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Abstract

Boyc. k. D., A.H. Perera, M.T. Ter-Mikaelian, D.L. Martell and C. Li. 1995. Modeling the
el -t of scale and fire disturbance patterns on forest age distribution. Forest
Fragmentation and Biodiversity Project Technical Report Series No. 19. Ontario
Forest Research Institute, Ministry of Natural Resources.

Van Wagner (1978) demonstrated the important insight as to the relevance of the exponential model
to tree age at both the stand and landscape levels. He showed that, under certain conditions, the
probability distribution of the age of a stand subject to periodic renewal by fire is exponential. The
extension %of this model to the landscape-level results, also under certain conditions, in an
exponentia; shape for the forest age distribution. Empirical studies have given partial support to
this hypothesis. The results depend upon the size of the landscape in question, the patterns of fire
disturbance; and changes in the disturbance regime over time and space. We attempt to provide
insight into some of the fundamental factors that determine the forest age distribution. We examine
whether the forest age distribution would have an exponential shape, and whether it would be stable
or variable ~over time under different conditions. We used different spatial and temporal
disturbance tiaatterns, some of which represent correlation due to fire growth and episodes of high
fire disturbaﬁce. We describe the theoretical models that we developed for this investigation, and
give the results of computational tests based on hypothetical data. Our results show that, under
typical boreal disturbance regimes, we should not expect to find forest age distribution stability

even at very large spatial scales due to the correlation of disturbances.

Keywords: fire, disturbance, landscape ecology, exponential age distribution, scale, stability,

steady state, variability.
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1. Introduction

It is important to understand and manage ecosystems at multiple temporal and spatial scales, in
particular, at landscape scales. One of many ideals in landscape management planning in North
America is that the landscape should resemble its “natural” condition before European settlement.
In order to guide fire and landscape management activities to approach this ideal, it is necessary to

characterise this natural condition.

It is well known that fire and other disturbances have played important roles in shaping Ontario's
forest ecosystems. In a fire-dominated ecosystem like the boreal forest, it is difficult or impossible
to reconstruct the history of the forest landscape, and characterise the natural state (e.g., Baker
1989b). This is primarily due to the cumulative impact of factors like fire protection and harvesting

during this century.

Even without such difficulties, researchers use theoretical models to gain insight into the dynamics
of complex systems. For a fire-disturbed ecosystem like the boreal forest, Van Wagner (1978)
demonstrated the important insight as to the relevance of the exponential model to tree age at both
the stand and landscape levels. He showed that under certain conditions, the probability
distribution of a stand subject to periodic renewal by fire is exponential. The extension of this
model to the landscape-level results, also under certain conditions, in an exponential shape for the
forest age distribution. This insight is relevant when managing for naturalness if it helps us to

understand the natural state of the landscape, and interpret empirical data.

Van Wagner (1978) developed a simulation model of a landscape composed of many equal-sized,
homogeneous, independent cells or stands which were subject to the risk of burning each year.

Regarding his model, he wrote that

“ ... there is no fundamental reason why ... individual fires could not burn more than one
stand. ... Similarly, there is no reason why the burned area could not vary from year to
year as long as the long-term average was constant and the time scale of the fluctuations
small compared with the length of the fire cycle. Such departures from the ideal would
naturally result in statistical roughness but need not disqualify the negative exponential
concept.”
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Even casual observation confirms that there will be significant deviation from the exponential shape
due to large fires (e.g., Johnson and Gutsell 1994), so we might expect the exponential model to
fail at small scales, and become more appropriate at larger scales. Baker’s (1989b, 1989c) analyses
of Heinselman’s (1973) Boundary Waters Canoe Area (BWCA) fire history data are among the
most comprehensive tests of the exponential hypothesis at varying spatial scales. He found that the
“shifting-mosaic steady state” (Bormann and Likens 1979) hypothesis did not hold in the BWCA.
He gave several reasons including the spatial heterogeneity of disturbance regimes, and that the
fires were very large and infrequent. Further modeling work by Baker (1992a, 1992b, 1993) using
a spatial landscape model by Baker et al. (1991) has clearly shown that under historical conditions
in the BWCA, forest age distribution did not have an exponential shape, hor did it stay in a steady
state due to the large but infrequent fires. In some studies, variability in the data (e.g., Johnson and
Larsen 1991) or model output (e.g., Ratz 1995) was deliberately suppressed by averaging because
only average system behaviour was sought. In other studies, the variability or non-equilibrium
béhaviour of the system was explicitly addressed (e.g., Shugart and West 1981; Boychuk 1993, ch.
4; Swetnam 1993).

Our objectives were to analyse and develop further insight into some of the fundamental factors that
determine forest age distribution in a disturbance-driven ecosystem. For this, we developed
theoretical models of a fire-disturbed landscape and used them to examine forest age distribution
under different conditions. In particular, we focused on the effects of spatial scale and various
spatial and temporal disturbance patterns. To isolate the effect of these factors from that of

landscape heterogeneity, we used a simple homogeneous landscape.

Specifically, we examined whether the forest age distribution is:
¢ exponential, and

e stable or variable over time.

We especially examined the how the forest age distribution varied with the:
» landscape size, and

¢ temporal and spatial disturbance patterns.

We examined various disturbance patterns representing:
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o the one assumed in the “classical” exponential age distribution hypothesis,
» ones representing spatial dependence due to fire growth, and

e ones representing spatial and temporal dependence due to variable fire disturbances over

time, i.e., infrequent high fire disturbance years.

Our further objectives were to:

e develop graphical software to illustrate these theoretical principles to landscape

managers, fire managers, and researchers, and

o illustrate the theoretical impact of the introduction of fire suppression on the forest age

distribution (described in Boychuk and Perera 1995).

We believe that our analysis should influence the representation of spatial and temporal dependence
of disturbances in comprehensive landscape models. Note that we are not suggesting that our
models in FLAP-X are the final answer for fire and landscape models and analysis. We believe
that they have important features that should be incorporated, and we are undertaking research for

further development.

Following a literature review in Section 2 and definitions in Section 3.1, our exposition starts with
a description of the classic exponential models for both the stand level (Section 3.2) and landscape
level (Section 3.3). In Section 3.4 we give a quantitative analysis of the effect of the number of
cells in the classical landscape-level model. In Section 3.5, we develop a continuous analogue of
the landscape-level model in which we relax the assumption of no fire growth, and prove that the
exponential result still holds over time for a point. In Section 3.6 we emphasise the distinction
between the stand-level and landscape-level cases despite their apparently similar algebra. In
Section 4 we present our cell-based theoretical models in which we relax the assumptions of no fire
growth and constant probability of burning. Thus, we progresses from the classical exponential
models, through intermediate models and analyses, then to our final models in FLAP-X. In
Section 5 we describe our computational results. Section 6 presents a case study example, and

Section 7 is a discussion.
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2. Literature Review

2.1. Introduction

We review literature in which authors (1) developed the exponential and related models at the
stand and landscape levels, (2) reported substantial empirical tests of the exponential or related
models, (3) presented comprehensive models of fire disturbance and forest age distribution,
and (4) dealt‘with other factors related to this research. We do not include literature regarding
component processes such as ecosystem development and succession, or fire and other

disturbances.



: : :::2 2 Dev elopmellt Of Stand- and Landscape-Level Exponentlal and Related

- ;I-Models

7 Johnson and Gutsell (1994) rev1ewed and summarlsed procedures for analysmg and.- N

G rnterpretmg frre hlstory and forest age dlstrlbut1on Van Wagner (1978 1983 1986) prov1ded

o Valuable 1nsrght rnto the effects of f1re and harvestmg on’ the forest age drstr1but1on The'ﬂ_" e

s prrncrpal result of mterest is that in theory, the age dlStI‘lbllthIl approaches an exponentlal RN

o shape under certarn cond1tions Johnson and Van Wagner (1985) exp11c1tly lmked the frre o

'1nterval drstrlbutron at a s1ngle—pomt to the age chstrlbutlon across the whole landscape o

, Harrmgton and. Donnelly (1978) also developed a srmple model of the average age and forest.'x

e "age drstrtbutron 1f small stands in the landscape were subjected to the expected flre dlsturbance' SRR

o _rates and burned 1ndependently of each other They defmed the annual fire probablhty as the-" o

' ",_mean annual burned area d1v1ded by the landscape area, - and argued -as. follows If the Very::i' :

L Jlow probab111ty that a small stand burns ina. glven year is assumed to- be constant over tnne

o -‘V‘V_then the sequence of frres in the stand over trme is approxrmately a Porsson process The flre A

' mterarrwal trmes are therefore approx1mately exponentlally distrlbuted The probab1hty_r o

”dlstrlbutlon of the age of the stand (nnplrcrtly, in the long term w1thout the 1nﬂuence of the :

mrtlal age) 1s therefore exponenually d1str1buted Slnce the landscape is assumed to be‘_ R

"-""_composed of many small stands that burn mdependently of each other the forest age::;:f.'

ldlStI'lbllthIl (1n the long term) would therefore also have an exponentlal shape Van Wagner' :

'(1978) arrlved at a srmrlar conclus1on usmg both an analytrcal model and a stochastrc ,

. 's1mulat1on model He also revrewed case studres of actual landscapes to test ‘the relatlonship, ) e

o and mtroduced harvestmg 1nto the srmulat1on model erson (1983) analysed the problemf SR

‘- ','-__more formally, modelmg the growth and burnmg of a s1ngle stand as a Markov chain. - He

- ,'_extended his results to the landscape level wh1ch was composed of many 1ndependent stands '

_ He argued that after a suff1c1ent length of tlme the forest age dlstrlbutlon would attam and o

- 'ma1nta1n an. exponentral shape

: Johnson and Van Wagner (1985) generallsed the exponentral result to the Welbull dlstrlbutron o

: _for the case where the probablhty of burmng varres wrth the. age of the stand The exponentlal >



as a renewal process and warned of an 1mportant problem n frre hrstory analysrs when the f1re ‘ Ve

rnodel 1s a spec1al case where burmng 1s rndependent of age Clark (1 989) developed thts cases -

e -f.“:-regrrne is non stat1onary

;ﬁ‘:_'fscope of these studres He emphasrsed that the lmkage between the smgle pomt ftre mterval'-'_

- ‘;and forest age d1str1butlon at the landscape level depended on the assumptton that the whole: C

T _'dependence of burnmg adjacent stands 1s however very apparent frorn observed frres andif_:-"_ S

:'maps of the boreal forest The effect of spatlal scale has been recognlsed (e g Srmard 1976 _:

o Boychuk (1993 ch 3) dlscussed the relatlonshrp between the stand level and landscape level'

S :_zj._landscape was composed of many cells that burned 1ndependently of each other The'-f o

S ,:-'i'j.Van Wagner 1983 Wrens 1989) and stud1ed emprrrcally (e g Baker l989b) and w1th rrrodels-j- o

