. 

(a) EXTENT OF PF --+ 

\ 

\ 

\ 
' 

' 

' 

' 

\ 
\ 

\ 

\ 
' 

(b) EXTENT OF PF --+

Figure 4. (a) For a landscape, fire regime variability 

sufficient to maintain high numbers of plam species at sites, 

will be some function of the exte/1/ of PF. (b) The relationship 
presumes that a particular regime of w1plannedfire (UPF) 

prevails in the landscape. The effect of a shift in UPF 

(broken line) 011 that relationship is shown. 

A MODEL TO EVALUATE THE DUAL ROLES 

OF PLANNED FIRE 

We have suggested how the conuibution of PF to 
protection and conservation objectives can be formally 
evaluated on a common basis (areal extent of PF). Ifwe 
are to know whether the sort of PF needed for 
protection is the same as that needed for conservation, 
we need to merge the separate suands developed above. 
Such a model is given in Figure 5 iUusuating different 
scenarios. We present these as alternatives which may 
represent the situation in a landscape at some point in 
time. The most important feature of these models is the 
relativity of the pairs of curves with respect to the 
horizontal axis. 

The first example (Fig. Sa) illustrates a siruation 
where an optimal solution for both objectives is difficult 
to achieve. If protection is pursued as a priority then 
conservation will be sub-optimal (PF extent will exceed 
the conservation optimum). In the second example 
(Fig. 56) the PF optimum for both objectives coincides. 
Note here that there is a fairly wide range of PF values 
that produce near optimum solutions for both 
objectives. In the third example (Fig. Sc) both 
objectives coincide but protection is achieved more 
efficiently. We may be tempted to earmark this as the 
ideal management scenario for an area. A variant is 
given by tl1e fourth example (Fig. Sd), notable because 
protection is maximized at a lower level of PF extent 
than conservation (the inverse of the first scenario) with 
tl1e implication that further PF can be targeted solely to 
achieve conservation. 

We could define a sub-optimal level of fire regime 
variability in tl1e landscape as being an acceptable 
conservation objective provided that it is sufficient to 
conserve species within that landscape. Irrespective of 
the level of fire regime variability that is acceptable in 
terms of conservation, this approach allows us to think 
about how much PF will contribute to that variability. 

Undoubtedly, further examples could be generated 
and tl1eir sensitivity to factors such as change in UPF 
paths and location of PF could be explored. At tllis 
stage we stress the value of using this approach to look 
clearly and objectively at the consequences of 
management actions. Which example applies to a 
particular parcel oflandl How will it vary over time as 
PF is used? How can the use of PP be adjusted to 
produce a better outcome for both objectives? The 
answers to tl1ese questions beg quantitative solutions to 
this model. 

Many of the tools for producing a quantitative 
solution are available. For example, fire spread models 
in conjunction with data on terrain and fuels can be 
used to produce scenarios from which a quantitative 
relationship between area of PF and protection ( e.g. 
Fig. 1) can be developed for a given parcel of land, 
presuming certain wildfire scenarios. Some aspects of 
the problem, however, require further work. In 
particular, we need to know more about: 
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Figure 5. A model with examples (a,b,c,d) depicting d1jferenl relatio11ships between PF exlelll a11d conservation (solid line) 

and prolec:tion (dashed line). 

( 1) the definition of fire regime thresholds for local or
'site' scale extinction of functional groups of species
that correspond with identifiable vegetation
communities;

(2) the interaction between PF and UPF as a
determinant of UPF spread.

The latter clement is important and, as noted, is an
understudied part of fire science. The issue of 
overlapping fires, particularly at short intervals, is 
pivotal. 

Underpinning the use of PF in many conservation 
and protection programs is the assumption that PP 
interacts with Ul F to truncate UPF spread, intensity 
and extent. While the injection of planned fires will 
undoubtedly alter the n;iture and extent of unplanned 
fires, the actu;il limits of such ;in effect arc largely 
unknown for many systems. 
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Fire protection and the urban/rural interface 
'Constraints or Opportunities' (a discussion paper) 
( abstract only) 

1 Fire Safety, Bush Fires Board WA, 201 Kent Street, South Perth 
6051 Western Australia. 

G. LENEGAN 1

ABSTRACT 

Fire protection and safety at the urban/rural interface 
throughout Australia has been subject to considerable 
research, with findings tending to focus on the more 
technical aspects of standards, specifications, planning 
processes, environmental considerations and fire 
suppression. Internationally, the same aspects have 
been analysed, researched and documented but little 
reference has been made to equally relevant issues that 
are an integral aspect of ensuring fire protection at the 
urban/rural interface. 

This discussion paper sets out to highlight the 
importance of social, funding and educational issues in 
ensuring fire safety at the urban/rural interface and 
seeks to analyse their influence in relation to more 
orthodox technical issues. It is argued that developers, 
planners, State and Local Authorities, fire agencies, land 
managers and other stakeholders should be more aware 
of social, funding and educational issues and should 
consider them more comprehensively when 
determining planning, development and maintenance 
cycles at the urban/rural interface. 
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Improve people's responses to bushfire threats by 
addressing their motivations ( abstract only) 

1 Department of Conservation and Nanirnl Resources, PO Box 41, 
East Melbourne 3002, Victoria. 

ABSTRACT 

Many people do not make their houses bushfire safe; 
they do not learn simple survival strategies about 
sheltering in houses or vehicles; they do not evacuate 
well before a fire arrives nor by the safest route; they 
don't keep out of fire areas; or they unnecessarily 
attempt to fight the fire. This inappropriate behaviour 
is a major reason that bushfires kill people and destroy 
houses. Bushfire and other emergency agencies aim to 
reduce the losses of life and property partly by 
influencing these behaviours. 

Behaviour can be changed, but only if motivation is 
changed. Providing information and advice ( e.g. 
distributing educational materials before fires on safe 
houses and the need for any evacuation to be early) and 
instructions ( e.g. telling people during fires when and 
how to evacuate) in itself causes no change in 
behaviour. People's perception of personal risk, 
convenience, needs, priorities and relevance of 
information will strongly affect their motivations and 
actions, as illustrated by observations that people: 

• a.!Jow their lives to be threatened by such factors as
an unroadworthy car, poor diet, lack of exercise and
continued use of cigarettes. These factors generally
have a higher risk and profile than bushfires but
have also been difficult to change.

• respond to a general fire threat ( e.g. that there is a
fire somewhere in their district) by trying to obtain
better information, so they can choose a good
strategy. The alternative of immediate action couJd
cause tl1em unwarranted inconvenience (e.g. being
late for an important appointment despite not
actually being in danger), or a bad strategy ( e.g.
driving towards rather than away from the path of
the fire).

A A G. WILSON 1 

• are highly motivated during a fire to protect family
members or possessions, if necessary by driving
along a possibly dangerous route to reach them.

People fail to address many priorities that may to 
others appear legitimate; and do address many other 
priorities besides personal survival. 

Professional conditioning may lead fire managers to 
identify readily these responses as being inappropriate 
but not to appreciate how the general population reacts 
to unfamiliar circumstances. Fire managers may benefit 
from contemplating their own motivations and focus in 
non-fire situations, by participating in the following 
exercise. Picture travelling to an important wedding 
and hearing of some roads being cut by rising flood­
waters: do you necessarily turn back or do you seek 
more information or take some measured chances? 
Later, while ankle-deep in the rising waters and fading 
light, with your very best friends stuck nearby in deeper 
water and calling for your help, do you simply head for 
dry land without risking any time and effort to help 
them? 

The more that bushfire and emergency agencies 
recognize and work with people's motivations the more 
iliat people will respond to fire threats effectively. 
Incisive studies of human behaviour before and during 
bushfires, and of the Literature on community 
psychology in response to other types of disaster, should 
help identify people's behaviour patterns and strategics 
for influencing them. Outcomes may include efforts to 
improve the processes which allow community 
members to network high quality information during 
fire events; and to develop leadership throughout the 
community, to increase the extent of effective decision­
making during fires. 
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Atmospheric trace gas emissions from tropical 
Australian savanna fires 
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Smoke management in Western Australia's south-west 
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Atmospheric trace gas emissions from tropical 
Australian savanna fires 

1 CSIRO Tropical Ecosystems Research Centre,  PMB 44, WinneUie 
082 1 ,  Northern Terri tory. 

' Department  of Chemistry, University of Wollongong, Locked Bag 
8844, South Coast Mail  Centre 2500, NSW. 

ABSTRACT 

Frequent and often annual fires are a major feature of 
the savannas of northern Australia, but the role of 
emissions from these fires in atmospheric chemistry 
remains poorly quantified. The fuel of these fires is 
normally grass and leaf l itter. Fire intensities are 
relatively low and crown fires are rare. In this paper, 
the results are presented of measurements of the 
prompt release of trace gases from savanna fires at 
Kapatga, NT. The emission ratios of carbon species 
from the KapaJga fires were similar to those measured 
in savannas elsewhere in the world. The production of 
photochemical smog and hence tropospheric ozone is 
probably one of the main undesirable impacts of these 
fires on the atmosphere. The effects of possible fire 
management options on the trace gas emissions were 
considered by simple modell ing of the dynamics of fuel 
loads and fire intensities. Reducing the fire frequency 
would increase the l ikel ihood of fire intensities being 
sufficiently high to reduce the tree cover, with a 
consequent net release of carbon and nitrogen into the 
atmosphere. The release of trace gases in the absence 
of fires needs to be quantified to enable more complete 
modelling of consequences for the atmosphere of 
different management regimes. 

INTRODUCTION 

Biomass burning, especial ly in the tropics, is now 
considered to be a globally significant source of 
atmospheric trace gases (e.g.  CO and CH4) ( Crutzen 
and Andreae 1 990) ,  yet at present the global emissions 
of trace gases from biomass fires are poorly quanti fied. 
Until more comprehensive data on trace gas emissions, 
burning efficiencies, fuel loads and fire frequencies are 
compiled, the impacts of biomass burning on the 
atmosphere cannot be assessed accurately. Most fires in 
the tropics are lit by humans, and this information 

G. COOK1 , D .  HURST2 
AND D.  GRIFFITH2 

would help provide a rational basis for modifying 
existing fire regimes in order to alter the release of trace 
gases . 

In the northern sub-coastal zone of the Northern 
Territory, fires typically occur in two years out of three 
( Braithwaite and Estbergs 1985 ) .  This freq uency of 
fires is among the highest in the world. Although the 
fuel loads are relatively low compared with biomass 
fuels in other vegetation types such as temperate 
Australian forests (Walker et al. 1986), the average 
amount of fuel consumed per year is higher in savannas 
because of the extremely high fire frequency. Hence 
the pyrogenic release of carbon and nitrogen gases per 
year wil l  be higher. In this paper, we report 
measurements of the prompt release of several 
important trace gases during fires in the savannas of 
Kakadu National Park in the Northern Territory. 
Preliminary data are also presented on the changes in 
fuel loads and fire intensities with increasing period 
without fire . The implications of these data for 
manipulating fire regimes to minimize the emissions of 
greenhouse gases arc discussed. 

MATERIALS AND METHODS 

Study Site 

Kapalga Research Station is 180 km east of Darwin and 
within Kakadu National Park. The upland ridge 
between the South Alligator and West Alligator Rivers 
has been divided into management compartments 
which represent the catchments of intermittent streams .  
Each compartment i s  1 5 -20 km2 in area and 
surrounded by fire breaks . The dominant vegetation of 
the upland ridge of Kapalga is open forest of Eucalyptus 
miniata and E. tetrodonta with the understorey 
dominated by the annual grass Sorghum intrans and 
perennial grasses such as Heteropogon triticeus. 

Four experimental fire regimes have been imposed 
on thirteen compartments on Kapalga. The fire 
regimes are as follows : 

1 . 'Early dry season annual';  burnt each year during 
the early dry season (June ) .  ( Compartments E, K, 
and P. ) 
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2. 'Progressive' ;  burnt three t imes dming the dry
season each year ( June, July and Septem ber ) .
(Com p:utments A, B ,  and H . )

3 .  'Late d ry season' ;  b u rn t  each year d u r ing  t h e  late 
dry season (September) .  (Compart ments F, G ,  and 
L. ) 

4. ' antra l ' ;  u n burnt con rrol ; ff re is actively excl u ded
from th ese compart ment s .  ( Compartments C, M,
Q, and S . )

The l i rst e x peri menta l  fi res we re i m posed i n  l 9 9 0 .
l� i re h a d  been exduded from the com part ments fr> r 
either two or t h ree years befcm.: ] 99 0 .

Smoke Sampling 

Sm oke s;1 111 ples were co l lect'ed from the  ground i n  June 
and Septe m be r 1 99 1  usi ng evacuated 0 .6  L glass flasks .  
The type o f  combust ion t hat  occu rred at r he poi n t  of 
s::1 1n p l i ng  was d ass i ficd as fla m i n g  or smoulder i ng .  
Sa mples of ' c l ean'  a i r  were col lected u pwi nd of each fi re 
s i te  for the dete rm ination of rhc background mixing 
ratios of each trace gas .  The mix i ng rat io  is defi ned as 
the rat io  of the  m ass o f  a gi ven gas co t h at o f  the 
n.:m;1 i n i ng gas in  ; 1  m ix t ure.  In September 1 99 1  :1 11d 
Septembe r  1 99 2 ,  s:1m ples of smoke we re col lected at  
low al t i t u de.: ( 5 0 -700 111  above.: ground ) from a n  a i rcraft· 
:is it t rave rsed fresh smoke p lu mes .  Sam p les of 'dea n '  
a i r  were.: a l s o  col lected a s h o n  d is t :mce u pwind uf the  
f in.: s i t es for  t h e  den.: rm i 1 1 :Hio11  o f hackg-round  m i x i ng 
rat ios. Fun her  dct a i l s  o f t h e  rrn:t h od� l i l r  s :1 1 1 1 p l i n  • t he 
smoke arc presented by I I ursr ct at. ( 1 994 ) .  

The excess mixing ratios were calculated a s  the 
di fl-i.:rence between the background m i xi ng  ratios for 
each gas and the respect i ve m i x i ng rat ios in the  smoke 
sa mples. The ex cess mi xing ratios fr,r th ree carbon 
species arc  design ated i n  the text  as  DCO2 , DCO, and 
DCf ., · The emisJion ratios for  carbon monoxide and 
met hane were d di n ed ,\S the  rat ios be t.ween the  excess 
mix ing  rat ios or these gases and th:it of carbon d ioxi de . 
That is DCO/DCO2 a n d  DCHJD CO2 respecti vely. 

The concentratio ns  of carbon species were measu red 
in the samples us ing a Fou rier-t ra nsform in frared 
( PTIR)  spectromete r ,\nd m ai-rix- isolation FrI R 
spectroscopy ( H urst et' at. 1 994 ) .  The ni trogen species  
NO,  NO, and H ,  were m easu red us ing a 
chcm i l mni ncsce ncc ana lyser  ( H ur s t  et al. 1 994 ) .  

Fuel Loads 

Fuel loads were measured each year s ince 1 990 i n  
pennanent 20 m x 5 0  m plots s i tuated wi th in  the  E. 
miniata, E. tetrodonta open forest on each 
compartmen . The fu el  load in each plot was esti m ated 
annual ly as the mean of the herbaceous bi omass and 
l i tter with in  eight random ly pl aced 0.25 m2 quadrats . 
The m easured fuel loads represented i tcs with a ran ge 
of periods wi thout fire from l to 6 years .  Sites where 
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fire has been excluded for more than two years are rare 
in th is region,  and these data represent some of the only 
avai lab le measurements o f  fue l  lo:ids u nder these 
condit ions .  

RESULTS 

Emission Ratios of Carbon Species and 
Combustion Efficiencies 

o sign i ficant d i fferences in the emissions of trace gases
were detected between the sam1 !cs col l ected dur ing  the  
J u ne fires and those i n  Septem ber. The refore the data 
were bu l ked i rre pc<.:t ive o f t ime o f  sam pl i n g. I n  
Table 1 i s  shown t h e  mean emiss ion rat ios for carbon 
monoxide and met hane fr>r ground-based smoke 
sam ples col lected from flaming and smouldering fires at 
Kapalga and for ai rcraft- based samples from fi res at 
K:1p:ilga . These val ues  arc comp:ired wi th m easu red 
v:i l ues from savanna fi res in C6te d ' I vo i re and Bnzi l  
and  from fo rest f i res i n  the  Sydney region . 

· ., , 

The  m ean carbon mo nox ide ;1 1 1d m etha n e  e mission 
ratios of grou nd - based smoke sam ples were lower for 
f laming fi res rhan for smou lderi ng fi res i n  bot h savanna 
fi res at  Kapa l ga and forest tires near ydncy (Table  l ) .  
Whi l e  the emission rat ios were s imi lar for f lam i ng tires 
in both the savan na and t he li.lrcsr , the val u es for 
smou l dc.:ring !i res were lower for the sava n n a  than the 
fo rest (Ta b l e  I ) . This indicates that  the com bustion 
cnic icnc ies were greater for f l am i n g  f i res than 
smou l dering  f i res gen eral l y, but rhat sm oulderi ng l ircs 
i n  t he s :wa nn :i h ad a gre;1 t er combust i o n  dfo.:ic.:ncy t han 
i n  the  forest . 

The ca rbon monoxide and mc.:th ane emission raL ios  
for a i rcra ft- based sa mples  from the sava n n a  fi res at 
Kapa lga were i n  good agreement  wi th those m easu red 
from savanna f ires i n  Brazi l and Cote d ' I vo i re .  The 
va l u es for the :i i rcra ft -bascd sam ples were between those 
for ground-based samples of smoke from flam ing :ind 
smou lderi ng fi res in bot h ydncy and Kapalga (Tab le  
l ) .  The valncs were, however, h igher  for  forest fires
than for savanna fi res, i n d icating a greater overa l l
com bust ion effic iency for savanna fi res . I t  was
calc u lated from these val ues tha between 69 per cent
:i nd 74 per  cent of rhc carbon co n u rned by the savanna
fi res :it Kapalga is released by flaming com bust ion
compa red with between 52 per cent and 57 per  cent in
the forest fire (Ta ble 1 ) .

Partitioning of Carbon and Nitrogen 
During the Fires . 

The p:irt it ioning of rhe fuel  carbon a n d  nitrogen d u ri n g  
t h e  fi res c a n  be estimated b y  calculat ing the emission 
factors of each gaseous species and determin ing th e 
amo u nt s  of carbon and nitrogen which rem ai ned i n  the 
a h a fter combustion . These were calculated as 
descr ibed by Hurst et al. ( 1 9 84) .  The part ition ing of 
carbon and nitrogen during the fires is  shown as pie 
charts in Figures l and 2 respectively. 
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TABLE 1 

The DCO/DCO2 and DCH4/DCO2 emission ratios of smoke 
samples from savanna fires at Kapalga, compared with the 
ratios from forest fires in the Sydney region and sovanna fires in 
Cote d'Ivoire and Brazil. The percentage contribution of flaming 
combustion to the overall combustion was calculated from the 
values. Numbers in parentheses indicate standard deviations. 

SITE MEAN EMISSION RATIO C RELEASE BY 
flNv\lNG 

COMBUSTION 
1%) 

Fl.A/v\lNG FIRE 
(GROUND-BASED) 

SMOULDERING FIRE 
[GROUND-BASED) 

TOTAL FIRE 
(AIRCRAFT-BASED) 

DCO/DCO2
Kopolgo 
Sydney" 
Brazil & 
Cote d'lvoireb

0.055 (0.023) 
0.05 

0. 168 (0.027)
0.175

0.090 (0.026) 
0.11 

0.053 - 0.113 

69 
52 

DCH/DCO2
Kopolgo 
Sydney" 

0.0021 (0.0015) 
0.0022 

0.0101 (0.0039) 
0.013 

0.0042 (0.0019) 
0.0068 

0.0038 (0.0011 I 

74 
57 

Cote d'Ivoire<

0 D. Griffith, unpublished data.
b Greenberg el al. 1984; Bonsong el al. l 991; Lebert el al. 1991; 
Word el al. 1992. 

' Deimos el al. 1991 . 

The combined emissions of CO2, CO, CH4, total 
non-methane hydrocarbons (NMHC) and particulate 
carbon (PC) approximates all carbon-containing 
emissions. Carbon emissions were dominated by CO2 

which represented 86.8±2.8 per cent(± standard 
deviation) of the fuel carbon, while CO accounted for 
7.8±2.3 per cent (Fig. 1). Emissions of total MHC 
and CH

4 
comprised less than 1 per cent each of the fuel

carbon. 
The nitrogen-containing emissions could only be 

partitioned to 0,, NH3, N20, HCN, CH3CN and
ash. The measured nitrogen emissions were dominated 
by 0, (21±8 per cent of fuel N) and NH

3 
(23±13 per

cent) with N
2
0, HCN, and CH

3
C each representing 

less than l per cent of the fuel nitrogen. The emission 
factors for NO,, NH3, N20, HC , and CH3CN
together accounted for only 46±15 per cent of the fuel 
nitrogen. The nitrogen contained in the ash 
represented 11±5 per cent of the fuel nitrogen, so in 
total, our measurements accounted for only 56±16 per 
cent of the fuel nitrogen. This shortfall in detected 
nitrogen-containing emissions from biomass burning is 
now well documented, and recent experimental 
evidence indicates that 33± 13 per cent of fuel nitrogen 
is emitted as N

2 
during flaming combustion (Kuhlbusch

et al. 1991). Any remainder of the undetected fuel 
nitrogen may have been emitted as higher molecular 
weight compounds. 

Fire Behaviour and Fuel Consumption 
Under Different Fire Management Options 

The mean biomass of fuel and fire intensity of plots on 
Kapalga with varying period without fire is presented in 
Table 2. Fuel loads were least under annual fires, but 
there was no evidence that fuel continued to 
accumulate after about two to three years without a 
fire. The available evidence indicates that fire intensities 
tend to be greater on sites d1at have not been burnt for 
two or more years than on annually burnt sites. Fire 
intensities also tended to be greater for late dry season 
fires than early (see Williams, this volume). 

DISCUSSION 

The release of trace gases from fires in the savannas at 
Kapalga appears to be similar to d1at from savannas in 
od1er parts of the world (Table 1). A characteristic 
feature of savannas is the prevalence of grassy fuels, in 
contrast to greater importance of woody fuels in forest 
communities. The dominance of flaming combustion 
and d1e greater overall combustion efficiency of the 
savanna fires compared with forest fires in southern 
Australia (Table 1) is consistent with these differences 
in fuel types. 
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TABLE 2 

The measured fuel load and fire intensity of experimental 
compartments at Kapalga with varying periods without fire in the 
years from 1990- 1993. 

PERIOD WITHOUT COMPARTMENTS 
FIRE IYI 

2 

3 

4 

5 

6 

A, E, F, G, 
H, & p 

F&P 

A,C, E, G, 
H,&M 

C&M 

C&M 

C&M 

YEAR 

1991, 1992, 
& 1993 

1990 

1990 

1991 

1992 

1993 

different letters indicate significant differences (p <0.05). 

FUEL LOAD 
(THAf 

5.1 (1.41°

7.8 (l .7lb 

10.3 (0.91< 

8.5 10.211x: 

MEAN FIRE INTENSITY • ' 
(kW m·1 X 103)

EARLY LATE 

1.7 
(n = 10) 

10 
In= l) 

10 
(n = 1 ) 

5.2 

In= 41 

15 
{n = 11 

• • A.M. Gill, RJ Williams and P. Moore: unpublished data; data were not ovoiloble for all fires.

NMHC (0.91%) C0(7.8%) 

1 / r cH4 (0.35%)

/ � Ash (4.8%)

- PC2.5 (0.42%)

I CO2 (87%) I 

Figure J. Partitioning of fuel carbon during savanna fires at 
Kapalga. PC 2.5 is emitted particulate carbon (<2.5 mm 

diameter; see Hurst el al. 1994). 
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Ash (11%) 

N20 (0.76%) 

CH3CN (0.70%) -

HCN (0.25%) 

Figure 2. Partitioning of fuel nitrogen during savanna fires

at Kapalga. 
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Carbon dioxide ,  which was the ma.in carbon species 
released during the fires at Kapalga (Fig. 1 ) ,  is a major 
greenhouse gas in the atmosphere. However, if the 
structure and productivity of the savanna vegetation is 
not changing over time, then the growth of vegetation 
in the weeks and months after each fire should take up 
similar amounts of carbon to that released. Thus, the 
net release of carbon to the atmosphere should be close 
to zero in this region because there is little evidence of 
substantial changes in vegetation structure of savannas 
in the region in response to fire (Bowman et al. 1988 ;  
Lonsdale and Braithwaite 199 1 ) . Nevertheless, there 
are concerns tl1 at present fire regimes are limiting tl1e 
recruitment of woody species which may lead to 
reduced tree cover (Duff and Braithwaite 1989 ) .  If this 
is occurring, men the result would be a positive net 
release of carbon and possibly a reduced capacity to 
absorb and store carbon. 

The otl1er greenhouse gases released during the 
fires, methane and nitrous oxide , were both released in 
small amounts (Figs 1 and 2) .  It has been estimated 
tl1at ilie methane released from biomass burning in 
Austral ian savannas represents about 10 per cent of al l  
methane sources in Austral ia (Hurst et al .  1 994 ) .  In 
contrast, t l1e release of nitrous oxide by savanna fires 
represents less tl1an 3 per cent of oilier natural and 
anthropogenic sources . 

The gases CO , CH,, NMHC, and NO, which were
released in significant quantities by the fues at Kapalga 
(Figs 1 and 2) are precursors to the formation of 
photochemical smog. The production of 
photochemical smog from tl1ese gases is recognized as 
an important consequence of biomass burning in Africa 
and South America (Cros et al. 199 1 ) .  Photochemical 
smog in turn , leads to the formation of tropospheric 
ozone, which is a very effective, albeit short-lived, 
greenhouse gas . Altl10ugh tropospheric ozone was not 
measured as part of tl1is study, its formation is l i kely to 
be one of the main undesirable consequences of the 
gaseous emissions from the fires in Australia's northern 
savannas. 

If one wishes to manage me savannas to minimize 
the production of greenhouse gases , it cannot be 
achieved by simply reduci ng fire frequency from almost 
annual to one in two or one in three years .  Although 
the per year consumption of grassy fuel by fire would 
decrease if fire frequency were reduced, the in tensity of 
fues would tend to increase because tl1e fuel loads are 
greater (Table 2 ). As well, tl1ere is no evidence that soil 
organic matte r levels increase when fires are excl uded 
from these savannas (Cook, unpublished data ) .  Witl1 
greater fire intensities tree death is likely to increase ( see 
Williams, tl1is volume) .  As a consequence , the carbon 
and nitrogen which had been stored in t l1e tree stems 
would be released to the atmosphere due to decay and 
combustion over several years . Thus a positive net 
release of carbon and n i t rogen could result from 
reduci ng fire frequency if tl1is is accompanied by 

increased death of trees. As well , proportionately more 
metl1ane would be released because the stems of the 
trees would burn by smouldering fires railier than by 
flaming fires ( see Table 1 ). 

The fate of t l1e 'fuel' in tl1e absence of fire must also 
be accounted for in modell ing the effects of different 
fire regime on trace gas emissions. Fuel loads at 
KapaJga did not continue to increase after iliree years 
without fire (Table 2). This indicates tlrnt biological 
oxidation of organic matter is of major importance in 
these savannas. The emissions of trace gases during the 
biological oxidation of the 'fuel' are more difficult to 
measure tl1an pyrogenic emissions because of tl1eir 
greater spatial and temporal variabi l ity. Some evidence 
suggests that biological oxidation may release more 
greenhouse gases man pyrogenic oxidation. Termites, 
for example, release about 1 .2 per cent of the carbon 
they consume as methane (Khali l  et al. 1990 ;  Holt 
1 99 1 )  compared with only 0 . 35 per cent for fires at 
Kapalga ( Fig. 2). As wel l , termites may release a 
greater proportion of nitrous oxide per unit of biomass 
consumed tl1an fires. Further work is required to 
quantify these biogenic emissions. 

CONCLUSIONS 

The release of trace gases from fires at Kapalga was 
similar to that from savannas elsewhere in the world. 
The net release of carbon and nitrogen is likely to be 
close to zero under present fire regimes because tl1e 
structure and productivity of these savannas does not 
appear to be changing. The main undesirable effect of 
these fires on the aonosphere is l i kely to be the 
production of photochemical smog and hence 
tropospheric ozone .  It may be possible to change the 
present fire regimes to minimize the production of 
precursors to photochemical smog. If fue frequencies 
were reduced substantially, ilie biological oxidation of 
unburnt biomass may release equivalent or even greater 
quantities of trace gases tl1an those from fires, but 
would also predispose the savannas to more intense fires 
resulting in greater tree death. Maintaining a regime of 
frequent but low intensity and patchy fires is probably 
the best practical way to minimize tl1e release of 
undesirable trace gases . 
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Contribution by bushfire smoke to photochemical 
smog 

1 Department ofEnvirnnmcmal Protection, 141 St George's Terrace, 
Perth 6000, Western Australia. 

ABSTRACT 

Visibility reductions in the Perth region, due to smoke 
from bushfires and controlled bums, have at times been 
measured by the Western Australian Department of 
Environmental Protection to be in excess of accepted 
standards. The smoke has been observed to include 
high concentrations of hydrocarbons, with the potential 
to contribute to the formation of photochemical smog. 

During the spring and summer ofl992-1993, two 
photochemical smog events occurred which were 
clearly associated with the passage of smoke from 
controlled burns. The background to these events, and 
some implications, are discussed. 

INTRODUCTION 

Since the beginning of 1990, the Department of 
Environmental Protection of Western Australia 
(subsequently termed tl1e DEP) has monitored haze 
events in tl1e Perth region using nephelometers. 
Instruments have been located at the DEP's 
Caversham, Queen's Buildings (Perth) and Hope Valley
sites. (See Fig. 1) 

Two major classes of visibility impairment have been 
identified. One occurs during winter nights, and 
appears to be due to the accumulation of smoke from 
domestic fires. The other occurs during early summer 
evenings, witl1 a moderate sea breeze still present. 

A major source of the latter class of episode was 
found to be controlled burns conducted by tl1e State's 
Department of Conservation and Land Management. 
The need to manage the impact of smoke from 
controlled burns has since been accepted by that 
department. Their summer burn program now includes 
enhanced smoke management methods, drawing 
heavily on specialized forecasting provided by tl1e 
Bureau of Meteorology. 

While the most immediately apparent effect of the 
smoke was on visibility, chemical contaminants were 

P. J. RYE 1 

also present. At the Hope Valley site, levels of both 
methane and other hydrocarbons have been measured. 
(The latter are conventionally termed non-methane 
hydrocarbons, abbreviated NMHC.)

During me summer smoke episodes, non-memane 
hydrocarbon levels were observed to rise to extreme 
levels, in almost exact time correspondence with the 
scattering coefficient measured by tl1c nephelometer. 
Collected smoke samples were analysed using 
chromatography, but me analysis showed a mass of 
peaks, wim no clearly identifiable species. 

The presence of hydrocarbons at such 
concentrations was of concern to the DEP, because of 
tl1eir potential to contribute to the formation of 
photochemical smog, and because some smoke 
episodes were seen to extend tl1rough the morning of 
me following day. 

� 
Scale (km�: 
0 10 2 

:-t� 

0

Rolling Green 

d1. ,w:t;aversham

en's Buildings 
,,,f:1)-° Kenwick 

0
Wattleup 

0 

J Hope Valley 

Figure 1. Air quality monitoring sites currently operated by 

the DEP. Sites other than Hope Valley, Wattleup, Queens 

Buildings and Caversham are components of the Perth 

Photochemical Smog Study. 
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PHOTOCHEMICAL SMOG PROCESSES 

The ter m  ' photochem ical smog' re fe r s to a 
combination of chemical species in the :nmosphere, 
wh ich is the product of r eactions involvi ng i nitial ly a 
mix of nitrogen oxides a nd hydroc:1.r bons with norm al 
atmospher ic gases .  

The pr incipal com ponents of concern arc ozone and 
a range of oxidated nitrogen spec ies ,  which are 
bronch ia l  i rr i tants and corrosive to va ryi ng ex tents. The 
maximum hourly average concentration for ozone 
considered acceptable by  the  U nited States 
Envi ronmental Protection Agency and Victor ian 
Envi ronmental Protection Authority is c urrent ly 1 20 
ppb (pa rts per bi l l ion ) . However, as a resul t  of recent 
epidemiologica l studies , the r ecom mended hourly 
average l i m i t  for ozone has decreased, with most 
recommendations i n  the 75 -90 ppb ran ge.  A review of  
these is given by  St r eeton ( 1 990) . 

Ozone is produced natur al ly i n the atmosphere by 
the reactions 

0
2 

+ hv ➔ NO + O"

o· + 0
2 

➔ o,
where 'h '  represents the  energy of a photon of 
u l trav io le t  l ight, and o· i nd icates an oxygen atom in an
exc i ted s ta te .  The O produced is re -ox id i zed s l owly in
the c l ean atm o sphere to 0,, m aintai n ing an
eq u i l i bri um  tl1 a t  leads to a l o�,., background level of 0�
o f  abou t  1 5 - 25 ppb .  

T h e  r ate o f  N0
2 

r egen e rat ion ,  a n d  conseq uen t l y 
ozone p rod u o- i o n ,  is con s i derab l y accelera ted by th e
presence  o f  rea ct i v e  vob t i lc o rga n i c  co m po u n d s
( ' VOC' ) , a n d  by th e presence  of  n i trogen o x id es from
a n t h ro pogeni c  sou rces ( i . e . ,  those o ri gi n ati ng fi:om 
h u m a n  ac tiv i ti es ) . I n  these c irc u m s ta n ces ,  th e prog ress 
o f  pho tochemical smog  rea c tion s in s t ro n g  su n lig ht
lead s  to a s i g n i ficant  i n c re ase of ozone  concen tra ti ons ,
pe a ki ng  typica l l y  i n  the m id -afternoon period .

Em issions i n v entori es genera l l y  sh ow that th e majo r 
sou rce s o f  volatile organ ic co mpo u nds  arc mo or 
veh i c les and i ndus try, b u t  tha t biogenic emissi o ns -
those from vegeta tion - arc also si gnificant. Carnova le 
et al. ( l99 l ) esti ma ted that for average Mel bou rne 
su m mer tem pera tu res around 25"C, abou t 1 0  per cent 
of total e m issions a rose fro m this source, bu t that 
e m issions m ay rise by 60 per ce n t  for a tcmpcratme 
increase fro m 25 to 3 0"C. The VOC's emitted from 
vegetation tended to be of high reac t ivity, fu rther 
en ha nci n g thei r influence . 

O BSERVATIONS 

Figure 2 shows a n  exa mple of a n  overnight smoke 
ep isode, in wh ich both visib i lity and no n- me thane 
hyd roca rbon values exceeded the full scale  
measu remen t capacity of the record ing syste m . The 
pattern show n, with an i n itial rise in levels between 
9 . 00 p. m . and midnight, a nd a decreasi ng trend 
towards daw n on ilie fo llowing day, is typ ical of tl1ese 
events. 

1 30 

CALMScience 

:o� � 18 11_v::zs;;�ro

1 2 24/0 1 2  24 

6 

4 

2 

8/1 1 9/1 1 

US EPA 6�9 a .m.  3-hour standard 

(NMHC) 0 .24 

0 '=---==�==:1=;;;2
==6==""'

��
=-

-==ii�--==�24 
8/1 1 

Figure 2. Visibilily ( '[ VIS/} ', unils of IQ-' m·')  and non­
me1ha11e /zyd,vcarbon ( '[NMHC] ', pa rls per m illion) at 

Hope Valley, during 8-9 November 1 990. The horizontal axes 
rep resent two days of time, .fmm mid1 1 i�ht to midnight, and 

hou rs th rough the day. 

I n  previous sum mers of record ing, smoke leve ls have 
c leared before the  afternoon ozone peak m i gh t  have 
deve loped . But  duri ng the spring and summer of 1 992 -
9 3  two ozone events occ urred i n  associ a r ion  wi th 
bu�h fi re smoke . Figu re 3 presents ti me  seq uences of 
v isi b i l i ty :md ozone meas u rements ,  obta ined a t  the 
D E P's C :wersham s ite , for the  fi rs t  eve nt , on 22 
Oc tober 1 992 .  

I n  th i s  case ,  a n d  the other on 1 3  J anua ry 1 99 3 ,  he 
vi s i b i l i t ·y standa rd was app roached , bu t  not  exceeded
d ur i ng the  pe riod o f  i n c reased o zo ne con cen t ra rio n . 
A lso i n  bo t h  ca ses , the ra n ge o f  sta n d a rd s  c u r ren tl y 
reco m mc mlcd fo r ozone  w;is  e x ceeded .  

Th e DEP is mon i tori n g o zone a nd n i trogen oxide 
leve l s  ac ross th e metropoli ta n a rea , a s  a m ajo r  
co mponent of a s tudy fu nded by t h e  S ta te Ene rgy 
Co m m ission o f  WA . At the tim e  o f  t he  O ctober 1 992 
event , eq u i pment wa s ope rati o n a l  at Caversh am , 
Swa n bou rne , Ke n w ick and Qu i nn ' s  Rocks (Sec Fi g. 1 
for locations ) .  Th e peak hou r ly averages m easu red were 
1 07 ,  1 06 ,  8 6  and 74 ppb respectively, sh owin g tl1at 
i ncreased photoch e mical sm og levels occu rred across 
the whole mctropolita11 region , both u pwind and 
down wi nd of the urbanized area . (Wi nds at the ti me 
we re from the south - west . )  

: t�·� -
0
o 6 

Vic EPA 1 - hour sta nda rd 

- - - - � 

1 8 24 
200 (03 ) range of reco mmende��t��ga;g� 

1 0:1��' ''  "' ;·:::?;:? 5lQ �· ·2:;. 
Figure 3. Visibility ( '{ VIS!] ', units of 10-' m·1 ) and ozone
( '[03] ', parts per billion) at Caversham, during 22 October 

1992. The horizontal axis unit is hours through the day. 
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VVhile ozone levels did not vary greatly across the 
metropolitan area in the October episode, the January 
event showed large variations. Peak levels measured the 
DEP's sites were as follows: 

Rottnest Island 28 ppb at 1 1 .30 a.m. 
Swanbourne 36 1 1 .40 
Quinn's Rocks 35 1 1 .50 
Two Rocks 23  1 1 .50 
Cullacabardee 85 12. 1 0  p.m.
Kenwick 62 12.20
Caversham 85  12 . 1 0
Rolling Green 1 12 2.20

Highest values occurred inland, and to the north of 
tl1e city. Winds at noon were 7-8 m s· 1 from about 2 1 0° 

at the coast, and 4-5  m s· 1 from 230-240° inland. At 
these speeds, the t ime of travel of an air mass from 
Swanbourne to Cullacabardee (about 20 km 
downwind) would have been close to an hour. During 
this time the ozone concentration in tl1e air mass rose 
by about 50 ppb. This represents a high rate of 
reaction, compared with normal Perth experience. 

The differences between the two events may be 
linked to the differing meteorology of the two days. On 
22 October, there was an initial l ight easterly wind at 
the coast, with a light soutl1erly at Rottnest. The 
southerly wind was due to the presence of a common 
feature of Perth's summer cl imate, the 'west coast 
trough ' ,  a low-pressure trough that forms offshore with 
its axis parallel to the coast. The occurrence of southerly 
winds at Rottnest shows that its axis lay between there 
and the coast. 

This pattern , during summer, is the most common 
one leading to a photochemical smog episode. 
Morning urban emissions ofVOC and nitrogen oxides 
are carried offshore by me easterly, but held close to the 
coastline by the effects of the coastal trough. Reactions 
within the offshore air mass permit increased ozone 
concentrations to form ,  before me air is returned 
onshore by the sea breeze. Levels of nitrogen oxides 
measured at Swanbourne on 22 October were 
consistent witl1 values preceding such an event. 

It tlierefore seems l ikely that the increased ozone 
levels arose from me mixing of normal urban emissions 
with VOC in me offshore smoke. The probable high 
reactivity of the mix would have compensated for the 
lower reaction rates in spring, resulting in ozone 
concentrations more typical of summer events .

By contrast, tl1e 13  January winds were initially light 
southerly, wim an onshore trend developing during me 
morning. These conditions do not normally lead to 
increased ozone levels . A steady southerly would carry 
morning emissions well out of the metropolitan area 
before increased ozone concentrations could form .  

The moderate levels o f  ozone and low 
concentrations of nitrogen oxides measured at tl1e coast 
on 13 January were consistent with tl1ese conditions. 
The development of high ozone concentrations inland 
could only be ascri bed to much higher reactivity of 
VOC in the smoke . 

I LLUSTRATION OF SMOKE TRAJECTORIES 

To the best of tl1e DEP's knowledge , the October and 
January events originated from different sources. The 
sole major burn conducted before the first event was on 
private land, north-cast of me city. Other minor 
burning-off operations were also in progress in me 
northern suburbs. Before me second event, the 
Department of Conservation and Land Management 
had conducted a significant controlled burn in me far 
south-west of tl1e state. 

It was believed that in both cases, a major factor in 
common was tl1e presence offshore of a coastal low­
pressure trough. Circulation of air soumward to the 
east of me trough, and nord1ward to its west, creates 
the potential to trap smoke for an extended period. 
This trapping may be enhanced when a closed low 
forms in tl1e trough, as happened at least for d1e 
October event. 

To illustrate the potential effects of the trough, a 
three-dimensional mesoscale model was run from an 
initial easterly-wind condition , typical of tl1e start of a 
period of trough development. The model used was an 
extension of a two-dimensional one developed for both 
forecasting and analytical purposes (Rye 1989 ) which 
had been extensively validated in tl1e Perm region, and 
has recently been applied for sea breeze and trough 
studies related to the current Perth Photochemical 
Smog Study. In tlie most representative case so far, the 
trough formed and deepened over a period of three 
days, the fourth and fifth day of model time being used

in the work quoted here . 

Figure 4. Wind vectors for 9. 00 a.m. on the fifth day of 

model time, showing circulating wind flow. 
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Figure 4 shows a wind vecror plot for a subsection 
of the modelled region at 9 . 00 a . m .  on the fifth day, as 
the trough was passing i nland. The closed c i rculation 
near Cape Natural iste is  a com mon component of the 
trough . 

The calculated hourly meteoro logical fields, from 
which Fi gure 4 is an extract,  were used to est imate the  
movement of  smoke that m ight have been released 
from a location i n  the sou th -west forest region .  

I n  the  model led case the  trough passed i nbnd 
s l ightly later than the t ime that would have brough t  t h e  
smoke trajectories to  Pert h .  Therefore , to i l l ustrate t h e  
type of event t h a t  was observed on  the 1 3  Janu ary, a 
sl i ght sh i ft  of smoke emiss ion t ime was requ i red .  

1 orma! ly, control led burns arc conducted du r i ng 
the daytime, but in t l1 i s  exe rcise it was necessary to sh ift  
the  period to  cover t l 1 e  t imes 1 2 .00 noon to  8 .00 p. m .  

The complicat ions evident i n  the  trajectories shown 
i n  Fi gure 5 arc probably typica l .  A part ic le emi tted at 
7. 00 p .111 .  ( hour  1 9 )  would have been carri ed
northward i n  the evening for the fourth model day,
south-west then north -we. t overnight ,  then north ·
eastward thro ugh rhc next day. By contrast, the
trajectory wh i ch commenced an hour  earl ier moved
i n itia l ly south-west, then north -west overnight, and
fi na l ly to thi: nor t h-cast .

The implication of th is analysis is that  t h i:rc is 
poten t ia l  for smoke tO reach Perth not only from dose 
sou rces, but a lso f i·om large distances away. However, 
for phorochi:mica l  smog ro form when the sou rce i s  
d i st a n t ,  a l ow pressure t rough m ust bl'. pri:si:nt onsho re .  
In  these cond i t i ons ,  :Kc1 1 ra 1e  l raji:cwry f t i rcc1s t s  arc 
u n l ike l y.

N 

1' 

Scale (km) 

0 1 00 

Figure 5. Trajectories calculated up to 6. 00 p.m. on the fifth 

modelled day, for particles released in the south-west. Each 

trajectory is labelled with the hour of the previous day of its 

release. Contrasting shades show the final four three-ho11r 

periods on each. 
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DISCUSSION 

The additional effect of bushfi re smoke, i n  contribu t ing 
to episodes o f  photochcmic:il smog,  in t roduces ;1 
compl ication to r J1e management of" both smoke and 
smog on t he Perth metropol i tan area .  There arc a 
n umber of fuctors to con idcr, inc luding the fol lowing: 

Seasonal Weather Factors For normal  sc:i b reeze 
stren gths and directions, smoke from south -western 
sources passes the Perth region overnight. To pass the 
Perth metropo l i tan area du ring rhc day t ime,  the path 
of the smoke must be extended by some form of 
rec i rc u lation ,  or the  winds carryi ng  the smoke must be 
si gni f icantly l ighter. Both of t hese condi tions normal ly 
require the  presence of a low pressure trough along the 
we t coast. 

D ur i ng ummer, when such a trough is present, 
temperatures on the coast arc genera l ly  a bove 3 5"C , 
hi gher than those considered by l he Department of 
Co nservati on and Land Management to be ideal for 
con t ro l led burns .  In addi tion ,  private burning is  
proh ib i ted through most o f  summer. l�or these reasons, 
such events should be rare in the height or summer. 

But  in the early spr ing peri od,  condit ions suitable 
for controlled burns can arise when temperat u res are 
higher than normal . In thcsi: cases , carefu l 
considerat ion of possible smoke traji:ctories w i l l  be 
essen t ia l  to m i n im i ze thi:  chanci: or  ; 1  pholochcm i ca l 
smog event i n  Pert h .  

H oweve r, there i s  cu rrem l y  n o  formal requ i rement  
t ha t  pri v a t e  !:ind -c learing burns be condu cted w i rh  the  
same a t t e n t i on  r o  weat h er const ra i n t s  ;1s t hose o l " t h c 
Di:partmi:nt or  Conse rva t ion and Land M;rnagemcn r .  
The 2 2  October  cvcm ocrn rred short ly  be fore the 
com mencement of  su 11 1 mi:r-sc;1son fire restr ict ions. For 
t he recurrence of such an event to be prevented, extra 
controls on the l ight ing o f  l a rge f ires may be req u i red 
when a deep low pressure trough develops off the west 
coa t .  

Trottgh Occurrence and Foreciisting The potentia l  
for events described here to product.: photochemical 
smog requi res the presence within the trough of a 
reci rculating flow. Whi le  many coast.i i  trou ghs form 
throu gh a sum mer, most pas in l and withom to rming 
such a llow pattern .  Others cross t he coast at a t ime of 
day when smog formation i prevented r l imited by 
the lack of su n l i ght .  The Bureau of Meteorology has 
long regarded the accu rate pred ic t ion of  movement of
the t rough as a high priori ty, ;ind the potentia l effect of
a trou gh passage i n  the crncial t ime ran ge from :iboLlt
6 .00 a . m .  to 3 .00  p. m .  provides J further reason for
pri ority treatment .

Given the h igh variabi l ity of smoke trajectories, an 
accurate predict ion of movement of smoke over Perth 
due to the passage of a trough is un l ikely. Any control 
strategy based on weather pred ictions would therefore 
req uire incl usion of a wide margin of safety. 

Futu,·e Trends Current vehicle emission controls are 
t ighter on hydrocarbon than on n itrogen oxide 
em issions, so a long- term reduction in em issions of 
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hydrocarbons from the vehicle fleet can be expected, 
but less so of nitrogen oxides. 

The cause of the events described here was a large 
input of hydrocarbons to the urban atmosphere. Under 
conditions of surplus hydrocarbons, the principal 
controlling factor is the supply of nitrogen oxides. 
Given the lesser reduction of nitrogen oxide emissions, 
there appears little prospect of a reduction over time of 
the frequency of smoke-originated smog events. 

CONCLUSIONS 

The two events described here were the first major 
episodes of photochemical smog detected in three years 
of monitoring, to which a bushfire contribution could 
be ascribed. Nevertheless, both occurred due to a 
combination of smoke with a coastal low pressure 
trough, the occurrence of the latter being a normal part 
of Perth's summer weather pattern. 

Measurements suggest that the smog developed due 
to a mixture of urban nitrogen oxide emissions with 
reactive organic compounds in the smoke. In one case, 
the mixing occurred offshore, in the other it occurred 
as the smoke passed over the Pertl1 region. 

Given the potential effect of the combination of 
bushfire smoke and the coastal trough on urban air 
quality, and the very specific circumstances involved, it 
should be possible to include its consideration within 
the smoke management program already operated by 
the Department of Conservation and Land 
Management. But additional controls may be required 
to ensure that events such as occurred in October, 
arising from smoke from private burning-off 
operations, do not recur. 
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Smoke management in Western Australia's south-west 
forests 

1 CALMfirc Branch, Department ofCon5ervation and Land 

Mam1gcrnent PO Box 104, Como 6152 Wc5tcrn Amtralia. 

ABSTRACT 

Prescribed burns conducted by the Department of 
Conservation and Land Management (CALM) on 
forest blocks up to 300 km south of Perth, can result in 
the development of smoke haze in the Perth 
metropolitan area. This smoke haze can significantly 
reduce visibility along highways and airports, and upset 
residents who perceive there may be health risks 
associated witl1 smoke concentration. 

Active smoke management programs for bums close 
to Perth began in 1974, and smoke management has 
since been extended to all forest areas in tl1e south-west 
of me State. 

Studies on the impacts of various weamer 
parameters and operational factors on the incidence of 
smoke haze in Perth indicated that me most important 
factors included atmospheric stability conditions, wind 
directions, location of burn in relation to other bums, 
accumulated areas of burns, timing of burns, and 
distance of burn from Perth. 

A set of smoke management guidelines have been 
developed and tested successfully over three fire seasons. 
The guidelines have been incorporated into a decision 
model for fire managers. The model is presented in me 
form of a series of simple decision charts. Further 
research into prediction of smoke transport and 
dispersion is being undertaken between CALM and the 
WA Regional Bureau of Meteorology. 

INTRODUCTION 

The Department of CALM carries out an extensive 
prescribed burning program in the south-west forests, 
in order to reduce flammable fuels and mitigate the 
undesirable social, economic, environmental and 
human problems caused by destructive wildfires. 

In part, CALM's burning program stems from me 
direction to do so, made by a Royal Commission 

R. J, SNEEUWJAGT 1 
AND R. SMITH 1 

(Rodger 1961) which enquired into the widespread 
bushfires in summer 1961, which destroyed DweUingup 
and several other settlements. 

In part, CALM is also responding to the Bush Fires 
Act of 1954 which requires landowners to take 
responsible action to minimize fire hazard. While 
CALM is not a landowner in this sense, it has a duty of 
care as a neighbour to carry out appropriate works 
which reduce the probability of fire spreading onto 
neighbouring properties. 

Prescribed burning is ca.rried out by CALM District 
staff, often with the assistance of volunteer bush fire 
brigades. The work is done in accordance with a Fire 
Management Plan for the district which sets out the 
areas to be burnt and the frequency and season of tl1e 
burns. Fuel reduction burns are concentrated in the 
areas where the highest values need to be protected 
from potential wildfires. Other planned burns are lit 
for a variety of purposes, including wildlife habitat 
management and forest regeneration (McCaw and 
Burrows 1989). 

The fuel-reduced areas which result from prescribed 
burning have enabled fire fighters to suppress many 
potentially serious wildfires, to the extent that there 
have been very few major fires in the past thirty-three 
years in the jarrah and karri forests of Western Australia 
(Underwood etal. 1985). 

During this time no fire fighter has been burnt to 
death in a forest fire in Western Australia, as has 
occurred in south-east Australian states, nor has there 
been any civilian loss of life. 

Land managers have a responsibility to en.sure that 
prescribed burning is strategic, timely, appropriately 
and correctly applied. An additional responsibility of 
land managers extends to the minimization of impacts 
of smoke from prescribed burning on the community. 
Smoke from these burns can be more than a nuisance as 
it can reduce visibility along highways, close airports 
and upset metropolitan residents because of perceived 
health risks associated with smoke concentration. 

SMOKE AND WEATHER CONDITIONS 

Fuel reduction burns in the south-west forests of 
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Western Australia are normally carried out in the spring, 
early summer and autumn months early in  the cycle of 
anticyclones which move from west to east across t he 
southern half of the continent. During these periods 
moderately warm and dry conditions occur for periods 
of 3 to 5 days enabling low intensity burns to be carried 
out safely. The range of conditions typically associated 
with prescribed burning for fuel reduction are shown in 
Table 1 .  The typical range of fire behaviour parameters 
observed at tl1ese prescribed burns is shown in Table 2 .  

Burns i n  tJ,e northern jarrah forest north of 
Bunbury can be carried out on the westerlies which 
occur as the anticyclone begins its easterly movement 
across tl1e bottom part of the State . The south -easterly 
winds arc most often used for the forest zones south of 
Bunbury as tJ1ese coincide with moderate weather 
conditions and suitable levels of fuel moisture. 

The winds in the southern quarter provide tJ,e safest 
conditions under which to light prescribed fire as these 
conditions are generally characterized by mild 
temperatures, relatively moist fuels, predictable and 
moderate wind speeds and relatively stable atmospheric 
conditions. Unfortunately those conditions that are 
normally suitable for a safe effective fuel -reduction burn 
in the forest are most often the same that lead to poor 
smoke dispersal and the accumulation of high levels of 
smoke concentration .  

South -easterly winds transport smoke from burns i n  
the  northern j arrah forests directly into Perth.  Further 
south, smoke can be carried by the south-easterlies over 
the Indian Ocean from where some of the smoke can 
be blown back over tl,e coast and Pert!, by tl,e l ate 
afternoon south -westerly sea breeze. 

TABLE l 

Range of weather ond fuel condi tions used for fue l reduction 
burning operations in jorroh and korri forests 

Range of Condit ion 

TEMPERATURE 
1°Ci 

20 lo 30 

REIATIVE 
HUMIDITY 1%) 

30 to 50 

Moisture Content expressed as percentage of oven-dry weight 

TABLE 2 

Range of fi re behaviour cha racteristics for fuel reduction 
prescribed burns in forest fuels of WA 

FIRE BEHAVIOUR 
CHARACTERISTICS 

Range of Poromelers 

Fl.A/v\E HEIGHT 
(m) 

0. 3 lo 2 .0

During days of very stable atmospheric conditions 
tJ1is has resulted in a smoke haze in Perm when ilie 
visibility index exceeds ilie current standard applied by 
the Department of Environmental Protection (DEP) .  
This standard i s  the visual range of  20  km averaged over 
1 hour. This standard is determined by reference to ilie 
light-scattering properties of fine airborne particles as 
measured by a nephalometer. A visibility coefficient is 
determined from the nephalometer readings . A 
coefficient value of 2 . 3  is equivalent to a visual range of 
20 km. Values which exceed 2.3 when averaged over 
1 hour are considered to exceed the air quality 
guidelines adopted by the DEP. The smoke haze 
usually lasts for 2 to 8 hours overnight and disappears 
in the morning with ilie dissipation of the nocturnal 
inversion and the onset of the prevai l ing easterlies. 

High intensity wildfires normally occur on north­
east, nortJ1 or norm-west winds. While such fires 
generate much larger volumes of smoke that can affect 
souiliern regional centres such as Bunbury, Manjin,up 
and Denmark, the smoke is normally carried soutl, 
away from the Perth metropolitan area . Any 'pollution 
problem' associated wiili bush fire smoke in Pert!, is 
tJ1erefore more related to prescribed burni ng than to 
wildfires. 

MANAGING THE SMOKE 

CALM has managed smoke in the northern jarrah 
forest, witl1in 100 km of Perth, for nearly twenty years. 
Based on smoke distribution studies conducted by the 
Commonwealth Scientific Industrial Research 

WIND 
DIRECTION 

W-5-E 

HEADF IRE RATE OF 
FORWARD SPREAD 

[m h· 1 )

1 5  to 40 

WIND SPEED 
(km h· 1 )

1 0  lo 20 

SURFACE FUEL 
MOISTURE 
CONTENT 

1 0 to 1 6% 

FIREUNE INTENSITY 
(kW m- 1 ) 

1 00 to 500 
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Organ isation (CSIRO) in conj unction with the Forests 
Department of Western Australia in the early 1 970s 
(Vines et al. 1 97 1 ), a predictive model was developed 
to make reliable predictions about the fate of smoke 
plumes from planned burns. The model has been used 
to determine the maximum size of an area hat can be 
bu rned Linder various wind directions a a 
predetermined distance from Perth so that the air 
qual ity in the metropol itan area is not s ignificantly 
affected. For example, under south -easterly and 
easterly wi nds, areas bu rnt within the  northern jarrah 
forest zone arc restricted to a size given by the 
following simplified equation . 

Max. Burn a rea (ha ) = Distance from Perth Airport 
(km ) x 20. 

For example, the largest burn area for a location 
8 0  km south-cast of Perth Ai rport is 1 600 ha. 

This decision rule is appl ied particu l arly where wi nds 
a re l ikely to lead smoke directly i nto Perth . Larger 
bums can be conducted on ly  when winds arc 
predominantly from the south- west . Stringent 
application of t l1is model over the past twenty years has 
resulted in very rare i nstances when smoke from 
northern forest burns has blown directly onto Perth, 
usua l ly  as a result of a n  i ncorrect wi nd forecast . 

In 1 990 CALM became aware that smoke haze 
from sollthcrn forest burn operations was exceed i ng 
visibi l i ty standards on seven or eight occasions each 
summer. These instances, which occ u rred m ost ly :it 
night, were detected on th ree DEP nephalomcter 
recorders located i n  and :iround Perth . The origi n  of 
these smoke sources were confirmed by LANDSAT 
images to be as far as 300 km south of Perth. 

As a result, CALM has u ndert:iken studies into 
determining the relationship between weatl1er and burn 
operation factors and the incidence of smoke haze from 
these sou thern forest burns (Smith 1 99 1 ,  1 992) . 

These studies identified a n umber of factors that 
may contribute to the incidence and extent of smoke 
haze in the Perth metropolita n a rea . 

( i) A"tmospheric Stability

Atmospheric stabi l i ty  as meas ured by the rate of 
temperatu re change wi th height .  The presence and 
depth of low- level temperatu re i nversion measured at 
7 .00 a .m . each day at Perth airport provided a good 
gu ide to tl1e probabil ity of smoke haze occu rring i n  the 
metropol itan area . The stronger the inversion 
temperature change, the more l i kel ihood that smoke 
will accumu late and exceed l imits .  

(ii) Total Area Burnt Within a Day 

The area of prescr ibed burning tl1at can be 
undertaken without result ing i n smoke haze appears to 
be dependent on the atmospheric instabi l ity. Under 
weak inversion ( < 3°C change within the first 1 000 m ) 
the accu mmulated area of several burns can exceed 
1 5  000 ha. This area is reduced to about 12 000 ha 
u nder moderate inversion ( <3-6°C change); and 6000
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ha for strong inversion (7- l 0°C change) . Inversion 
temperature changes in excess of 1 0°C were rare and 
ofi:en associated with a west coast trough that 
prevented any dispersion of smoke haze on the west 
coast. 

(iii) Burn Concentration

The concentration of smoke was related to the 
geographic distri bution of burning operations. 
Separation of burns by more than 80 km reduces t l 1e 
smoke concentration and therefore th e l ikel ihood of 
high smoke haze levels recorded in Perth . 

(iv) Wind Direction

The transport of smoke from soutl1ern burns into 
Perth occurs predominantly under southerly winds . 
Afternoon seabreezes have su bstantial in fluence on the  
ocrnrrence and ti ming of arrival of smoke haze in 
Perd1 . 

Winds with a northerly component reduced the 
l i kel i hood of smoke haze in Perth , but can disperse
smoke over regiona l cen tres in tl1c lower south-west .

(v) Scheduling of Burns

Delaying the ignition of burns can reduce tl1e 
chances of smoke reaching the Perth area . In some 
c i rcumstances, smoke from bums ignited later in the 
day is blown over the Ind ian Ocean and is not widely 
dispersed because the infl uence of the seabreeze has 
diminished by tl1e time the smoke reaches Penh. 

SMOKE MANAGEMENT GUIDELINES 

Smoke management gu ide l i nes have been developed 
over the past three years which take into accou nt 
atmospheric condi tions, wi nd direction , forecast of 
seabreeze, location of bum in relation to metropol itan 
area, d1e s ize of bums, location in relation to other 
la rge CALM burns, total area l ikely to be burnt on die 
day, burn priority and recen t history ( e.g. a l ready part ly
al igh t), avai labi l i ty of resou rces including aircraft for 
igni tion , and incidences of other bum operations 
undertaken by other agencies and landholders .  

To ass ist fire managers co-ordi nate the com plex 
bu rning program in accordance with these smoke 
m anagement guidel i nes, a decision model has been 
recent ly developed and ;1ppl ied in 1 992- 9 3  and wi l l  be 
fu rther tested in the 1 99 3 -94 bu rning season . This 
model i s  presented in the form of a ser ies of s imple 
decision chms (Figs 2 to 7 ). 

The appl ica tion of the smoke management 
guidel ines during the 1 992 and 1993 burning seasons 
resulted in a low incidence of smoke h aze in Pertl1 . 
There was one serious haze occurrence that plagued 
Perth for t hree days from 2 1  to 23 October 1 992 ( Rye 
1 994) . This appeared to be a result o f  an unusual ly 
i n tense inversion over tl1e Swan Coastal Pla in which 
trapped smoke from wildfires and private burning 
operations to the nord1 of Perd1. CALM's burning 
operations were cancel led during tl1is period to avoid 
contributing to the problem . 
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PRESCRIBED BURNING AND SMOKE MANAGEMENT DECISION SYSTEM FOR 

SOUTH-WEST FORESTS OF WA 

Start of decision rocess 

Use CHART I 

CANCEL 

End of decision rocess 

POSSIBLE PATHWAYS OF SYSTEM 

GO AHEAD �.--- no 

Use CHART 2 

Use of CHART 3 

Area or aircraft 
constraints 
exceeded? 

Yes 

UseCHART4 

Figure 2. Decision Chart for Smoke Management. 

PRESCRIBED BURNING AND SMOKE MANAGEMENT - DECISION CHART I 

ST ART OF DECISION PROCESS 

weather forecast OK? 11-----yes � fuel moisture OK? I 
I I 

no 

-------yes 
--=--F=""'°-

TRY AGAIN TOMORROW 

no yes 

mvers1on ve 

no 

within 100 km of Perth 

no 

and low? 

yes 

I GO TO CHART 2 I I GO TO CHART 3

Figure 3. Decision Chart 1. 
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PRESCRIBED BURNING AND SMOKE MANAGEMENT - DECISION CHART 2 

The burn is NOT within 100 km of PERTH AIRPORT•--- false 7 

II GO TO CHART 3 � true 

-yes--1 -yes--4 IGNITE UNDER
inversion strong wind S to E? CONSTRAINTS 

B&D 
I I 

no no 

I IGNITE UNDER 
CONSTRAINT -

B 
·� 

mvers1on -yes--t -yes----1 IGNITE UNDER
moderate wind S to E? CONSTRAINTS 

C,D&E 
I I no no 

IGNITE UNDER 
CONSTRAINT 

C 

IGNITE UNDER 
wind S to E? _yes CONSTRAINTS 

D&E 
I no 
.1 

IGNITE UNDER 
wind SSW to WNW? -yes CONSTRAINT 

F 

no 
.l. 

IGNITE WITH NO Does area planned for ignition exceed 
CONSTRAINT � overall area constraint or aircraft � " 

availability? 
I I no yes 
+ 

END OF DECISION PROCESS � 
• 

II GO TO CHART 4 � 

Figure 4. Decision Chart 2.
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PRESCRIBED BURNING AND SMOKE MANAGEMENT - DECISION CHART 3 

11..D T!,!h�e;..!b:!,!;ur�(
�IS�w:!!ithin�- �l�0�0wkm�,20!.,f P�B!;;RT�H�AIRP��O�R�Tji ---- false 7

true R GO TO CHART 2

wind S to E? no---------------. 
IGNITE UNDER
CONSTRAINTS

A&B 

yes
yes

Can ignition be completed in time available after onset
of seabreeze? 

no

CANCEL IGNITION 

END OF DECISION PROCESS

Figure 5. Decision Chart 3. 

Does overall area planned for ignition
exceed constraints or aircraft 
availabilit 

no res 

II GOTOCHART4

PRESCRIBED BURNING AND SMOKE MANAGEMENT - DECISION CHART 4 

111..I �H�A�VE:;.:::..,!Y�O!!U�U:,:;S!,!E�D�C;!.H�AR�T�l.i.,�2.:;0�R�3?.:.,. _,J---no------1�\,,!;;GO�.!.T!;:O:.,:C�H�AR�T�l___,,11

yes

Allocation priorities to various areas to be burnt using the following considerations:

l. Prescribed Burning Priority system should be used to allocate ratings in relation to
other burns. 

2. Has area had earlier ignition and do running fires pose a threat?

3. Are external forces available/committed to the burn?

4. Are aircraft available to complete the iobs within time constraints?

!I REMOVE LOWEST PRIORITY AREA � 

R Area and aircraft constraints met? !/---no-

yes

1 
U END OF DECISION PROCESS

Figure 6. Decision Chart 4. 
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CONDITIONS OF BURNING 

A .... Individual burn areas limited by ratio rule*. 

B .... Total area burnt not to exceed 6,000 ha. 

C .... Total area burnt not to exceed 12,000 ha. 