: _"_(e g Baker 1989c 1993) There is. a con51derable arnount of work on var10us measures of':._ e

B -*;landseape pattern as a funct1on of spat1a1 scale (see €. g - Turner 1989 Turner et al 1989) but-

-"our concern here is w1th the snnpler measure of forest age d1str1but1on Boychuk (1993 ch 4) P
'f;:‘f"developed analytlcal rnodels relatmg_. -Jhe aggregate proportron of a landscape burned to the ED

l.srzes of the frres and the srze of the landscape He showed that wrth no spatral or ternporal g L

:'.":proporuon burned for a suff1c1ently large landscape T he 1rnphcatron 1s that th1s would lead to_".:_:“" : B
| Ej:an exponentlally-shaped age dlstr1but1on for a sufftcrently large landscape : He showed : N
i f.,_’:‘however that w1th srgnrfrcant spatlal correlatron and annual varrab1hty of flre dlsturbances duei‘“—;' o

e :‘:_‘,;',_";to weather the annual proportron burned does not converge to the expected propornon burned . e |

s correlatlon of frre dlsturbance the annual pr0p0rtron burned converges to the expected_‘ S

\:ieven for an arbrtrarlly large landscape }l



e 2",3_;'_,Ernpirical.StuﬂiBS';-_of ExponentralorRelatedModels B

-Many studtes contamed empmeal tests of thetr models or. hypotheses He're we' list severalj e

s stud1es that were substanttal empmcal tests of the exponentlal -Or related Welbull models o

Baker (1989b) undertook a comprehensrve analysrs of the ftre htstory and consequent forest EE

o '.-rlage dlstrlbutton of the BWCA based on data frorn I—Iemselman (1973) He descrlbed the_ SR

o theorettcal and practtcal problems and cornplexmes of def1n1ng -and measurrng f1re htstortes o

o '_ ' _'Sufﬂmg et al (1982) attempted to reconstruct past age d1str1buttons and past ftre d1sturbance e
rates - by postulatmg an 1n1t1al age dlstr1butlon and . f1re drsturbance dtstr1butron and_‘__ =
S .'-:-_.:.Stmulatmg determmrsttc ftre dtsturbances and landscape agelng over tlme They adJusted the R :

Y ._.mrttal age drstrlbunon and ftre dtsturbance d1str1but1on unttl the srmulated fmal age dtstrtbunon-" o

R : :-matched the current actual age dtstrlbutton As they acknowledged they could not be certarn :

e they 1dentrf1ed ‘the- correct m1t1al age dlstrrbutlon and f1re d1sturbance drstnbutlon Sufﬂtng o

1'(1983 1991 1992) also presented tests of the exponent1al model fttted to age dlstr1butron data L

"'_‘-Reed (1994) estnnated the age—dependent natural ftre hazard from the current age dlStI’lbutIOH-_r ;

- -of undtsturbed old growth forest Bergeron (1991) exammed the ftre regrmes and forest age'. s

.rd1str1butron on’ 1s1and and lakeshore s1tes 1n northwestern Quebec He found chmate drwen B

o 'jjchanges in the fn'e frequency Hernstrorn and Franklrn (1982) exammed the drsturbancei* :

A h1story of Mount Ra1n1er Natlonal Park and found the exponen’ual dlstrlbutron d1d not ftt well

.' '_‘due 10" the mfrequency and large 51ze of flres Yarte (1981) tested exponential and Welbullf" S

- f'_"_'_';4d1str1but10ns to esttmate surv1vorshtp for forests in parts of Alaska Johnson and Larsen'_f

T '(1991) fit the exponentlal model to age d1str1button data from part of the Canad1an Rock1es



24 Landscape Models of Fire Disturbance andnorestngen,smbumn B

il '-Baker (1989a) gave 2 eornprehenswe rev1ew and clas51f1cat10n of models of landscape change S

| -;and we make no attempt to duphcate h1s efforts Here we rev1ew selected landscape modelsj'_';:

'w1th f1re dlsturbance that were used to study the effect of flre on forest age d1str1butron or that e ;f

- “_had other features related to: thrs research

e 4.Antonovsk1 et al (1992) developed a stochastlc spattal s1mulat10n rnodel of a hypotheucal:;'.; R

’j-landscape The model landscape was a gr1d of cells that represented even—aged stands Each'?- y

«'_;j‘_year a; hghtnmg f1re could 1gmte rn each cell wrth a grven probabrhty Each cell w1th an

L .'."fl‘lgmnon couid burn w1th a probablhty that depended on the stand age Each cel] adjacent to a;':; e
: “burnrng cell could 1gn1te and burn w1th a grven probablhty that also depended upon age “The

' .'-‘-J.T_“;_-'ignlt1on and burmng probab111t1es were adjusted untrl emp1r1cal dlstrrbutrons of area burned"'fl_.;"'-r"‘""'

'{.jand current age were reproduced by the s1mulat1on model

- -'f'?,';f""_Baker (1989c) developed a Markov cham rnodel to represent the flre and landscape dynam1cs:- D

| ‘:-'_'_fof the BWCA He found that g1ven the 1nfrequent large f1res the age dlstrrbutlon of the::'.-."._ s

G : :_BWCA would not attam an exponentral shape nor be stable over tlme Baker (1992a 1992b L
i 1993) used a fn;e dlsturbance and landscape s1mulat10n model by Baker et al (1991) to explore.. o

:_i"-‘the 1mpacts of a changmg f1re reglme on landscape character1st1cs 1n the BWCA B:al;er_: (_7_1_.99,_3){_

SRy Green (1 989) developed a s1mulat1on model of the effect of frre and other factors on landscape:'.:__?" 4

P -patterns I-I1s model 18 srm11ar to, but more comprehens1ve than FLAP X although he d1d not'::' o

| ""'\"analyse forest age d1strrbut1on dlrectly Ratz (1995) developed a srmulatlon model wrth two -

_' -:_.'versmns of stochastlc f1re spread age-mdependent and age-dependent He reported .

:-;‘.,_-'-s1gn1f1cant spat1a1 and ternporal varlablllty of forest age’ d1str1but1on but used combmed ttme—

= '-"iand rephcatlon—average (see Sectlon 4 2) measures of forest age d]StI'lbllthD for analys1s
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3. Theoretical Basis of the Exponential Model

o 3;1'.-'; sotiie Definitions -

S ,_Johnson and Gutsell (1994) summarrsed termmology and the relatxonshtps between various |

measures of d1sturbance and forest age drstrlbutlon for both the exponentral and Welbull cases ’

- Here we glve deﬁmuons and relatlonshlps for the exponentral case.

' Whlle our research is dtrected at the la.ndscape level we also 1nvest1gate the stand Ievel due to lts . |

- role 1n the derlvatlon of the exponentlal age dlstrrbutron model Patch stand cell atom and

I pomt have been used to descrlbe small homogeneous patches or dlmensmnless pomts for modehng'f_

L _,-purposes The term stand 1s often. used to descrtbe & possrbly large homogeneous pateh that - PR
o orrgmated from a fire or other dlsturbance, but we. do. not use this mterpretatlon here Whole L

o _:_ forest forest-level and landscape have been used o descrlbe relatlvely large areas composed of L

e many cells

- '_'-The relatlonshrps between the landscape measures of : area fractlon proportlon and percentaget o

o o _burned are as follows The proportron burned is the area burned d1v1ded by the area of theh

'landscape Fractlon burned 18 the same as proportlon burned Percentage burned is sunply the

"“‘f','._,.proportlon multlphed by IOO% The term probablhty burned has atso been used to mean the~ S

proportlon burned but thlS usage is- mlsleachng We prefer 1ts use at the stand level to denote the ] :. e

o 'probablhty that the entlre stand burns At the landscape level there is a probablhty dlstrrbutlon of._"f

¥ ,the area or propornon of the landscape that burns durlng a spec1ﬁed tlme 1nterva1 SuCh as 2 year

fSeveral ‘measures and terms have been used 10 quantlfy or characterrse ﬁre dlsturbances sometlmes .

e _Ii’fwrth alternatlve meanmgs Flre cycle, fire mterval fire rotatlon and recurrence tune refer to '

) the (expected) t1me between ﬁres These are essenttally stand Jevel measures but averages can be I

S apphed at the landscape leveI Annual percentage burned fractxon burned ﬁre frequency, fire_' 1 | " B

hazard rate, ﬁre loss rate (and sometimes fire probablhty) reter 1o the proportron of thei' R

- landscape burned -in a year General_ly,. the,meas_ures_ of the exp,ected, ,trme between ﬁres- are_-‘ :_ _-"’:‘ '



o ‘.::_\_'}'rec1procals of the probablllty of burnmg for smgle stands and the expected proportlon burned for"" o .

S .‘__;.'l__'g_‘whole landscapes

' : Inferences are often made between stand level and landscape—level concepts and measures Suppose.*'? '1_‘"‘7?, '.

e 4 stand. has a Probablhty of burmng each year of 0.01. The expected ﬁre recurrence ume atthat

: "ﬂstand would be 1/0 01 = 100 years What can we say about a homogeneous landscape composedff' f §

- .f"f:,of these types of stands (whlch burn mdependently)'? We can say that there 1s some probablhty-‘::‘

B :- i ';_'dlstrlbutlon of the proportton burned and the expected vaiue of thls dlstrlbutlon 1s 0 01

L K Fmally, we note the potentral confu51on due fo the two uses of the term “dlstrlbutlon 7 Forest age' ': O

R ;.dlStI'lblltl()ll 1s a vecto of numbers glvmg the area ‘or proportlon of the landscape that 1s 1n each?f"f' S

PR 'age grgup or age class at some spemﬁed pomt m tlme When the forest age dlstrtbutron 1s a |

e '7 random varlable 1t has a probablhty drstnbutton Tabie 1 shows tlns dlstmctlon for the scalar. - o

’ ,",.‘stand age "an | the vector forest age dlstrlbutlon At the rlsk of addmg to the confus1on we note that :

L fforest age dlstrrbutlon 1s 31m11ar to probablllty dlstrrbutlon of stand age Forest age dlstnbutlon can'," ._:.1 e

PR :i::be con51dered to be an exhaustrve sample of 1nd1v1dua1 stand ages over Space The probablilty._. e

-dlstrlbutlon of stand age can be cons1dered o be a sertes of sampies Of stand age over nme

,,,,,

[ f-j_'demonstrate below -' L




- Table 1: The two uses of the term “distribution” for age—ana pfobab'ii'gfcy', o

s '_Singl"g Observatlon -

Probabmty Dlstrlbution

| standlevel |

: Stand Age :

Probab:hty Dlstrlbutlon of Stand Agec_

Landscape Level |

- ForestAge Dlstrlbut:on , | ‘,

Probablllty Dlstnbutlon of Forest Age;_ ‘
: Dlstrlbutlon o




= -Emenﬁamaeiﬁforf 'Sténd-Lévet- Agﬂe-,.ﬁébabilifs-"l).iétfibﬁﬁoﬁ"

o _In th1s and the followmg sect10n we present the stand level and landscape level exponentta] ?

o '_-rnodels We then ernphasxse thetr dtfference and progresswely relax some of thetr assumpttons m L -

= --_'-a series of new models As we w1ll see,. although we srgmﬁcantly extend the class1cal exponenhal B e

. :-:"--,_models in FLAP-X the fundamental mS1ghts from the cla551cal eXponentlal models endure

E .-The bas1s of the exponennal age dlSlI‘lbU.thIl model is the smgle stand Our outlme of its der1vat10n'_f"f .