D .... Bums greater than 4,000 ha to be at least 40km from any other bum on first and 
following day. 

E .... Total area burnt within any 80km radius not to exceed 15,000 ha. 

F .... Total area burnt within any 80km radius not to exceed 15,000 ha 

* Area = 20 x Distance to Perth Airport (km)

Figure 7. Limitations on Burning for Smoke Management. 

FUTURE DEVELOPMENTS IN SMOKE 

MANAGEMENT 

Monitoring of smoke haze incidence in Perth during 
the 1992 and 1993 burning seasons indicated that the 
application of simple decision rules has significantly 
improved smoke management from prescribed burning 
in Western Australian forests. However, more remains 
to be done. Unpredicted weather events can still 
surprise weatl1er forecasters and fire managers, and re­
ignition of unburnt fuels on subsequent days can cause 
smoke to accumul:lte over population centres. 

There is still much to learn about smoke transport 
and dispersion. CALM and the Bureau of Meteorology 
arc to conduct a joint study that aims to provide a 
means of accurately predicting the trajectories of smoke 
parcels on the days of proposed burns. The Bureau's 
current operational numerical model (RASP) runs a 
trajectory plotting routine, but the model's grid 
resolution (150 km) is too coarse to capture tl1e detail 
required. It is proposed a mesoscale numerical model 
with a grid resolution around 10 km be developed by 
the Bureau to predict the trnnspor of smoke emitted 
from sources throughout the south-west. 

In addition, the Bureau is investigating the synoptic 
situations during which smoke haze problems have 
occurred. It is hoped tl1is will help improve the 
identification of dispersion fuctors and the development 
of a Dispersion Index similar to that used in Soutl1-
eastern United States (Lavdas 1986 ). 
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CONCLUSION 

While the applications of smoke management 
guidelines and appropriate burning prescriptions will 
help to minimize the occurrence of smoke haze over 
Pert!,, there is no guarantee that it can be eliminated 
altogether. 

The complete cessation of prescribed burning may 
have short-term impact on the incidence of smoke 
haze, but will inevitably create anotl1er social problem; 
the cost and tragic impact of destructive wildfires on 
communities, properties and forest ecosystems in the 
south-west. It is simply not acceptable to put rural 
communities and our natural assets at risk to wildfire 
damage and destruction in an attempt to eliminate 
occasional bush fire smoke from the city. 
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Responses of plant populations to fire: fire season as 

an under-studied element of fire regime 

1 Department of Biological Sciences, University of Wollongong,
Wollongong 2522, NSW. 

ABSTRACT 

It is well known now that the responses of plant 
populations to fire depend on the fire regime. Different 
fire intensities and fire frequencies can both alter plant 
population dynamics, but other aspects of the fire 
regime have received less attention. We have set up a 
replicated study to examine how season of burning 
might affect plant populations by altering recruitment 
in Hawkesbury Sandstone vegetation. Time to 
germination and germination rates of sown seeds of 
Banksia and Hakea were measured after fires in two 
different springs and two different autumns. 
Recruitment varied markedly between fires in the same 
season but different years. Unlike studies in 
Mediterranean-climate regions, the timing of 
germination after fire was not predictable. We conclude 
that the vagaries of post-fire climate introduce a 
stochastic element into the plant population response 
to fire that should be incorporated into population 
models and fire management sn·ategies. 

INTRODUCTION 

Many characteristics of plant species in fire-prone 
ecosystems arc considered to have evolved in response 
to an historic fire regime - with fires of an intensity, 
frequency and season that are typical of a given region 
(Gill 1975). Gill's work (e.g. Gill 1975, 1981, 1989) 
has emphasized the importance of focussing on fire 
regime in interpreting and predicting the ecological 
impacts of fire. 

Considerable experimental and modelling work has 
been done on the effects of several components of fire 
regime on plant populations and communities. This

work has focussed on the effects of varying fire 
intensities and fire frequencies on mortality of plants 
and recruitment to plant populations ( e.g. Bradstock 

R. J, WHELAN 1 
AND I. TAIT 1

and Myerscough 1981; Bradstock and O'Connell 
1988; Auld 1986), perhaps because these aspects of fire 
regime are the most conspicuous ways in which fire 
regimes prescribed for some land-management 
objectives differ from natural fire regimes. 

Prescribed fires also differ in the season in which 
they are applied, the cool-season being favoured 
because deliberate fires can be more readily controlled. 
In this paper, we explore the possible ecological effects 
of season of burning by presenting some preliminary 
data from a pilot study designed to examine time to 
germination and magnitude of germination in two 
Proteaceae species in the Wollongong area. 

Empirical studies of the effects of fire season, mostly 
conducted in Mediterranean-climate ecosystems with 
predictable timing of wildfires and strong climatic 
seasonality, suggest that seedling densities are lower 
after fires in winter/spring than after summer/autumn 
fires ( e.g. McMahon 1984; Bond et al. 1984; Midgley 
1989). One mechanism that has been proposed to 
explain this pattern is that the post dispersal seed losses 
are greater after a spring fire (see Bond 1984; Cowling 
and Lamont 1987). It is argued here (i) that 
germination occurs because of the favourable 
conditions in winter/spring, and (ii) that seeds are at 
risk while they lie on the soil surface after dispersal and 
prior to germination. Hence seed losses would be 
minimized after autumn fires, because seed release is 
immediately followed by germination. After spring fires, 
seeds must see out summer and autumn before 
germination. 

As Bradstock and Bedward ( 1992) pointed out, 
much of the information on the effects of season of fire 
( with some exceptions - see Bond et al. 1984) comes 
from single studies of fires that are unreplicated within 
years or seasons. Moreover, there is no reason to expect 
that the processes determining the patterns of 
recruitment are similar in other ecosystems. 

In this study, we conducted an experiment with 
replicated fires in each of two springs (1990 and 1993) 
and two autumns (1992 and 1993). We measured the 
time from seed release until germination and also the 
proportion of seeds germinating after each fire. 

147 

CALMSCience 



CALMSclenceSupplement4: 147-150(1995) 

METHODS 

In 1990, an 8100 m2 site ofHawkesbury Sandstone 
vegetation was selected near Picton, New South Wales. 
This woodland with a heath understorey is typical of 
many sites in the ydney region and contained extensive 
populations of two woody shrub species that were the 
forns of the study: Hakea Jericea (Harden 1992) and 
Banksia spinulasa (George 1984). The site was divided 
into 36 plots, each between 0.1 and 0.2 ha. This patch 
area is typical of hazard-reduction burning carried out 
by the Balmoral Bush Fire Brigade in the general area 
of the study (I. Tait, personal observation). The season­
of-fire treatments (initially to be one each of spring, 
autumn, summer) were allocated randomly to plots. 
After the first spring (1990) and autumn (1992) fires, it 
was decided that replication of these seasons of burning 
was important, so the third group of l2 plots was 
divided into two sets of 6, randomly allocated to either 
spring 1993 or autumn 1993 burning. 

Fires in the replicate plots for each year/season were 
held within a few days of each other, and all were 
burned in the mid to late afternoon in a manner typical 
of a routine hazard reduction fire. 1::ire intensity varied 
both between and within plots, with canopy scorch in 
some areas and only patchy burning of leaf litter in 
others. Seeds released from fruits heated over a fire 
outside the site were sown on the ground in each plot. 
In each plot, 20 seeds of each species were dropped 
from a height of about 30 cm into a 50 x 100 cm grid, 
and their precise loc:itions in the grid recorded. 
Sowings were completed 2-3 weeks after the fires, 
which is when n:itural scedfall was occurring. The grids 
were visited regularly to record the :ippearnnce and 
survival of seedlings. 

A major rainfall event following the spring 1990 fire 
re-assorted seeds, litter and soil, such that continuing 
germination could potentially be confoscd with seed 
rain from surrounding plants. Seedlings from sowings 
in the other fires remained in their locations and were 
readily identified in consecutive censuses. The 
surrounds of each seedling grid were searched 
thoroughly for seedlings, confirming that 'background' 
germination levels were negligible. 

RESULTS 

Following the fires in spring 1990, the time to first 
germination was 10 months after sowing for both 
Hakea and Banksia (Fig. la). Thus seedlings first 
appeared in August 1991. Over 25 per cent of Hakea 
and 10 per cent of Banksia seeds germinated, but 
survival over the ensuing l.5 years was low, with just 
over 5 per cent of the original seeds still remaining as 
seedlings. 

Germination following the fires in autumn 1992 did 
not occur, as expected, in the following winter (Fig. 
lb). Seedlings of both species first appeared 7 months 
after sowing: in January 1992. New seedings continued 
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to appear for a further 7 months with very little 
mortality. In contrast to the spring 1990 fire, a very low 
proportion of seeds germinated: less than 5 per cent for 
Hakea and less than 2 per cent for Banlzsia. 

After the autumn 1993 fires, germination had 
already started :i.t 4 months: i.e. in September 1993 
(Fig. le), tl1ough it is not yet possible to assess tbe 
magnitude of germination. The spring 1993 fires have 
just occnrrcd. 
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Figure I. (a) Changes in numbers of Hakea sericea and

Banksia spinulosa seedli11gs wirh time after fires in spring
1990; (b) and (c) cumulative germination and numbers of 

seedlings alive wit/z time after fires in autumn 1992 (b) and 

autumn 1993 (c). 
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DISCUSSION 

The timing of first germination after the 1990 spring 
fires was indeed delayed until the following winter. Th.is 
is the pattern that would be expected from Bond 
( 1984) and Cowling and Lamont ( 1987) . The long­
term results of the 1993 spring fire remain to be seen , 
but there had clearly not been substantial germination 
by summer 1993-94 . The time to germination differed 
between the two autumn fires. There was a delay of 
over 7 months before germination occurred after the 
autumn 1992 fires . Thus seedlings started to appear in 
summer. In contrast, germination had started just 4 
months following the 1993 autumn fires. Even with 
these three sets of fires, it is apparent that the timing of 
germination is not strongly seasonal. It is l ikely that the 
less predictable season bringing substantial rainfall in 
the Sydney region, in contrast to Mediterranean-cl imate 
regions, is the major factor controlling the season of 
germination. The coincidence of germination with the 
first period of substantial rainfalJ after the first two sets 
of fires (spring 1990, autumn 1992 ) lends support to 
this hypothesis (Fig. 2 ) .  

Although the time to germination was greatest after 
the spring 1990 fires , the proportion of seeds 
germinating was not substantially greater than after the 
other fires (Fig. la; nearly 30 per cent of seeds for 
Hakca and 10 per cent for Banksia) . Poor germination 
was expected to result from the long period during 
which seeds were at risk from predation, fungal attack 
and other hazards. Poor germination did occur 
following the 1993  autumn fire (less than 5 per cent for 
Hakca and less than 2 per cent for Banksia) , where 
d1ere was also a substantial delay between the fire and 
germination . It is not yet possible to assess the t iming 
or magnitude of germination folJowing the autumn 
1993 fires . 

The main conclusion of d1ese preliminary studies is 
that germination is not strongly tied to the winter/ 
spring season . Nor does there appear to be a strong 
inverse relationship between the proportion of seeds 
germinating and the length of t ime between a fire and 
germination . In this environment, therefore, the 

ra infa l l  300 
(mm) 250

200
1 50
100

spring'90 fire 

pattern of post-fire rai nfall , irrespective of season ,  
appears ilic most Hkely determinant of the  timing of 
germination. The factors determining the magnitude of 
germination are stil l  unclear. One possibility is 
suggested by the observation of reassortment of seeds 
and l i tter into soil depressions, following the major rains 
after the 1990  fires. This process may have deposited 
seeds in microsites that were especially suitable for 
germination (see Whelan 1986; Enright and Lamont 
1989 ; Lamont et al. 199 1 ;  Battagl ia and Reid 1993 ) .  

The building of  realistic models of popu lation 
dynamics under various fire regimes wil l  clearly require 
careful inclusion of d1e impact of factors such as post­
fire rainfall ( Bradstock and Bedward 1992 ) ,  and other 
factors d1at might affect timing and amount of 
germination, such as spatial heterogeneity of safe sites, 
and post-dispersal seed removal . 

CHALLENGES FOR MANAGERS 

Understanding the effects of different fire seasons on 
plant demography and then incorporating d1is 
information in management offer enormous challenges 
for land managers, especially in s ituations where 
conservation of plant species and communities is a 
significant management objective (see Whelan and 
Muston 199 1 ) . 

f f  the timing of prescription burning does i nfluence 
recruitment to populations of some plant species, men 
wide-spread hazard reduction burning, especially in 
winter/spring, may be expected to have detrimental 
effects. However, the preliminary results of our study 
indicate that reduced recruitment after spring fires may 
not be a general effect. The differences between this 
study and previous work in Mediterranean- climate 
systems rei nforce the vi ew (Williams ct al. 1994 ) that 
management prescriptions are not likely to be 
'portable' ,  depending on the characteristics of a 
particular site. It is therefore crucial that research and 
monitoring is bui lt into prescription burning programs 
in each area (Christensen and Maisey 1987 ;  Gill 1989 ;  
Whelan and Muston 199 1 ) . 

autumn' 92 autumn'93 
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Figure 2 .  Months to first germination i n  relation to rainfall. The solid lines above the rainfall bars represent the time 
between seed sowing and first germination after the three fires. 
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Interdependence of woody plants, higher fungi and 
small marsupials in the context of fire 

1 School of Environmental Biology, Curtin University ofTechnology, 
GPO Box U 1 987, Perth 6001 ,  Western Australia . 

ABSTRACT 

As a 'fire weed' ,  the gastrolobiums and other 
mycorrhizal peas form dense thickets after intense fires : 
these serve as essential shelters and nesting sites for the 
woylie, Bettongia penicillata. This marsupial is the 
major consumer of the underground sporocarps of at 
least 18 species of higher fungi in eucalypt forest in 
Western Australia. When fresh faecal pellets from 
captured animals were applied to seedlings of 
Gastrolobium bilobum (Fabaceae) and Eucalyptus 
calophylla (Myrtaceae) in autoclaved soil they formed 
far more ectomycorrhizal rootlets than the controls in 
non-autoclaved soil . Application of fresh spores of two 
hypogeous species to the seedlings produced neither 
mycorrhizas nor growth responses .  The most l ikely 
explanation is that digestion by the marsupial facilitates 
germination of the spores. More recent work on the 
Gastrolobium has shown the pellets are l ikely to increase 
the numbers and frequency of mycorrhizal types from 
one or two to five in soils varying in fire history. 
Restoration of these fungi after fire appears vital for re­
establishment of species such as the Gastrolobium as it is 
killed by fire. Not only does consumption of sporocarps 
escalate after fire but the woylie may travel up to 3 km 
overnight and moves from one burnt patch to another. 
This gives it the capacity to be an effective dispersal and 
restoration agent, but the extent to which tl1e soil is 
steril ized by fire remains uncertain. 

INTRODUCTION 

Fires have direct and indirect effects on the ecosystem . 
My aim here is to highl ight one of me intriguing 
indirect effects, that of the relationships between major 
woody plants, higher fungi and certain moderately 
smal l marsupials . While the full detai ls are sti l l  under 
study or remain unexplored, it is already clear mat this 
triangular trophic relationship is a prime example of the 
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'balance of nature ' .  The starting point for any species 
conservation or habitat management program is to 
understand the repercussions of any change in status of 
one component on other components of the ecosystem . 
I focus on the southern dry sclerophyll forest in 
Western Austral ia as the system I know best, referring 
to work in eastern Australia where this helps amplify 
points . I examine the interacting components in turn 
with fire as tl1e starting point for restoration of the 
ecosystem. I concentrate on fungi which form 
sheathing ( ecto) mycorrhizas with the rootlets of many 
plants in Australian forests (Fig. 1 ,  Warcup 1980a ) .  

RESPONSES TO FIRE 

Effect of Fire on Mycorrhizal Fungi 

The effect of fire on mycorrhizal fungi depends on 
where ilie mycel ium and mycorrhizas arc located in 
relation to the intensity of the fire. Mycorrhizal fungi 
l ive saprophytically in l itter or on rootlets in decaying 
litter or the organically rich surface soil (Malajczuk and 
Hingston 1981 ;  Reddel l and Malajczuk 1984 ) .  Intense 
fires will burn off the l itter and heat the soil to a depth 
of 100 mm or more. Malajczuk and Hingston (198 1 )  
showed th e  density o f  mycorrhizal rootlets was lower 
after an intense fire ilian the controls in Eucalyptus 
marginata (jarrah) forest .  A decrease in rootlet 
numbers could have contributed to these results and no 
counts were made before the fire. Subsequent work 
(Reddell and Malajczuk 1984) showed that prescribed 
burning reduced by 90 per cent the numbers of white 
and brown cctomycorrhizas in E. marginata but not 
the deeper located black mycorrhizas. Warcup ( 198 1 )  
noted that a steam treatment of  5 5°C for  5 minutes 
was sufficient to reduce fungal numbers markedly. 
While all E. regnans seedlings grown in soils heated at 
55 -82°C for 5 to 30 minutes were mycorrhizaJ , several 
ectomycorrhizal types formed by basidiomycetes 

present in the controls were absent. 
In contrast to the above, there are many instances of 

the stimulation of sporulation by fire. This is most 
obvious for the epigeous (toadstool-type ) fungi 
(Christensen 1980) ,  many of which are 
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Figure 1. Scanning electron micrograph of mycorrhiza roo1le1 (simple, 1a11 type) 0,1 GasLrolobium calycinum from Dryandra 

Slate Forest. Scale = O.J 111111. 

ectomycorrhizal, in the autumn after fire. The 
hypogeous (underground puffball-type::) sporocarps arc 
much more difficult to observe (Fig. 2). After a 
wildfire, most hypogeous discomycetes only spornlated 
in the first year, nine of which formed ectomycorrhizas 
with Eucalyptus obtiqu.a or Melalcttca uncinata 
(Warcup 1990). In lighter burnt areas, hyphae grew up 
from the non-heated part of the surface soil and 
produced abundant hypogcous basidiocarps in the 
second winter-spring. 

Johnson (in Taylor 1992a) claims that spornlation 
may be much quicker th.m this - at least in Tasmania: 
sporocarps were more common a week aA er a burn 
than in the controls, rising to six times greater 
eventually. This appears to be a specific enhancement 
of the hypogeous genus Mesophdtia (Taylor 1991 ), a 
major ectomycorrhiz:il fungus in Australi:i bec:iuse of its 
association with eucalypts (Ashton 1976; Malajczuk 
et al. 1987; Dell ct al. l 990). Johnson's rese:irch was in 
response to suggestions that increase in sporul:ition 
w:is more apparent than real, as it is easier to locate 
Mesophellia sporocarps after fire and they are more 
likely to survive than other groups (Christensen 1980; 
Warcup 1990; Cbridgc 1992), but it has yet to be fully 
reported. The formation of discomycctc mycorrhizas 
on several eucalypts was s imul:ued by steam heating 
soil at 55-82°C for up to 30 minutes (Warcup 1981) • 
presumably germination of the spores was stimulated 
by the heat. 

Effect of Fire on Mycophagous Marsupials 

The woylie (Bettongia penicillata) is the main 
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consumer of fungi ( mycophagy) in Western Australia 
(Christensen 1980). The short-nosed bandicoot 
(Isoodon obesulus) and the southern bush rat (Rai-tus 

fuscipes) occasionally dig up and consume sporocarps. 
Within six d:iys or a prescribed burn, there were more 
excavations per unit area in burnt patches than in the 
controls (Table 1). Most (73 per cent) of the holes in 
burnt areas were surrounded by Mesophellia remnants, 
while there was no evidence of fi.mgi for 97 per cent of 
holes in the unburnt areas: either a different (softer) 
type of sporocarp which is more edible predominates in 
the unburnt sites (Claridge et al. 1993) or many 
diggings yielded no sporocarps. The latter is less likely 
as the animals rely on the odour of sporoc:irps to locate 
them. Over a two-year period since fire, there were 
10 ± 9 (sd) woylic holes per 100 m2 in the burnt 
patches and 3 ± 2 in the unburnt (Lamont et al. 1985 ). 
A similar p:ittcrn has been noted for Bettongia 
gaimardi in Tasmania (Taylor 1991) and the potoroos 
(Potoro1u langipes and P tridactyhts) in south-eastern 
Australia (Guiler 1971; Bennett and Henry in Claridge 
1992). 

Effect of Fire on Woody Plants 

Some pbnt species survive fire (resproutcrs) while 
others arc usually killed (non-sprouters). Most trees in 
dry sclerophyll forest recover but their non­
lignotuberous seedlings arc killed (Abbott and 
Loncragan 1984). More important is the diverse array 
of sclerophyllous shrubs in the understorey. Although 
many of these are killed, germination of their seeds is 
stimulated by fire heat - either directly tl1rough 
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Hypogeous sporocarp 

Col umel la 

......_ _________ __J 

Figure 2. One of the two most abundant types of underground (hypogeous) sporocarp in gully vegetation al Perup forest. 
Note the lateritic pebbles, charcoal and sand embedded in the outer peridium on the left, and the cutaway on the right 
showing the nutritious central columella surrounded by the spore-bearing hymenium. This is a member of the 
Mesophelliaceae which formed simple, tan-coloured mycorrhizas with potted Gastrolobium bilobum (N. Ma/ajczuk, pers. 
comm.). Scale = 20 mm. Drawn by C. Ralph. 

increasing water permeability of their hard soil-stored 
seeds (Christensen 1980; Warcup 1980b) or indirectly 
through promoting the release of canopy-stored seeds 
(Lamont et al. 1991). In addition, many of these are 
ectomycorrhizal (Table 2). Some species are major 
tl1icket-forrners after fire and contribute greatly to 
njtrogen fixation (Shea and Kitt 1976) and tl1Us 
nutrient cycling in tl1e ecosystem (Lamont 1992). 
There is no doubt tl1at their rapid post-fire growtl1 is 
largely due to me presence of ectomycorrhizas (Warcup 
1980a; Lamont etal. 1985). 

INTERACTIONS 

Relationship between Marsupials and 
Fungi 

Christensen (1980) showed that hypogeous sporocarps 
are a major part of the diet of the woylie. The nitrogen 
content of the Mesophellia columclla (Fig. 2 ), favoured 
by mycophagous animals, is comparable to tl1at in 
green leaves and contains rugh levels of lipids as well 
(Kinnear et al. 1979). The colurne!Ja cannot be 
consumed witl1out ingesting tl1ousands of spores. The 
number of spore types per monthly batch of woylie 
faecal pellets was 3-10 (Christensen 1980). Oftl1e 17 
spore types identified in faeces, at least 10 belonged to 
ectomycorrhizal fungal groups (Lamont et al. 1985). 
Mesophellia was by far the best represented, especially 
over summer and after fire, with an average 565 ± 329 
(sd) spores per mg pellet. Hypogeous fungi, especially 
Mesophellia, were also the main food of the Tasmanian 

Bettong, with 8-22 spore types per batch and 49 
altogether (Taylor 1992b ). Similar sporocarps are 
important in the diet of tl1e Long-nosed Ban di coot, 
especially in autumn-winter and after fire (Guiler 1971; 
Bennett and Baxter 1989). Claridge et al. (1992) 
identified 27 ectomycorrl1izal spore types in the scats of 
tl1is animal. 

The idea that these animals act as dispersal agents 
for these fungi has merit, for how else would spores be 
dispersed any distance from these underground 
sporocarps? Mycophagy at least frees me (uneaten) 
spores from the sporocarps but wind dispersal from the 
fragments would appear ineffective. The alternative is 
tl1at most spores arc dispersed in the faeces. Although 
there has been no work on Australian mammals, Cork 
and Kenagy (1989) showed that hypogeous fungal 
spores were retained for up to 80 hours, the 
concentration in faeces peaking at 20 hours, in the 
squirrel (Spermophilu; ;aturatus). Woylies complete a 
circuit, in and out of burnt areas, up to a distance of 
3 km overnight (Christensen 1980). Since sporocarps 
are highly dumped (Taylor 1992c) and different species 
(sporocarp types) are associated witl1 different parts of 
the landscape (Claridge et al. 1993), this capacity for 
extensive transport of spores may be important in 
ensuring all potential host plants have access to suitable 
inocula. 

The above arguments assume that the spores pass 
through mammal guts unharmed. Lamont et al.

(1985) were the first to show this for Australian 
organisms. Suspensions of macerated faecal pellets 
collected from caged woylies applied to heat-sterilized 
Perup soil resulted in the production of five 
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TABLE 1 

Total number of small holes with hypogeous sporocorp remains 
along five lransecls six days aher fire in Perup Forest (from 
Christensen 1980). 

Bumi patches 

Unburnt patches 

TABLE 2 

MESOPHEWA 
TYPE 

263 

8 

OTHER TYPES 

19 

Selection of sclerophyll shrub species in dry eucolypl forests, 
most of which ore killed by fire, their seed germination is 
promoted by lire heat and which are also ectomycorrhizal. 
Collated from Specht el of. 11958). Warcup I 1980a,bl, Ralph 
119841, Brundrett and Abbolt 119911, D. Bell, J. Warcup ond B. 
Lamont !personal observations). 

+ = yes, - = no, ? = uncertain

SPECIES 

Acacia myrlifolio 

Acacia pycnonlho 

Bossioeo ornoto 

Bossioeo pros/rota 

Chorizemo cordatum 
Cryptondra orbulifloro 

Cryptondro lomentoso 

Gos/rolobium bilobum 

Goslrolobium colycinum 

Gostrolobium oxylobiodes 

Goslrolobium spinosum 

Gompholobium morginolum 

Gompholobium lomenlosum 
Gompholobium venuslum 

Kennedia proslrala 

Meloleuco decussolo 

Meloleuco unicinoto 

Meloleuco vimineo 

Mirbe/io dilototo 

Operculorio vorio 

Oxylobium copilolum 

Oxylobium lonceololum 
Oxylobium lineorifolium 

Pericalymmo elliplicum 

Plolysoce helerophyllo 

Pultenoeo ericifolio 

Puhenoeo scobro 

Pultenoeo lrinervis 

Spyridium cordotum 

Spyridium porvifolium 

Trymolium Floribundum 

Trymolium ledifolium 
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KILLED BY FIRE 

+ 

+ 

? 

+? 

+? 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+? 

+? 

+ 

+ 

+? 

+ 

+? 

+ 

-? 

+2

+?

+

+ 

+? 

+ 

+ 

No. 
SPOROCARPS 

78 

285 

GERMINATION 
ENHANCED BY FIRE 

+ 

+ 

+ 

+ 

+ 

+? 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

TOTAL 

360 

294 

ECTOMYCORRHIZAL 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+2 

+? 

+ 

+ 

+ 

+ 

+ 

+ 

+? 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+2 

+ 

+ 

+? 

+ 

+ 

+? 
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ectomycorrhizal types by six -month-old Eucalyptus 
calophylla and five by Gastrolobium bilobum, seven 
altogether. Plants in heat-sterilized soil receiving 
sterilized pellets produced no mycorrhizas and grew 
poorly by comparison (Table 3 ) .  

Further, spores removed from the two most 
common sporocarp types at the site and applied in a 
similar way yielded no mycorrhizas and even poorer 
growth. One interpretation is that these fungal species 
do not form mycorrhizas with these plants . However, 
one of the inoculated G. bilobum plants produced a 
sporocarp which proved to be the same species as used 
for inoculation and responsible for one of the 
mycorrhizal types (simple tan) routinely produced on 
its root system (Fig .  1 ) . Both plant species had white , 
pyramidal-type mycorrhizas li ke those in other eucalypts 
after inoculation with spores or mycel ium of 
Mesophellia spp . (Ashton 1976;  Malajczuk et al. 1987) . 

Another possibility is that digestion is required as a 
pretreatment before germination will occur. This is 
consistent with the usual failure of ectomycorrhizal 
fungal spores to germinate in culture or the 
requirements for special treatments to induce 
germination (references in Lamont et al. 1 985 ) . 
Perhaps reports of success with Mesophellia spores 
actually included active mycelium? The pretreatment 
hypothesis was supported seven years later by the 
paral lel experiments of Claridge et al. ( 1 992 ) .  They 
showed application of spores of the most common 
species in south -eastern Australian forests ,  
M. pachythrix, to two eucalypt species in heat-sterilized
soil failed to produce mycorrhizas . They considered
that this fungus was responsible for the white,
pyramidal-type ectomycorrhizas induced on E. sieberi in
the presence of scats from the Long-nosed Potoroo,
especially as it accounted for 16  per cent of the spores
in the scats , as well as non-sterilized soil .

Relationship between Marsupials and 
Shrubs after Fire 

It is possible that the passage of time is sufficient to 
precondition the spores for germination or that 
mycelial regrowth after fire is enough for inoculation of 
new roots of surviving plants or new seedlings . In 
unpublished work, we examined the effect of scats on 
mycorrhizal production by G. bilobum in Perup soi l 
collected four days after fire (prescribed burn) and from 
sites burnt 18 months and > 10 years earl ier. All were 
fine loams from G. bitobum dominated gull ies to a 
depth of 50  mm after brushing away any coarse organic 
matter. Since woylies began digging within a day of the 
April 1986 fire, samples were taken away from sites 
already visited by these animals. By giving the results 
on a per pot basis, we have an index of how well 
distributed was each fungal type in each soil as well as 
its occurrence at all .  

By s ix months growth , scats had contributed three 
ectomycorrhizal types and increased the frequency of 
two others, while a sixth was already present in all pots 

of the three soils (Table 4) . The most notable effects 
were the addition of two mycorrhizal types to the 4 -day 
burnt soi l and two to the 1 8  mond1 burnt soil . Even in 
the > 10 -year burnt soi l ,  inoculation increased the 
incidence of four ectomycorrhizal types by 1 6-66 per 
cent. While the change in mycorrhizal status due to the 
fresh scats had no effect on plant growth 
(unpubLished) ,  the extra fungal types resulted in a 
significant increase in d1e proportion of root tips that 
were mycorrhizal in the 4-day burnt soil (Table 5 ) .  
This indicates that scats increase the inoculation 
capacity of the soil at d1e level of the individual root 
system of establishing plants. 

In a similar way, Claridge et al. ( 1 992)  found that 
scats of the potoroo increased the number of 
ectomycorrhizal types from five to seven in E. sieberi, 
but d1e results are less useful as there were no 
unsterilized soils to which fresh or sterilized scats had 
been added and the interval since the last fire is not 
stated. Bougher et at. ( 1990) showed that some 
isolates and species of ectomycorrhizal fungi are far 
more effective than others at enhancing growth and P 
content of E. diversicolor at low soil P. By 
supplementing the range of cctomycorrhizal fungi 
avai lable at any time the marsupial scats increase the 
l ikelihood of the presence of the nutritionally most 
efficient and the plant can take full advantage of the 
different metabolic and environmental optima of d1e 
various species associated wid1 its root system . 

Rapid restoration of the shrub layer is also 
important for the marsupials .  The woylie shelters from 
predators, nests, feeds, mates and rears its young under 
d1e protection of a moderately dense understorey 
(Christensen 1980 ;  Christensen and Leftwich 1980) .  It 
gathers l itter to line its nest among branches arising 
from the ground; and quickly makes other nests nearby 
after fire . The woylie also collects G. bilobum seeds, 
and occasionally pulls out and consumes young 
seedlings arising from the caches after fire. While it is 
one of the most monofluoroacetate -resistant animals 
known, and G. bilobum one of the most toxic (Oliver 
et at. 1977), the poison peas appear tO contribute little 
to the woylie's diet compared with the fungi. 

DISCUSSION 

There i s  a remarkable reciprocal relationship between 
certain smal l  marsupials , shrubs (especia l ly legumes ) 
and ectomycorrhizal fungi (Fig. 3 ). The partners are 
different, but the relationships are d1e same , in eucalypt 
forests in mainland sou th-eastern Australia and south ­
western Tasmania . This partnersh ip is  jeopardized by 
fire; animals scatter or die, plants lose their foliage or 
die, fungi in the l i tter or humus are incinerated or heat­
kil led. However, a series of events is triggered off 
which soon restores the relationships. The animals 
return to the burnt sites almost immediately and start 
searching for the hypogeous sporocarps of 
ectomycorrhizal fungi , now, if not before, a preferred 
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TABLE 3 

Eclomycorrhizal status and growth of Eucalyptus calophylla and 
Gastrolobium bilobvm in heat-sterilized soil from lheir noturol 
habitat (Perupl inoculated with fresh or sterilized woylie scats 
(faecal pellets) or spores of Mesophellia trobalis or M. sp. 
(summarized from Lamoni el al. 19851.

EUCALYPTUS CALOPHYLlA 

TREATMENT DRY MYCORRHIZAL 
WEIGHT TIPS(%) 

Fresh scats 
Heat-sterilized seals 
Spores 

TABLE 4 

(mg) 

1359 

951 

675 

Percentage of six-month-old plants ol Gostrolobium bilobum 
(n = 12-15) bearing each of six eclomycorrhizal types in the 
presence of fresh or heat sterilized seals of the woylie in three 
soils of different fire hislories. All soils were collected six doys 
ofter the April 1986 lire (B. Lamoni and L. Stewart, unpubl.). 

DATE OF LAST FIRE CONDITION 
OF 

APPLIED 
SCATS S,W S,T 

April 1986 fresh 67 100 

sterilized 62 100 

October l 984 fresh 100 100 

sterilized 67 100 

<1976 fresh 83 100 

sterilized 67 100 

56 

0 

0 

S,B 

67 

0 

0 

0 

83 

17 

GASTROLOBIUM BILOBUM 

DRY 
WEIGHT 

(mg) 

759 

81 

50 

ECTOMYCORRHIZAL TYPE0 

P,T 

100 

85 

92 

75 

92 

67 

P,8 

0 

0 

58 

0 

0 

0 

MYCORRHIZAL 
TIPS (%1 

89 

0 

0 

C,B 

33 

0 

33 

0 

67 

8 

0 S = simple, W = while, T = Ion-coloured, B = block, P = pyramidal, C = corolloid 

TABLE 5 

Growth and ectomycorrhizal status of Gostrolobium bilobum 
grown in April 1986 burn soil. T = results of / · test. 

Shoal weight (mg) 
Root lips mycorrhizal (%) 
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FRESH 

420±133 

64.9±7.0 

WOYUESCATS 

STERILIZED 

402±142 

57.9±8.3 

T 

p >0 25

p = 0.0001
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shelter, food? 

Woody plant 
e.g.

Eucalyptus 
Gastroloblum 
Bossiaea 

fertilizing, seed burial 

Marsupial 
e.g.
Bettongia,
Jsoodon 

inorganic 
nutrients 

sporocarp 
digestion 

spore 
germination 
pre-treatment 

Mycorrhizal 
fungus 
e.g.
Mesophellla, Castoreum,
Hymenogaster, Zelleromyces

Figure 3. Food web between woody plants (producers). mycorrhizal fungi (heterotrophs), and Bettongia penicillata and
other mycophagous mammals - all relationships are mutualistic and stimulated by fire ( modified from Lamont 1994). 

food source. There is some evidence, yet to be fully 
documented or corroborated, that sporocarp 
production of the major genus, Mesophellia, is 
stimulated within days of the fire. The marsupials range 
in and outside the burnt patches redistributing the 
spores from tight mono-specific clumps to other parts 
of the landscape. 

Unlike parallel partnerships reported elsewhere ( e.g. 
Kotter and Farentinos 1984), there is evidence that 
spore germination is stimulated by passage through the 
marsupial's gut for the three species examined so far. 
Application of faecal pellets increases the number and 
abundance of ectomycorrhizal fungi in surface soil 
immediately after fire, but even soils from sites not 
burnt for more than 10 years may benefit from faecal 
inocula. Fire predisposes the seeds for mass 
germination in the first winter after the fire. Early 
ectomycorrhizal formation ensures rapid growth and 
guarantees establishment of a moderately dense 
understorey in a few years. In the prolonged absence of 
fire (>25 years, Christensen 1980), the parmership is 
again in crisis, as non-sprouting shrubs die, the 
vegetation becomes very open, and presumably 
sporocarp production declines. 
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Burning grevilleas, ants, rats and wallabies 

1 New South Wales �tional Parb and Wildlife Service, PO Box 1967, 

Hurstvillc 2220, SW. 

ABSTRACT 

Many Greviltea spp. in eastern Australia are killed by 
fire and rely on germination from a soil seedbank to re­
establish populations after fire. The magnitude and 
build-up of this soil scedbank will strongly influence 
post-fire recovery levels. 

Seed predation by native rats and swamp wallabies 
significantly reduces tl1e size of the soil seedbank in 
grevilleas. In species where fecundity is low and adults 
are short-lived, iliis may severely affect the ability of the 
species to persist at a site. In such cases, specific 
management actions arc needed to allow fire-free 
intervals of sufficient lengtl1 to maximize the 
magnitude of the soil seedbank. In addition, burns 
should not be very small in area or seed predation will 
not be reduced post-fire. 

Two ecologically functional seed dispersal 
syndromes are found in grevilleas in the Sydney region. 
Species whose seeds lack an elaiosome are not moved by 
ants. Species that possess an elaiosomc are moved by 
ants. Large ant species that take seeds to nests may be 
functioning as agents that reduce the impact of seed 
predators. The importance of such ants depends on a 
more detailed understanding of the interaction between 
fire and mammalian seed predator abundance and the 
fate of seeds moved by ants. 

INTRODUCTION 

The Jengtl1 of the interval between fires is critical in 
determining the post-fire abundance of fire-sensitive 
species. For such species, fires eliminate above-ground 
plants and the level of recovery depends largely on the 
magnitude of the soil or canopy seedbank. The length 
of the fire interval will influence the time seedlings have 
to mature and replenish the secdbank. The level of 
post-fire recovery will also be influenced by other 
factors such as moisture availability, influencing early 
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seedling survival (Bradstock and Bedward 1992) and 
soil heating controlling post-fire germination in 
legumes and some other groups (Auld and O'Connell 
1991; Auld, Bradstock and Keith unpubl.). However, 
an understanding of the rate of build-up and 
magnitude of the seedbank in fire-sensitive species is 
essential for predicting their response to fires of varying 
frequency. 

Grevillea is a widespread genus in Australia 
(McGillvray 1993 ). In the Sydney region of eastern 
Australia, many Grevillea spp. occur in fire-prone 
communities and arc killed by fire, relying on 
germination from a soil seedbank for post-fire recovery. 
For such species, fire management should rely on 
ensuring fire intervals are long enough for seedlings to 
reach maturity (primary juvenile period, Benson 1985) 
and a subsequent period for the sccdbank in the soil to 
build-up (Bradstock and Auld 1987). However, no 
quantitative data on the nature of the soil seedbank in 
grevilleas exists and it is difficult to accurately predict 
appropriate fire frequencies for grevilleas. The 
magnitude and post-fire build-up of a soil seedbank in 
Grevillea spp. wiU be governed by a range of 
demographic factors: the primary juvenile period; 
fecundity; seedling and adult survivorship; predispersal 
seed predation; seed viability; post-dispersal seed 
predation; and the dynamics of the soil seedbank itself. 

This paper discusses the role that seed dispersal 
agents and post-dispersal seed predators play in 
infl.uencing the post-fire build-up and magnitude of soil 
seedbanks and how this role may be influenced by fire 
management. 

FUNCTIONAL SEED TYPES IN GREVILLEA 

Two distinct seed types exist in Grevillea spp. in the 
Sydney region. Most species, for example, the 
widespread G. buxifolia, G. linearifolia and G. speciosa, 
arc myrmccochorous, having seeds with an attached 
lipid body or claiosome (Fig. 1 ). Such seeds attract a 
range of ant species which commonly move seeds from 
many plant species in the Sydney region (Rice and 
Westoby 1981). Ants citl1er remove the elaiosome in 
pieces in sit1-t or, if the ants arc large enough, they will 
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try and drag the seeds towards nest entrances and the 
elaiosome may be removed in the nest (Hughes and 
Westoby 1992 ) . A few Gre11illea spp. lack th is lip id 
body (Fig. 2) and seeds are not attract ive to ants and 
have no obv ious dispersal mechan isms. These species 
have toothbrush- type flowers and many arc rare or have 
restr icted d istributions, e.g. G. caleyi and G. longifolia. 

D ISPERSAL AN D SEED PRE DATION I N

GR
E

VILLEA 

Seeds Lackin g an Elaiosome 

Seeds lacki n g  an  claioso m c  a rc n ot m oved by a n ts (Au ld 
et al. 1 99 3 ) . H owever, some 82-94 per ce nt of seeds 
arc consu med on th e soil surface by nari vc mam ma ls 
( bus h  rats, Rattus fuscipes and swam p wa llabies, 
Wallabi,i bicolor, Figs 3 a, 4a )(Au l d et al. 1 99 3 ) . I f  
these m a mm als arc exc l uded , som e seed s a rc cons u m ed ,  
presumably by i nsects , a l Lh o u gh most seed escape seed 
prcd:nion . 

Seeds with an Ela iosome 

Two types o f  seed i n te raction  wi th a ms occu r. Smal l  
a nts s u ch a s  Irido myrmex a nd I'heidole may move seeds 
sm a l l dista nces ( u p  to 20 cm ) ,  bu t such a nts usu a lly 
rem ove p ieces or the c l a iosomc in situ. These a n ts a rc 
sma l l  compa red with the si ze o f  grcvi llca seeds and  
seeds can on ly be m oved when  severa l a ms work 
togethe r. Th i s  is the most  common type of an t/seed 
i n te1�1 c t ion . A l 1ernarivc l y, l a rge sol i tary a nts s uch as 
A phacnogaster and R hytidoponera may  be ab l e  to drag 
seeds towards n es ts ( Fig .  36 ) .  Some seeds arc d i sca rded  
en route whi le  some  presumab ly  arc taken i n to nests , cf 
movemen t of l egu m e  seeds b }' a nts (Au ld  1 98 6 ;  
H u gh cs and Wes to by 1 992 ) .  The fa te of  such seeds i s  
unknown , but  i t  is assumed that  the e l a iosome i s
removed in the nest and the seed d i scarded e i ther  i n  d ie
nest or  on the surface nea r t he  nest (Au ld  1 9 8 6 ;
H u ghes a n d  Westaby 1 992) .  A t  t h e  same ti me, native
rats and wal l abies a l so cat seeds on the soi l  su rface ( h gs
3b ,  4b) and a smal l  amou n t  of seeds :ire lost to i nsect
predators (Auld et al. 1 993 ) .

The  proport ion of seeds moved away from 
mamma l i an  seed predato rs by l a rge ant spec ies is 
di ff icu l t  ro esti m ate si nce the fates of. ecds i n  nests of 
th ese ants is unknown . ceds m:iy be ejected from nests 
once the cla iosome is removed ( f-Iughes and Westaby 
1 992 ) :ind they then would be su bjec ted to mammal 
seed pred ati on .  A l ternatively, ecds may be discarded in 
cham bers i n  the soi l  ( Auld 1 986 ) .  Tf it is assu med d1at 
al l  seed encountered by l arge ants escape m ammal i an  
seed pred::it ion then,  up to 20 per  cent  of seeds may 
avoid mammal predation i n  d1 is man ner (Fig. 3b ) .  In  
re:ility, seeds moved by large ants  m:iy be d ropped prior 
to reaching nests , disca rded on the soil surface, bu ried 
too deeply for su bsequent emergence or buried in 
' unsafe sites ' .  A study of the fates of seeds moved by 
ants is  needed t0 q uant ify the proportion of seeds that 
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may escape seed predation by being moved by ants . 

MODE LS OF TH E RE PLE N IS H M E NT OF 

SOI L SEEDBAN KS AFTER FI RE I N  

GR
E

VILLEA 

The i mpact of ants, ra ts and wa l la bies on  the soil 
sccdbank ca n be modelled usi ng de mographic data for 
grcvilleas (Au ld et al. 1 99 3 ;  Au ld u n p u bl . ) . These 
model i ncorpora te data on p la n t surv iva l , focu ndity, 
pre- and post -dispe rsal seed predat io n ,  seed viability a n d  
seed lon gevity in th e soi l. Th ree alterna tive scenarios 
arc prese n ted , with ;1 11 models  represen ti ng the n um ber 
or seeds acc um u lati ng i n  the soi l scedb:i n k  for each 
seed li n g  that emerges afte r a fi re a t  ti me zero . The 
re idual sccdban k that docs not ge rm ina te alter a n y one 
fi re is not i ncl u ded . 

( I ) seed pred ation by mam mal s is co nsta n t ( 8 2 -94 per 
cent ) t h roughou t al l post- fi re fr u i ting yea rs . Th i s  
va ries s l igh tly between sites and is based on d a ta 
fro m popu lations th .i t were u n bu rn t  for 1 2 - 1 8  years 
( Au ld et al. L 99 3 ) .  

( 2 )  n o  seed predation by ma m m a ls .  A l d10 u gh esc ape  
from m a m m a l ian  seed predat ion h as no t  been 
observed in rhc fi eld  ( Au ld et al. 1 99 3 ) ,  t h is scen a r io 
a l lows  a cons ideration o f" the  i m pac t t hat seed 
preda tors (scen a ri o  1 )  h ave on the  b u i l d - u p  of a o i l  
seedbank  a lter ti re . 

( 3 )  seed p red ation by mam ma l s  va r i e s  as the  dens i ty  of "  
mammals varies post - ti re .  D:ira from Fox and 
M c Kay ( l  9 8 1 )  on ch:ingcs i n  post -fire num bers of  
B..attu.r fasc ipes were used to estimate l i kely levels  of 
mammal ian seed prcd:it ion post- fi re . Th i s  scenario 
assumes that there w:is no seed prcd:ition i n  the fi rst 
5 years after a fi re and that predat ion increased 
l inearly to its max im u m  level ( 82 -94 per cent) 1 0
years afrer ti re i n  response to increas ing levels or
Ra ttus fwcipes. Although other mammals su ch  as
Mtts nrnsculw :ind Psrndomys nov,i ehollandiae may
be common in the fi rst tcw years pos t - f ire i n  some
hab i tats ( Fox and M c Kay 1 99 1 ) , there is no
ev ide nce that these s1 ccics cat  seeds of Gre Pillea
spec ies and no seeds wi l l  be produced by Gn·villea
.seed li ngs u n t i l  they mature some 2 -4 years afi:er .1 
fi re. The impact of  f i re on popu la r ion dcnsit ie o f
Wallabia bicolot· i s  curren t l y  unknown .

U n der the scenario whereby mamma l i :in seed 
predators arc present in a l l  post- fi re years, these seed 
predators wi l l  have a m ajor impact on the  b u i ld-u p :ind 
magn i tude  o f  the cedb.ink i n  a l l  grevi l lcas .  For two 
species w i th no claio ome ( G. caleyi and G. longifolia) 

m::immals consume mo t of the annual seed ou tput 
from plants and only a sma l l  proportion of each annua l  
seed-crop is expected to reach d1e  soi l  seedbank 
(Fig. 5 ) .  Di fferences between G. caleyi and 
G. longifolia reflect d ifferences in fecu ndity and adu lt
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Figure I. Grevillea sericea seeds showing the presence of an 
elaiosome. 

Figure 2. Grevillea caleyi seeds lacking an elaiosome. 

a) Grevillea caieyi

Figure 4. Grevillea seeds eaten by bush rats Rattus fuscipes. 
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Figure 5.  Soil seedbank models for grevilleas whose see£1s 
lack an elaiosome (a) G.  longi fol ia and (b) G. ca leyi .

Seedbank size represents lite nwnber of seeds added to the 
.roil for each emerging seedling after a fire. 

rw mammal seed predation. -----

mammal seed predation reduced i11 0- 10 year.I posl-fire 
period in response to reduced mammal abundance (see 
lext) . . . . . . .  . . . . . . . . . .  . 

constant mammal J'eed predation in all 
post-fire years. - - - - - -

survivorsh ip. Consequen t ly, G. longifolia is the more 
resi l ient of the two species to mam malian seed 
predation . The level of seed loss to mammals in the 
first few fruiting seasons a fter fire is critical . The 
seedbank of G. caleyi is relat ively smal l  and on ly a sma l l  
fraction may be long- l ived as adult  plants scnescc i n  
u nburnt populat ions older than 1 0- 1 5  years . A su itable
fi re interva l for burn ing popu lat ions of this rare plant
m ay have to inc lude both minimum and maximum fire ­
free intervals. In comparison ,  the magnitude of the soil
seedbank is increased markedly in these grcvi l lcas i f
mammal seed predat ion is assu med t o  b e  absent i n  al l
post-fire years. A s im i l ar, but less substantial  inc rease in
the seedb:.111k is achieved i f  ma mmal seed predation is
reduced i n  the first few post- fire seed-crops (Fig. 5) .  If
mammal seed predators are not reduced i n  the
immediate post- fire env.ironment then the soi l seedbank
may not be effectively replenished. In the case of
G. caleyi, the model where mammalian seed predators
arc a lways present would predict a l imited window of
suitable fire- free interval in order to maintain
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population size and much potential for long-term 
declines in future population size. 

Simi lar patterns in the three seed predation model 
scenarios are found for a typical species with an 
elaiosome , G. speciosa (Fig. 6 ) .  The overall magnitude 
of the seed bank is greater in this species than i n  
G.  caleyi o r  G.  longifotia a s  seed viability is higher, 
predispersal seed predation is less and there can be u p  
t o  two seeds per fr u i t  in species whose seeds h ave 
daiosomes .  If mam malian seed predation follows the 
predicted abundance of Rattus fuscipes post-fire, i .e . , it 
is low in the first few years post -fire, then the bui ld-up 
of the soi l  seedban k is greatly enhanced over tl1e 
constant mammal predation scenario. This impact is 
more pronou nced in G. speciosa than in G. cateyi or 
G. Longifolia as G. speciosa seed l ings matu re ear l i er
( 2  years versus 3 -4  years) .  This escape from seed
predation in the fi rst few seed-crops produced a fter a
fire may be one method by which a l l  Grevillea spp .  re­
establ ish their soil scedban ks post- fi re . I f  m ammal seed
predators arc not reduced in tJ1c immediate post-fire
environment then the soi l  scedban k  may not be
effectively replenished.

If it is assu med that up to 20 per cent of released 
seeds escape seed predation by mammals t luough 
movement by large ant species, the i mpact of ants on 
the soi l secd bank can be inferred . Where ma mmal seed 
predation occurs in all post- fire years (Fig. 7a), the 
magnimde of the seedbank is marked ly increased when 
large ants are present .  Where mammal seed predatio n 
is removed in the first few fruit c rops and then 
gradual l y i 11 c re:1ses to a constant peak at l O yc,l!"s post­
fire (F ig .  7b ) ,  movement of seeds by a nts has l i tt le 
effect 011 the magnitude and bu i ld- u p  of the soil 
seedbank .  Th us, he importance of ants as agents for 
seed escape from m ammalian seed predators wi l l  
depend on the in tensity of mammalian seed predation 
in t J 1e fi rst 10 years post-fire. This intensity wi l l  reflect 
t J1e interact ion between fi re and the abundance of 
individua ls in tl1c mammal popu lations t hemselves. 
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Figure 6. Soil seedbank model for a g revillea (G. speciosa) 
with e/aiosomes assuming no ant movement of seeds. 
Seedbank size represents the number of seeds added to the 
soil for each emerging seedling after a fire. Lines follow 
Figure 5. 
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with elaiosomes allowing for some seed escape via 

movement by large ant species. 

(a) constant mammal seed predation in all post-fire

years.

large ants move some seed to safe sites; ____ _

no seed movement by ams. . . . . . . . . . . . . . . . . . . . . .  .

(b) mammal seed predation reduced i11 0-1 0  years post­

fire period in response to reduced mammal abundance

(see text). 

large ants move some seed 10 safe sites; ____ _

no seed movement by ants. . . . . . . . . . . . . . . . . . . . . . .  .

CONCLUSIONS 

ative mammals can have a major impact on the post­
fire development of soil seed banks in grevilleas .  The 
interaction between fire and populations of the 
mammals, in terms of post-fire mammal abundance, 
has important consequences for grevilleas. This is 
especially true for rare, relatively short-lived species, 
with low fecundity. One such species is G. caleyi and 
management of this species needs to address both 
minimum and maximum fire-free intervals . This 
grevillea is restricted to several small populations in the 
Terry Hills areas in the northern suburbs of Sydney. 
Popu lations of this species have previously been burnt 
by small scale burns, 20 x 20 m and 50 x 50 m. Such 
burning is inappropriate for this grevillea as populations 
of mammalian seed predators are not reduced in the 
post-fire environment as they survive in the large 
surrounding unburnt areas. Consequently, the 
relationship between the size of an area burnt and post­
fire mammal abundance needs further i nvestigation. 

For those grevil leas whose seeds possess e l aiosomes , 
ants may function to reduce the impact of mammalian 
seed predators and hence, to increase the magnitude of 

soil seedbanks .  However, this remains to be clearly 
demonstrated. If all large ant species simply eject seeds 
from nests tl1en seeds can stil l be consumed by 
mammals. Models of tl1e soil seedbank of grevilleas 
with elaiosomes suggest tl1at the movement of seeds by 
ants will be most important when seed predation by 
mammals is high in the first few seed-crops produced 
after a fire .  If seed predation by mammals is low in this 
period, seed movement by ants is relatively unimportant 
to the bui ld-up of a soil seedban.k. 

For al l  grevilleas , the level of recruitment after a fire 
wil l  be largely influenced by the i nteraction between fire 
and mammalian seed predators, while ants may also 
play a role where seeds possess an elaiosome. 
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Fire and invertebrates - a review of research 
methodology and the predictability of post-fire 
response patterns 

1 Science and Information Division, Department of Conservation and 

Land Management, PO Box 51, Wanncroo 6065, Western Australia. 

ABSTRACT 

Invertebrates are now recognized as critical elements in 
the maintenance of ecosystems, and many are seen to 
have potential as bio-indicators of environmental 
conditions. Information on their responses to 
environmental disturbance is therefore critical. With 
regard to the impact of fire on invertebrates, however, 
many conflicting results have arisen. It was therefore 
considered timely to carry out a detailed review of the 
sampling methods employed in most of the studies to 
date, and of the post-fire invertebrate response patterns 
recorded. 

Considerable variability was found in the sampling 
methods used, and there were many shortcomings in 
experimental design and length of study, with few 
studies adopting an experimental approach 
incorporating adequate pre- and post-fire sampling. 
Such deficiencies make it difficult to determine whether 
the outcomes observed are a true feature of invertebrate 
responses to fire, or are largely artefacts of the sampling 
procedure. 

Available data indicate that Araneae and also 
probably Lepidoptera, Isopoda, Blattodea and 
Thysanura are sensitive to fire and exhibit consistent 
response patterns across a variety of habitat types, thus 
qualifying them as potential indicator groups. Trends in 
invertebrate resilience to fire across broad habitat and 
climatic gradients suggest there is a need for 
conservatism in the application of high frequency and 
large scale fire regimes, particularly in the more mesic 
forested areas of Australia. 

INTRODUCTION 

The role of prescribed burning in the management of 
vegetation throughout temperate Australia is a complex 
and sometimes contentious issue. Currently, most fire 
management decisions are based on a reasonably 
detailed knowledge of weather, fuel and other site 

G. R. FRIEND 1

parameters and their influence on fire behaviour. This 
knowledge forms the main rationale for the prescribed 
burning of forested areas of south-western and south­
eastern Australia to reduce fuel loads and wildfire 
hazard (Shea et al. 1981; Cheney 1985; McCaw and 
Burrows 1989). 

In the context of ecosystem management, however, 
most decisions must be made against a background of 
little research data on the effects of fire ( or a fire 
regime) on the biota. There is thus a serious 
dichotomy in our levels of understanding of the 
principles of fire physics and prescibed burning 
technology on the one hand, and the impacts of fire 
and its role in ecosystem management on the other. 
This points to an urgent need to obtain reliable data on 
the effects of fires of varying intensities and season of 
burn on the biota, in conjunction with studies on the 
behaviour of these fires and the management planning 
processes involved. 

Most studies of fire effects have concentrated on 
vegetational aspects, perhaps because plants are the 
organisms perceived as being most directly affected by 
fire. Until the last decade, relatively little work had been 
carried out relating to the effects of fire on fauna, and 
tl1ere is still a dearth of knowledge with respect to 
herpetofauna and invertebrates ( see reviews by Suckling 
and Macfarlane 1984; Christensen and Abbott 1989; 
Friend 1993). 

Invertebrates as Bio-indicators 

There is a considerable and growing body of evidence 
tl1at invertebrates are more important in the 
maintenance of ecosystems than are vertebrates, yet 
there remains a paucity of information on them (Key 
1978; Majer 1987; Hill and Michaelis 1988). Most of 
the biological diversity we are dealing witl1 in nature 
conservation is contributed by invertebrates 
(Greenslade and Greenslade 1984; New 1984, 1987; 
CONCOM 1989; Kim 1993), but they are usually 
ignored in ecological research (Majer 1987). 
Furthermore, certain guilds of invertebrates are proving 
excellent bio-indicators of environmental conditions, 
including pyric status. Groups which have received 
some attention to date include ants (Majer 1983; 
Andersen 1987), spiders (Clausen 1986; Main 1987) 
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a nd beetles (Friend and Wi l l iams 1 993 ) .  Through 
analysis of insects com prising small vertebrate diets ( e .g.  
of dasyu rids , l i zards ,  frogs ) and insect/pl ant 
in teracti ons ( especia l ly  h erbivory rates) ,  jnvertebrate 
studies have the pot e nt ia l  to contribute to an 
lmderst;rnding of the processes involved in pyric 
disturbance ecology. 

Invertebrates and Fire 

As part of a research p rogram examining the impact of 
experi menta l  fi res 011 invertebrate com m u nit ies within 
rem nant sh ru b l ands i n  the Sti r l ing Range Nat i onal Park 
(Friend and Wi l l iams  1 99 3  ) ,  a sign i ficant portion of the 
l i teratu re on fi re and i nverteb rates was reviewed . From
this general review it beca me apparent that most
impacts are relative ly  short -term ( e .g .  less than 2- 3
years ) ,  that high i ntensi ty wi ldf ires have much greater
i m p;icts tha n  lower- i ntensity prescri bed burns,  and that
�pring  prescr ibed bu ms m ay h ave a greater impact than
those carr i ed out  i n  au tum n .  The review, however, a lso
highlighted that a wide variety of post-fire response
patterns may occur, and that these arc often not
consistent w i th i n  taxon omic group or habi tat type
between d if-le rent studi es .  In m any instances
inve rtebrate groups show marked loca l i ty, season and
year- to- year effects which outweigh any changes
a u ri bu t ablc to fi re .

furt hermore, many i nco nsistencies seem to h ave 
a r isen because of va riat ions or shortcomi ngs in 
experi m ental  design ,  taxonomic treatment and length 
of study. Few studies have any pre- fi re dat.1 ( sec review 
by Majer 1 985c  for Weste rn Aust ralian studies) , or :my 
l ong- term post - fi re data ( Abbott 1 984 ; Tap and
Whelan 1 984; Majer 1980 ,  1 98 5a ,  1 98 5 c ) .  I n  the
majo rity o f  cases, i n vertebrates have been identified on ly
to  ordinal  level , t hu s  potential ly masking important
ch :rnges i n  spec ies  and family composition followi ng
fire . I n  add i tion , mosL workers have contemporaneously
sampled areas of d ifferent fi re histories and ascri bed
fau n a) d i fferences to the effect of these fi res . Given the
i nheren t  withi n -site va r iabi l ity of invert ebrate
populat ions (Campbe l l  and Ta nton 1 98 1 ) , th i s
ass umption of pre- ti re homogeneity between con trol
and tre;:i tment plots is  ten uous.  Furthermore, the
c fl-ccts of intensity and season of burning arc l i kely to
be pro found ,  b u t  have frequently been ignored .

G iven the ou tcomes which aro e from this gen eral 
overview, it  wa considered ti mely to conduct :.l more 
deta i led ex,unin:nion of invertebrate response patterns 
fo l lowi n g  fire i n  order to : ( a )  quantitatively assess 
whether or not various groups (e .g .  O rders ) h ave 
con i tent post - fi re response patterns ; (b )  h igh l ight 
groups or taxa which are sensitive to fi re and therefore 
cou Id serve as i nd icator species of pyric status;  and ( c )  
exam ine t rends i n  relation t o  h abitat type across a 
broad cl i matic gradient . In addition, the opportu nity 
was taken to gather som e statistics on experimental 
design and sampl ing methodologies employed in 
studies of i nvertebrate responses to fire. 
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STUDIES AND PARAMETERS EXAMINED 

Twe nty- four studies were reviewed which represented a 
broad cross-section of research carried ou in temperate 
Australia over the past 40 years . More than half of these 
studies were conducted during the mid 1 9 80s and a 
l arge proportio n  ( 62 per cent)  were u ndertaken in
Western Austral ia . However, Victo ri a,  South Aus ral i a ,

cw South  Wa les and the Australian Capital Territory 
also were represented. 

The following parameters were noted for each of 
the studies revi ewed:  
• Methods - whether pitfal l  traps, soil/litter sam ples

combined with heat extraction or hand sort or other
method, the preservative used in pits and the
number of days the p i ts were ope n;

• D ur ation ( mon ths ) of pre and post-ti re moni toring
for experimenta l  studies;

• D ur ation ( mon ths) o f  po l - li re monitoring in
stu dies uti l izi n g  a space-for- t ime approach ( Pickett
1989 ) ;

• Level o f  identificat ion - whether order, family or
pecies;

• Habitat type · whether til l  open-forest, open- forest,
eucalypt woodland, banksia woodland or shru bland;

• Fire type - whether wi ldfire or prescribed fire;
• Season of fi re - whether autumn, spring or s u m mer;

and
• Fi re i ntensity - whether high or low;

For each study, the responses of invertebrate groups 
( mai n ly orders )  were assigned to one of three 
ca tegories: (a)  no marked change in abu ndance post· 
fi re or h igh ly variable over t ime (desi gnated zero ) ;  ( b) a 
general increase in abundance post - fi re ( designated 
plus ) ;  and ( c )  a general dccre:.lse in abundance post-fire 
(designated minus ) .  I n  th is manner response data were 
accu m u l ated for a total of 20 i nvertebrate groups 
( m:.li n ly  o rders) viz. Ol igochaeta ( earthworms ) ,  Araneae 
( piders ) ,  Pseudoscorpion ida ( pseudoscorpions) ,  
Acar i n a  ( mites ) ,  Isopoda (slaters ) ,  Chilopoda 
( cent ipedes) ,  Diplopoda ( m il l ipedes) ,  Collembola 
(springtai ls) , Thysan u ra (bristletai l s ) ,  Blattodea 
(cockroaches ) ,  I soptera (termites ) ,  Dermaptera 
(earwigs ) ,  Orthoptera (grasshoppers ) ,  Hcmi ptera 
(bugs),  Thysanoptera (thrips ) ,  Colcoptcra ( beetles ) ,  
Dipter:.l ( flies ) ,  Lcpidoptcra (mo ths and butterflies ) ,  
Hymenoptera ( bees :.l n d  W:.lSps but  excluding anrs ) ,  
and Hymenoptera (ants ) .  

RESULTS AND DISCUSSION 

Sampling Methods 

Seventeen of the 24 tudies revi ewed (7 1 per cent) used 
pitfal l  traps, but the dimensions varied greatly and were 
often tai lored for specific purposes . For example, smal l 
diameter pitfall  traps ( e.g. 1 8  m m  test tubes) have 
frequently been used by researchers with a primary 
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interest in ants (e.g. Majer 1980 ), while more 
generalized studies have utilized larger traps ( e.g. plastic 
vials or cups up to 90 mm diameter; Abbott 1984; 
Friend and Will iams 199 3; Strehlow 1993 ) . One study 
(Campbell and Tanton 1981 ) used pitfall traps but 
provided no details of their dimensions or preservative 
used, while Bornemissza ( 1969 ; abstract only) did not 
describe any of the methods used in his study. 

A mixture of ethanol and glycerol was the most 
common preservative used in pitfall traps ( 10 studies ),
followed by Galt's solution (Friend and Will iams 1 993; 
Main and Gaull 1993; Strehlow 1993) and methanol 
(Neumann and Tolhurst 1991 ;  Neumann 1991 ) . Pitfall 
traps were left open for between two to 14 days, with 
the majority (9 of the 1 3  which provided such detail) 
being either seven or ten days . 

Heat extraction of soil cores and/or leaf litter 
samples using Tullgren or Berlesc funnels was also a 
common method used ( 1 1  studies) while two studies 
(Springett 1 976 , 1979 ) employed hand sorting. Clearly,
as pointed out by Campbell and Tanton ( 198 1 ) , this
latter method would be biased against smal l , cryptic 
animals and could not be recommended for general 
studies of invertebrate communit ies .  

Understandably, most researchers use their own 
method consistently, and while this makes studies by 
the one person comparable, the large differences in trap 
sizes, layout, days of sampling and preservative used 
render quantitative comparisons between studies 
invalid. Indeed, in examining the many variables 
affecting sampling with pitfall traps, Adis ( 1 979 ) cal Jed
for the quantitative testing of many existing designs and 
the development of a standard pi tfall trap for future 
universal use. However, trends in the abundance of 
invertebrate groups fol lowing disturbance can be 
compared for different studies, and this was the 
approach adopted here. 