L "_;Vl‘ts based on Ross (1972) An exponentlally d1str1buted random vartable X w1th parameter p., has_'-\ -

- ‘:_' the probab1l1ty dens1ty functlon g1ven by

| -'-r'f('x)-eue‘t*;* w2050

L Then E[X] = 1/ and V[Jﬂ = ll,u. Exponenually d1stributed random vartables are memmyless tff S

RS we mterpret X as the trme between events then the probab111ty d1str1but1on of the' ttme to the next S

o event is 1ndependent of the ttme smc:e the last event It can also be shown that if the t1me smce the‘ PR .

B -"i__!_rlast event 1s x, then the probablllty that the next event w1]l occur durmg the followmg 1nﬁn1tes1mal.

- ‘:l;_ﬁ - tune mcrement dx is constant In the forest ﬁre case thts 1mp11es that the probablhty of burmng rs '

s constant and 1ndependent of stand age

e As clariﬁed by Johnson and Van Wagner (1985) the trme between ﬁres T is-a d1fferent random ‘_‘::_

'fvar1able than the t1me smce the last ﬁre 8. Suppose we are concerned wtth the probab1hty > S

- dtstrtbutlon of the age of a cell that has an expected time between ﬁres of E[Tj 100 years (1 e .u

= 0. 01) It we observe the age of the cell at a random t1rne we are. samphng from the dlSlIlbuthH . ,.

L 7_:'r'rof S, the time since the last ﬁre “Due to the memoryless property of the exponentlal dlstr1button e

5 '.however the dlstnbutton of S is. also exponenhal w1th parameter [T

: | As Johnson and Van Wagner (1985) descrrbed further -the d1strtbut1on of the time. from the '

| -'randornly observed time to the next fire, R I8 also exponenttally dtstrtbuted w1th parameter 7 Thts;" |

7 leads to the so-called bus paradox” (Larson and Odoni 1981, p 58 61) If the time since the last

o ﬁre S and the ttme to the next ﬁre R are both exponentlally drstr1bnted w1th parameter M then'f'-. S
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s why 1s the txme between ﬁres T not dlstnbuted as. the sum of S and R‘7 The resolutlon of the

e paradox hes in the way ‘the observatton 1s taken It 1s more hkely that the random observatlon o

samples a longer mteramval tlme

| a For our present purpose 1t is- sufﬁc1ent to accept the followmg aspects of the exponentlal mode]
.. If the probabrhty of burmng Is constant and mdependent of stand age then :

. the ﬁre 1nterarr1va1 tlmes are exponenttaily dlstrlbuted and

. the age of the stand 1s exponenttally d1str1buted

. Note that at the stand level the exponentlal model refers to the probablhty dlstrlbutlon of the age of o

o the stand sampled at some random tlme B

-Next we outlme the geometrlc dlstrlbutlon whtch is the dlscrete analogue of the contmuous '

| ﬁ:_exponentlal dlstrlbutlon We use 1t for convemence partlcu]arly because we often modelf s

”T_dlsturbance events as occurring at some unspec1ﬁed ttme w1th1n dlscrete years A geornetncally o

o ‘. .._L,dlstrlbuted random varxable X, w1th parameter 7, has the probabtllty mass ﬁlﬂCUOﬂ glven by (e g, SE
:.:.Ross 1972) | | o o | | - |

}.’r'{X '="-x}: '-.=' '(1. --p)x?l-p. H x = 1; 2, 3', L‘-.’

" Then E[X] 1/p and V[X} = (1 = p)/p A phys1ca] mterpretatton is"as foilows Suppose that' 5

| . _durmg each” year there rs a probablhty p, that a ﬁre er] renew a stand Assmne that the-' N

o "'Eprobablhty of renewal is. mdependent of prev:ous ﬁres ie.; constant over ttme We deﬁne X as the' - -

i "-_:number of years from one ﬁre to the next e g  ifa stand is renewed in. 1995 and agam in 1996 B

thenX = 1. Then the equatrcn follows. because the probabxhty of hav1ng no flres for x-1 years lSJV

- p)x L and the probabrllty of. havmg a ﬁre in the iast year is p

o (There is another deﬁmtron of the geometrlc drstrlbutlon whlch can Iead to confusmn Yis defrned
s the number of years bq"ore the next fire, e g If a stand is renewed in 1995 and agam in 1996 -:

'_thenY Ote Y X 1 Then -

Pr{Y y}—(l p)”p, y=012, .



f:the way the random vanables are deﬁned )

L FUSS '-5:- -'f

L and E[Y] = (1 - p)/p and V[Y] = (1 - p)/p Both vers1ons are correct the only dlfference bemg

o ‘_The geornetnc dlstrtbutton 1s a good approxnnatlon to the exponentla] dtstnbutlon for small p‘ SR

L Analogous to the exponenttal model we are 1nterested m the followmg aspects of the geornetrlcf . _-tf

"‘modet

' j‘ e If the probablhty of burnmg each year is constant and mdependent of stand age then ; S

- ‘. . the t" re 1nterarr1va1 tnnes are geomemcally dlstrlbuted and

. the age of the stand = sampled at sorne random pomt m nrne = 1s geometnca]ly;- :f.:

dtstrlbuted

N I_ V'_'?Flgure { shows an exponent1a1 probabthty denSIty functlon ancl geometrlc Pmbab111ty mass funcnon‘ ‘

“{__t_j" each W1th parameter 0 01 S e . PRREE
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| 3 3 Exponenttal Model for Landscape-Level Age Dlsu’“’““"“' Cell-Based
| "fl_f,Models SRR

o .Here we descrlbe the extens1on of the exponentlal model from the smgle stand 10 the landscapeﬂ'-:‘*:_

~ level. The strategy used or 1mp11ed by Harrmgton and Donnelly (1978), Van. Wagner (1978) Reed’f o

' :;(1980) and WllSOI’l (1983) was to assume that ‘the landscape cons1sted of a collectron of equal

o ;mdependent smgle stands or oells of unspecxﬁed size, w1th ages dtscretlzed into one year classes '

: _=_,.Stands were. assumed to elther burn entn'ely, or not at all in a parttcular year 1ndependently of each -

- other w1th the same probablllty of burnmg for all ages |

e As Harrmgton and Donnelly (1978) and Reed (1980) argued in the long term when the mﬂuence et

of the 1n1t1al condltlons has vamshed the probabxhty dlstrlbutxon of the age of a smgle starld is o

S j'geometnc In the long term the expected number of stands m the entn'e landscape in each agej-"f‘. ) |

could therefore be calculated the expected age dlSlIlbuthI’l would have the shape of the geometnc-; o

L -;_dlstrlbutlon Thts expectatlon would be based on 1ndependent observanons over nme

' ':.3-. The actual age d1str1but10n at any tlme however would dewate from tlns i the long term the' i

L probablllty dlsn‘tbutlon of the forest age d1str1button 1s approxtmately multmomlal (Reed 1980)

'_ -:the 1nd1v1dual stands had a ﬁmte max1mum age the long-term probabrhty dlSt['lbl.lthl'l of the : age of— .

‘2 smgle stand WOUId be appr0x1mately geometrlc and the long-term probablhty dlsn'lbutton of the_i_ - - =

L forest age d]SlIlbuthIl would be exactly multlnomlally dtsmbuted (Reed 1980) Srnce each cell has o
b . an equal probablllty of burnlng each year the dtstrlbutlon of the number of cells burned annually i'_- o
':_‘would be. bmomlally dlstrlbuted (Reed 1980 WllSOﬂ 1983) ThlS is a. spec1al case of the el

L ﬂmultmomlal dlstrlbutlon where there are: two- klnds of cells: those burned and not burned this year F

The Slgnlﬁcance Of the multmomlal dlstrlbutlon for the probablhty d1str1but1on of the forest age '_ R

| dtstrlbunon can be understood 1ntu1t1vely as follows Con31der a landscape of n mdependent cells

S & each with an annual probabtllty of burning of 0. 01 The expected age of each cell is 100 years In

an exireme example if the: landscape had only n= 10 cells a sample age d1str:but10n would hkely_;.",

i 'have the 10 cells scattered w1dely over “the wide range of possrble ages Even if the landscape had-_ S

100 cells a sarnple age dlstrlbutlon would strl] have many gaps 1n the age dlSt[’]bUthIl o



Most ages would have zero to four eells As n mcreased the gaps would tend to" ﬁll m and the ‘

o 'ﬁ"--k‘_j'.-_shape of the age: dlstnbutlon would approach an exponentlal shape Such examples can be.-'-__
o f‘?'f__-luustrated w1th FLAP—X S '

- Recall that at. the stand level the exponential model refers to the probablhty dlstrlbutlon of the stand B

'_age when observed at some random tlme Thls mlght be thought of as a temporal” exponentlal :

o _-model In contrast at the landscape level the exponentlal model refers to the shape of the forest

- »_“i?"."age dlStI‘Ibuthll Thls mlght be thought of as a Spatlal 7 exponentla] mode] But because the forest_; S

o ﬁ:_"_'age dlStI'IbuthIl at one poult 1n tlme is- not a probablltty d;strlbutlon we say that the forest age o

",dtstrxbutxon has (or does not have) an exponentlai or geometrlc shape



S f_3 4 A Note on the Effect of the Number of Cells in Cell—Based Models

. --':f"__;“.'slmard (1976) Van Wagner (1986) Reed and Err1co (1986) and Johnson and Gutsell (1994) A

. _argued that as the landscape s1ze 1ncreases the Varxance of the proportton burned should decrease e R

! -':"_;Th1s would be due to havmg more ﬁres in the larger 1andscape resultmg in more averagmg of."‘r' P

"random vanatlons 1n ﬁre srze -a consequence of the law of large nurnbers For very large-_'r"_."‘ o

. fiandscapes S1mard (1976) argued that. the dtstnbuuon would approach a s1ng1e pomt dlscrete_;[ o

i {;dlstributlon at the expected proportlon burned

o < Here we examme these con]ectures in the context of a landscape composed of mdependent cells

_:.;Th1s analys1s is an’ extens1on of Boychuk (1993 ch 4) Table 2 g1ves the expectahon varxance

- :"_'.. ~and coefﬁment of vartatlon (C\D of the number of cells area and proportlon burned m a landscapei B

.'.:ﬁ‘composed of mdcpendent cells In part (a) the landscape s1ze is’ ﬁxed at F ha and the cell size L

U . :var1es In part (b) the: cell s1ze 1s fixed at C ha and the landscape sme Vanes I the number of_ R

ce]ls is n and the probabihty that each burns m one year is p, then the expected number of cells:?