Duration of Monitoring 

Eighteen of the 24 studies examined were based on 
sampling before and after fire, although two studies 
(Bornemissza 1969; Hutson and Kirkby 1985 ;  both in 
summary form) did not specify the length of post-fire 
sampling. Pre-fire sampling occurred for a mean of 
12 . 2 ± 9 .3  months (n = 18; range 1 - 36; CV = 76 per 
cent), while post-fire monitoring proceeded for a mean 
of l8 . 5  ± 1 1 .2 months (n = 16; range 1 - 39 ;  CV = 60 
per cent) . Nine studies ( 50 per cent) had less than 12  
months pre-fire data, but 1 3  ( 72 per cent) had more 
than 12 months post- fire data. Thus many studies had 
acquired only a minimal amount of pre-fire data, but 
had adequate post-fire data. Indeed , five studies 
(Leonard 1972; Abbott 1984; Majer 1984 ; Andersen 
1988 ; Neumann and Tolhurst 1991 ) showed great 
discrepancies in the duration of pre- and post-fire 
monitoring, with all but Andersen ( 1988 ) having less 
than seven months pre-fire data but one to three or 
more years of post-fire information. In essence, those 
studies with the most post-fire data were also among 

those with the least pre-fire data. Such an unbalanced 
sampling schedule is of questionable benefit. 

Nine studies adopted a space-for-time approach 
either wholly (i .e .  with no pre-fire information ; 
McNamara 1955; Springett 1976 ,  1979 ; Whelan et al. 
1980; Abbott, van Heurck and Wong 1984; Majer 
1 9 85b ) or as an adjunct to before/after experimental 
work (e . g. Bamford 1986 ; Strehlow 1993;  Friend and 
Will iams 1993 ) . The latter approach has the advantage 
in providing both short-term and long-term data on 
the impact of several fires within a relatively short 
research time-frame. Space-for-time monitoring 
proceeded for a mean of 8 .4 ± 12 .2 months (n = 8, 
[McNamara ( 1955 ) gave no details] range 0 . 3 - 36 
months) , but duration was highly variable (CV = 145 
per cent) . 

Level of Identification 

The majority of studies (about 75 per cent) examined 
one or two groups in detail to the family or species level 
and identified the remainder to order level . The family 
or species level identifications generally concerned ants 
and to a lesser extent spiders. Five studies (Curry et al.
1985 ;  Hutson and Kirkby 1985 ;  Andersen 1988 ;  Main 
and Gaull 1993 ;  Strehlow 1993 ) concentrated only on 
specific groups ( ants, spiders, mites or springtails ) and
did not examine other order level data. Thus studies 
have been either very general or highly specific, and to 
date no fire ecology study has identified a broad range 
of i nvertebrates to family or species level .  This situation 
is understandable given the huge diversity of 
invertebrates and the current ( and specialized) 
taxonomic knowledge of this fauna ( the 'taxonomic 
impediment' , New 1984) ,  and makes the search for 
species or groups which can be used to indicate certain 
environmental regimes all the more pressing (New 
1984) .  The newly developing field of Rapid Biodiversity 
Assessment (R.BA; Beattie et al. 1993)  also shows much 
promise in helping to resolve the taxonomic problems 
associated with the use of invertebrates in ecological 
studies. 

Research Emphasis to Date 

In order to gain some insight into where the emphasis 
has to date been directed in invertebrate fire ecology 
research the 24 studies were each categorized according 
to habitat type, fire type, season and intensity. 
Classifying studies on this basis immediately indicates 
where the major research emphasis has been to date, 
and where more effort is needed. 

Only four of the 24 studies reviewed addressed tall 
open-forest, and only Neumann ( 1991 ) examined 
wildfire impacts, this being for a high intensity summer 
burn. The remaining three studies addressed prescribed 
burns, two being high intensity summer/autumn burns 
(O'Dowd and Gill 1985 ; Curry et al. 198 5 )  in 
Eucalypttu delegatensis and Eucalyptus diversicolor, and 
the other a low intensity spring burn in E. diversicolor 
(Springctt 1976). 
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Eleven of the reviewed studies addressed open­
forest, but only tha t  by  Hutson and Kirkby ( 1 98 5 )  
focussed on wildfire , this being a high intensity autumn 
burn .  Of the rem aining 1 0  studies in this habitat type 
whi ch addressed prescribed fires , four examined autumn 
bums (Spri ngett 1 979 ; Abbott 1 984; Majer 1 984; 
O'Dowd 1985 ;  Neumann and Tol hurst 1 99 1 ) , five 
examined spring burns ( McNamara 1 9 5 5 ;  Leonard 
1 972; Spri ngett 1 976; Campbel l and Tanton 1 98 1 ;  
Abbott, van Hcurck and Wong 1984), whi le the 
com prehensive s udies of eumann and Tol hurst 
( 1 99 1 ) examined both spring and autumn bu rns. All 
except he case s tudied by Springett ( 1976)  were low 
i ntensity prescribed burns .  

Three of the  reviewed studies encompassed eucalypt 
woodland, all focussing on low intensi ty spring burns 
(Majer 1980, 1 985b; Andersen 1988 ), but with the 
space-for- t ime study of Majer ( 1 9856) also examining 
impacts of a low intensity autumn fi re in wandoo 
woodland .  Banksia woodland was also examined by 
th ree studies, one investigating a high intensity a utumn 
wildfire (Whelan et al .  1 980) ,  another compari ng 
moderate to high intensity spring and amumn 
prescribed burns (Bamford 1 9 86) ,  and the thi rd not 
speci fying fire season or i ntensity ( Bornemissza 1969 ) .  

Shru blands were invest igated in four  of the reviewed 
stu d ies ,  th ree of these having recently been c.uried out 
in the wheatbelt and south coast areas of Weste rn 
Austra l ia .  Two of the studies concerned high intensity 
summer/autum n wildfires (Tap and Whelan 1 984; 
Main and Gaul !  1993) ,  one focussed on a high intensity 
autumn burn on an isolated wheatbe l t  nature reserve 
(Strehlow 1 993 ), while be studies of Friend and 
Wil l i ams ( 1 99 3 )  examined the relative i mpacts of low­
moderate intensity spring and autu m n  burns and a high 
in tensity autumn wi ldfi re . 

From the above it is clear that most of tl1e emphasis 
in i nvertebrate fire ecology has been on prescribed 
burning in open forest, an area of considerable 
controversy Austral ia-wide. AJt l1ough such effort is 
well pl aced , there has been l ittle concensus reached 
from the resu l t s  to date ( e.g. Campbel l and Ta nton 
1 98 1 ;  Abbott 1 984 ;  Majer 1984 ;  c/McNamara 1 9 5 5 ;  
Springett 1 976, 1 979)  a n d  other areas, particu larly the 
drier woodlands and sh ru bl ands ,  have received 
comparatively l ittle attention. There is a need for 
comprehensive long -term research to clarify the impacts 
of fi re in forest environments, but  there is also clearly a 
need to gather more data from the drier ecosystems and 
to com mence work in t l1e mu!ga woodlands and 
h u mmock grasslands which have received no atte ntion 
to date . Such studies are now underway in Western 
Austral ia (A. Start, S. van Leeuwen, D. Pearson 
personal communications) . 

Invertebrate Response Patterns and 
Indicator Groups 

Response patterns of the major invertebrate groups 
were examined across all 24 studies, and witl1 the 
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studies separated according to major habitat type . For 
tl1e latter a nalysis there were insufficient data to 
examine tall open forest ( only fou r studies)  and the data 
for the drier woodl and and shrubland habitats were 
combined. For each invertebrate grou p for which post­
fi re response inform ation was avai lable ,  the proportion 
of cases showing no post-fire change i n  abundance 
( designated zero) ,  a post-fi re increase (pl us) or a post­
fi re decrease ( minus ) was calculated and tabulated . This 
p rovided i nformation on both the strength and the 
consistency of the post- fi re responses which could be 
compared between differen t i nvertebrate groups or 
between the same groups in different habitat types . 
Thus , in highl ight ing potentia l indicator groups ,  those 
which are common across a b road range of habitats , 
and score only i n  the minus  or the zero and m i nus 
categories ( and not those which score i n  both the plus 
and minus categories) should be considered . Groups 
which satisfy these criteria are common , sensit ive to fire 
and show a consistent response to it,  thus conforming 
to the desirable criteria for selection of indicator taxa 
( New 1984 ) .  A fu rther restriction is that there m ust be 
a n  adequate n u m ber of ca es (studies) wh ich have 
provided tl1e data for the part icu lar group (e .g .  > 5  
cases ) .  

Indicator Groups 

Across a l l  studies (Table l )  six invertebrate groups 
satisfy these criteri a :  Araneae, Isopoda ,  Thysanura, 
Blattodea, Isoptera and Lepidoptera . A seven tl1 group, 
the Di ptera, may also qual i fy beca use the two plus 
response cases both re l ated to h igh i nt ensity wildfi res 
( N eumann 1 99 1 ;  Friend and Wil l i ams 1 99 3 ) ,  
indicating some di fferential bur consistent responses 
associated with type of fi re .  All of th e remaining ( 1 3 ) 
groups were either insufficiently studied or were 
inconsistent in the i r  responses . 

In open-forest (Table 2 )  Arancae, Isopoda, 
B l attodca, Diptera and Lepidoptera were again qu ite 
consistent ,  and, in addit ion , Acari na ,  Collembola and 
Coleoptera qual ified . Although few studies inc l u ded 
Thysanura (4 ) ,  a l l  responses were minus suggesting that 
this group also may be worthy of con sideration in tl1 is 
habitat type. In terestingly, ants , which have been 
freq uent ly used as i ndicator speci es registered 
inconsistent responses in th is habi tat type .  In the drier 
woodland and shrubland habi tats, however, (Table 3 ) 
ants showed very consisten t  post-fire responses 
( i ncreases ) ,  suggesting that their value as indicators of 
disturbance or pyric stat us may vary according to 
cl i mate and habitat . 

I n  the woodland/shrnbland habitats (Table 3 )  there 
arc a paucity of data, but one group stands out as a 
potential indicator: Araneae. This is not surprisi n g  
consideri ng tl1at spiders are a t  the apex o f  the 
invertebrate food pyramid, and some representatives 
( especially the mygalomorphs or trapdoor spiders ) are 
relictual in their djstribution, are long-l ived and 
relatively sedentary with poor dispersal powers, and 
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TABLE 1 

Overall post·fire response patterns for major invertebrate groups 

GROUP TOTAL # STUDIES PROPORTION IN CATEGORIES 
0 + 

Acarina 14 0.50 0.10 0.40 
Aroneae 21 0.60 0.40 
Blatlodea 11 0.40 0.60 
Chilopoda 8 0.50 0.25 0.25 
Coleoptera 18 0.50 0.10 0.40 
Collembola 13 0.50 0.10 0.40 
Dermoptera 4 0.75 0.25 
Diplopodo 10 0.30 0.30 0.40 
Dipiero 12 0.40 0.20 0.40 
Hemiptera 13 0.20 0.50 0.30 
Hymenoptera (ontsl 15 0.20 0.60 0.20 
Hymenoptera (excl. ants) 8 0.25 0.25 0.50 
lsopodo 8 0.40 0.60 
lsoptero 7 0.40 0.60 
Lepidoptero 7 0.30 0.70 
Oligochaela 2 0.50 0.50 
Orlhoptera 10 0.60 0.10 0.30 
Pseudoscorpionida 3 0.30 0.70 
Thysanoptera 3 1.00 
Thysonura 6 0.30 0.70 

Total Number of Groups in Categories 19 10 20 

0 = no change; + = increose; - = decreose 

TABLE 2 

Post-fire response patterns for major invertebrate groups 
in open forest. 

GROUP TOTAL# STUDIES PROPORTION IN CATEGORIES 
0 + 

Acorina 6 0.50 0.50 
Araneae 6 0.70 0.30 
Blottodea 5 0.20 0.80 
Chilopodo 3 0.70 0.30 
Coleoptero 8 0.50 0.50 
Collembola 5 0.40 0.60 
Dermaptero 2 1.00 
Diplopodo 5 0.60 0.20 0.20 
Dipiero 6 0.70 0.30 
Hemiptero 4 0.50 0.50 
Hymenoptero lonts) 6 0.50 0.20 0.30 
Hymenoptero (excl. ants) 3 0.30 0.70 
lsopodo 5 0.40 060 
lsoptera 4 0.75 0.25 
Lepidoptera 5 0.40 0.60 
Oligochaeta 2 0.50 0.50 
Orthoptero 4 0.25 0.25 0.50 
Pseudoscorpionido 2 0.50 0.50 
Thysonoptero 2 1.00 
Thysonura 4 1.00 
T otol Number of Groups in Categories 18 3 19 

0 = no chonge; + = increose; - = decreose 
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TABLE 3 

Post-lire response polterns for moior invertebrate groups 
in woodland/shrublond. 

GROUP TOTAL # STUDIES 
0 

Acorino 

Aroneoe 

Blottodea 

Chilopoda 

Coleoplera 

Collembola 

Derrnaptero 

5 
11 
4 
3 

7 
6 
1 

0.60 
060 
0.75 
0.30 
0.70 
0.30 
1.00 

Diplopoda 2 
Dipiero 4 
Hemiplera 7 0.15 
Hyrnenoptero lantsl 6 
Hyrnenoplero jexcl. ants) 4 0.25 
lsopoda 0 
lsoplera 2 
Lepidoptero 1 
Oligochoelo 0 
Orlhoptero 5 0.80 
Pseudoscorpionido 0 
Thysanoptero 0 
Thysonuro 2 
Total Number of Groups in Categories 

0 = no change; + = increase; - = decrease 

have very specific microhabitat preferences (Main 
1987). Araneae would thus appear the most promising 
invertebrate indicator group to use in fire ecology 
studies across a broad range of habitats. Isopoda, 
Blattodea, Lepidoptera and perhaps Thysanura also 
appear to have potential as indicator groups, but more 
data arc needed to confirm this. Many of the larger 
groups for which data arc adequate (e.g. Acarina, 
Collembola, Isoptera, Coleoptera, Diptera and 
Hymcnoptera (ants)) show consistent patterns only in 
certain habitat types and cannot therefore be 
considered good indicator groups in fire ecology 
studies. This is not to say, however, that certain species 
or taxa within these groups may not be good 
indicators, satisfying the criteria defined by ew 
(1984). At this stage, however, there arc insufficient fire 
ecology data available at the species level (perhaps with 
the exception of ants) to categorize invertebrate species 
as indicators. 

Response Patterns and Habitat Type 

Examination of the total numbers of grouµs in the 
three response categories for the data in Tables 1-3 
indicates there are few cases of post-fire increases in the 
open-forest. These trends were further investigated by 
summing the total numbers in the zero (no change), 
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10 

PROPORTION IN CATEGORIES 
+ 

0.20 

0.70 
0.15 
0.30 

1.00 
0.50 
0.70 
1.00 
0.25 

9 

0.20 
0.40 
0.25 

0.15 
0.30 

0.50 
0.15 

0.50 

1.00 
1.00 

0.20 

1.00 
12 

plus (increase) and minus ( decrease) categories 
(irrespective of invertebrate group) for tall open-forest, 
open-forest and woodland/shrubland. These data 
revealed very clear and significant differences (X2 = 32.2 
(DF=4); p < 0.001) in the response patterns for the 
three different habitat types (Table 4). In tall open­
forest there were more cases than expected in the 
decrease category, in open forest more cases than 
expected occurred in the no change and decre:ise 
categories, while in woodlands and shrublands the 
response pattern was similar to that expected by 
chance. 

This outcome, based on the data available to date 
strongly suggests that there is a gradient in invertebra'ce 
responses to fire related to habitat type, and ultimately, 
climate. Invertebrates :ippear to be less resilient (sensu 
Westman 1986) to fire in the more mesic environments 
(particularly tall open forest) than in d1e drier woodland 
and shrubland ecosystems. Such resilience in the drier 
habitats is probably :i reflection of the invertebrate 
fauna's adaptations to survive seasonal arid i ty. Th.is docs 
not imply, however, that fauna! composition and 
abundance would not change greatly under a high 
frequency fire regime in such areas (i.e. exhibit low 
malleability, se·nsu Westman 1986). Thus in d1e wetter 
forested areas, where the invertebrate fauna appears to 
be even less resilient, significant changes in species 
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TABLE 4 

Total reponses in cotegories vs hobilat type. 

Toll Open-forest 

Operi-foresl 

Woodland/ Shrubland 

Expected values showri in porenlheses 

NO CHANGE 

7 
111.3) 

43 
f29.7) 

30 

123.3) 

abundance and composition may be expected to occur 
under a high frequency /large scale fire regime. 

Clearly, however, we have much to learn before such 
trends can be verified so that we can confidently devise 
optimal fire regimes for various habitat types. In 
particular, we need much more critical and objective 
data from both the arid areas ( e.g. mulga and 
hummock grasslands) and the forests, and we need to 
know the relative proportions of fire-sensitive species in 
the various habitat types. To achieve this, a much more 
rigorous approach to sampling and experimental design 
needs to be adopted. 

CONCLUSIONS 

This detailed review of invertebrate fire ecology studies 
indicates that a wide variety of sampling methods are 
employed and that invertebrate response patterns also 
vary greatly. Given the inherent variability of 
invertebrate populations it is crucial that studies obtain 
pre- and post-fire data over several years, and that they 
are standardized witl1 respect to experimental design 
and taxonomic treatment. It is only by minimizing/ 
eliminating such experimental variability that we can 
determine whether the outcomes observed are a true 
feature of invertebrate responses to fire, or are largely 
human-induced. This has important ramifications for 
the use of invertebrates in studies examining 
community stability and resilience. 
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Responses of reptiles to fire and increasing time after 

fire in Banksia woodland 

1 M.J.  & A.R. Bamford, Consulting Ecologists, 23 Plover Way, 

Kingsley 6026, Western Australia. 

ABSTRACT 

In the study of the impact of fire on terrestrial 
vertebrates in Australian ecosystems , most work has 
focussed on sma l l  mammal species while often richer 
reptile assemblages have received little attention .  
Studies on  mammals have found that dramatic changes 
in abundance after fire can be related to changes in 
vegetation structure; but it is not clear to what extent 
generalizations based on mammals can be extended to 
reptiles .  

In a three-year study, reptiles were sampled in six 
areas of Banksia woodland unburnt for different 
lengths of time from O to 23 years . The reptil e 
assemblage varied mainly in the first two years after fire, 
mostly due to differential survival of adult and 
immature specimens immediately after fire .  One 
species, the smaJJ agamid Tympanocryptis adelaidemis, 
was most abundant 3 -6 years after fire and this could be 
related to changes in vegetation structure. Apparent 
patchiness in the local distribution of most reptiles 
made results difficult to interpret. 

In general ,  reptiles were tolerant of fire-induced 
changes to their environment. Fire-related. changes in 
population structure disappeared within a few years of 
fire and the reptile assemblage then appeared stable. 
This may have been due to the rapid regeneration and 
subsequent structural stability of Banksia woodland 
after fire. 

I NTRODUCTION 

Australian ecosystems have developed under a long 
association with fire (Kemp 198 1 ;  Singh et al. 1 98 1 )  
and i ts  significance to flora and fauna is widely­
acknowledged. Fire is recognized as a valuable 
management tool and has been extensively used in 
management within the forestry industries of southern 
Australia (McCaw and Burrows 1989) and the pastoral 
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industries of northem Australia (Lewis 1985 ) .  As noted 
by Friend ( 1993 ) ,  however, its application in 
conservation has been restricted by a lack of 
understanding of its impacts, particularly upon fauna. 

A number of studies, both in Australia and overseas, 
have found that diversity of plants and animals is 
highest soon after fire, with diversity declining in long­
unburnt sites (Taylor 1973; Recher and Christensen 
198 1 ;  Willan and Bigalke 1982 ) .  Willan and Bigalke 
( 1 982)  also recorded a slight increase in small mammal 
diversity in long-unburnt sites . The general pattern of 
highest diversity soon aft.er fire is associated with 
nutrient release and changes in the structural 
complexity of the vegetation as it regenerates and 
senesces after fire. 

Detailed studies on vertebrate fauna in Australia 
have focussed mainly on mammals. In a detailed 
review, Friend ( 1993) concluded that small mammals 
have 'a reasonably consistent and predictable' seral 
response, with the response of a species to fire being 
consistent with its life history parameters such as 
shelter, food and breeding requirements . Similarly, 
Taylor ( 199 1 )  concluded that with reference to small 
mammals, 'fire has been seen as a factor mainly 
influencing the availabil ity of different successional 
stages of vegetation' . Numbers of most small mammal 
species decline dramatically after fire and individual 
species may achieve maximal abundance at a specific 
stage after fire when the vegetation satisfies their habitat 
requirements. This can give rise to successional- l ike 
changes in the levels of abundance of the species 
present (Fox and McKay 1981 ) .  Mammal species that 
have been most adversely affected by changes in fire 
regimes since European colonization are those that 
have the most specific habitat requirements in relation 
ro post-fire stages of vegetation. 

Observations on the impact of fire upon small 
mammals provide a theoretical framework for 
examining studies on other fauna, including reptiles . 
According to Friend ( 199 3 ) ,  reptiles are generally 
considered to be more resi lient to the short-term 
impacts of fire tl1an small mammals, but long-term 
changes in abundance have been recorded. Two studies 
(Cheal et al. 1979 ; Mather 1979, in Friend 1993 )  
found that lizard species richness and abundance were 
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lower in a long- unburnt than a recently-burnt site and
associated tl 1is with understorey densi ty and height.
Ca ughley ( 1 98 5 )  recorded l i ttle change in t J 1e l i zard
assemblage wi tl1 time after fire but did find
successiona l - l i ke trends in  rel:ltive abundance of the
species . She a sociated th is  with changes in vegetation
structu r e  and composi tion , particularly i n  the case of
the small  agamid Ctcnophorus fordii, which was most
abundant soon after fi r e  when the veget:ttion consisted
of bar e  ground and dense clumps of regener:tting
plants. K:thn ( 1 960)  :tnd  Li l lywhite :tnd orth ( 1 974 )
made s imi la r  obser v:ttions wi th t h e  smal l  iguanid
Sc eloporus occidcn t'atis. M u  h i nsky ( 1 985)  exam i ned
the imp:tct of fi re freq uency upon repti les and found
that some fire frequencies i ncreased repti le densi ty and
d iversi ty ; he suggested tl 1 i s  was due to the i mpact of
regu l a r  fi res on vegetation s tructu re  and par icu l a rly on
the avai l abi l i ty of open a reas.

There appea rs to be some consistency between
observa tions on tl 1e i m pact of fi re on sm a l l  m:im m :t l s
and rep ti les .  This  has led Friend ( 1 99 3)  to su ggest the
development of a model to pred ict the r espo nse o f  :t 
speci es to fire on the basis of  i ts l i l-c h istory pa ram ete r� .
Ava i lable d a ta on rep ti les a re l i m i ted , however, and tl1 1 S
paper repo rts on a stu dy o f  repti les i n  relat ion to ti me
si nce fire to  see whether  genera l iza tion based on d:tta
col l ected on s m a l l m a m m als can be appl i ed to th i s
raxon .

METHODS 

Study Area

The stu dy a re:t  was near Mooli :tbecnee , app rox ima te ly
8 0  km n o r th o f  Perth a t  3 1 °20 'S . , l l 6°02 ' E. and 
con si s ted o f  si x a re:ts o f  B a n ks i a  woodland . Th se a reas 
we re si m il a r  i n  topogr:tphy and t h e  vege ta tion co nsiste d
o f  a n  u ndc rs ro rey dom in a ted by Eremea pattciflora and
a n  overs to rey to 6 111 o f  Banksia attenttata , 13a nksia 
menziesii :i n d  scattered speci mens of Banksia ilicifolia
and Eucalyptus todtiana. The areas rnn ged i n  size from 
approxi mately 40 to over l 00 ha but al l were 
connected to larger regio ns of Banksia woodland; th e
layou t o f  the area is given in Ba m ford ( 1 992:t ) .  Wo rk
was carried ou t on th ese are:ts from Apri l 1 98 3  to 
M:t rc h 1 98 6 .

Sam pling spanned the period 0- 23 yea rs a f te r fi re .
Arca l was bu m on 20 M arch 1 98 5  and was previously 
bu rn t in 1 962 -63 ; it was th us s:t mpled more tha n  20 
years after : i nd i n  the first ye:tr fo l lowi ng a f ire. Area 2
was bu rn t  on 2 1  eptem ber 1 984 : i nd was samp led for
a year f o l low i ng this f i re to get some d:tta on the impact 
of a low inte nsity, spring f ire co mpared with : t i!  other
f i res which occurred in su m mer -: tutu mn : ind were of 

higl; in te ns ity. Are:t 3 was burnt on 1 3  Marc h 198 3, 
12 years after previously being bu rnt, and was samp led 
over tl1e per iod 0 -3 yea rs after fire. Areas 4, 5 and 6
were bu rnt in March 1 980, su mmer 197 1 - 72 and 
summer 1 962 -63 respectively, and were thus sampled 
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over the periods 3 -6 , 1 1 - 1 4  and 20-2 3 years after fire .

Sampling 

Repti les were studied using a mark-release-recapture
program based on five consecutive n i ghts' trapping
each montl1 with grids of 5 0  pitfa l l  tr:tps ( hereafter
referred to as pitfal l s ) .  Two such grids were p laced i n
each area a n d  with in  each grid ,  p itfal l s  were located a t
5 i n terv:tls; e:tch grid was therefore 45 m long b y  20 m
wide.  The p i tfal ls consisted of 40 cm len gths of 1 5  cm
diameter PVC pipe . They were capped wh en not in use
:tnd had 1 . 5  m m  mesh bases to preven t  speci mens from
t u n nel l i ng out .

I n  the first year of the stu d y, only s in gle grids were
opera ted in :treas 1 ,  4, 5 and 6, two grids bei n g  used in
subsequent ye:trs and for all sampl ing in  :irea 2 and 3 .

ampl ing on a l l  grid was l i m i ted to two nigh ts i n
J :tnuary 1 98 6  and n o  nights in Febru:try  1 986.
There fo re ,  e xpected c:tptu res o n  each grid I-or these
mon ths were c:tlcu lated from the proportion of
captu res in  previous years that occurred i n  J :t n u ary and
Febru:try. Across a l l  grids, captures in the e mont hs
acco u n ted for on ly 20 per cent of a l l ca ptures . Wh i l e
n u m bers of  capt ures cou ld be esti mated by this
approac h ,  numbe rs of species cou l d  n ot be s i m i larly
est i m a ted .  'I here fo re,  ana lyses which req u i red va lues
fo r th e n u m ber  of  spec ies exc luded cs i m :t ted annua l
. amples .

The e x pe ri m ent:t l design used i n  th is  study was
ba ed on the opportu n istic a va i l ab i l ity o f  si tes ; i n  the
so u th - west of Wes te rn Austra l i a  i t  is ve ry  11 11 usu :i l  to 
fi nd a set of  j u x taposed sta n d s  o f  vegetation  va r yi ng  i n
ti me  si nce f ire as d i d  the  'i tes used i n  this study. The
am pl in g layout  consti tuted pseu do - rep l ication ( sensu. 

H u r l bert 1 9 84)  bec:tuse rep l icate gri ds we re pl:tced 
with in the sa m e  site and the ti m e - fra m e from 0 - 2 3
yea rs a fter fi re was spa n n ed by a series o f  site s .  Thi s
desi gn places some restri ctions on va l i d  statist ic:tl 
an:t lysis .

For a nalysis , th e annu a l  n um ber of ca ptures 
( incl udi n g  recaptures betwee n mo nths ) of al l species 
a nd of e:ich species per grid were used as i ndices of 
a b u ndance i n  re l ation tO time since fi re. As : tn index of 
a bu nd:tnce, the annual n u m ber of captu res is almost
ccrt:ii n ly affected by differi n g  trappabi lity o f  speci es but 
wa s assu m ed tO reflec t d iffe rences i n  :t bsol u te
: tbu nd:tnce of the s:t me species betwee n sites.

An n u: tl n um bers of captures were analysed using a
su bdivided chi - sq uare approach : ts described by Zar
( 1 974 ). Th i involves testi ng a data set for significant
vari: ttion , identifyi n g  the values which contribute most 
g reat ly to a ignifica n t result and th en cond ucting
another test witl1 these v:tlues re moved . If no 

ignificant vari: ttion is fou nd i n  the modified data set 
from whic h  outst:tnding va lues have been removed , 
values in the modified data set can be pooled and 
compared with each of tl1e removed values to confirm
tl1e sig n ificance of the removed values. For th is 
analys is, total annual captures per grid were treated as 
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one data set, but annual captures per grid of all 
individual species except Pogona minor had to be 
pooled for each site as values were low, resulting in 
unacceptably small expected values . 

umbers of species and the Shannon-Weiner 
Diversity Index (H') were calculated for each annual 
sample . No analyses were conducted on these val ues , 
however, because both were affected by the large 
numbers of species represented by few individuals. 

Samples of the same species from different areas 
were examined in detail to determine whether 
differences existed between them in population 
structure, as reflected by the distribution of snout-to­
vent length (SVL) and the proportion of immature and 
adult specimens . From data on reptile morphometrics 
collected during the project, it was possible to estimate 
the size at sexual maturity for most species and, 
therefore, to recognize immature specimens on the 
basis of SVL and month of capture. All species bred in 
spring-summer and all except Menetia greyii, 
Tympanocryptis adelaidensis and possibly male Morethia 
lineoocellata reached sexual maturity at the end of their 
second year or later (Bamford 1986 , 1 992c) .  Where it 
was possible to compare proportions between areas or 
sets of areas, proportions were converted with the 
arcsine transformation before analysis (Zar 1974) .  
Alternatively, mean SVL measurements were compared 
with Student's t-Test. In the study of popu lation 
structure, Varanus gouldii and Varanus tristes were 
excluded as it was suspected that the pitfalls selectively 
trapped immature specimens of these species. 

RESULTS 

The Impact of Fire upon Levels of 
Abundance 

Thirty species of reptiles were recorded during sampling 
(Table 1 ). An additional five species ( the gekkonid 
Underwoodisaurus mi/ii, the scincids Titiqua occipitalis 
and Morethia obscura and the elapids Psettdonaja 
nuchalis and Vermicella bertholdi) , were observed in the 
study region but were never trapped. The majority of 
species were trapped only in small numbers and 
therefore d1e impact of fire upon them could not be 
examined. Only eight species were represented by 
sufficient captures to allow species-specific analyses to 
take place . 

Numbers of captures of all species, numbers of 
species and diversity (H' ) ,  based on annual samples in 
each grid, are presented in relation to fire in Figure l .  
Annual numbers of captures varied significantly (x,2 = 
63 . 84 , P<0.00 1 ) , but d1is was due entirely to one 
annual sample of72 individuals collected in area 3, 0-1  
years after fire .  There was no apparent pattern in 
species richness or diversity with time after fire. 

Despite tl1e lack of general trends in the reptile 
assemblage in relation to fire, numbers of captures of 

individual species were examined tO see if trends were 
present (Fig. 2) .  Significant trends were found in 
Pogona minor (c2 = 53 .00,  P<0 .00 1 ) , Tympanocryptis 
adelaidensis (c2 = 101 .24 ,  P<0.00 1 ) ,  Lerista elegans (c2 

= 99 . 33, P<0 .00 1 ) ,  Lerista christinae ( c2= 106 . 16, 
P<0.0 1 ) ,  Menetiagreyii (c2 = 36 .4 1 ,  P<0.00 1 )  and 
Morethia lineoocellata ( c2= 1 1 6.70 . 3 3 ,  P<0 .00 1 ); but 
not in Ctenot11s lesueurii ( c2 = 5 . 60 )  or 
Cryptoblepharus plagiocephafas ( c2=9. 5 5 ) ,  

Significant variation i n  captures of Pogona minor 
was lost (X,2 = 29 .9 5 )  with the removal of low captures 
in area 2 (0- 1 years after a spring fire) ,  and high 
captures in area 4 (4-5 years) and area 6 (20-2 1 years) 
from the data set. Comparison of each of these values 
with the pooled, modified data set confirmed their 
significance ( c2 = 6.28 , P<0.025 ,  c2 = 9 .47, P<0.005 
and c2 = 6. 1 5 ,  P<0 .005 respectively) . These results 
suggest that numbers may be low shortly after fire but 
high and variable with greater time after fire. 

With Tympanocryptis adelaidensis, all s ignificant 
variation was due to large numbers of captures in area 4 
( 3 -6 years) (X2 = 10. 52 for tl1e modified data set without 
captures from area 4 ) .  This was confirmed by the 
comparison of area 4 captures with the pooled, 
modified data set (X2 = 96.4, P<0 .00 1 ) .  
Tympanocryptus adelaidensis appears to be scarce after 
fire ,  abundant from 3 -6 years after fire and then less 
abundant with greater time after fire. 

Sources of significant variation were complex in 
Lerista e/egans, witl1 high captures in area l ( 0 - 1 and 
20-22 years) and low captures in area 3 (0-3 years) and
area 5 ( 1 1 - 14 years) being important ( c2 = 5 . 38 for the
modified data set containing areas 2, 4 and 6 only).
This wide sou rce of significant variation suggests a
patchiness in abundance independent of time since fire.
Further ana.lysis determined significant variation
between tl1e pooled, modified data set and area
1 (0- 1 years ) (c2 = 39 . 3 ,  P<0.00 1 ), area 1 (20 -22 years)
( c2 = 23.6, P<0.00 1 )  and area 3 (0-3 years) (2 = 1 0. 5 ,
P<0.00 1 ) , but not between the pooled, modified data
set and area 5 ( 1 1 - 14 years ) (c2 =2.0 ) .  These results
suggest that abundance may be greatest die longest
time after fire, with high numbers of captures in area
1 (0- 1 year) the result of individuals surviving after fire
in the short term, although sampling in area 1 could
not be continued to investigate tl1is. The same results
could have been achieved, however, if L. elegans was
very patchily distributed, as areas 2 and 3 had no
indication of L. elegans surviving from pre-fire
abundance .

Variation in captures of Lerista christinae was due to 
large numbers caught in area 3 (0-3 years) and few 
captures i n  area 1 (0 - 1 years and 20 -22 years) (X2 '-8 .41  
for the modified data set without captures from areas l 
and 3 ) .  These results were confirmed by the 
comparison of the pooled, modified data set with area 
3 ( c2 = 62 .56,  P<0 .00 1 )  and area l (0-1 years c2 = 3 .92 ,  
P<0 .05;  20-22 years, c2 =5 .85 ,  P<  0.05 ) .  These results 
suggest that L. christinae is patchily abundant i n  
Banksia woodland. There appeared to  be  a decline i n  
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TABLE l 

Numbers of captures lincluding recaptures) of reptile species in 
all areas. 

AREA 1 2 3 4 5 6 l 

YEARS AFTER FIRE 0-1 0·1 0-3 3-6 11-13 20-23 20·22 
TRAP NIGHTS 5900 7700 15 950 15950 12 450 12 350 7800 

Gekkonidae 

Diplodoctylus polyophtholmus 6 

Diplodoctylus spinigerus 2 4 7 4 

Pygopodidae 

Aprosio repens l 6 3 2 

De/mo fraseri 

De/mo grayii 2 2 

Lia/is burtonis 2 

Pleiholax grocilis 2 3 9 2 

Pygopus lepidopodus 

Agamidoe 

Pogono minor 11 8 39 51 40 64 28 

Tymponocryptis odeloidensis 10 51 8 7 3 

Varanidoe 

Voronus gouldii 

Voronus Iris/is 2 

Scincidoe 

Cryptoblephorus plogiocepholus 8 17 27 20 21 9 15 

Clenolus fol/ens 2 9 9 5 3 6 4 

Clenolus impor 

Clenolus lesueurii 5 2 13 14 9 7 7 

Clenotus schomburgkii 

Egemio multisculo/o 2 

lerislo christinoe 80 16 17 16 

lerislo elegons 20 5 6 2 11 21 

lerislo proepedito 3 3 4 3 

Menetio greyii 12 30 16 11 17 8 9 

Morelhio lineoocellolo 31 2 7 2 

Tiliquo rugoso 2 2 

Typhlopidae 

Romphotyphlops ouslrolis 2 

Elopidoe 

Demonsio psommophis 

Nolechis curlus I 3 3 

Rhinoplocepholus gouldii 2 2 

Vermicello colonolus 1 

Vermice/lo semifosciolo 3 2 

N species 12 11 21 18 17 20 18 

N captures 70 78 251 192 154 146 109 
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Figure 1. Number of captures (including recaptures) of 
reptiles per grid per year, number of reptile species per grid 

per year and Shannon- Wiener Diversity Index (H ') of reptile 
captures per grid per year; against time since fire. 

Triangles represent data collected in area I before and after 

fire. Lines connecl data collected on the same grid in 

different years. Number of species and diversity preseflt 
data from complete years only, whereas number of captures 

includes values estimated from incomplete sampling in the 

third year of the study. 

abundance in the first few years after fire (see Fig. 2 ) ;  a 
sub-divided chi-square analysis of area 3 data only 
determined chat significant variation was due to one 
annual sample only ( c1 = 18 .9 ,  P< 0.005 for all data; 
c2 = 7 . 12 for modified data set excluding the highest 
annual capture ) .  

Captures o f  Menetia greyii varied significantly as a 
result of samples collected in areas 1 (0 - 1 year) and 2 
(0 - 1  year) (X2 ..,5 _43 for the modified data set without 
captures from areas 1 and 3 ) .  In both these areas, 
significantly more than expected Mgreyii were caught 
than in the pooled, modified data set ( a rea 1 (0-1  year) 
x2 = 7.03 , P< 0.0 1 ;  area 2 ( 0 - 1  year) x2 = 29 . 5 8 ,  
P< 0.00 1 ) .  While these results suggest that th e  
abundance of M. greyii may b e  higher in recently-burnt 
than long-unburnt areas, this observation was not 
supported by all sites. 

Captures of Morethia lineoocetlata wc;re extremely 
variable and it was not possible to find a modified data 
set with no significant variation. Therefore, no patterns 
between significant variation and time since fire could 
be determined. This result could have been due to 
patchiness in the local distribution of the species. 

The Impact of Fire upon Population 
Structure 

Population structure in samples of Pogona minor, 
Lerista christinae and Menetia greyii are presented in 
Figure 3 and proportions of immature specimens are 
summarized for all species in Table 2. 

Immature specimens dominated samples of Pogona 
minor collected more than three years after fire but 
were u ncommon in some samples from more recently 
burnt areas. While area 1 (0-1  year) was an exception, 
almost al l  the imm ature specimens were caught within 
six weeks of the fire; these specimens had hatched 
before tl1e fire. Without these immature specimens, 
area 1 would have had few captures after fire. In area 
3, which was burnt at d1e same time of year as area 1 ,  
sampling did not begin until 8 weeks after fire and no 
immature specimens were caught in the first year. Th e 
cohort of immatu re specimens hatched immediately 
before an autumn fire appears to survive the fire but to 
disappear shortly after. Data from area 3 ( 1 -2 years) 
suggest that breeding is limited or survival of immature 
speci mens is poor in the second year after fire also. 
Data from area 2 ( 0- 1 year, after a spring fire) suggest 
that the season ( and possibly intensity) of fire is 
important to the survival of immature P minor. 

The proportion of immature specimens in samples 
of Menetiagreyii was high in areas 3 (0 -3  year) and 
4 ( 3 -6 years ) compared with other areas, although 
numbers were too low to give a significant difference in 
the mean SVL (T = - 1 . 0 1 ) . Imm ature specimens 
hatched before tl1e fire were caught in the autumn after 
fire in area 1 while immature specimens hatched before 
the fire in area 3 were not caught until the following 
spring when most had reached maturity; this reflected 
the 8 -week delay in sampling in area 3 .  Menetiagreyii, 
like other reptiles in the area, was rarely caught over 
winter. The sample from area 2 ( 0- 1 years) was 
dominated by adult specimens and tl1e significantly 
greater number of annual captures in area 2 compared 
with other areas was due to this . This large number of 
adults may have resulted from immigration, as M. greyii 
is bel ieved to be nomadic witl1 females concentrating in 
areas of low vegetation density to lay eggs ( Bam ford 
1 992b ) .  Breeding was poor in the summer 
immediately following the spring fire, however, and no 
data were coUected in the second summer after the fire. 

In area 3, high captures of Lerista christinae were 
the result of !arge numbers of immature l izards, 
hatched before the fire, surviving in the first year after 
the fire . Immatu re specimens comprised oniy small 
proportions of samples with greater time after fire. 
Mean SVL was significantly less in area 3 (0-3 years) 
compared with all otl1er areas (T = -3 .82 ,  P<0 .005 ) .  

With the exception of Tympanocryptis adelaidensis, 
samples of most other species from recently-burnt areas 
tended to be dominated by immature specimens 
compared with samples from long-unburnt areas 
(Table 2) .  On the basis of mean SVL of samples with a 
large proportion of immature specimens being less than 
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Figure 2. Nwnbers of captures of Lite most-often caught reptile species against time since fire. Triangles represem data 
collected in area I before and after fire. Lines connect da1a collected on the same grid in different years. 

that of samples with fewer immature specimens, 
significant differences were found with Cryptoblepharus
plagiocephalus (T =-2.09, P<0.025), Morethia 
Lineoocellata (T = -3.97, P<0.005) and Ctenotusfallens
(T = -3.051, P<0.005), but not with Lerista elegans
(T = -0.608) and Cte-notus Lesueurii (T = -1.368, 
although P<0.10). Morthia Lineoocellata was distinctive
in that the high proportion of immature specimens was 
recorded only in the second year after fire in area 3.
Ctenotusfallens and C. lesueurii showed a similar
tendency, but annual samples were too small to justify 
analysis. The representation of immature specimens in 
samples of Cryptoblepharus plagiocephalur differed from
other species in that it was high only in area 2 (0-1 
years, after a spring fire). The number of specimens 
involved was small but four of the five immature lizards 
recorded hatched in the summer after the fire while one 
was a survivor from the previous breeding season. 

Pogona minor was the only frequently-caught
species which showed a decline in the proportion of 
immature specimens in the first year afi:er fire. Even 
those species caught too infrequently to examine 
individually, when pooled, revealed a trend for a greater 
proportion of immature specimens in recently burnt 
areas (Table 2 ). For all species except P. minor pooled
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('fable 2 ), the mean proportion of immature specimens 
from samples collected over the period 0-6 years after 
fire was significantly greater than for samples collected 
over the period 11-23 years after fire (T = 4 .18, 
P<0.005). 

DISCUSSION 

In studies of relationships between reptile assemblages 
and time since fire, a number of patterns have been 
observed. These include: greater richness and 
abundance in recently-burnt compared with long­
unburnt sites (Chea] et al. 1979; Mather 1979, in 
Friend 1993) and successional-like changes in relative 
abundance with increasing time after fire (Caughley 
1985). None of these was recorded in the 
Mooliabeenee study. 

Impacts that could be related to fire were generally 
restricted to the first few years and in most cases 
consisted of short-term changes in population 
structure. Three of the six species affected showed 
increases in numbers of captures in the first year or few 
years after fire, one showed an increase in the period 
3-6 years after fire, one showed an increase 20-23 years
after fire and one showed a decline in the first year after



C' 

u. 

M. J. Bamford, Responses of reptiles to fire and increasing time ofter fire In Bonksio woodland, Landscape Fires '93

:Ja 
] n fSS1 

n 

� 

]
]

r:n n 

] db r=n 
10 

0 

10 

0 

10 

0 

10 

0 

od}{1ll}[Hik 

r=d I hu 

Jhn.ndJCtb .. 
35 40 45 60 65 60 65 'JO 76 80 85 90 95 100105110 115 120 

SVL 

Area. 1.

0-1 years.

Area 2. 

0-1 yea.rs.

Area 3, 
0-1 yea.rs .

Area 3, 
2-3 years.

Area 4, 

3-6 yea.rs.

Area 5. 
11-14 years.

Area 6, 
20-23 years .

Area 1 
·20-22 yea.rs .

Figure 3 ( a). Distribution of snout-to-vent length in samples of Pogona minor, in relation to time since fire. Only the lower 
value of each snout-to-vent length category is indicated. Hatching indicates immature specimens hatched before and area 
was burnt and caught in the first year after fire. The broken vertical line indicates SVL at sexual maturity. Note that 

sampling effort was not the same/or each histogram; sampling efforts are given in Table I. 
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efforts are given in Table I. 

182 

CALMScience 



M. J. Bamford, Responses of reptiles to fire ond increasing time ofter fire in Bonksio woodland, Landsca pe Fire
s ·9

3 

10 

Area 3, 0 -1 years. 

10 

riiill1l 
Area 

3, 
1 -3 years . 

0 

10 

er 

JfJJb 
Area 4, 

3 -6 years . 

rll 0 

10 

Area 5, 
11 -14 years . 

□ 0 

10 . ' 

Area 6, 
20 -23 years . 

0 n n n 
18 20 22 24 26 28 30 32 34 36 38 40 42 

SVL 

Figure 3 ( c). Distribution of snout-to-vent length in samples of Lerista christinae in relation to time since fire. Only the 

lower value o
f 

each snout-to-vent leng th categor y is indicated. Hatching indicates immature s pecimens hatched befo re an 
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TABLE 2 
Proportio�s of immature repliles in samples in relation to time 
since lire. Doto from areas of similar lime since fire pooled lo 
generate adequate sample sizes. 

SPECIES AREAS YEARS SM\PlE PERCENTAGE 
SINCE FIRE SIZE 1/WMTURE 

Pogono minor l ,2.3 0-3 47 48.9 
4 3-6 56 57. l
5 11-14 40 55.0

l, 6 20-23 94 64.9

Tymponocryplis odeloidensis 3 0-3 12 25.0 
4 3-6 52 26.0 

1,5,6 l l-23 13 23.1 

Cryptoblephorus plogiocepholus 2 0-1 17 33.0 
1,3 0-1 35 5.7 
4 3-6 20 15.0 

1,5,6 11-23 45 6.7 

Lerisla chrislinae 3 0-1 32 31.2 
3 1·3 24 16.7 
4 3-6 16 12.5 

1,5,6 11-23 31 0 

leristo elegons l 0-1 17 29.4 
1,5,6 11-23 32 12.5 

Menelio greyii 1,2,3 01 45 13.3 
3,4 1·6 15 20.0 

1,5,6 11-23 32 6.2 

Morethio lineoocellolo 3 (} 1 14 0 
3 1-3 22 50.0 

4,5,6 3-23 12 8.3 

Clenolus fa/lens 1,2,3 0-3 20 85.0 
1,4.5,6 3-23 16 31.2 

Clenolus lesueurii 1,2,3 0-3 20 70.0 
1,4.5,6 3-23 37 43.2 

Olher species 1,2,3 (} l 25 36.0 
3,4 1-6 30 6.7 
5 11·14 32 15.6 
1,6 20-23 34 8.8 

all species except P. minor l (} l 55 38.2 
2 0-1 65 33.8 
3 (} l 86 22. l
3 1-3 105 31.4
4 3-6 138 23.9
5 l 1-14 111 10.8
6 20·23 80 13.8

20-22 73 9.6 

184 

CAl.MSclence 



M .  J. Bamford, Responses of reptiles to fire and increasing time after fire in Banks/a woodland, Landscape Fires '93

fire. In four of these species, however, patchiness in 
their local distribution complicated the results. 

There was no indication, from changes in the 
frequency of recaptures or distances moved by 
recaptures, that observed impacts were due to changes 
in behaviour rather than to population changes. It is 
also unlikely that specimens identified as immature 
were actually stunted adults, as they were of the 
expected size at the expected time of year. The only 
exception was a single Pogona minor in area 2, caught 
when about 2 1  months old and therefore at the 
beginning of its first breeding season, but noticeably 
smaller than specimens of similar age elsewhere . The 
spring fire occurred when this specimen was about 
nine months old and may have inhibited its growth 
over the following summer. 

Several different patterns in the short•term changes 
in population structure emerged. In P minor, a 
decline in abundance after fire was l inked to a decline 
in the abundance of immature lizards in the first six 
months after an autumn fire. Pogona minor is partly 
arboreal and the Jack of understorey cover may have 
led to increased predation upon small specimens . A 
more strictly arboreal species, the gecko ( Diplodactylus 
spinigerus), was infrequently caught but appeared to 
suffer a similar post-fire decline. Adult D. spinigerus 
are about the same size as recently-hatched P minor 
and were very abundant in the first week after fire in 
area l .  Normally inconspicuous , their pale grey 
coloration made them very obvious as they clung to 
blackened twigs. They had survived the fire by 
sheltering in burrows of other species ,  including those 
of the large scorpion Urodacus novaehollandiae 
(personal observation) .  

The smal l ,  fossorial Lerista christinae was very 
abundant in area 3 after fire owing to large numbers of 
immature specimens from the breeding season before 
the fire. Survival of this cohort may have increased 
owing to the complete absence in the first year after 
fire of the predatory dasyu.rid marsupial Sminthopsis 
griseoventer (Bamford 1986 ) .  

Patchiness in local distribution i n  this and other 
species, such as Lerista elegans, may have concealed an 
increase in abundance with greater time after fire. 
Such an increase could have been associated with 
increased leaf-litter and would support the relationship 
between habitat selection and response to fire, but the 
data arc inconclusive. 

In Morethia lineoocellata and possibly also Menetia 
greyii, Ctenotus fallens and C. lesueurii, high 
proportions of immature lizards in the first few years 
after fire were due to enhanced recruitment in the first 
breeding season after fire, not to enhanced survival of 
young from the season before the fire as seen with 
L. christinae. Cryptoblepharus ptagiocephalus displayed
a similar pattern, but only after a spring fire. Such
enhanced recruitment might be expected to result in
an increase in abundance levels in the reptile
assemblage, but appeared to be too short-lived an

effect to have such an impact. Enhanced recruitment 
may have led to the significantly high levels of 
abundance of Tymparocryptis adelaidensis 3-6 years 
after fire, however. Enhanced recruitment may have 
gone undetected in this species because individuals 
mature in less than one year and rarely l ive for more 
than two (Bamford 1992c) .  

Tymparocryptis adelaidensis was the only species 
with a response to fire that could be interpreted using 
the hypothesis that a species' habitat preferences 
influence the impact of fire upon it . Bamford and 
Bamford ( 1 992 ) found that captures of T adelaidensis 
along two, 3 1cm transects of pitfalls, established 
through Banksia woodland without initial reference to 
vegetation structure, were concentrated in pitfalls 
associated with low densities of vegetation .  This was at 
a s ite 100 1cm north of Mooliabeenee in an area 
unburnt for about 12 years. It was suggested that the 
species actually favoured locations where dense 
vegetation and open areas were juxtaposed. Such 
patchiness in vegetation density was evident 3-6 years 
after fire. 

The response of T adelaidensis to fire, involving a 
peak in abundance a few years after fire associated with 
patchiness in vegetation density, is similar to that 
observed in Ctenophorusfordii (Caughley 1985)  and 
Scetoporus occidentalis (Kahn 1969 ; Lillywhite and 
North 1974). Mushinsky ( 1985 )  also stressed the 
importance of patchiness in vegetation density 
produced by some fire regimes for reptiles . 
Tymparocryptis adelaidensis, C. fordii and S. occidentalis 
are small representatives of two families often thought 
of as ecological analogues (Pianka 197 1 ) .  A preference 
for patchy vegetation would appear to be responsible 
for their similar responses to fire. 

Long-term changes with fire found with other 
studies upon reptiles and very evident with studies on 
mammals (Friend 1993 ) ,  have been related to habitat 
preferences and changes in vegetation structure after 
fire. In the present study, however, only the response of 
T adelaidensis to fire can be explained in terms of 
habitat selection . In other species for which sufficient 
data were collected, the response was brief and related 
to changes in survival of immature lizards . The absence 
of long-term responses in the present study may reflect 
the speed of regeneration of Banksia woodland after 
fire. Both understorey and overstorey plants resprout 
after fire and changes to vegetation structure over the 
period about 5 -23 years after fire are minor. This brief 
period of rapid regeneration is within the l ifespan of 
most of the reptiles recorded in the area (Bamford 
1986) .  In this respect, the fast-maturing, short-l ived 
T adelaidensis is unusual and resembles C. fordii 
(Heatwole 1976 ) .  With low rates of population 
turnover, the populations of most reptiles may not be 
greatly affected by one or two years of altered 
recruitment after a fire, while those species with 
predictable responses to fire may tend to be fast­
maturing and short-lived. 
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Fire intensity and the maintenance of habitat 
heterogeneity in a tropical savanna 

1 CSIRO Division ofWildlifo and Ecology, PMB 44, WinncUic 0821, 
Northern Tcrrit0y. 

ABSTRACT 

Savanna vegetation is associated with a highly seasonal 
tropical climate which results in high-frequency grass 
fires. Other studies have shown that there are strong 
relationships between habitat heterogeneity or 
patchiness and mammal richness and abundance in the 
savannas ofKakadu National Park. Fires vary greatly in 
intensity and impact on vegetation. Both pronounced 
patchiness and differentiation of ground and canopy 
strata are fundamental characteristics of savannas. A 
model to account for what appears to be a dynamic 
stasis is presented. In this model, low intensity fires 
create great patchiness in the ground layer. ln contrast, 
both high-intensity fires and absence of fire create 
patchiness in the tree layer, owing to differential tree 
mortality and recruitment from the ground layer 
respectively. 

Experimental fires in Kakadu showed different 
effects on the tree and ground layers, lending some 
support to the above model. Fire-induced changes in 
vegetation patchiness, dominant plant species richness 
and mammal abundance and richness were apparent. It 
is likely chat a fire regime approximating the pattern 
created by traditional Aboriginal burning is the best 
management for savanna biodiversity. 

INTRODUCTION 

The pattern of any vegetation changes with time. The 
speed at which this happens is determined by the 
frequency and intensity of disturbance and also the 
productivity of the system. Huston ( 1979) has argued 
that maximum species diversity occurs when the 
frequency /intensity of disturbance maintains the 
community in a constant state of disequilibrium. The 
species never get to a stage where competitive exclusion 
would occur and thus loss of species is avoided. 
Denslow (1980) has, in turn, argued that the maximum 

R. W. BRAITHWAITE 1

species diversity is obtained with disturbances which are 
of the historically most common size. Frequency and 
intensity of disturbance, the size of the disturbance 
patch, and the life history of the species affected are all 
correlated (Braithwaite and Estbergs 1985). 

Regions of greater habitat diversity (for 
topographic/geological reasons) are often richer in 
species of animals (i.e. alpha diversity; Woinarski and 
Braithwaite 1990). Whether habitat diversity can be 
manipulated with fire to produce increased animal 
diversity has never, to my knowledge, been tested. 

Vegetation patchiness or habitat heterogeneity 
seems important for a number of reasons. 

l. It has become recogriized as one of the three main
components of biodiversity, the others being genetic
diversity and species diversity (e.g. Groombridge
1992).

2. It may be an important predictor of species diversity
and animal abundance ( e.g. Woinarski and
Braitl1waite 1990). The scale of the patchiness may
be what is most critical.

3. It may represent an appropriate goal for
manipulating habitat for maintaining vulnerable
mammal species (Braithwaite 1985a).

4. It offers the possibility of identifying areas of high
biodiversity using remote sensing.

Savanna ecologists have long identified the four 
major determinants of tropical savannas as plant 
available moisture (PAM), available nutrients (AN), fire 
and herbivory (Frost et al. 1986). The first two are 
regarded as the primary determinants and the latter two 
are secondary modifiers of savannas. Fire enables 
eucalypt savanna to push back the boundaries of 
rainforest or monsoon forest patches (Bowman and 
Dunlop 1986) and can eliminate them entirely 
(Bowman and Wightman 1985). Conversely, in the 
absence of fire, rainforest, monsoon forest and other 
fire-sensitive species can slowly invade the savanna 
(Bowman and Fensham 1991) and at least give rise to a 
more shrubby understorey (Hoare et al. 1980). 

In the literature on tropical savannas, the tree or 
canopy layer and the ground vegetation layer have been 
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seen as semi - independent, competing but co-existing 
systems ( Wal ter 197 1 ) . There have been studies of 
competi tion be tween the root systems of the two 
str ata, with the c:mopy roots predominat ing in deeper 
soil hor izons ( Knoop and Walker 1 9 8 5 ) . Bra i thwa i te 
and Estbcrgs ( 1 98 5 ) have shown that the canopy 
exper iences fi res much less than the ground  layer. The 
species of the canopy arc long- l ived compared with 
those of the grou nd layer which is dominated by 
annuals, sho r t- l ived per ennia ls , and the long-persist i ng 
j u veniles of the canopy spec ies. 

In Austral ia particu l arl y, the savanna seems 
r emar kab ly stab le  under what  appears to be a wide 
var i ety of  fi r e  r egimes .  I t  i s  a paradox: how can the 
savanna be burned and change i n  so many d ifferent  
ways yet  rema in  savanna ? How docs  the patchi ness of 
the savanna rel ate to the species d ive rs ity of the biota? 
A s imple patch dynamic mechanism for th is is  
proposed and prel im inary data from K.1kad u at ional 
Pa r k examined in i ts l ight .  

A MODEL OF SAVANNA HOMEOSTASIS 

While c l imatic and cdaph i c  factors a rc the major 
determ inants of the re l a t ive dom in ance  of canopy and  
gr ound layers i n  sav :rn n a ,  the ba l ance o f  domi nance 
cm move from one s t ratu m to the other, w ith f ire and 
he r bivores a common agent  o f  change ( Be l sky 1 99 0 ) . 
I n  Austra l i a , fi re wi th  .�om c  faci l i t a t ion  from wood ­
ca i -i ng term i tes , i s  the  m a i n  c ause of rrcc l oss ( c. 70 per
c en t  o l" t o t a l ) , w i t h wi ndth row ( c. 1 0  pe r  cen t ) and  
l i gh tn i ng ( c. I O  per ce n t ) a nd te rm i t es alone ( c. I O  per
cent ) as m i no r  a ge n ts ( B ra i t hwaite 1 98 5 b ) , a n d  
a b sence o f  fi re th e m a i n  faci litator of  recru i tment to 
the ca nopy ( Hoa re et al. 1 98 0 ) . The concept of 
' c l u mp- i n tc rcl u m p ' ( Hoare et al. 1 9 8 0 ) or ti ne sca l e  
pa tc h i n ess o f  dom i n ation by trees o r  grass , is one of 
th e defi n i n g  cle men ts o f  savan n a .  However, th e 
pa tc hi n ess wi th i n each of the grou nd a nd canopy layers 
is a lso a typical savan na ch a racteristic which both 
determines and is determ i ned by fi re (Stott 1 98 6 ) . 

It is well known , at least in tropica l Austral ia , th at 
ea rly dry sea on  fires a rc pa tc hy on the grou nd (Jones 
1 98 0 ) . These fi res typically burn only part of the 
grou nd cover within a n  a rea of ign ited sava nna 
(Ka pa lga su b -ca tchments m ean=7 3 .8 per cent, range= 

3 0 - 99 per cen t , n = 9 ), leaving ma ny individual mall 
p la n ts u n touched by fire ( B ra ithwaite and Estbcrgs 
1 98 5  ). However, as the you ng pla n ts arc stil l actively
growi ng at this ti me of year, they are vu lnerab le and 
experience greater mortality during early dry season 
f ires tha n i n th e typica l ly mo re intense late dry season 
fi res ( P.A. Werner, personal commun ication , 1990 ). 
Thus I hypothesise that it i these early dry season f ires 
wh ich cause greatest patchi ness i n  ground layer 
vegetatio n  composition. On the other hand, at very 
low i ntens ity or no fire, the ex ist ing plants grow in 
s ize, but little change in  patchiness occurs . However, 
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species may be gradual ly lost tl1rough competitive 
exclus ion ( cf. Huston 1 9 79 ), or richness increase due to 
absence of adversity or increase i n  favourable ness , 
depe nding on the type of patch.  Simi lar ly, at high 
intensi ty, the  ground cover receives a much more 
hom ogeneou treatment by fire, d iminishing 
patchiness. Patchiness of the grou nd  l ayer is thus  also 
consistent with the intcrmcdi:itc di turbance hypotl1cs i s  
( onncl l  1 978 ) . 

The situat ion is different wit h the c:inopy. Typical l y, 
ea r ly dry season fires impact m in ima l ly on the canopy 
( Bra ithwaite and Estbergs 1 98 5 ) . In fact , the lack of 
i mpact on  the f loweri n g  of fru i t  trees w:is a stated 
reason for the concentration of Aboriginal burning at  
this ti me (Haynes 1 98 5 ) . However, h igh intens i ty late
d ry season fi res typica l ly scorch  h igh i nto the canopy 
( Braithw:i ite and Estbergs 1 98 5 ) and this occurs during 
the period of lea f- fl ush before the wet season 
( B ra ithw:i ite l 98 5 ) . Such fires arc l ikely to cause 
max imum mortal i ty (Lonsd:ile an I B ra i thwaite 1 99 1 ) 
;rnd may create opportuni t ic I-or subscqucn 
recru i tment  into the canopy (Fensham and B owman 
1 992 ) . W ith 110 fires or fires of low intens i ty, major 
d1a n ge i n  the canopy occurs due to the recru i tment  of 
p la nts ou t  of the ground layer  ( Hoa re et· al. 1 9 8 0 ) . 

The pattern of change descri bed i n  the preced i ng 
para graphs  is s u m marized i n  Fi gure  1 . han ge i n  
p :nc h incss can be pos i t ive o r  n egative depend i n g on the 
loss or  ga in  of ind ividua l s  of  fi re -se nsi ti ve plant  spec i es .  
The degree o f  chan ge i n  re l a t ion ro l i re i n tens i ty in th e 
canopy laye r  i s  oppos i te  to I h a t for  rhc grou n d  laye r. r r  
1 h e  i n t cnsi l  y is low, re l a t ive i m portance s h i fts towa rds  
the ca nopy and  i f i t i s  h i gh , i t  sh i ft s  tow:i rd s th e grou n d  
layer. At in termedia te i nte nsi t ies , t ra n si tion between the 
two is m ini ma l .  I n  com bi nation the c l eme nts o f  th i s  
model can mai nta i n  sava n n a  as a dyn a m ic stas is . Wh ile 
soil moistu re and n utrients a rc the prim a r y 
determ i nants of vegeta tion type, the key to whethe r  
savan na  cha nges to grassland or ra i n fores t o r  remai n s  as 
savan na  i s  often the a m bient fi re regi me (Frost et al.
198 6 ) . 

In rai nforest studies , Denslow ( 1 980 ) has argu ed 
th at th e most com mo n patch size wil l  su pport the 
highest d iversity of species . The historic distu rbance 
regi me wi l l  produce patc h sizes which have been most 
com m on h istorica l ly. Thi is one reason why the 
docu men tation of the tr: iditional f ire regi me of 
indi genous hu nter- gatherers is of si gn i f icance for 
contemporary conservation . However, as Braithwaite 
( 1992 ) has argued , the traditional regi me a. expressed 
on the landscape as a whole, is an emergent property of 
the act ivities of many quasi- independent individuals and 
groups . It was not tl1c resu lt of a bri ll iant ecological 
master-plan which we can simply take down from the 
histo r ical shelf and naively app ly i n  a co ntemporary 
context (Redford 1 99 1 )  of roads , tourists, exotic 
species problems, contemporary technology, and 
changed Aboriginal culture. It is necessary to 
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reconstruct the historic pattern of burning and adapt it 
as best we can using knowledge from any sou rce. 

Braithwaite ( 199 1 )  descri bed the seasonal pattern of 
Aboriginal burning using the historical record from the 
nineteenth century and found it corresponded well with 
the results of independent ethnographic studies. The 
uaditional Aboriginal regime had a peak of burning in 
the early dry season. However, some fires did occur at 
any time during the 9 . 5  month ftre season (Braithwaite 
199 1 ) .  It has been found by National Park managers 
that the more country that is burnt during the early dry 
season the less that is burnt during the late dry season 
(Press 1 9 88  ). This i partly due to the fragmentation of 
tl1e savanna fuel induced by tl1e early fires . The late fires 
do not carry as far because of the lack of continuity of 
fuel .  For the same reason, parcels of Land remain 
unburnt in an area which had received heavy early 
burning. Thus the tluee important e lements necessary 
for tl1e model of savanna homeostasis to work were 
integral to tl1e traditional Aboriginal burning regime, 
early f ires witl1 some late fires and some areas unburnt . 

It follows from Denslow ( 1980) that me traditional 
regime described above would maximize species 
diversity. Thus tl1e proposed model would predict me 
persistence of tl1e diversity of savanna vegetation . The 
savannas of norm-western Australia have a distinctive 
and diverse mammal fauna richer man the local 
rainforest (Brai thwaite et al. 1985 ) . Thus it might be 
expected that at least tI,e mammal fauna of the 
Australian savanna would also operate in synchrony 
witI, the patch dynamics of tl1e savanna vegetation .  

The direction of  changes resu lting from the fires of 
different intensity is likely to be botl1 positive and 
negative. Because all community change is the result of 
natality, survival ,  migration and mortal ity of individuals 
of different species, the direction of change is ofi:en not 
predictable. The increase (or decrease) in abundance of 
a given species may increase or decrease patchiness and 
may increase or decrease tl,e attractiveness of a piece of 
land for mamma.ls and other animals . 

In tl1is paper, the above model is tested witl1 
experimental data on vegetation patchiness, plant and 
mammal species richness . 

METHODS 

Wiiliin Kapalga Research Station in Kakadu National 
Park ( 12° 43· S, 1 32° 26' E) ,  pairs of 8 -ha trapping 
grids {total l ing 128 ha) were establ ished, one located in 
riparian/woodland vegetation and me oilier about 
0 .5  km upslope in open forest. Thus ilie grids spanned 
an elevational (20 m) and moisture gradient from 
riparian vegetation through woodland and into tl1e 
locally dominant Eucalyptus miniata- Eucalyptus 
tetrodonta open forest association. So'l'lfhum spp. was 
tI,e dominant grass understorey (see also Andersen and 
Braimwaite 1 994). Pairs of grids were located in eight 
different 1 5-20 km2 sub -catchments in me souiliern 

half of Kapalga Research Station. A.II sites occurred 
wiiliin a 300 km2 area. Each oftl,e 1 6  grids was 
arranged as 4 rows at 50 m spacing witl, 20 trapsites at 
20 m spacing. They were trapped witl1 1 :4 
(wire:Elliott) trap type ratio for two nights every two 
monilis . The trapping study went from July 1 989 to 
July 1992.  