L ;;l-‘;burned E[Nj is np, and the Varzance V[N], is np(l = p) (e £ Ross 1972 P 48) The CV s .::.;_ o

E f [np(l p)} ’*/(np) For the area ‘burned, A, we use the transformanonA N(Cell S]Zf:) For the?

L proport1on burned P we use the transformauon P A/(Landscape SIZC)

':'_' _:Of all the ways of charactensmg the amount burned we beheve that the’ expected proporuonz-‘f:-‘-"'fi =

f_-'_f:burned E[P] and the cv of proportlon burned CV[P] are the ‘most meanmgful CV 1s also : |
R "called relarlve vanance and thts is- effectwely demonstrated because the CV lS the same whether thefj.j--‘;._‘ e

: stat1sttc is the number of cells the area “or the proportion burned 1e., CV[N] CV[A} V[P] E o

) ".Also the CV is the same for a glven number of cells regardless of the s1ze of the cel] or landscape 5 )

The CV can be 1nterpreted as follows The exponentxal dtstrtbutton has a CV of one Fire'_

":".--‘dlsturbance dtstrlbutlons w1th CV greater than one have a high probab111ty of 11ttle ﬁre dtsturbance RES

o ,and IOW PfObablhty of very hlgh fire d1sturbance DlStl'IblltiOIlS Wlth a oV much less than one are FRR

o D more syrnrnetrlcal like a normal curve Flgure 2 shows a farmly of garnma dlstrlbutlons w1th the )

e _ expected proportlon burned and the all but the hlghest and lowest CV’s from Table 2. For-_

R -landscapes w1th few cells there is. a high probabllxty of havmg a low proportlon burned and vice . o
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: f‘.";'versa As the number of cells 1ncreases the probabﬂrty dlstrlbutton funct1on of the pI’OpOI'thI]".. e

o 'burned converges to the mean (We arbmar]ly chose the gamma dlsmbut]on for convemence asit

e can. represent contmuous dlstrlbutlons w1th the requ1red CVs We could have used the: bmonnal-' o

:d1str1but1on dlrectly 1n a sertes of analogous dtscrete graphs) F1gure 2 is a quant1ﬁed versron of

. f'slmard’s (1976) oonjectu.rc

i ::'The nnportance of the result in- Table 2 is that - 1n models usmg cells = the number of cells greatly -

a faffects the model s results The number of cells in the landscape determlnes the annual varlablhty - o .

. ."of the: proport1on bumed and as demonstrated w1th FLAP X below - thrs 1n turn affects the] S

' shape and stabrhty of the forest age dtstr1but1on over tlme “This could etther be an. umntended ST

o 3_problem or can be used to advantage to better represent ‘the ﬁre d1sturbance dlstr1but10n of the
."l:'--landscape bemg studted The number of cells used in landscape models should be chosen carefully N

,. ) -to avord unmtended effects We emphasrse that the results of th1s sectlon only pertain. to models::
--'-~where the landscape is composed of 1ndependent cells We relax th1s 1ndependence assurnptton m. |

followmg secnons
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7 part(a), the landscape is of size F hectares; and the cell size varies.. In part (b), each cell i 1s of T

. size € hectares and the landscape size Vanes In both cases 1t is- easiest t0 examme the =
B expected proportlon burned E[P]; and the coeff1e1ent ‘of variation; CV[ I CV[ ] vanes w1th‘_-r- L

e '.the number of cells in the landscape not the saze of the cell or landscape '
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o _,The occurrence of large ﬁres leads us to explore landscape level modeis in; whxch ﬁres do not burnf_ '_:“i |

= mdependently m 1nd1v1dual cells Due to ﬁre growth - the” burmng of adjacent cells 1s not.

o ;_L.':"rndependent In thts sectlon we show that under certam condrtlons ﬁre growth does not refute the:

x'(temporal) exponentlal age’ model for a smgle pomt We descrlbe a srmulatlon model called'_“ e

o ';_f‘:FIRECO outhne the computatronal result and gwe an analyttcal proof that the age of any pomt 1n; s

- a ﬂammable landscape is exponentrally drstnbuted (over tlme) under the grven assumpuons

:I.'; :_, :‘._FIRECO has a square landscape subject to random ﬁres A ser1es of c1rcu1ar ﬁres is generated by a:‘r TS

""""stattonary spatral Porsson process each randornly located in. the landscape usmg 2 urnforrnﬁ;-t‘

S probabrhty drstrtbutron and each w1th a srze randornly generated from’ an exponentral dlstrlbuuon S
The s1mu1atron model records the tlmes that an arbltrary pornt 1n the landscape burns Statlst1ca1' R

- .Zanalysrs of the computatronal results showed that the. t1me between frres 1s exponennally drstrrbuted Ll

" This result is. not mturtlve because the burrnng of the pomt is: accompltshed by a complex spatla]

e ‘..-‘-',r‘process unltke 1n the cell-based models that have mdependent cells

Inturtrve 1ns1ght mto the result can be obtalned from an analytlcal proof The system can be S

o :f:_modelled asa ﬁltered Po1sson process as follows Our assumptrons are _

’P L

L ;jthe landscape

g '_,Firés occur 'accordli'ng{toa‘_Po_iss_onflre:'alrival;process_' at a'constant rate of 4 3ﬁres pet yea_r'.;:;

. '1 The landscape is Very large re]atrve to the s1ze e of ﬁICS so that we' can 1gnore edge effects and:'

8 ;_‘_.'r.assume that the enttre burned area of every ﬁre that starts in; the landscape falls entrrely wrthlnwf: -

o .7‘:3_7__"The probabrllty drstnbutlon functron of ﬁre size is f,,(a) wtth a mean of ,u hectares The_

S dlSlIlbuthD and 1ts mean are 1ndependent of the- vegetatlon at and near the pornt where the fire - '

. ;,”-"occurs (Whtle d1screte years are: not a feature in thlS proof we note that ﬁres can burn over = -

'recently burned area even w1thln one year ’I‘hus the sum of the area burned by al] the flres'_' -_ S



that occur durmg a year may be greater than the total area. “burned” durmg the year or more:-_ L

- correctly, _reset {0. age zero durmg that year )

o _'_When a ﬂre occurs 1n the landscape we observe whether or not it. burns an arbltrary pomt in the )

| N "iandscape Let the event that the fire burns the. arbttrary pornt be B and the event that it does not-

- _'burn the arbltrary pornt be N The sarnple space for the observatlon IS therefore {B N} o

. '.Further }et

Pr{B} be the probablhty that the ﬁre burns the arbttrary pomt R
A be a random varlable representmg the burned area of the ﬁre and

s betheIandscapesrze S L

' '_:_To ﬁnd Pr{B} we ﬁrst condltlon upon the ﬁre size, A 1 e. Pr{B [ A} Because ﬁres are randornly o

e Removing'dre conditioning upon A, we have

Pr{B}—_ j'Pr{B|A a}fd(a)da L

‘_a— )

I f,,(a)da e

=1 Iafé(a)da

‘-'-'_'-‘-:_Pr{af%“ o

Because ﬁres arrlve m a Polsson process and the probablhty that each ﬁre burns the arbttrary pomt 3 B

L _located in- the landscape the probabrhty that the fire burns the arbltrary pomt is Pr{B [ A = a} = a;: 7 SRR

is- constant ‘the burmng of that pomt is a Pmsson process In partlcular the burnmg of that pomt s

L a ﬁltered P01sson process w1th random selectlon where the probabrhty that a fire burns the pomt s - | :



g 24 RS

L ,u/s The Po1sson ﬁre amval rate for the arbltrary pomt is: therefore /"L ;,t/s Fmally, the :"

ST Pl’Obabiilty dlStl’lbutiOl‘l of the ﬁre mterarrlval t1me 1s therefore exponenttal w1th a mean of s/(/l y) S

e ,7 ‘f‘The s1gmﬁcance of thls result 1s that ﬁre mteramval tlmes and hence the probab1hty dtstrlbutlon _- B

of the Vegetatton age of an arbitrary pomt in the landscape Is therefore exponentlal (over ttme) L

i | ‘even w1th a complex spatlal ﬁre growth process Thls exponentlal result has only been prev1ously"'

o f developed for pomts or cell—based models w1th no ﬁre growth We relaxed one assumptlon of the o

,i':_ 'f‘_‘class1cal landscape~level exponentlal model the assumptton of burnmg cells mdependently, _and o

T rsshowed that t.he (temporal) exponenttal model 1s sttll apphcable under the other glven assumptlons

l ').

: .'-&We emphas15e that thts result 1s for a smgle pomt 1n the landscape Th1s model does not address the : o

o ;forest age dtstrlbutlon 1t exam:nes a po1nt tn space over time rather than the landscape at a pomt 1n__ SR

o ;:_.t1me The result here should not be used to 1nfer that the forest age d1str1but1on has an exponennal ": :

L lmplemented 1n FLAP— 'l'f'and show that the forest age dlstnbution 1ndeed does not in general L

2 -*_;have the exponent1a1 shape ata pomt in tlme -

.};‘shape We extend the scope of our analys1s to the landscape level 1n our theoretrcal models o

>




3 ._ .3 6 ‘A Note on the Dlstmctlon between Stand-LeveI and Landscape—Level
o Algebra |

‘ 'In th1s sectlon we compare and contrast the algebra that descrlbes stand level and landscape—level

B Probabrhtles of dlsturbance a stand ]evel model if the Probabrhty that the stand is; burned in R

b _any one year is p, mdependently of whether it burns in any other year then the probablhty that the a

L stand is burned at least once inanL year perlod is

f(L) —'1- —'(1 P)

derwed as follows The quant1ty - p is the probablhty that the stand does not. burn in the ﬁrst_' o

o year and (1 p)(l - p) is the probablhty that it does not burn 1n elther the ﬁrst or second years o

| and s0 forth for L years. Note that j(2) = 2p p Thxs is the sum of the probablhtres that the o o

e g' '_stand burns in the first or second years mmus the probablhty that 1t burns in both years to av01d-, |

double countmg S1mrlarly, f(3) = 3p - 3p + p Thrs is the sum of the probablhtles that thef-r

: stand burns in the ﬂrst second or thlrd years mlnus the probablhtles that 1t burns in. (a) the ﬁrst ) L

. ‘_and second years (b) the second and th1rd years and (c) the ﬁrst and thlrd years plus the o

) :probablllty that it burns m al] three years (see e. g Ross 1972 p 6) Regardless of L the entlre. '

o . _' stand is erther burned or' spared in any glven year

- | 7__In the landscape level case, only part of the landscape burns m any glven year The algebra shown." R

: :":_' for thIS case 1s based on Reed and Errrco (1986) and Gassmann (1989) see Bchhuk (1993) for-; o

. further dlscussmn Suppose in a landscape the axpea'ed proportlon burned m a year is P. Then S

: the expected proport1on burned inL years is - .

o g(L)—l—(1—P)

e ::derlved as follows The quantlty 1 P is the expected proportlon not burned n the first year and |

P)(l - P) 18 the expected proport1on not burned in erther the ﬁrst or second years and so forth E _:_ .