Twelve species of mammals (Appendix l ) ,  ranging 
in size from Pseudomys delicatulus ( 10 g) to Trichosurus 
vulpecula (2 kg), were trapped for a total of 46 080 
trap nights during tl1e study. The species were classified 
(Appendix 1) into arboreal (spends some time in trees ) 
and terrestrial ( spends no time in trees) .  

Following pre-fire trapping from July 1989 to  May 
1990 ,  experimental fires were set in 1990 and 199 1 as 
part of the landscape-scale Kapalga Fire Experiment 
(Braiiliwaite 1 990; Wil l iams 1994) .  Two catchments 
(four grids) were burned in June of both years (Early) , 
two in botI, Septembers (Late) ,  and two in June in 
199 1  and 1 992 witl1 some remaining unburnt areas 
also burnt in July and September in 1992 (Progressive) .  
The Progressive regime was an attempt to simulate the 
Traditional Aboriginal habit of progressively burning 
later-drying parts of the landscape . At mis early stage 
in tl,e experiment, Progressive as a treatment was not 
substantially different from Early and has been treated 
as single annual fire. Anoilier two catchments (four 
grids ) were unburnt tl1roughout. This regime was 
cal led Natural as it  was initially unclear whether mey 
would be burnt by lightning-ignited fires. 

The division of tl,e vegetation into canopy and 
ground strata at 3 m was based on previous analyses of 
vegetation structure (Braimwaite and Estbergs 1985  ) .  
Three measures o f  patchiness were used. Measures o f  
the patchiness o f  the fires, of  the ground cover 
composition ( <3 m )  and tl1e canopy composition 
(>3 m) were derived.

The patchiness of the fires was measured using the
coefficient of variation of scorch height/total height . 
After each fire the height of scorching ( maximum 
height at which most leaves were dead) and total 
canopy height were estimated at each trap site. Any 
scorch height measure is partly confounded by variation 
in canopy height between sites but tl,e ratio was 
tl1ought to give more reliable estimates in the present 
context of minor canopy height variation .  

For each of  tl1e 1 6  trapping grids , a total o f  80  
estimates was made. The means and coefficients of 
variation were used. Estimates of intensity in kW.m·• 
( see Williams 1994 ) from me vicinity of me grids can 
be derived from tl1e mean scorch height/height ratios 
(per cent) for 199 1  and 1992 fires (y=3 . 301+  87.86x, 
r=0 .674, p=0 .02) .  The fire intensities ranged from 
about 3000 to 12 000 kW.m· • .  

The patchiness of the ground and canopy 
vegetation was estimated separately. The dominant 
vegetation on each of tI,e 1280 trapping sites was 
measured in February of each year. The five species with 
tl1e highest cover/abundance for above 3 m and for 
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below 3 m were recorded with the Braun-Blanquet 
estimate . For vegetation <3 m, a 1 m qua.drat was used, 
while for >3  m a  10  x 1 0  m quadrat was used .  The 
sampling was fi rst done in Feb ruary 1 990 before the 
first fi res in May 1990 .  The sites were previously burnt 
by intense late fires in 1985 and 1986, low intensity 
early fires in 1 987  and no fi res i n  1988  and 1989 . 
Subsequent sampling was done in February 1 992 for 
> 3  m and i n February 1 99 1  and 1992 for <3 m .

The 1280 sites from different  year were cl:iss ified in
<3  m and >3  m data sets us ing the non-hierarchical , 
agglomerative cluste ring program ALOC (Belbi n 
1 987). The >3  m data were for two years ( 1 990 :ind 
1992 ,  2560 sites) and yielded 25 vegetation groups at 
the 0.99 heterogeneity leve l .  The <3 m data were 
analysed in two ways. First, he three years ( 1990 - 1 992; 
3840 sites) were cl ustered into 1 5  groups at 0 .99 
heterogeneity level . Second, the 1 99 1  and 1992 , the 
first two pas - fi re years were clustered into 27 groups at 
0.99 heterogeneity leve l .  Measures of patc hi ness were 
derived by calcu lating a Sh:innon -Wei ner diversity 
statist ic using the numbers of si tes of e:ich vegetation 
group on a trapping grid. 

RESULTS 

Change in Vegetation Patchiness 

Vegetation diversity or patchiness in vegetat ion 
composit ion ch:inged l ittle between I 990 and 1 992 fo r 
the > 3  m fraction b ut changed great l y between ye:i rs 
fr .1r t he <3 m frac t ion .  For example, the corrc l :it ion 
coefficients between years were high when there w:is 
l ittle change as in >3 m ( r=0.935 , p<0 .00 1 ) but  low for 
<3 m ( 1 990- 1 r"'0 .60 1 , p<0 .05 ; 1 99 1 -2 r=0 .68 1 , 
p<0 . 0 1  ; 1 990-2 r"'0 .705 ,  p<0.0 1 ) , when change was 
much greater. 

Measu res of change h:ive been plotted ag:iinst mean 
scorch hei ght/total height pe rcentage (scorch/height, 
Figs 2-4 ) . It should be remembered, however, t hat the 
coefficient of v:iriat ion of scorch/he ight, a me:isure of 
the patchiness of the fires themselves, i ncreases from 
zero for no fi res to reach h ighest values between 20 and 
60 per cent :ind decreases steeply as maximum scorch 
height is appro:iched . 

Change i n  vegetat ion patchiness from pre- fi re to 
post - fi re is plotted against mean scorch hei ght/total 
height for he 16 trapping grids (Fig. 2) . As an aid to 
interpretation , l ines have been drawn in by eye 
indicating the possi ble sh:ipe of the envel ope containing 
the cloud of data points . The precise sh ape of these 
l ines is not important for the model presen ted. The 
important thing for testing the model is consistent 
difference between the ground and canopy layers (see 
Fig. l ) . 

Substantial change in vegetation patch i ness took 
place for vegetation <3 m from 199 1  to 1992 (fi rst to 
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second post-fire year) (Fig. 2a) . The change is both 
positive and negative but most is negative ( decreasing 
patchiness) . The most strongly posi tive changes are the 
Progressive sites on compartment A (see Wil l iam s 
1994) . The atural sites with no fi res are of course at 
zero scorch/height. They form a tight group with a 
slight decrease in patchiness . The Late treatment sites 
at the other end of the intensity scal e show tighter 
grouping than the other two remai n ing groupings. The 
Early and Progressive sites show greatest change but 
also greatest variabi l ity between si tes. The overall 
pattern is one of larger change at he intermediate levels 
of fire intensity (scorch/height) :ind less change at high 
and low i n tensity. 

When the same approach is t:iken for the canopy 
( >3  m ) vegetation , a d ifferent result is obtained
(Fig. 2b ) . The degree of ch:inge is much less than for
the ground layer. The change in canopy patchi ness is
gre:itest at high and low mean fire i ntensit ies . The
i n termediate level of intensity results i n  least change in
canopy patchiness. The no or low intensity ituat ion
results in change in patchiness consistent with
recru i tment from the ground layer (i .e .  some of the
smal l individuals are able to grow sufficiently to get i nto
the canopy) . The effect of fire protect ion on the canopy
patchiness of the Natural s ites w:is sti l l  bei ng played out
a fte r  five years fire protection . At the other extreme,
the ve ry intense fi res increase patch iness consistent with
substantial mort:il i ty of some species of trees and
shrubs.

Change in Plant  Richness 

Because on ly  the domi nant five pl an t  species for each of 
<3 m and >3 m c:itegories were recorded, a complete 
vascular plan t invento ry is not availab le for the sites . 
The dominant species richness va l ue is the tota l number 
of species recorded on an 80-site trapp ing grid. 
Ch:inge in species richness is plotted against scorch/ 
height for < 3  m in Figure 3 a .  The patterns are for 
1 99 1 -92 :ind show an i ncre:ise in Natur:il s ites :ind a 
dccre:isc in the more intensely burnt L:itc and Early 
si tes. Th is produces :i negative rel:itionship between 
mean scorch/height :ind change in pl ant richness 
( r= -0.523 , P"'0 .037 ). The pattern is also simi lar to that 
obtai ned for vegetation patchiness in that greatest 
va r iat ion i n  change in plant richness occms at 
intermediate fire intensities ( around 60 per cent 
scorch/height) . 

Above 3 m ,  tl1e pattern obtai ned (F ig. 3 b ) is a lso 
sim i l ar to tl1at with vegetation patch iness. That is, the 
intermediate fi re intensit ies ( 30 per cent) show le:ist 
variation in degree of change .  The increase in richness 
on the unburnt sites and tl1e decrease in pl ant richness 
on tl1e high scorch/height sites confirms tl1e 
interpretation of t l1e change in vegetation patchiness 
described above ( r=-0 . 578 , p=0 .0 19 ) . That is, above
3 m , t l1e change is consistent with recruitment of new 
species at the low intensity end and by loss of species 
through mortality at the high intensity end. 
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Figure 1. A model of change in habitat characteristics 

(habitat diversity and plant and animal species richness) in 

relationship to fire intensity for ground (a) and canopy (b) 

storey savanna vegetation. 
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Relationship between Vegetation Diversity 
and Mammal Abundance and Richness 

Before the experimental fires in 1990, the relationship 
between total mammal abundance and vegetation 
patchiness and between mean species richness of 
mammals and vegetation patchiness was positive and 
was significant in five out of twelve cases, mainly with 
the tree layer (Table 1 ). However, after the 
commencement of the experimental fires the simple 
relationships disappeared. The fire regimes appear to 
have much less impact on the relationships with the 
slower variable of the canopy heterogeneity (>3 m, 
Table l). 

Change in Mammal Richness 

The patterns of change in mammal species richness arc 
similar to those obtained with plant richness and 
vegetation heterogeneity (Fig.4 ). Change in terrestrial 
mammal richness is relatively minor at low and high 
intensities and greatest :iround 60 per cent scorch/ 
heighr. hangc in arbore:il mammal richness again 
shows similarity with e:irlier canopy patterns, with 
greatest change at low :ind high intensities :ind least 
change :it intcrmedi:ite intensities. 

TABLE I 

Correloiion coefficienls belween mammal abundance and 
richness and ground and lree layer helerogenei!y before ond 
ofter experimenlol fires on Kapalgo. * p<0.05 • • p<0.0 1 
*** p<O 001. 

f-..AANMAIS GROUND lAYER 

DISCUSSION 

The strong positive relationship between mammal 
richness ( diversity) and vegetation patchiness was lost 
for terrestrial mammals immediately the fire regimes 
were imposed. The effects of fire on the ground 
vegetation were immedi:ite and the impact on terrestrial 
mamm:ils w:is similar. It is suggested. that i.n the absence 
of fire the mammal numbers on the burnt sites would 
not quickly respond as they appear to h:ive on the 
N:tturnl sites. It must be remembered that for two years 
before the tires st:irted in 1990, all sites were unburnt. 
Thus it would. :ippear that longer-term spelling (more 
th:in :i couple of years) for some places may be required 
to see such :in impact. 

These preliminary d:ita provide some support for 
the idea that :i complex regime consisting of p:itches 
burned by a rmge of different fire types ultimately 
drives h:ibit:it heterogeneity which is, in turn, important 
for the mamm:ils. The c:inopy :ind ground l:iyers 
certainly beh:ive differently. They represent slow :ind 
fast v:iriables. The ground 1:iyer responds most strongly 
to the intermedi:itc fire intensities which are also the 
most spati:illy variable. This part fits the convention:il 
wisdom. The p:itchy early dry se:1s011 fires :ire 

HETEROGENEITY 
TREE LAYER 

ABUNDANCE RICHNESS ABUNDANCE RICHNESS 

PRE-FIRES 11990) 

All 
Terreslriol 
Arboreal 

POST-FIRES ( l 9911 

All 
Terreslrial 
Arboreal 

POST-FIRES 119921 

All 
Terrestrial 
Arboreal 
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0.430 
0. 1 03 
0.356

0.212 
0.232 
0.224 

0.105 
0.064 
0.127 

0.304 
0.678** 
0.440 

0.245 

0.221 
0.068 

0.304 
0.197 
0.142 

0.802* * * 
0.416 
0.562 

0.239 
0.161 
0.250 

0739***

0.568* 
0.771 * * * 

0.592* 
0.584* 
0.094 
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pragmatically convenient for breaking up the country 
in order to prevent the spread of later, more intense 
fires . This enhances property protection and is 
intuitively appealing as a conservation measure. It 
increases habitat heterogeneity and l imits the largely 
presumed destructive effects of l ate fires. Most 
importantly, some areas are also protected from 
burning. These patches not only contr ibute to habitat 
heterogeneity but allow recruitment into the canopy 
from the ground layer. 

In northern Australia ,  the present b iodiversity of 
the savanna landscape appears to be maintained by an 
historic anthropogenic fire regime .  It is probable that 
an approximation of the landscape pattern produced 
by the traditional Aborigi nal burning regime 
maximizes biodiversity tl1rough maintaining habitat 
diversity, savanna patchiness and species diversity and 
protecting endemic species . The research task is to 
determine and optimize mat fire mosaic. 
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APPENDIX l 

Lisi of mammal species caught during study classified into 
arboreal and terrestrial, and morsupiol and native rodent 
categories. 

STRATUM HABIT 

Arboreal 

Terrestrial 
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Fire management in habitat islands: rislcs and impacts -
a fauna perspective (abstract only) 

1 Department of Primary Industries (SA) Forestry, GPO Box 1604, 

Adelaide 5001, South Australia. 

B. C. GEPP (PRESENTED BY JOHN PRATT) 1 

ABSTRACT 

In the high production agricultural regions of South 
Australia native vegetation is extremely fragmented and 
frequently highly modified. Fire is regarded as both the 
major threat and the major habitat management tool in 
these isolated remnants. Two case histories are 
discussed which firstly illustrate t!1e risks from wildfires, 
and secondly demonstrate the impacts of prescribed 
burning frequency on regeneration of the overstorey 
and its habitat value for hollow-dependent fauna. 
These case studies are used to discuss fire management 
issues in habitat islands. In areas subdivided by access 
tracks each block has the potential to be managed as a 
mosaic wit!1iI1 a mosaic, but in the absence of internal 
access, use of fire for habitat management requires a 
sound understanding of fire behaviour, and a flexible 
ignition technique. 
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Mosaics in Sydney healthland vegetation: the roles of 
fire, competition and soils 

1 NSW National Parks and Wildlife Service, PO Box 1967, Hurstville 
2220, NSW. (Current address: Parks and Wildlife Service, GPO Box 
44A Hobart 7001, Tasmania.) 

ABSTRACT 

Sydney's coastal sandstone plateaux support a 
heathland mosaic that includes thicket of tall dense 
shrubs and heath with a diverse complement of small 
shrubs, forbs and graminoids. Thicket dominants are 
infrequent or absent in heath, while smaller plants that 
typify heath are less frequent and less diverse in thicket. 
Examination of a sequence of aerial photographs 
spanning 50 years showed that the mosaic was dynamic 
over time and that changes in the distribution and 
abundance of the two structural forms are related to 
fires. Comparative studies of Banksia oblongifalia, a 
species of understorey shrub, have shown that its fruit 
production is reduced when in the presence of mature 
thicket dominants. This species, and numerous others 
with similar life-cycle attributes, is less abundant in 
thicket than in open-heath, suggesting that 
competition from thicket dominants may be an 
important factor influencing community composition. 
Manipulative experiments to test this hypothesis arc in 
progress. Analyses of soil chemistry showed some 
variability between sites within the mosaic. There was 
evidence that some aspects of soil chemistry are 
dynamic through time in response to temporal changes 
in vegetation. 

Fire management of mosaics must take cognisance 
of complex interactions that control spatial and 
temporal variation. If full diversity is to be conserved, a 
variable fire regime must be implemented that is 
responsive to the existing state of the system and its rate 
and direction of change. 

INTRODUCTION 

Ecosystems are traditionally depicted as a web made up 
of interactive components. Agricultural systems may be 

D. KEITH 1

managed by manipulating any of these components, 
but in natural systems interactions, complexity and cost 
dictate that fire is the principal management tool. We 
want to manipulate natural systems through fire 
management to conserve biodiversity and to protect life 
and property. Socio-political pressures often lead 
managers to consider regular pre-defined fire regimes 
directed principally at fuel management, or regimes 
designed with the intention to protect one or a few 
species perceived to be important because of rarity or 
socio-economic value. This paper evaluates the 
effectiveness of such management strategies in the 
maintenance of full biodiversity by examining patterns 
and dynamics in heathland mosaics near Sydney. 

Study Area and Methods 

Heathlands on Sydney's coastal sandstone plateaux 
comprise mosaics of dense shrub thicket and open 
heath/sedgeland. Thicket (Banksia Thicket of Keith 
and Myerscough 1993) is dominated by an overstorey 
of tall serotinous obligate seeding shrubs ( e.g. Banksia 
ericifolia) with an understorey of smaller shrubs ( e.g. 
Pimelea linifolia), graminoids ( e.g. Lepidosperma 
neesi.i) and forbs ( e.g. Goodenia dimorpha var. 
angustifolia ). Open heath (Restioid Heath of Keith 
and Myerscough 1993) is without overstorey, but has a 
more diverse array of small shrubs, graminoids and 
forbs than thicket. The study area is 350 ha of 
heathland west ofJibbon Hill (34° 09'S, 151 ° 09'E) in 
Royal National Park. 

Fires and the two vegetation types were mapped 
over a period of 50 years using a sequence of aerial 
photographs. The maps were digitized and 
incorporated into a geographic information system 
(GIS) based on 25 m grid cells, allowing the 
distribution of thicket to be compared between times 
and related to the occurrence of fires. Field studies on 
plant populations and soils were carried out after a fire 
in 1988. Samples were located ;long transects in each 
of open heath and several structural variants of thicket 
characterized by differences in height and density of 
dominant plants (Keith and Bradstock 1994). 
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RESULTS 

Fire 

Management of the mosaics centres on whether they 
a re static and related to physical environmental factors 
or spatial ly dynamic in response to temporal events 
such as fi re. Figure 1 clearly shows that spatial patterns 
are dyn amic. There was no evidence of thicket in the 
area prior to 1960 (maps not shown) .  The extent of 
thicket increased at the expense of heath from 1960 
through to the mid 1 970s, when a major reduction 
occurred . Thicket agai n  increased from the late 1 970s 
until 1988 .  After 1988  another major reduction i n  
thicket occurred (map not shown ) .  

Dynamics of  the  mosaic a re  related to  fi re (Fig. 2 ) .  
The overstorey o f  thicket was destroyed b y  fi re ( a t  least 
temporari ly) .  In the absence of lire, the extent of 
thicket increased . The gradua l ,  rather than sudden 
post-fire expansion was not due to continuous seedling 
recruitment in the years after fire . R.-ither, i t  reflects 
spatial ly variabl e growth rates t hat cause thicket 
dominanrs to become visible on aerial photographs at 
d ifferent times since fire. 

Banksia ericifolia is the major overstorey species i n  
thicket . The popu lation model developed fo r  
B .  ericifolia b y  Bradstock a n d  O'Connel l ( l  9 8 8 )  is
applicable to other overstorcy species ( Hakea teretifolia
and Allocamarina di.sty/a) because these have s imi l a r
l i fe h istories . The model iden t i fies fire  frequency and
seed l ing  establ ishment as  the major fuc ro rs control l i ng
populat ion densi ty. I r  l i rcs recur at less than a cr i t i ca l
i n terva l ,  then ove rstorey populations wi l l  decl ine . The 
length of the critical interval varies between six and I 3 
years depending on the leve l of seedl ing establ ishment, 
which is a function of post - foe rainfal l  and site qual ity 
(Bradstock and O'Conne l l  1988 ) . 

The model p redictions were examined at landscape 
scale by analysing the history of fire, fate of th icket and 
rainfal l records between 1 9 72 and I 988 .  In the 
i nterval between 1 972 and 1988 ,  three fires burnt 
various parts of the study area, hence there were eight 
possible fire histories (Fig.  3 ) . Four of these (BBB ,  
BNB , NB and N ) were spatially restricted and 
therefore not analysed. Two of the remaining fi re 
histories ( B N and B N )  had one fire between 1 972 
and 1 988 and two (BBN and BB ) had two fires .  The 
penultimate fire intervals for BBN and NBB were 2 . 5  
years and 4 years, respecti vely ( i .e . less than t h e  critical 
interval of Bradstock and O'Connel l 1 98 8 ) .  BN and 
NBN had penultimate fire interval s  of at least 10 and 
12 years, respectively ( i .e . more than the crit ical interval 
unless seedling establish m ent was minima l ) .  In the two 
years after fi re, annual ra i n fall was highest after the 
1 974 fire, lowest after the 1980 fire and intermediate 
after the 1976 fire (Fig. 4 ) . 

At both 1 972 and 1 9 8 8  the minimum post-fire age 
of any grid cell was 8 years. ' It was assumed that grid 
cells in which no overstorey was visible on aerial 
photographs flown in 1 9 72 and 1988 did not contain 
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overstorey in an immature (hence undetectable) state .  
Grid cel ls that contained overstorey i n  1972, but not i n  
1988  were recorded a s  overstorey extinctions . 

The proportion of overstorey extinctions was 
greater in grid cells subject to short fire intervals (BBN 
and NBB) than in grid ce l l s  subject to fi re intervals as 
long or longer than the crit ica l interva l (BNN and 
NBN) (Fig. 5 ,  P<0.00 1 ) .  The effect of post-fire rai nfal l  
was examined by comparing BBN with NBB and B N N  
with N B N .  I n  each case , where rainfal l  aft.er he last 
fire was lowest ( NBB and B , respectively) there was 
a higher proportion of extinctions (Fig. 5 ) .  The 
d ifferences in frequencies of patch exti nctions observed 
in relation to fire frequency and post - fi re rainfall 
su ggest that Bradstock and O'Connel l 's ( 1 988)  
population model is appl icable a t  landscape scales.  

The resul ts showed that a single short fire interval is 
not sufficient to drive overstorey to widespread 
ex t i nction . In BB , the sho rt fire interval did not 
cause overstorey extinct ion in all grid cells ( even though 
recrui ts after the 1 974 fire could not have produced 
seed before being killed by the 1 976 fi re) .  This was 
possibly because : (i) a smal l residual seed bank may be 
retained in cones of dead plants,  al lowing an 
opportunity for recruitment after a second fi re 
( B radstock, unpub l ished ) ;  and ( i i )  seeds may be 
d ispersed from nearby patches that did not experience a 
short fire interva l .  

Competition 

Richness or u ndcrstu rey spec ies ,  pani cu lar ly  sh ru bs ,  
var ies inversely with ove rsto rey densi ty ( Fig.  6 ) .  This 
re l at i onship has been observed in ot her hcath lands and 
has been put forward as evidence that overstorey 
adversely affects understorey through competition ( e . g .  
Specht and Specht 1 989; Cowling and  Gxaba 1 990 ) . 
The mechanism of such an interaction is that dense 
overstories deprive understorey pl ants of resou rces, 
reducing their survival and reproduction, and eventu:i l ly 
cause el imination ( Keith and Bradstock I 994 ) . The 
process is interrupted by fire which removes overstorey, 
ei ther temporarily until it regains dominance, or, in the 
case of frequent fire,  overstorey cover may be reduced 
or el imi nated for one or more fi re intervals. 

Understorey species vary i n  d1eir response to 
overstorcy competition . This was exam ined by defining 
functional groups of species based on their l ife-history 
attributes . One group consists of erotinous 
resprouters ( e .g .  Banksia oblongifolia), while a second 
group includes obligate seeders with longer l ived soi l 
seed banks ( e .g. Acacia suaveolens). Observations on 
population densities suggest that al l  eight species 
surveyed in the resprouting group were adversely 
affected by various oversrorey types (Table 1 ) . In 
contrast, only one of eleven species in the obligate 
seeder group had the same response, while the 
remainder were either unaffected by overstorey or 
responded in a way that could not readily be ascri bed to 
competitive effects . 
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Figure 1. Series of maps showing changes in the distribution of thicket 1966-1988. The remaining area in each map is open 

heath. 
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TABLE 1 

Differences in density of posl·lire populations in two groups of 
understorey shrubs: serotinous resprouters and obligate seeders 
with soil seed banks. Overstorey types: A- absent; 0 open; S­
short; T- toll. 

SEROTlNOUS RESPROUTERS 

Allocasuarina nano 
Bonksio oblongifolio 
Collis/emon /inearis 
Hokeo doclyloides 
lsopogon onemonifolius 
Lombertio Formoso 
Leptospermum confinentole 
Meloleuco nodoso 

A>5..Ql

A>O>S>T

A..QS T

A>.s...Ql

A>l2il
A>,S_QJ 

A>O>il

A>LQ..S

OBLIGATE SEEDERS WITH SOIL SEED BANK 

Acacia suoveolens ns 

Cryprondro ericoides 
Dillwynio floribundo 
Epocris microphyllo 
Erioslemon buxifolius 
Gompholobium globratum 
leucopogon microphyllus 
Mirbelio rubiifolio 
Persoonio lonceoloro 

ns 

U>Q.S 
O>TSA

A>l2S.l

Figure 5. Proportion of overstorey extinctions under four Pimeleo /inifolio 
fire histories. Numbers are total grid cells with overstorey in Xonthosio lridentoto ns 
1972 for each fire history. Error bars show standard errors. ---------------------
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Differences between the two functional groups 
relate to their ability to exploit a post-fire window of 
reduced overstorey competition (Keith and Bradstock 
1994 ). In the obligate seeder group, po t-fire recruits
mature rapidly and est1blish a long-lived seed bank 
before ovcrstorey species regain their dominance and 
exert competitive effects. Post-fire recruits of 
resprouters arc unable to reproduce within the window 
due to their slower growth and maturation. Beneath 
ovcrstorey, tl1ey may suff-cr increased mortality and/or 
reduced fruit production. If recruitment fails to 
compensate for adult deaths, popubtions will decline. 

Observations on B. oblongifolia, ;\ serotinous 
resprouting understorey shrub, support. rhis model. It 
fruit production was reduced beneath or in the vicinity 
of various ovcrstorey types (Fig. 7, P<0.0001 ), an cffocL
that was trnnslated into reduced recruitment in the next 
lire interval (P<0.05 ). 

Soils 

Soil properties vary spatially and temporally between 
vegetation types within the mosaic. Levels of topsoil 
nutrients arc generally higher under various types of 
overstorcy than in open heath ( Fig. 8). 1 opsoil
nutrients also increase in the early post-fire years, 
although organic matter decreases. There is evidence 
l'rom a ma11ip11 lative expcrimen t that soil properties 
vary through time in relation to ·hangcs in ovcrstorcy. 
Aller lire, exchangeable c,irions acrnmubre in ropsoil 
more rapidly when: oversrorcy pbnrs were rcrained than 
where regenerating, ovcrstorcy was removed (Fig. 9, 
Pd).{) l ). However, ch;111ges in organic nuttcr conrem 
and some oLher soil properties occurred at ;\ similar rate 
in treatment and control plo s (Fig. 9, P>0.05). 
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Figure 7. Fruit production. of Banksia oblongifolia in the
presence of various overs to rey fypes: short, tall and open are 
structural variants of ihicket; absent is open-heath with no 
overstorey dominants; edge is boundary area between thicket 

and open heath (after Kehh and Tlradstock /994). 
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DISCUSSION AND CONCLUSIONS 

Heathland mosaics are interactive and dynamic systems . 
The propert ies that characterize mosaics :  spatial 
heterogeneity; temporal dynamics; and interactive 
processes, are inherent in al l natural systems and are the 
ultimate means of sustaining their biodiversity. Mosaics 
should therefore be considered the norm of natural 
systems, rather than the exception. Management of 
these systems for conservation of their biota must focus 
on fire as the major component amenable to practical 
manipul ation . Direct management of other 
components is either prohi bitively expensive or 
untenable because of logistic l imitations or a lack of 
knowledge of l ikely responses. 

Fire management of heathland mosaics for 
conservation should aim to promote coexistence by 
avoiding at least two mechanisms of extinction :  
elimination of plants by frequent fire ;  and competitive 
elimination of understorey plants by overstorey over a 
series of long fire intervals . Whi le mechanisms of 
animal extinction need to be identified and avoided in 
management, maintenance of structural and floristic 
diversity of vegetation may be tJ1e first step toward 
an irnal con servation . 

A range of fi re management options are avai lable for 
conservation of heathland mosaics, for example (i) 
repeated application of frequent fires; ( i i ) repeated 
application of fires at intermediate interva l s ;  ( i i i )  a 
compartmental strategy where different fire regimes are 
applied to different patches; or ( iv) a flexible strategy 
that seeks to implement reversible changes. Strategy (i) 
will cause decline and eventual extinction of overstorey 
species (and some understorey species ) ,  decl ine of 
dependent fauna (e .g .  nectar feeding mammals and 
birds) and decline in certain soil resources. Strategy (i i) 
may avoid these effects and has some theoretical basis in 
the intermediate disrurbance hypothesis of maximum 
diversity (Connel l 1 978 ) ,  but will nonetheless cause 
decline and eventual loss of some understorey through 
overstorey competition . Su-ategies that are devised for 
management of si ngle species or groups of species are 
of a kind exempl ified by (i) and ( i i ) :  they identify a pre­
defined schedu le of fires that are perceived to be 
favourable or unfavourable to target species. These 
strategies wil l  ultimately fai l to meet broader 
conservation goals because they are 'b lind' to dynamic 
interactions between components of the system that 
maintain its overall diversity. 

Strategy ( i i i )  is an attempt to resolve apparent 
conflicts in requirements of different species, by 

assigning them to special ly managed patches . 
However, tJ1is static view of a mosaic is also unlikely to 
succeed because it ignores the temporal dimension of 
interactions and the vagaries of unplanned fires. The 
most appropriate strategy is a flexible one ( iv) that is 
responsive to the existing state of the system and its 
direction and rate of change. Such a strategy is likely to 
result in a fire regime that is variable in space and time.  
The goal i s  to ensUie that changes are reversible, rather 
tJ1an seeking to prevent change. Long or short fire 
intervals may need to be implemented over part of a 
mosaic from time to time to avoid spatially extensive 
extinctions . For example, a single short fire interval 
may release understorey species from suppression and is 
apparently insufficient to drive obligate-seeding 
overstorey species to extinct ion.  Although the latter 
may decline, they may recover if subsequent fire 
intervals are long and the area affected by the short 
interval was not overly extensive. 

BotJ1 strategies ( i ii) and (iv) must expl icitly consider 
tl1e scale fire mosaics. Mosaics are often put forward as 
a panacea for fauna conservation, but may fai l  if 
implemented at too fine a scale. Minimum viable 
habitat patch sizes and the concentration of predators 
on small patches may set a lower l imit on the scale at 
which mosaics benefit biodiversity. 

REFERENCES 

Bradstock, R. A. and O'Connel l , M . A. ( 1988 ) .  
Demography of woody plants in relation to  fire: 
Banksia ericifolia Lf and Petrophile puichella (Schrad . )  
R.Br. Australian Journal of Ecology 13 ,  505- 5 1 8 .

Connel l ,  J .  H .  ( 1978 ) .  The diversity o f  tropical 
rainforests and coral reefs .  Science 199 ,  1 302 - 1 3 1 0 .  

Cowl ing, R. M .  and Gxaba, T. ( 1990 ) .  Effects of a 
fynbos overstorey shrub on understorey community 
structure: implications for the maintenance of 
community-wide species richness. South African 
Journal of Ecology 1 ,  1 -7. 

KeitJ1, D .  A. and Bradstock, R. A. ( 1994) .  Fire and 
competition in Austral ian heath : field investigations of a 
conceptual model. Journal of Vegetation Science 5 ,  347-
354 .  

Keith, D .  A.  and Myerscough , P. J .  ( 1993 ) .  Floristics 
and soil relations of upland swamp vegetation near 
Sydney. Australian Journal of Ecology 1 8 ,  325- 344. 

Specht, R. L. and Specht, A. ( 1989 ) .  Species richness of 
sclerophyl l  heathy plant communities in Australia - the 
influence of overstorey cover. Australian Journal of 
Botany 37, 337-350 .  