- for: L years Note that g(2) = 2P P2 This is. the sum of the expected proportlon burned in the__

~ first and second _years,_ minus the expec_ted.,-proport1on -bu_rned, 1n both_ years. due. 0 overlap.



s —"‘Slmllarl)’, 8(3)-3:'.-2,? P“

. """f.ﬁ_second and thrrd years mmus the expected prdportlon burned due fo overlap, m both (a) the ﬁrst":'"! P

s and second years (b) the second and thlrd years and (c) the ﬁrst and th1rd years plus the expected. | :
"-",._---:_'"proporttonburned 1na1} three years e T R VRN

i 'E;'Whlle the two cases are superﬁcxaily 31m11ar m terms of the anebra they are dtstlnctiy dlfferent“'.":
:_models They are based m dlfferent spatlal setttngs and thelr parameters p and P have veryi'-_ : S
'dlfferent meanmgs ie. probab:lrty that a pomt burns m a year VS -the proportton of a landscape ) B

S ._‘Et_:--that burns m a year Care must be taken to avord the 1napproprrate applrcatlon of stand—levei results:?"' :

e '."at the landscape level and v1ce versa

3P2 + P3 ';Thls is the sum of the expected proportlons burned in the ﬁrst ' | :’."f



4 Theoretlcal Models of Dlsturbance and Age Drstnbutlon

- 4 1 IntrodllCtlml and Descrlptron of Dlsturbance Patterns

. ;:The motivatlon for our theoreucal models 1s the followmg characterlstrcs of ﬁre drsturbance E

patterns Fn‘st mdmdual ﬁre s1zes are hrghly varlable and the largest t"lres can be srgmﬁcant m,: R

L relat1on to the srze of ]andscape areas of concern, Second there isa very large year: to—year g

o varlablhty of the proportlon burned It can be observed that stands n the landscape do not burni-' :

U : '1ndependently of each other for the followmg reasons

B . the burnlng of adjacent stands 1s statlstlcally dependant due to 31gn1ﬁcant weather dr1ven;_"” o

growth of 1nd1v1dual ﬁres and

xS aggregate ﬁre dlsturbances Vary s1gnrﬁcantly frorn year to year w1th cons1derable?"-- :

correlanon of hlgh and low d1sturbances over large areas agam due to weather

L ,FFLAP X 1s based on the cell models by Van Wagner (1978 1983 1986) W1lson (1983) and'-"?ffr--}-".'- i

,.,'Antonovskr et a] (1992) We can spemfy Wlde ranges Gf varrous parameters narnely the

e number of cells m the landscape

e expected ﬁre size-*

. ',:_rvarlabrltty of ﬁre srze | A RERRS:

e :.o'.é;‘:‘expected annual proportlon of the landscape burned and o
- "*nije!.'varlab1l1ty of expected annual proportron of the landscape burned (or ﬁre 1gn1trons) over .; =

: .We have partlcularly trled to evaluate the effect of two kmds of dependenmes of burnmg among'- " ‘_ -.

e _-_cetls or drsturbance patterns burnmg ad;acent cells due to- ﬁre growth and the correlatron of h:ghﬁ E R

- and low drsturbances over large areas due to weather We organlsed the many possrble alternatlves' e

s * into’ four spatlal and tempora] drsturbance patterns wh1ch are llsted 1n Table 3 and 1llustrated m,'.' e

L I?lgure,3 _



. Adacent | ]

' Table3: The four spatial and temporal disturbance patterns used in FLAP-X. .

 same |

 Different |

| FiresAll |
| OnmeCell | ]

Disturbance

Pattem3: |

| Fires |

e P,attem 20 L




Temporal Varlablllty

Years Years |
Same leferent

] Flres All

Bu rnmg one Cell S

F i res o@ o
Grow e | e

" Figuré 3: Nustration of fires for the four spatial and tempordl disturbance patterns used in FLAP: ~~ * =




g "';'_.:_Dlsturbance Pattem 1 Years Same Flres One Cell Flres burn only one cell each and each-'. N
year has the same expected propornon burned =
o _ Drsturbance Pattern 2 Years Same - Frres Grow. F1res grow to adjacent cells and each year :

o has the sarne expected proportron burned S

'Dlsturbance Pattern 3 Years leferent - Flres One Cel] Fn'es burn only one cell each and _-: :

o - some- years have a hxgher expected propornon burned than other years In the years w1th-'

the h1gher expected proport1on burned all cells have a htgher probabxhty of burmng due to-\ ! : 7- -i_ :

‘a larger expected number of ﬁres in the landscape ol

' Dlsturbance Pattern 4 Years leferent Fu‘es Grow Fn‘es grow to ad]acent cells and some

years have a hlgher expected proportlon burned than other years

. ‘:We can Spemfy the expected annual propornon burned for all four dlsturbance patterns 1n advance

| o _'Thts way, yve can compare the effect of the dxsturbance pattern on an equal baszs

o Dlsturbance Pattern l represents the class1cal stand level (for one cell) or landscape—level (for rnore - L

- f'than one cell) exponennal models whtle D1sturbance Pattern 4is the most reahs’nc case that FLAP— o =

X can represent Dlsturbance Patterns 2 and 3 are 1nterrned1ate cases that are mtended only to. R

3 ,"1llustrate separately the effects of ﬁre growth and dtfferent years SRR R



EANT . .4.2'_.' DeScrlptzonofFLAPX '_f- g EER TE O S e

s All four dlsturbance patterns for our theoretrcal models are Implemented together in. FLAP»X T‘he:# “ “: e

: .spec1ﬁc disturbance pattern Invoked depends upon the 1nput parameters for that run The'_‘_;i,:_'

-pararneters and components of FLAP X are as follows

. f Cell and Landscape Slze The landscape 1s square and is composed of N square cells, where : o
| N = I I = 1 2, 3 999 The upper 11m1t of; I is 440 m the graphtcal versmn and 999 m-'_ B
U"I"?j?“'the non graphrcal verston of FLAP X g1vmg maxunum landscape 31zes of 193 600 and_ SRer

-7"__“3998 001 cells respectwely The size un1t of cells is not. Spec1f1ed as 1t ‘can, represent any';'_-*-:" T

i desrred size. - The cell size 1s mtentlonally not spec:ﬁed because the actual size does not affect S

. -';:_the results only the relatlve size: of the cells (or ﬁres) and the landscape Cells may bef.-“?.. i

N ""thought of as bemg about one to 10 ha or- more

i -Cell Dlsplay Slze and Colour. Cells can be dtsplayed m a range of 31zes from 1 X 1 ptxel to'.; Tl

o .the largest s1ze that allows the landscape d1splay fo ﬁt the screen The d1splayed cell srze does_.'f.'_":'f' e

' :‘not affect the results The cel] colour 1ndrcates the: cell age class

"In1t1al Condltlon. . For the mttlal condmon cell ages are randomly generated from thef,:il_. A
T f-geometrtc d1strlbut10n correspondmg to the overall expected proport1on burned (See below)

For example for an overall expected percentage burned value of I%, the mean stand age 1s e

e f":.100 years..

| ""__;_-_iSlmulatlon Run Lengths The s1mulat1on durat1on is. the total of ‘the trans1ent and maln'f g e

o srmulatlon run lengths To reduce the effect of the 1n1t1al cond1trons the s1mulat1on f1rst runs S

over several years 5,8 f 1 2 3 S rn the trans1ent phase Those results are dlscarded ey

P fexcept for 1llustrat1ve purposes ie., the expected age d1str1but10n graph is res 1n1t1ahzed at thel:- SRR

""-:‘begmnmg of the mam s1mulatron run The maln s1mulat10n runs over several years 2 t = l'

S _.‘-'.Number of Rephcatlons For sorne stattst1cal analyses the s1mulatlons must be rephcated

| '1',: "'_Each s1mulat1on over T years is one rephcancn ‘r r = 1 2 3. R




e 0verall Expected Annual Percentage Burned ThlS can ralflge ﬁ'om 0 1% o 29 99%

B 3_Typ1cal values are 1. 5% Wlthout flre suppressu)n and 0 02% w1th frre suppresswn

_"'Expected Annual Percentage Burned m the Three nghest Dlsturbance Years out of 10

T 'Due to weather years can vary 1n the expected percentage burned Thrs 1s represented 1n-' '

e FLAP X by havmg two types of years low and hlgh d1sturbance years Thrs approxrrnatesr

--__'the random sever1ty by a two-pomt dlscrete dlstrlbutlon l_ow dlsturbance years are arbltrarlly- e

DR deflnecl as the seven out of 10 years with the least dlsturbance ngh dlsturbance years are the.

| ":fthree out of 10 years w1th the greatest dlsturbance i all years have the same expected"” I_
e "___':jpercentage burned then thlS value 18 the same as the overall expected percentage burned"- -

: above

g .:”’FLAPH X r'epres'ents this’inte'rnally as follows ' The -oyera-ll er(pected 'annual proportion b'urned

- flln the. landscape s po The two types of dlsturbance years low and hlgh oc0ur w1th';- .