205 

CALMSCience 



CALMSclence Supplement 4: 207-216 (1995) 

POSTER ABSTRACTS 

PAGE 209 

A simple test fire exercise for fire behaviour training 

H. G. PEARCE AND M. E. ALEXANDER 

A time-dependent model of fire impact on fruits 

G. M. MERCER, A. M. GILL AND R. 0. WEBER

Fuel modelling and fire behaviour in buttongrass 
moorlands 

J. MARSDEN-SMEDLEY AND T. RUDMAN

PAGE 210 

Nitrogen budgets in regrowth karri following thinning 
and fuel reduction burning 

A. M. O'CONNELL AND W. L. MCCAW

A climatology of very high and extreme fire weather days 
in southern Western Australia 

A.J. BANNISTER AND B.N. HANSTRUM 

Fire in the human ecosystem - a question map 

D.WARD

PAGE 211 

Fire history mapping of remnant urban bushland near 
Perth, WA 

J.P. PIGOIT, w. A. LONERAGAN AND D. T. BELL 

Planning for fire management in a near-urban national 
park 

J. WILLIAMSON, P. KEPPEL AND J. PONTRE

Patterns of resprouting of eucalypts aft.er fire 

J.E. WILLIAMS AND A. M. GILL 

PAGE 212 

Pre-European fire history of North American tall grass 
prairie 

T. B. BRAGG 

Fire frequency and floristic variation in dry sclerophyll 
communities 

G. J. CARY 

Modelling the impact of fire on the population 
dynamics of the Splendid Fairy Wren 

M. G. BROOKER

PAGE 213 

Influence of herbivores on the vegetation and fire fuels 
of the Perup Forest region of Western Australia 

K. A. SHEPHERD, G. w. WARDELL-JOHNSON, w. A. 
LONERAGAN AND D. T. BELL 

Influence of fire on the seed germination ecology of 
species of the jarrah forest 

D. T. BELL

PAGE 214 

Survival of trapdoor spiders during and after fire 

BARBARA YORK MAIN 

207 

CAlMSclence 



Poster Abstracts, Proceedings of an Australian Bushfire Conference, Landscape Fires '93 

A simple test fire exercise for fire 
behaviour training 

H .G .  PEARCE' AND M . E. ALEXANDER2 

1 New Zealand Forest Research Institute ,  Forest Technology Division,
Plan tation Management Group, Private Bog 3020, R.otorua, New Zealand. 

2 Forestry Canada, Northwest Region Northern Forestry Centre , 5320- 1 22 
Street, Edmonmn, Albcr t:t, T6H 3S5, Canoda . 

Abstract 

Three advanced fire behaviour courses were held in 
ew Zealand during 1 992-93 .  We experimented with 

the idea of using sma l l  outdoor test fires { 1 .2 x 2.4 m )  
to  help reinforce some of  the principles and concepts 
being described in the classroom (e.g. fire development 
from point versus line ignition,  in fluence of slope 
steepness, documentation of fuels , weather and 
topography in relation to quantified fire behaviour, 
meaning of certain fire behaviour characteristics ) .  The 
fuel beds used consisted of forest floor material 
collected more or less in situ from beneath nearby 
radiata pine plantations and stored under cover for at 
least a month. Three test fires were undertaken 
simultaneously: point-source ignition at 0° slope, li ne­
source ignition at 0° slope, and line source ignition at 
1 0° slope . Course participants found the test fire 
exercises an invaluable element of the courses. For fire 
behaviour training purposes, the present methodology 
is an acceptable alternative to conducting field-scale test 
fires which are often difficult, if not impossible, to carry 
out in most cou rse situations . 

A time-dependent model of fire 
impact on fruits 

G.N .  MERCER 1 , AM .  GILL2 AND R.O. WEBER' 

1 MathematiC5 Department ,  Un iversity Col l ege , Un iversity ofNSW, 
Aust rol i nn  Defence Force Ac3damy, Canbem, 2601 ACT, Aus tralia . 

' CSIRO Divis ion of Plan t  Industry, GPO Box 1 600, Canberra, ACT 260 1 
A<istrolia . 

Abstract 

Many plants rely on the seed in woody fruits for their 
post-fire regeneration. Therefore, seed survival during 
fire is critical. A model for the survival of seeds in 
woody fruits is constructed using heat-flow equations 
with time-dependent temperature inputs. The model is 
used to predict the survival of seed in fruits exposed to 
both laboratory heating and field fires as reported in 
the literature. The inclusion of thermal arrest in the 
inputs to the model gives the upper bounds for 
estimated times of seed survival .  The model gives 
reasonable predictions of seed fate . It is shown that 

seed location in the fruit is not a critical factor provided 
the seed is within the central core of the fruit. The 
applicability of the model is also demonstrated using 
time-temperature curves at two heights from 
experimental fires burni ng in different fuel types .  

Fuel modelling and fire behaviour 
in buttongrass moorlands 

J. MARSDEN-SMEDLEY' AND T. RUDMAN '

1 Tasmanian Parks and Wildlife Servi ce, GPO Box 44A, Hobart  700 1 ,
Tasm:inia. 

Abstract 

Buttongrass moorlands are a low open sedge 
community that covers vast tracts of western and south­
western Tasmania. These moorlands have the 
interesting fire management characteristics of being 
highly fl ammable, overlaying peat soi ls ,  occurring in 
extensive unbroken plains and abutting fire sensitive 
vegetation .  Management of both wildfires and fuel 
reduction burns has been fraught with problems and 
arguments. The Fuel Characteristics and Fire 
Behaviour in Tasmanian Buttongrass Moorlands 
research project has attempted to quantify the basic fire 
parameters to enable an objective approach to fire 
management in this fuel type .  

Fuel characteristics in Tasmanian buttongrass 
moorlands have been sampled for a wide range of sites 
in south-western and western Tasmania. The fuel 
characteristics sampled were: various Rothermel fuel 
characteristics, fuel moisture, fuel high heat contents, 
fuel loads and percentages of dead tO live fuel. Most of 
the variation observed of fuel loads can be accounted 
for in the variables geology, vegetation age and 
vegetation cover. Due to problems with measuring 
vegetation cover, age and geology are used to predict 
fuel loads. The percentage of dead fuel at a given age 
did not vary between different geologies, and is 
model led using age alone . Two fuel load and one 
dead-fuel percentage prediction models have been 
produced. Only a preliminary fuel moisture model is 
avai lable at present. 

Forty-nine fires, incl uding both research burns and 
wildfires, were measured for fire behaviour model 
development and a further seven fires used for model 
verification. 

Empirical models have been produced to predict 
buttongrass moorland headfire rate of spread and flame 
heights, using the variables moorland age, dead fuel 
moisture and surface wind speed. Alternatively, fire 
behaviour predictions can be made from the moorland 
age, relative humidity, temperature and surface wind 
speed. 
The rate of spread model takes the form of: 
ROS = constant x wind function x moisture damping x 
fuel function. 
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The flame height m odel takes the form of: 
FH = constant x ( heat content x fu el consumption x 
rate of fire spread ) "0

""· 

The m odels should provi de good predictions for 
relative humid ities between 3 0  ::ind l 00 per cent, 
tempera u res between 8 ° ::ind 2 5°C ,  and surface wind 
speeds below 1 5  kmph ( i . e .  low to moderate i ntensity 
ti res) .  When wind speeds a re between 1 5  and 35 kmph 
the models shou ld provide adequ ate predictions . 

Nitrogen budgets in regrowth karri 
following thinning and fuel 
reduction burning 

A. M. O' CONN ELL 1
AND W. L .  McCAW2 

' C'.S l llO Divi sion nf l'orc s t ry, Florcat Park 60 )4, Western Aus 1ra l ia .  

1 Science and ln f< 1rm,11ion Div i s ion, Dq,a r t me 11 ro fC0 11scrva1 ion :md L.1nd 
Manageme n t ,  M:rnjimup 625 8 ,  We · rem Aus1rali :1 , 

Abstract 

The Department of Conserva t ion and Land 
Managemen t is u nderta ki ng an experimen tal program 
to investigate L 111.: feasibi l ity and i mpact.� of bu rning 
slash fuels created by th in n i ng operat ions i n  young 
regrowt h stands or brri ( Eucalyptus divenicolor) .
Potent i a l  co nstrai nts on prescri bed burning of th i n n i n g  
slash in c l ude damage i - o  n.: t a i n cJ crop r rccs a n d  l osses 
of n u t r ients , part icu l arly n i t ro gen ,  f rom the ecosystem.  
The amou n ts of nitrogen vo l a ti l izcd dur ing fue l  
reducti on burn ing of th i nned karri forest a rc  signi ficant 
and for the most i n tense of ei gin experi mental fi res 
corresponded approxi mately to rhe amou n ts o f  
n itrogen in growi ng vegetat ion (about 1 80 kg ha· 1 ) .  
Compared wi th t h e  total ni t rogen in the ecosystem 
(vegetation + l i tter + soi l ) these amounts arc sm a l l  so 
that a s ingle fi re event is not l i kely to have a l a rge 
impact on total nitrogen sto res . However, i n puts and 
outpu ts of nitrogen as a result  of regu lar bu rning wil l  
affect the balance of nitroge n in the Jong term .  
Min i miz ing volati le losses o f  nitrogen will hel p  to 
mai ntain this bal ance . This is best achieved by bu rning 
u nder condit ions when th e l ower part o f  the fuel profile 
is  moist ( l itter profile moist. u re content > 80 per cent), 
resu lt ing in reduced com b u stion of the l itter l ayer - the 
mai n com partm ent of ni u·o gen storage in foe! .  Such 
condi t ions are a lso l ikely to min i mize damage to 
retained c rop trees .  
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A climatology of Very High and 
Extreme fire weather days in 
southern Western Australia 

A. J. BAN NISTER 1 
AND B. N . HANSTRUM' 

1 Weslcrn Aus 1 r,lian Severe Weather Sec tion, l\u rc.�u nfMctcornlogy, Perth,
We.stern A11s1 rali a .  

Abstract 

Days of EXTREME and VERY H I GH ti re danger for 
the 22 seasons 1 970-7 1 to 1 99 1 -92 ( November to 
Apr i l  i ncl usive) were identi f ied usi ng t h ree-hourly data 
from the B u reau of Meteorology stat ions in southern 
pa rts of the State. Calculations of the fire danger 
index (FD1 ) were made us ing  the  M cArth ur �ark IV 
grassland ti re danger meter assuming average fuel 
amou nts and 1 00 per cent foci curing .  

The average number of EXTREME ( FDT > 49 ) days 
per season graded from about one i n  the south- west 
corner of the State to more than 1 5  in the Euc la  and 
aro und Gera ldton,  wi th apprec iab le ye:tr·to ·ye:ir 
variabi l i t y. ln somh -east parts of the S tate most 
EXTREM E days occurred dming the lirst half of the  
season whereas in the Gern l dton area the majority of 
these occurred dur ing J anuary and Febru a ry. Active 
lire seasons in the Geralclton region tended to 
correspond to l ess act ive seasons at Esperance anJ vice­
versa .  An analysis of VERY HIGH and EXT REM E  
fire dan ger days ( l�Dl  > 26)  dur i n g  t h e  per iod revealed 
a s im i lar dist ri b ut i on  but va l ues ranged from a n  aver;1ge 
n u mber of 1 0  days per season in t h e  sou t h - west corne r 
to :ibout 50 days at both Forrest and Gera ldton . The 
month ly distribut ion of these events i s  a lso s im i l ar. 

A study of weather patte rns that led to the 
EXTREME fi re weather condi ti ons revealed that the 
pre -frontal trough was the major i n fl ucn�e in so uth . coasta l areas whereas the comb i nat ion ot a strong high 
to the south of t he State and a trou gh over the 
Gascoyne was domi nant for west coasta l areas. Strong 
a fternoon sea breezes due to a dee peni n g  trough in l and 
and a high to the west of the State also generated 
EXTREME condit ions a long the Geraldton coas t l i ne.  

Fire in the human ecosystem - a 
question map 

D. WARD 1 

' Science and Information Divis ion ,  Dcpar rment  ofConscrvalion and L.�nd 
Management, PO Uox J 04, Como 6 1 52, Western Australi;i. 

Abstract 

The human ecosystem consists of human beings and 
their interactions with their environment. The human 
environment i s  a seamless garment , but for conceptu al 
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purposes can be split into two parts .  'Society' is the 
part of our environment, created by us, which would 
vanish with us were we to disappear in a puff of smoke. 
' ature' is the part of our environment which would 
remain .  Human artefacts lie somewhere in between , 
since they would outlast us for a while, but eventual ly 
succumb to entropy due to a lack of maintenance . Our 
survival and wellbeing depend upon our activities 
witl1in both parts of our environment, so tl1at CALM 
policy must take both into consideration , seeking 
harmony between human systems and natural systems. 
As a human activity, prescribed burning is l inked to 
many phenomena, botll natural and social . Question­
maps are a way of starting to th ink in a structural way 
about our activities, our wellbeing, society and nature, 
and a question-map about fire in our forest systems 
leads us into conceptual model building, or Systems 
Ecology, using ideas from Gene ral Systems Theory, 
Graph Theory, Matrix Theory, and Human Eco logy. 
The resulting models are useful for policy formulation, 
management training, public education and research 
project management. 

Fire history mapping of remnant 
urban bushland near Perth, WA 

J .  P. PIGOTT1
, W. A. LONERAGAN2 

AND D. T. BELL2 

1 WA Herbarium, Science and Information Division, Depar tment of 
Conservation and Land Management, PO Box 1 04 ,  Como 6 1 52,  Western 
Australia. 

1 Botany Department, University of Western Australi a ,  Crawley 6009,
Western Australia. 

Abstract 

The fire history since 1948 at Star Swamp Bushland 
Reserve is interpreted from aerial photographs . Fire 
scars were traced separately from tile 1 8  sets of aerial 
photographs avai lable for the period. Fire frequency 
and the number of months since fire, were calcu lated 
for 1 8 5  survey points used for vegetation mapping as 
well as 32 permanent plots used for monitoring 
vegetation dynamics . The effect of fire frequency on 
the canopy of the dominant tree species E1,calyptus 
gomphocephala, composition and distribution of plant 
communities, and weed invasion was analysed using the 
geographic information system ARC/INFO, 
correlative and multivariate techniques. It is shown 
that mapping fire history can be a valuable aid for the 
management of urban reserves requiring special fire 
protection. 

Planning for fire management in a 
near-urban national park 

J .  WILLIAMSON 1 , P. KEPPEL2 
AND

JACQUELINE PONTRE 1 

1 Plnnning Branch ,  Department of Conservation and Land Management , 
PO Box 1 04, Como 6 1 52, Western Australia. 

1 Department of Conservation and Land Management, Distric t Office, 
Mundaring 6073, Western Austral ia .  

Abstract 

John Forrest National Park is located on tl1e edge of 
the Darling Scarp 25 km from Perth.  It is almost 
totally surrounded by residential areas . The major 
objective in planning for fire management is to protect 
l ife and property witllout compromising environmental 
and ecological values . 

The fire plan proposed in the draft management 
plan for John Forrest ational Park (Plan A on poster) 
was amended after considering submissions tl1at 
indicated tl1e draft proposal did not provide sufficient 
protection for the community from wildf ire. A series 
of alternative suggestions was submitted during the 
public review process (Plans B, C and D on poster) . A 
revised fire plan ( Plan E) was developed, taking into 
consideration these options, in consultation with people 
who contributed submissions to tl1e draft plan for the 
Park. 

The fire management plan aims to provide the 
greatest diversity possible within the constraints of 
protection of l ife and property. Fuel Reduction areas 
will be reviewed annually in the l ight of additional 
scientific knowledge,  and the effect of unplanned fires 
to determine whetl1er or not they should be burned for 
ecological or protection purposes .  

Patterns of resprouting of 
eucalypts after fire 

JANN E .  WI LLIAMS 1 
AND A. M .  G lll2 

1 Research School of Biologica l Sciences, The Australian National University, 
Canberra 0200, ACT. 

' CSIRO Division of Plant Industry, GPO Box 1600, Canberra 2601 , ACT . 

Abstract 

Patterns of resprouting of Eucalyptus rossii and 
E. macrorhyncha were monit0red on two sheltered and
two exposed aspects following a wildfire in February
199 1 in tile Black Mountain ature Reserve, ACT.
Overall 673 individuals were monitored, 87 per cent of
which resprouted. Trees started sprouting 54 days after
the fire although sprouting of E. macrorhyncha was
delayed for up to two months on exposed aspects.
Sprouting continued throughout winter, however, rates

2 1 1 

CALMScience 



CALMScience Supplement 4: 207-2 1 6 ( 1 995) 

appeared to 'slow down' on shelte red compared with 
exposed aspects over the cooler months. Most trees 
had sprouted with in a year of the fi re; th ree individuals 
were recorded prout ing after October 1 992 (20 
months po t fi re) . Larger individuals sprouted mo re 
rapidly - ;1pproximatcly 90 per cent of individu als :::,.20. 1 
cm d .b.h had sprouted by the end of August 1 99 1  
com pared with less than 5 0  per cent of individuals 
<20. 1 cm d .b .h .  The percentage of i ndividua l s  
sp routi ng on ly from the base of the tree increased over 
t ime .  Most of the later spromers were smal ler t rees 
with complete cambi:1 1  death on the stem .  Patterns of 
resprou ti ng were rel ated to, at least , soi l moistu re 
avai labi l i ty, a i r  temperamrc and tree species, size and 
vigour. 

Pre-European fire history of North 
Atnerican tallgrass prairie 

T. 8. BRAGG'

1 Univcr.,ily nf Ndm�<ka 3f Omah;i , Nebraska ,  USA 

Abstract 

Fi re was an import;rnt component  of rhc h istor ica l  
mai ntenance of the orth American Ta l lgrass Pra i ri e .  
Three :1spccts of t h e  n:1tur:1I  ( pre-Eu ropean ) f i re 
condit ions h:tve rccenr l y bc.:cn srud i c.:d . Firs t ,  f i rc.:s wc.:rc.: 
c.:st ima t c.:d t o  have occu rred a n  avc.:ragc or cvc.:ry 
4 .8  + 0 . 56  yc.:ars Lnsed on f i rc.:- sca rrcd L rc.:c.:s growi n g 
a long the margi n  or c.:x t ant nar ivc pra i ri es .  Second , 
wh i l e  not  oprimal for present objectives such as 
domestic l i vestock, f i res occurri ng during the growi ng 
season may have been impo rtant i n  mainta in ing the  
n:itura l  diversity of the ecosystem.  The herbs, fal se 
sunflower (Hetiopsis hetian thoidcs) and white as ter 
(Aster ericoides) , for exam ple, increase wi th summer 
and fal l  burning; big bluestem (Andropogongerardii),
the dominant grass of the t:i l lgr:iss prai rie, responds best 
to spr ing burning . Pi res rout i nely appl ied dur ing the 
sa me  season u lt i mately 111:ty reduce ecosystem diver i ty. 
Thi rdly, i nmlated grazing desi gned to approximate the 
effect of large grazers such :is bison ( Bison bison) on fuel 
d i s t ribu tion, resulted i n  :, s ign i ficant ly gre:iter li re 
temperature heterogeneity ( P<0 .00 1 ) than occurred 
without  grazers . Fire in the pre-European ta l l grass 
p rai rie thus appears to have been a complex facto r 
i nvolving frequent and seasonal ly-vari able occu rrences 
and heterogeneous fi re-tem peratures across a grazed 
landscape. 
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Fire frequency and floristic 
variation in. dry sclerophyll 
communities 

G. J . CARY 1 

1 De partment or Applied llinlogy, Uni"ersicy ofTcchnology, PO Bm 1 23 ,
Broadway 2007, S W  (C:urrem- addrc.ss: famysrcm l1yn,l l)1ics Group ,  
Research School of  lliologi ca l  • cicnccs, The  Al lstr:i l i .1 1 1  ,n im1 :1I 
Univc r>i c y, Canbcrr:t 0200,  ACr). 

Abstract 

l• i re frequ ency, a fi.cnct ion of the n u m ber  of I i  res 
experienced by a commun i ty wil'h in a given t ime 
period, rnny be resol ved i nto t he components of time 
s ince the most recent fire and the lengths of i ntervals 
be tween fires . The dynam ics of d ry sclerophyl l 
wood lands in the Sydney region were exami ned i n  
rd at"ion co  fire frequency i n  the  recent  ( < 30 yea rs ) fi re 
history. D i rect gradient analysis of florist ic d .ita 
i nd icates th:it :  
( i ) F i re freq uency account for around 60 per cent of 

the lloristic v:iriat ion among the.: samples .  
( i i ) The effect of t ime si nce fi re and rhc length of 

i nterva l s  between f i res on floris r ic  compositi on was 
cq u :i l  in m agnitude  but un related in the  n ature oC 
the va ri :i t ion assoc iated w i th  them.  

I nc reasi ng t i me since fi re i s  assrn.: i :1r ed wirh a dc.:cl i n c  
i n  t h e.:  even ness of' f i rc.: -i-o lc ran l  specic.:s wh i le i ntc.: r- fi re 
in t c.:rva l s  or dc.:crc.:as ing l c.:ngt h  :i re assoc i a t ed wi1 h rhe 
dec rease i n  evc.:nness of f i re -sc.:ns i t ive species .  I 1 1creas ing 
vari abi l i L}' o f  the  lengt h of rhc.: imc r- ! s re i nt ern!s is 
:issoci:ited with an increase i n  the r ich ness of fi re ­
tol erant a n d  ti re -sensi t ive species, imp lyi ng t hat i t  may 
be variat ion of i nter- f i re i n terva ls that is responsi ble fo r 
ma i nta ining the presence of a wide range of p!:l nt 
spec i e · i n  a particu lar  com munity. 

Modelling the impact of fire on the 
population dynamics of the 
Splendid Fairy Wren 

M.  G . BROOKER 1 

1 ( :SIRO Division orWildl i lc and Ecolui;y, LM I\ 4, l'O Mid land 6056 ,
Wc;iern Auslr.tl ia .  

Abstract 

During a 20-ye:ir s tudy of a popu lation of Splendid 
Fairy-wrens near Perth, nine wi ldfires have impi nged on 
the area. Although the fi res did not directl y affect the 
survival of wrens, they had a m:ijo r  effect on 
reproductive success i n  the following ye:irs. On 
average , 1 9  per cent of female-years experienced fi re in 
the 1 2  months prior to nesting and 33  per cent of 
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female-years in the two years prior to nesting. The fires 
had a dual impact. Most importantly, the rate of nest 
predation almost exactly doubled in the years following 
fire and secondly the onset of breeding was delayed by 
up to a month, presumably because the wrens had 
trouble finding suitable vegetation in which to hide 
nests . 

In addition to fire frequency and nest predation, 
population growth is influenced by brood parasitism , 
seasonal fluctuations and patch -size, presently a 
complex picture of demographic-environmental 
interactions. These data have been incorporated into a 
computer simulation model which can be used to make 
predictions of likely outcomes from a variety of 
landscape and management scenarios . 

Influence of herbivores on the 
vegetation and fire fuels of the 
Perup Forest region of Western 
Australia 

K.A. SHEPHERD 1
, G.W. WARDELL-JOH NSON2

, 

W.A. LONERAGAN 1 AND D.T. BELL1 

1 Department of Botany, The Unive.rsity of Western  Austr:il ia, Nedlands 
6009, Western Austral ia .  

' Science and Jnformation Division ,  Department of Conservation and Land 
Management, Manj imup Research Centre, Brain Street, Manjimup 6258, 
Western Austr.ili3. 

Abstract 

Studies in the southern jarrah ( Eucalyptus marginata) 
forest situated in the Perup Nature Reserve indicated 
significantly higher cover values for plant species inside 
wire-mesh exclosures after 10 years compared with 
outside the exclosures . Particular species that were 
favoured by herbivore exclusion included Bossiaea 
ornata, Billardiera variifolia, Opercularia hispidula, 
Logania serpyllifolia and Tetrarrhena laevis, among 
others. Plant species showing the greatest decrease in 
cover outside wire enclosures were found in the faecal 
pellets of the herbivores of the region .  Faecal analyses 
documented a preference for 42 forest species by the 
Western Grey Kangaroo (Macropus ftiliginosus) , the 
Western Brush or Black-gloved Wallaby (Macropus 
irma) and the Tammar Wallaby (Macropus eugenii) . 
The Common Brush tail Possum ( Trichosurus vulpecula) 
consumed not only leaves of the dominant trees,  but 
sampled species from the understorey, including 
Leptomeria cunninghamii and Hakea lissocarpha. 
Faecal samples of the Western Ringtail Possum 
(Pseudocheirus peregrinus occidentalis) included only 
forest canopy species . Overlaps in the diets of 
herbivores indicated the possibil ity of competition for 
plant resources , but the polyphageous nature of al l  
Perup Forest herbivores and an abil ity to shi ft resource 

preference would indicate the food resources are 
probably not limiting in this region of the forest despite 
some habitat fragmentation. The polyphageous nature 
of the native herbivores also indicates that rare plants 
are probably not endangered due to feeding effects by 
tl1e animals . Herbivory has strong implications for fire 
management in the animals ability to reduce fuel loads 
and preferential feeding choices on fire-regrowth could 
affect particular species populations . 

Influence of fire on the seed 
germination ecology of species of 
the jarrah forest 

D.T. BELL 1 

1 Department of Botany, The University ofWcstern Australia, Ncdlands
6009, Western Australia. 

Abstract 

Plant species of the jarrah forest can be categorized by 
their l ife history syndromes related to the survival of 
fires and their mode of seed dispersal .  Obligate seeding 
species require re-establishment following fire from seed 
because the parent plant is killed by the fire. 
Resprouting species differ in that the parent survives 
and reproductive output by seed is usually limited. 
Also, species may differ in the timing of seed dispersal ; 
i .e .  seed dispersed annually to the soil or retained in
serotinous fruits for the plants for a period of years.
Obligate seeding, soil seed store species , especially
jarrah forest legume species, often have seed dormancy
mechanisms which prevent them from germinating
until after a fire.  The heat shock provided by the fire
can serve to break an impervious seed coat or possibly
denature some seed coat inhibitor. To differentiate
potential differences in these two influences of fire,
differential germination results following scarification
and boiling revealed that tl1e jarrah forest could have
both types of species. Examples of species which
germinate following the mechanical breaking of the
seed coat include Acacia nervosa, Bossiaea eriocarpa, 
Daviesia physodes, and Gompholobium knightianum.
Species predicted, but not proven to have seed coat
inhibitors are Acacia drummondii, A. pulchella, 
Gastrolobium spinosum and Oxylobium cuneatum. In
addition to a requirement for a heat shock pre­
treatment many jarrah forest species also must have the
proper temperature and light cues to break dormancy.
For example, Acacia pulchella var. glaberrima
germinates in highest percentages corresponding to
winter incubation temperatures in the dark, while
Banksia grandis and Hakea amplexicaulis seeds
germinated best at cool temperatures, but when light
intensity is high .  The implications for maintenance of
the species under forest management are described.
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Survival of trapdoor spiders during 
and after fire 

BARBARA YORK MAIN1 

1 7,oology Dcp:inmc ou , U 1 1ivcr,i 1y  of Western Au5 rr.il ia,  cdlands 6009, 
Wes t e rn Ausi r:\l ia. 

Abstract 

The response to fi n; by two mygla morph 'trapdoor' 
sp;.ders with very di fferent l i fe histories was stu died . 
The s tudy  s ite was i n  s :rndplai n  heath/shru bland in 
D mokoppin N:itu n.: Reserve in the  central Wheatbclt of 
Western Aust ral i a .  The fi re, in March 1989 ,  was part 
o f  several ex perimental ti res undertaken by CS I RO and 
CALM to study  the effects o f  fire on the biota as part 
or a program to assess rhe role of fire in management of 
sma l l  rese rves . 

Th e l wo t rapdoor species stu died were Anidiap.r 
11illom.r ( Rai nbow ) a n d  a n  u nnamed Ccthegus species . 

Cethcgus spid ers arc web weavers which catch prey 
in a fl occ ulem, c u rta i n - l i ke web over a shal low retreat 
hu rrnw ( Ma i n  1 960 ,  1 964; Raven 1 984 ). Webs arc 
s i ted aga inst  the base of sma l l  shru bs, logs or fal len 
bran ches . Th e spec ies stu d ied here matures r:ipidly (in 
a bou t  a year )  but females cont inue to l ive for at least 
severa l yea rs .  Sp iders may move nest s ites a sho rt 
d i s r;1 1 1cc i f  webs ar · d amaged by heavy rai n .  J uveni les 
d i spe rse aeri a l ly ( Ma in  1 99 1 , ;1 1 1d personal observat ion ) .  

I n  con t  rasl , A nirliop.r 11illosus d igs a d eep (70 c m ) ,  
1 u.: rma 1 1e n t  b u rrow dosed b y  : i  t rapdoor and wi rh a 
rad iat i ng E1 1 1  o f" t w ig l i n cs a ttached \'O the bu rrow ri m 
( M ai n  l 978 ) . These twigl i ncs arc used for foragi ng. 
Ncsrs arc s i ted i n  l i tter u nder the the  shade of sh rubs 
and low t rees. Spi de rs h ave a long developmenta l  
per iod ( a t  lcasr e ight years frH males and longer for 
f -cmal cs ) .  1' "cmn lcs reprod u ce iteroparous ly  .1nd m ay 
l ive fi1r u pwa 1·ds of 25 yc:i rs (M:i in  1 987 ,  and
unpu bl ished data ) .  Spiders a rc dependent on bot h
shade ,rnd pc rm:rncnt l i tte r. J uvcni l c dispersi on is
ambu latory :ind restricted to a short distance, often to
t he l i tter mat of the m:itcrnal shade tree.

We bs and burrows were marked individual ly with 
n u m be red steel tags on w i re pegs along two tra nsects 
( 625 111 a n d  l 00 m l ong) in the site to be burnt and 
along a paral le l transect ( 625 m )  in :.111 adjacent control 
( n on -b u rn )  s i te .  Nests along al l transects were marked 
progress ively when fo und on census da tes  between 
5 Septem ber 1 987 and 1 7  December 1 98 8 .  cs  s 
vi ab le  at the l ast day of census marking were censused 
aga in  on 1 8  March 1 9 89 one week a fter the fire . 

Response of Ccthcgits 

A l l  act ive nests at t he !:.st pre-bu rn census ( 1 7  and 1 )  
along the bu rnt t ransects (625 m :ind 100 m 
respectively ) were destroyed and the spiders presumed 
ki l l ed by the fire. Of the the 1 1  active nests at last pre -

2 1 4

CALMScience 

fi re census in the u n burnt control 10 were still active on 
the post -burn census date . By June and July 1 989 and 
2 Febr.uary 1990 (eleven months post- fire ) ,  none of the
burn. s ite nests had recovered nor were there any webs 
reb m!t nea rby. In the control non- burnt si te of the 1 1
nests :ictive on the pre-burn census date , 1 O ;ere st i l l  
�ct ive �t the post-fi re census date. Du ring the autu mn 
fol low1 11.g the fi re ( 1 990 ) ,  aeria l ly dispersed spiderl ings
from adpcent u nburnt bush recolonized th e 
regen erat ing bush on the burnt site . 

Response of A nidiops villorus 

Most adult nests ( 1 1 of 14 on the long transec t ,  5 ( al l  
nests ) on the short tra nsect) survived the fi re; 17 of 24 
a long the u nburnt transect persisted ( of these one had 
been preyed upon) .  On the burnt s ite four ( of 1 1 )  and 
one ( of 5 )  became defunct wi th in  three months 
fol lowing the fire . Severa l of these nests were 
vigorously attacked by birds, i .e .  by pecking off rebuilt 
doors and twig! ines thereby disrupting the spiders' 
f'oraging capabi l i t ies .  There was no rec ru i tment of 
juveniles i n  the burnt site during the  autu mn-winter 
following the burn . 

Conclusions 

From surv i v a l  and recru itmen t data of Cetheg1u a n d  
A nidiops fol lowi n g  an i nduced burn it seems that 
Ccthegus a l though dest royed ou t r ight by fi re is ab le  to 
recol onize a regenera t i ng  post-bu rn s i te provided there 
is ad jacent u n burn1  h a bi t at wi l" 1 1  a reservoir popu l at ion . 

Conversely, a l t hough :id u l l  spide rs u f' Anidiop.r 

su rvive f ire , spi ders arc d isadva ntaged i n  a post -burn 
habi tat due to i nadequate shade ,  l i tter and possi bly 
red uced µrey and ex µosure to predation - a l l  factors 
whic h lead to a progressive mortal ity following fire. 
M ain ( 1 978 ) suggested that the behavio u r  and deep 
burrows of the spiders (adaptations to ari dity and 
d rought )  ' fits them to su rvive through a bush fi re' and 
a lso that fi re wou ld  probably not be deleter ious to a 
populat ion . However, a lthough the observations 
reported here show that adult spiders can su rvive a fire, 
the post-fi re mortal i ty combi ned with lack of juveni le  
recru i tmen t  means that i n  a population sense Anidiops 
is indeed vu l nerable to fire. 

. Th ese contrast ing responses by two mygalomorph
spiders dcmonst:ite that a knowledge of invertebrate 
species' l i fe h i story part icu l arit i es is desir:iblc in order to 
adequately m anage smal l  reserves for maintenance of 
thei r species diversi ty. 
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