'”'.."probabrhty 0 7 and 0. 3 respectlvely The type of each year is 1ndependent of the types of N

| jprevmus years " The expected annual proportlon burned in’ low and drsturbance hrgh years xs o o

opr and pH, respectlvely

Po = 0 7PL T 0 3 PH o

B .-'_.The value of po is specrfled flrst from the range O 001 < po 0 2999 then pH is selected .'-' -

SRR :_:'from the range Do < Pu. < po / 0 3, At the lower bound (pH = po) all years are’ 1dent1cal rn

= :f..terms of the expected proportlon burned At the upper bound (pH = po / O 3) pL = 0 i, €.,

- there are no- f1res in-low dlsturbance years

: 3_‘ Fu'e Srze l)lstrlbutlon, and Expected Flre Slze F1re sizes’ are exther a constant or randOm._ L

: ,nurnber of cells If constant f1re s1ze F is in the range l < F < N eells If a randorn .

o .-.Var1able flre srze rs geometrlcally d1str1buted wrth mean E[F] in the range 1 E[F]

; -Due to. the properttes of the' geometrrc dlstr1but1on 1f E[F] 1 then all fn'es are 1 cell o

 size.



o s 'f:"':Fu'e Shape, Rate of Spread and Fire Dlrectmn. The flre growth modei 1s based on Xu and L “
2 :.'Lanthmp (1994) Flre shape is prlrna.rlly elhpttcal w1th a srnall random component for R

ok : var1ety To reduce edge effects f1res that burn off the end of the landscape contmue burnmg_'_‘j o KR

' at the opp0s1te edge For the’ f1re growth rnodel we use. arbttrary umts of length t1me and"-'"'

o ISpeed The iength unlt 1s cell length 'and the t:rne umt is unspec1f1ed so the Speed unit. 1s' S

‘ _cell iengths per untt tlIIlC The actuai speed and duratlon of each fire are not relevant in- thls,; T

o 'model

) .:‘;f,The Rate of Spread (ROS) has two components Base ROS and Maxzmum ROS
Base ROS = 5 (cell lengths/unlt tlme)
Maxzmum ROS = 3 (Base ROS) + Extra ROS

' 'L‘where Extra ROS 1s a geometrleally dlstrlbuted randorn vanable w:th a mean of 6 (ce]l L

Iengths/umt tlme)

var1abIe @MAX, w1th a mean bearmg of 100° and a standard dev1at10n of 30° The :R.OS mn -

R any dlrectlon @ 1s glven by

ROS(@) Base ROS / (I - ( 1 - Base ROS / Ma.xzmum ROS) cos(@ @MAX) )

B K -"'__j':_._,from Xu and Lanthrop (1994}

s “_If a flre spreads past the cell of 1gn1t10n surroundlng ceIls burn in order of earhest to latest’ ‘- R

,"burmng tlme The burnmg tlme of cel] (z,]) 1s .

' Bummg Ttme (IJ) Dtsmnce (1,;) / ROS(@) + Random Factor ‘:' o

Where Dtstance (IJ) is the stralght hne dlstance from the eenter of the 1gn1t10n ceil to the 7' SR

:centre of cell (zj) and Random Factor is a urnformly dlSt[‘lbthed random varlable on the S

R 1nterval (0 0. 25] tlme umts



' 'Fu'e ch:urrence The number of flres in, a year is a Porsson drstrlbuted randorn varlable

s _'_'_‘f'whose mean depends on the expected propornon burned that year the expected frre s1ze and

fr'the landscape srze It 1s derlved as- follows

Expected Propomon Bnmed
= Expected Burned Area (cells) / Landscape Area (cells)
| (Expected Nnmber of Ftres (f1res)) (Expected Ftre Stz:e (cel]s / ﬁre))
/ Landscape Stze (cells)

. Then, -

Expected Nnmber of Fi ires (frres) _ o
(Expected Propomon Barned) (Landscape Stze (cells))
/ Expected Ftre Stze (Cells / fire)
In -_symb_ol_}.ic' notation, |
pr_—uLE[P]/N ._', o
o ur —PLN/E[F]

"where pr is the expected number of flres in low dtsturbance years Si_r_nilar'equations are.used - R

L for the expected nurnber of flres in hrgh dtsturbancc years

L ,:Cell Ages Each cell is characterlzed by the tlme smce ‘the last flre That is, each cell has an'," "

age, a a= 1 2, 3. 32 760 Wthh 1is the number of years smce the last f1re (T_heup_per L

- '_i.-—‘llmlt IS due t0 computer storage llmltatrons) Cell ages are deflned as follows Cell'age' is - o

recorded n sprmg before any fires ‘occir that year Flres occur durmg the summer. 7 Just- .

- __after a f1re the cell age is zero All burned and. unburned cells age one year over the wmter |

. s0 that the mlnrmum recorded cel] age 1s one.

L Age Drstrrbutron' Durmg the sprmg of each srmulated year t at any repheatlon T, the"i-'

' r.landscape has an age dlstrlbut1on Vector

D(I r) [dl(f r) dz(t r) dg(t r) dA(I,]‘)]



s S

i a(t r) (Number of Cells of age a) / N v
The Value of dA(t r) is chfferent in that 1t isa collectlng age

d (r r) ‘ 1 Zd(r r)

’ ahl

| ""('."\"where da(t r) a 1 2 3 A = 1 i the proporhon of the landscape that is age a That 1s

The Value ofA 1s chosen s0 that Iess than O S % of the theoret:cal expected age dlstrlbutlon (see_l‘ [ o

o f,below) l1es in age A4 or above BTN B

_ . 7__‘Theoret1cal Age Dlstnbutlon The theorehcal age d1str1but1on used is: the geometr1c analogue'i-’.j'
e -"_Jj---;VOf the exponentla] dlstnbutlon H(po) [h1(P 0) hfz(po) hs(Po) hA(Po)] is the expecte g

L ""proportlon of the landscape m each age a, a = 1 2, 35 -A‘— 1 when the overall expected_'.' el

o 'propormon burned IS Po As for dA(r r), hA(po) is the collectmg age

PR Age Class Wldth The age dlstr1but1on can, be grouped 1nto age classes of w1dth one to 405_;2-.- e

years When the age class w1dth is greater than one B

the other age classes whtle satlsfymg the 0. 5 % crlterxon above and

e ':_tfjl. .. the value of A is mcreased to create a collectlng age class that is equal m WIdth tOZI"; AR

: . the pl’OpOl‘thI]S da(t r) are averaged w1thm each age class for both the current and.};_f - -

theoretlcal age d1str1butzons

: “".jr-:._:-'-class w1dth

-""’Slmﬂarlty Index A smnlanty 1ndex from Baker (1989b) was used to 1nd1cate the degree to_' '

o _' wh1ch any age d15tr1but1on has an exponenual shape

= SIM{p(r,fr)};% -1.'00'%_-(-"1' ..—"VO.fS.-if';]_:d;(;,r)' hal )

_Note that groupzng ages greatly affects the appa.rent Vartabﬂlty of the forest age chstrlbutron L RS

'7;'.--':'_The followmg averages and srmllarlty measures are computed 1dent1cally regardless of the age S



o where |x | denotes .the:abse'lute'vaiue of x: ‘S[M;ranges': frern',,()_'_»to',l_'(}lo.% .- The-maximum error
""'__j‘--du.:e‘to _the.—'eoljleet_ing age-elas__e isa 05% Overe:tat_e_rnent.ef_' SIM SRR o -
lAverage A’ge ,_Distributierlsﬁ The 'averag’e_:age'dist_ribntirj_n'_veeter ‘_is. ._caleul_ated two "vvaye: :
e ;'Over't'i_rne withrn one replication (i_lo_ng.i:tndinal)._' o
CAVAD@ Dl = <> D@1y
R T = o
. '_-Aerose_-'__replieations (crols_s:seet.ional)'_-: -

) AVR[D(T Al = —ZD(T r)
1 :

"'It 1s 1rnportant to note that the longttudmal average con51sts of dependent observattons whrle

' :fthe cross sectronal average does not The longltudmal average represents What is expenenced h

"~ over time in one landscape. Lo

: Average Sumlarlty Iridic’ejs:' VI-T.h_e-_ av_e_rage'_' sirn.il_'ar'ity'indek' is also ea_leul_atedtaro _vvays:_'
" e Over time within _qnerepl'icatir:)r_'l-,(Ir_)'ngi_tudina_l); .

AV SIM{D(z,1)}] ‘:;"}"'Z*SIM{D(I_;D-} L
'+ Across replications (cross sectional):

_AVR[SIM {D.(T,;T)}] = E Z 'SIM {'P(T,f)} o

‘_ As for the average age. dtstrlbutlons -the- longrtudlnal average c0n51sts of dependent'"-

S observatrons whﬂe the cross secttonal average does not The 10ng1tud1nal average represents o '

: 'what Is experlenced over time m one landscape '

3 Relatlonshlp between Smnlarlty of Average and Average Slmﬂarlty thure 4 clarlfles the-’-—-*'
_’,reiatlonshlp between the stmllarrty of average age dlstrtbutlon and the average 51mtlar1ty of :

= :,_age dlstrlbutlon



e

SR __;Age Dlstrlbutlon (AD)
S 7-__7.D(t r)

;Longltudlnai
Average AD

'_:7"I'Cross Sectlonai
" \Average'AD:

Flgure 4

S:mllarlty of A by
‘_SIM{D(t 2 <

A\f

-Szmlla_nty'gf. L
" -Longitudinal - *
. Average AD
' ,“SIM{AV,{D(; 1)]}

R A VR{D(T r)] %

: ':Longltudlnal Average
- Similarity of AD 5
: I":"'_AV,{SIM{D(:‘ r)}]

o Cross Sectfonal Average
\ Sirnilarity of AD
_-AVR[SIM{D(I r)}]

o :S'Simllarlty of
< Cross Sectlonal
- Average AD:’
.'SIM {A VR[D(T ?')]}

e Iliustratlon of the relatlonshlp between the 81mllar1ty of average age distnbutloni_f
L and the average szmllanty of age dlStl’lbutiOH (AD denotes age dlstrlbutlon ) R




ot _4.3-. A ;Naa_-;,s-_msg ith'e; nnttré'ﬁ__'nénuscape' PR

- -_;‘It is. 1rnportant to note that certaln 1nput parameter settmgs wrll lead 0 maecurate results In'~ B

-‘:partlcular if there is an attempt to bnrn more than the entlre 1andscape area in any one year |

S then the burned area results w1ll be understated b1as1ng the age dlstrlbutlon statlstlcs FLAP—- -

c .'X cannot burn more than the- entlre landscape area in any one year so any attempt to’ burn -

more 1s 1gnored Parameter settmgs where this can happen are those where
| the expected flre size'is large compared to the landscape 51ze _"_ IR
the expected annual proportron burned is large and/or B

the landscape s1ze is. small

_The error m the average age class dlStI'lbUtlon 1nduced by th1s ltmltatron is very small and can' o

o be seen by runnmg FLAP X for long S1mulatlons wrth settrngs that attempt to burn more than- _' -

G "the entrre landscape durmg some years

i -'-The small landscape s1ze factor is due to the way that frres are; generated in FLAP X The

classwal exponentlal model assumes that each cell has the same probablhty of burnmg each'-

) year The number of cells burned per year IS therefore blnomlally drstrlbuted For a moderate’__ _ L

to large number of cells and a small probabrhty of burnmg, the number of cells burned per '

" year is approx1mately Porsson d:strlbuted (e g , Glbra 1973 P. 172) FLAP X generates thevf'

o Pmsson dlstrlbuted total number of flres that w1ll occur each year and then randomly 1003“39 K

= '_ '. '-the f1res It does ‘not- determme 1ndependently for each cell: whether or not that cell burns e L

| .'Thls 1s both computat1onally more eff1c1ent and necessary to correctly model the cases m-f"

o 'whrch frres grow



T -"""There 1s a subtle but 1mportant assumptton 1n FLAP X wrth respect to the drfference between P

'7 low and htgh frre dtsturbance years In realtty, low drsturbance years have both fewer and -

s -.-'.7"_;'smaller frres than hrgh drsturbance years In FLAP X however the number of ftres is’ reduced"'-"r N g

o whtle the expected flre srze remams the same The need for thls srmplrfrcatton der1ves from’ e

' the need to have FLAP-X represent the four drfferent Drsturbance Patterns consrstently for the‘- o

R ';full range of values for aIl 1111311t parameters

’-"--LRecall that we specrfy the overall expected annual proportlon burned and the frxed or

e expected random frre s1ze FLAP X then calculates the expected number of frres that wrll'r R
E‘result in’ the spec1f1ed expected annual proportlon burned “For. any case where years are}:;}-“.,"

L f:*'drfferent and all ftres are one cell (Dlsturbance Pattern 3) we cannot reduce f1re s1ze except to_': o

| "'_":';zero Wthh 1s equlvalent to reducmg the number of f1res . For any case where years arerf",_"j_lf_' R

g _dtfferent and all ftres are frxed at say, two cells (Dtsturbanc';. Pattern 4) we could only reduce.' S

S 'i'l‘_-'flres to zero or- one cell Th1s st1]1 provrdes too ltttle ﬂex1b111ty m reducmg flre dtsturbance by' R -

L reducmg frre 31ze so we would strll need to adjust the number of f1res 1n most cases to BN

L generate prec1sely the requlred expected annual proportlon burned

".FLAP X could be changed so that where years are dlfferent and f1res grow (D1sturbance

-"'_ﬁ.'-:';,"Pattern 4) users would spec1fy the f1xed or expected flre srze and the expected proportron'..{ o

'-?1:"'__ :'-_7-".}burned in: the worst three of 10 years and the. mlldest seven of 10 years separately We._f

‘ belleve however that th1s would unnecessarrly compltcate our analyses by presentmg another

degree of freedom 1n the chorce ef tnput parameters for one Dlsturbance Pattern We prefer-. S

o leave th1s enhancement to more reallsttc landscape models 1n wh:ch we wrll not need to i

Y represent the cases where all ftres are one. cell (Dtsturbance Patterns 1 and 3)

It would also unnecessanly comphcate the use of FLAP X to repreSent the unpact of ﬁre suppressron descnbed

- A :_'.Im Boychuk and _Perera (1995)
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4.5, Outline of the Simulation Algorithm

o :f The s-irnu'lation'frnodel'eperatesf:as' -foi:low_s‘_:__‘* ;

' . Generate the 1n1t1al landscape | - —
R AL e mztzalzze the age of each cell) o

. For each snnulated year '

| : .. Generate the type of year o ,
'  (i.e, hzgh or. low dzsturbance)

e }‘_Generate the Potsson drstrlbuted random number of flres that year - .
. o : Generate a random flre dlrectlon for flres that year R =
‘ .5_';"::For each flre that year | B | | o
SR - Generate a random fire: locatton '_ 4:':- T _
- " .. Generate a random ftre Slze (unless ﬁre 51ze is constant)

e Generate the f1re shape pararneter : "'.f' e
CL (1 e the Extra ROS)

| . Grow the ftre to the requlred 51ze

' o 'At the end of each snnulated year age the landscape one year and update the
o .dlsplayed cell colours and age dtstrtbutron graphs ' -



gl

= :_{It IS mstructtve to run FLAP X w1th a large vartety of settings to see the spatxal pattern in. the; _ f_f' S

_-landscape and the age dtstr1but1on graphs changmg over tlme Here we present our prmcxpal- L

_results

‘ The length of the transxent phase for our computatlonal results was calculated as follows o

SR __'Recall that the collectlng age A 1s chosen so that 1t contams less than 0.5 %. of the theorettcal; o B

_‘ "landscape area By default the length of the- trans1ent phase 1s set to A years At the end of -

B -"_.',the tran31ent phase each ceIl in the enttre landscape w1ll have elther aged mto the collectmg:

age, or- been burned at ieast once. Thus ‘the state of the landscape at. the start of the - mam":

o -'s1rnulatton s mdependent of the mmal cond1t10n or state Th1s default trans1ent phase runﬂ -

. length was used for all of the computattonal results Note also that in all of the results in, thlS‘ :

":;_“'sectlon the age class wxdth is: one year

_**I‘Frgure 5 shows the effect of the expected proport1on burned on the forest age d1str1but10n ERER
'Two sample age d1str1buttons (D(T 1)) are shown In both cases the landscape slze is. 160 OOO"‘ o

e :Cells all years are. the sarne and all flres are ftxed at one cell (1 e Dlsturbance Pattern R

' _"YS Fl) In one case the expected percentage burned is' 2 5% and m the other case 1t is: 1. 5 % j"‘
i The age dlStrlbuthH graphs are not smooth due to randomness but they both closely match the .

o theoret1cal exponennal dlstrxbutxons w1th the1r correspondmg means
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. ‘_._-'.Figure 5 Sample age dtstr1but10ns showmg the effect of the expected annual percentage,gj."
s j_burned A h1gher value leads to more area m the younger ages and less area 1n the older ages
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s .Fagure 6 shows the effect of the number of cells in the landscape on the forest age d1str1butlon

| :-:"-5_;-Three sample age d1str1butlons (D(T 1)) are shown In all three cases Dlsturbance Pattern 1 is e

z-~used (YS Fl) w1th an expected proportlon burned of 15% The results are. g1ven for;ff"' IR

_landscape s1zes of 400 10 000 and 160 000 cells along wlth the correspondmg smooth o |

EEEn ﬂ__ftheorettcal age d1str1but1on (H(po)) curve For relatwely smal] landscapes the age d1str1but1on'; SRR

| '[f var ies Wldely ar ound the exponentlal shape due to the small sample S1ze
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e '_:'-.‘Frgure 7 shows the effect of the four d1sturbance patterns on the forest age dlstribunon{f
B _:;(D(T 1)) In all four cases the landscape s1ze 1s 40 000 cells and the overall expected

e ;'-'.proportlon burned 1s 1 5% For the cases in wh1ch f1res grow (FG) the expected flre srze 1s ' N

200 cells; or 0:5% of the landscape area. - For the cases in which years are different (YD), the -

o ';"'expected proportlon burned in the 3 of 10 worst years 1s 4% Even for th1s relatrvely large : R

landscape where years are d1fferent (YD) the age d1str1but1on 1s h;ghly variable F1gure 7 1s ‘. o

- fa key- 1llustratron of the effects of relaxmg the class1cal exponentlal model s assumptrons of S i
i :}'77;"1ndependent cell burnmg, and constant annual probab111ty of burmng For all but the classwal _“_ . _
i .‘;model (YS FG) flre growth annual var1ab111ty, or: both cause the annual proportron burned to;', e

e .vary w1dely The forest age drstr1butlon shows the h1story of prevrous varianons Sa S [,

o Due to the probabxhty of re—burmng, older ages are. generally less prevalent than younger ages

-.-“‘-:.',.VThIS 1 ent1rely con51stent w1th the fundarnental msrght gamed from Van Wagner s (1978)-.f . _.

l‘.f-:orlglnal exponentlal model Indeed 1t 1s srgn1f1cant that the age dtstrlbutlon avemged 0W3" e
) ‘Vtzme (AV;{D(t 1)]) is. prec1sely exponentlal for all for dlsturbance patterns Thrs 1mpl1es that..‘. L s
o the rephcatron—average age drstr1but1on (AVR[D(T r)]) 1s also e_"“':onennal For the tlme-"‘f
e I_"‘:Iaverage age d1str1butlon consecutwe observat1ons are dependent whereas for the repllcatron—'ﬁ'.;‘_f-' L
2 ;',:'_"’_:,average age d1str1but1on they are mdependent In both cases however the observatlons comei. ‘_i

o ' ‘frorn the same d1str1butlon For the replrcatlon-average age d1str1butlon the observat1ons canfi'fE e

o '*."Z_f.be thought of as bemg taken far enough apart 1n tlme to be 1ndependent ‘
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L. -(Truncated here) .
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Flgure 7 Four sample age d1str1buttons showmg the effect of the dlsturbance pattern Each
plot shows the percentage of: landscape area vs. age e SR
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Ce -i-{One of the prrnc:IPal questlons in: our analysrs is whether the forest age dlstnbutron approaches :_f-“:.;
- the exponenual shape for suff1C1ently large landscapes For thrs we used SIM the smularrty o

SN ff"_’mdex defmed above to measure the degree to wh1ch any grven age d1str1bution rnatches the' ol

B ‘f correspondmg theoretrcal age d}strrbutron SIM ranges from 0% to. 100% The sample age" i
L drstrrbuuons in Flgure 7 have the followrng SIM (spec1flca11y, SIM {D(T 1)}) values

YS-Fl SIM—96% o ;_ YD Fl SIM = 50% .
| -.ys,-_no,, SIM f.6_4% _-,.YD—.__FG, SIM ____48-_%--...

R -,:Flgure 8 shows the rephcatron-average srmilarlty mdex (AVR[SIM{D(T r)}]) VS landscape size :; i

. for the four d1sturbance patterns R_ 6 for landscapes up. to and 1ncludrng 62 500 cells and':. .-

- R 5 for larger landscapes For Drsturbance Patterns 1 and, 2 (YS Fl YS FG) SIM
o "'.,.r-_approaches 100% for suff1c1ently large landscapes For Dlsturbance Pattern 2 (YS FG) .

'-'fi',:‘_khowever the’ landscape needs to be roughly 15 t1mes larger than for Drsturbance Pattern 1 N

e :~_?_:7(YS Fl) to get the same SIM because 1ts average f1re 51ze 1s 15 cells For the cases m wh1chj 7- -

- :.'__-yaars are drfferent (YD) SIM never approaches 100% because the d1sturbances are correlated.-. T

.‘:throughout the landscape The age d1strrbut1on always Var1es around the theoretlcal el

Ry exponenual shape For these cases SIM is asymptouc to a level of about 50% Thus under‘_if‘i-"j N
'f'{'the assumptrons of the class1cal exponentlal model (Dlsturbance Pattern 1) the forest age_,-t.-'}:.:

. -drstrrbuuon approaches the exponentral shape for suff1crently large landscapes For the most;_;" i

7 reahstrc case represented in FLAP X (D1sturbance Pattern 4) the forest age drstrrbutlon does

T '_"j,_'not approach the exponentlal Shape eveny for afb‘trar ﬂy ]arge landscapes

_'Note that the spec1f1c results depend on the expected proport1on burned the eXpected f1re size, Lo

o ~h how much years d1ffer and the age class wrdth The relatlve posrttons of the curves in F1gure_'_'_' : - "

T '8 can change srgn1f1cantly for dlfferent parameter setttngs

Frgure 9 shows a subset of the results from thure 8 thh 98% confrdence rntervals For-; . e

';clarrty only the results for landscapes up 10 40.000 cells s shcwn The confldence 1ntervals-'_' LA

: -are base d on the t-statlsth w1th five degrees of freedom
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Flgure 9 Rephcatlon—average smularlty 1ndex VS, landscape 51ze for the four dtsturbance_

patterns showmg 98% conﬁdence 1ntervals based on the t—statlstlc w1th 5 degrees of freedom




s

| 6. Case Study Example -

. We 'present a brief 'enample'ot- the 'application of -FLAP X 1o the analysis' of a’speciﬁc ':landscape

o -:umt We emphasrse that FLAP X is theoret1cal and that its results shonld be used for 1ns1ght only SR

Constder the extenswe protectron zone of . Red Lake Drstrrct in Ontarro whose size and recent fire

N '.‘hlstory are glven in Table 4 In the extenswe protectlon Zone, ﬁres are generally only suppressed if

: ‘..they threaten comrnunrtles or Specrﬁc 1solated values From Table 4, we use the followmg data to,

o "-.prepare 1nput t0 FLAP~X

| - "',fExtenswe protectlon zone area: o ICRTEE 3 _2'_‘66"_11,8'6 ha ».
-'f.‘l'_“_Overall average annual percentage burned . ) - 168% L
: ' - -,'Average annual percentage burned in worst 5 of 18 years h o 467% E
-';"‘_- ::'-Averageﬁresme AT .l o S 1992.ha' '

: We can assume any cell size in FLAP-X We arbltrarlly choose a cell sme that erl glve s a-.'.‘: :

. landscape of 200 x 200 = 40 000 cells. ‘The cell size is 326 186 ha / 40 000 cells = 81.65ha.

l”"'The average ﬁre size 18 1992 ha/ 81 65 ha = 24. 4 cells Note that the worst ﬁve of 18 years is not" h -

Ce -. -'the requlred worst three of 10 years (0 278 vs. 0. 300), but it 1s sufﬁcrent for thlS purpose

N :?._':_We used these parameters and a 20-year age class w1dth in- FLAP X to- generate sample age

- | -d1stnbutrons 111ustrated in Flgure 10. Seven 1ndependent sample age. class dlstrlbutrons are shown 5

el ":_l_‘ﬁllalong w1th the' theoretlcal age class dlStI‘lbuthIl Note that the age class drstrtbutlon extends further s |

o ‘:-:but the hlgher age classes are absent from the graph

':If we ‘used the assurnpnons in the classrcal exponentral model ‘with all years bemg the same and ﬁre'_ S

sizes of one cell (i.e. Drsturbance Pattern I YS Fl) then the sample age dlSlIlbuthHS would be e

Y extremely close to the theoretlcal age class dlstrlbutlon as can be seen in Flgures 7 and 8.

| FLAP—X could be used o explore the vartablhty of forest age drstrlbutlon for dlfferent swed o

' landscapes with the samie fire: regrme by changtng only the nurnber of cells in the landscape For' o

exarnple a landscape wrth 70 X 70 = 4 900 cells whrch are each 81. 65. ha has an area of 400 085:' .

L ha _This is close to the size of the BWCA studted by e. g Baker (1989b)



| --;.QTable 4 Area and percentage burned m the extenswe protectlon zone in Red Lake Dlstnct of _
-+ Ontario,. 1976 to: 1993. . ‘The: years are sorted from hlghest to- lowest area: burned Data were

-?-f-_'f~prov1ded by the Av1at10n Fiood and Fxre Management Branch Ontarro Mmlstry of Naturai RTRE: :
"'”'.'[Resources R T e _ ol

Area

Percentage |

Percentage Burned‘ e

L Year | ._.Burned (ha) |

Burned' (%)-:

by Group (%) 5 j“,: S

ez

[iess [

218 221 8

243 037 3

142 220 1 -_

T 44: f e
:;4 35|
2,79

| 1es6 | -

.'2 10,'

L1978
o199 e
1983 L
. P v 993.:'
S P o - & I FERE IS T
1980 b
e o
’f;fﬁ1979i 'iﬁT]ZEﬁ,J,
Soptees s 90
S A982 v e

' 56 317 8

19535.0.] .
f i'.11 458.0. -
:_ 0TI
' 58548

'i.,'0-_94f"' S

0 35, i

) 0 18"'75 O O
oo 013 R R

-0.007|

7000

(T hlrteen ‘
Iowest dlsturbance

000

yearS) ": 0 52", S

T Total | .

| Average|

T R R

168

"The extensive protection zone areais 3266 186 ha.
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hlghest dlsturbance Ao
years) ; “'4 57 S R
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Flgure 10 Illustratlon of the varlablhty of the age cIass dlstrlbutzon for- the case stu dy exampie =

5 Seven mdependent sample age class distributions are: shown along with the theoreucai age class:

o ,._‘dlstrlbutlon Note that the age class dlStl‘lbuUOIl oontmues 1nt0 older ciasses whlch are: not shown S




Our purpose was to gam 1ns1ght 1nto the dynarmcs of a system subject to random dtsturbances

o We belleve that thrs research glves useful 1nsrghts concernmg our understandmg the dynamlcs-‘-‘

of landscapes that are subject to fn'e dlsturbances Our results suggest that under plaus1ble L

natural boreal dtsturbance regtmes we should not expect to fmd forest age d1str1but10n stab111ty--:f' S

e ',V-even at very large scales due o spat1a1 and ternporal dependence of drsturbanees We note

S ;'-_'however that the exponenttal model represented the tzme average age drstnbutton (and thereforef‘{ o

: -'the repl1cat1on average age d1str1but10n also) for all d1sturbance patterns

We emphamse that thls model and 1ts results and conclusxons are theoret1cal We have'}' S

e :analysed the consequences of the assumpttons in our model For example the exponentlal o

L :'__.;__shape of the time—average age d1str1but10n depends on age mdependent flre growth and the'_:_; T

b _'fn'e occurrence process we used We can make no’ clalms about the dynamtcs of actual forest' R

age d1str1but10ns frorn tlns work alone ~We are however developlng reﬁned models whtch e

e plan to test: wrth empmcal data A sxgmflcant amount of work has been done prev1ously on '_

: :;-the analysrs of emprrtcal age d1str1but1on data much of whtch used Van Wagner s exponenﬂal'f_':_-"".
s ‘";model in: some way (or Johnson and Van Wagner s (1985) Wetbull model) The msaghts_.j :
galned from our theoret1cal work m1ght a1d 1n the further analys1s of empu:lcal data dn

5 _l_'_‘part1cular we demonstrated that 1t s 1rnportant to represent the spatlal and temporal'-"t.--‘j'-*"'-“'-"’ "

‘_."_f",correlattons of dtsturbances in landscape s1mulatlon models -

- _Based on pfevidtxs theor'et-ica'l'and efnpiric'al studies '-and our theoretical wo'rk presented here, " - .

we bel1eve that it is: necessary to allow for varlablllty perhaps 51gn1f1cant varlabrhty when el

R attempttng to tdentrfy the natural state of the forest landscape In the presence ‘of vartable- '

','_d1sturbances and spatlal and temporal dependence applymg the exponent1al age d1str1but1on:'” |

i 'model to landscape management could lead to problems For example 1f the landscape was:.. 3

- managed to mamtam an exponentral age dlstr1but1on at relatwely srnall spat1al scales there ﬂ_"' S

S would be an absence of large dtsturbances Conversely, 1f the var1ab111ty of dtsturbance sizes

was recogmsed but the effect of spattal scale was not cons1dered another type of problem,'f o



- "'c'ould' re'sbl’t “For ertample decision makers at every"lo'cal landscape unit could, in-prlnciple S

o '_ L attempt to Justtfy 2 large clearcut on the basrs that such large dlsturbances are. natural in the1r i

. .-landscape At the- spat1al scale of the. larger landscape however the sum or Cumulatlve effect 7_ '

. ofthe _1_nd1y1d_ual_.clearcuts- of.tha_t s1ze might be very__‘unnatural_...”

We note that our representatron of frre dtsturbance variabﬂlty was delrberately conservatwe

5 e understated Each of our srmulated years . had e1ther a “low™ . or “hlgh” expected R

ey 'proportron burned whereas an. mformal revrew of hlstorlcal fire d1sturbance shows greater".
o [ Varlabrhty (e g Van Wagner 1988) Many studles have shown abrupt chmate drlven changes e s
. _"-ln f1re reglmes in- the past e. g Green (1982) Cwynar (1987) Clark (1988 1989 1990) o

B _Bergeron (1991) Johnson and Larsen (1991) and Campbell and McAndrews (1993) But- o

o '_?even relatlvely short term weather drtven Varrab1l1ty of flre dlsturbance appears greater than:‘--. o

-. that used in our. analyses e g Romme and Desparn (1989) and Harrmgton and Flanmganf__:_'

S (1993).  Greater var1ab1hty in frre dlsturbance reglme leads to greater var1ab1l1ty in the forest-"_ .

- age d1strtbut1on (e: g Baker 1989b)

- We have exammed the effect of spat1al scale and the relat1ve size of the landscape d1sturbances S

R "-on the forest age dlSt[‘lbUthﬂ FLAP X can also be used to examme the effect of model
= ':_: resolut1on or gram size” on the forest age d1str1but10n ‘While rt is an rmportant quest1on we'

B "-have not addressed it here as 1t 1s a modelmg and data 1ssue rather than a landscape_:

' management 1ssue Our approach would be to s1mply set the gram s1ze small enough S0 that 1t e

i would not 31gn1frcantly affect the results The issue of resolut1on was addressed ‘oy, e. g

.7 Turneretal. (1989) and Wlens (1939)

‘I_i“_'_The problem of relatmg f1re d1sturbance to age d1str1but1on 18 espec1ally comphcated by_'_r .

1‘ apparent age dependency of f1re 1gn1txon and f1re growth We dehberately assumed age -

S - mdependence s0. that the effects of spatral and ternporal dependence would not be needlesslyf,* '

N obscured We plan to modlfy FLAP X to test age—dependent 1gn1t10n and growth and we.

'-_-'anttcrpate that -we can demonstrate Johnson and- Van Wagner s (1985) and Johnson andﬁ'-

L _' Gutsell s (1994) results Spemfrcally, the expected age d1str1but10n would be an’ “S- shaped” _‘

. varratron of the exponentaal shape with more area m younger ages and less in: older- ages. CWe.



also beheve that the hlgh degree of vartablllty that we have demonstrated m the age»

1ndependent ease would stlll occur m the age~dependent case _‘ o RO
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