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: Harvest rates for*a ﬁorest suﬁfhct tp the r1sﬂ of

-destruction by ffte have prev1outly been e3t1mated through

o
l‘.‘

the use of models wh1ch s1mu1taneously pﬁan for several

‘decﬂdes og morev But the plans ane not used ‘for the length.

-,—

’

of*ttm& on which: opt1ma11ty was based Plans are updated: at

frelatzvely ehdri per1odxc 1nterva}sh maklng the use of such

)'

model;&questionable. A’ computer modeluusin?,thxs type of Lo

R

trad1t1ona1 even*flow plannxng was developed jz 111ustr te

its lxmited use in asse551ng the: effect of £1 ~oﬁéhar

‘levels; v R JEI'%‘ o

RN ey N ‘ ) b . .'?.
TY A d;fferent model was developed to represent the

saquent1a1 dec:slon making pfocess of timber management,

‘ sary to IEIIRQUISh {ery 13 ge amounts j
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« . 1. INTRODUCTION
All managera are faced vith the problem of decision

makzng for a future which cannot be completely controlled or

“"predicted. Forest managers generally do not prlicitly

racognize the risk and uncertainty preaent. The lcng
.uplanwing herg;on required in tcreatry compounds th&‘ptéblﬂl.
Timber manaqec; have traditionally assumed that ccmplete |
xnfarmation.about the future is known, thus allowing the use
of determinfétic approaches in planning. | |

' one of the major sources of uncertainty,aﬁ%ut‘the,
future state of our forests is fire. Forest fire continues
“tq playla major and unpredictable role in the structure of
future forests,,eéen‘with the advent of sophisticated |
methods of fire protectien. Management agencies recognize
the potential impact of fire, and provision for fire losses
is frequently made in planning.

Determination of tne effectfog fire o harvest levels -
is im;ortant in both timbet’and fire management.‘Knéwledge
niof expeéted timber aupply vill directly affect the current
and future forest industry. The long-term effect of fire on
| .harvest rates could also serve as a criterion for 1nveatment

~in forest management such as fire protection. An indirect
“eétimate of the economic value>af fire management‘programs
"could be made by determ1n1ng the the changes in timber

~'i'_:supply result1ng £rom various fzre management levels.



{ﬂoptlmal harvest le%els under the rls& of f1re.'

. ___---_.._;.__.’____- " s °

RN Br1t1sh Columbia, Alberta, Saskatchewan, Man1toba, aad
o Nova Scot1a (refer to Chapter 3) ’

%
e ‘ . . .

. PR B
o i S . - ' ’

Based on the tenet that an evendflow of annual harvests

'”p1s de51rable,yannual allowable cut (AAC) is generally T
'Areduced to account for antaelpated future f1re losses. Thls,

f1n concept, creates a reserve of tlmber avallable for future ('

P

L
,harvest to make up for flre IOSses. Methods for asse551ng o

Ll

L
the 1mpact of fire on AAC have rece1ved very ‘little

‘attentlon desplte the fact—that reductlons for flre are

_ voften s1gn1£1cant. Reduct;ons ‘across Canada range from 0% to ‘efﬁf
“a.over 15% of allowable cut (see Chapter 3}, Methods in - o
”current use -are varled'-each of the f1ve prov1nces that

- reduce AAC for future. f1re losses uses a d1fferent |

procedure. A typlcal method 1s to determlne an expected

volume loss based on the average area burned yearly

'_Recently however, con51derable effort has been placed on

}

"'more advanced determ1nlst1c techn1ques such as 51mulat1on
\"and 11near programm1ng (Van Wagner 1983 Reed and Errlco

Reductlons advocated by current research are_,&“,‘ ) o
con51derably h1gher than those. prev1ously used (Van Wagner
S\

1983“'Reed and Errlco 1986) Add1t1onal ver1f1catlon of

yl.those results xs necessary before managers can be expected o

'to adopt them. An 1mportant and seemlngly oveflooked polnt

b

-1s that the. determlnatlon of the effect of f1re on long term a

*‘f;tlmber supply is'a d1fferent problem than detetmlnlng

°



/

/
Most harvest schedullng models determxne "AAC based on

o
/ g;;:nta1n1ng an even-flow of annual t1mber harvests. The

‘models assume that dec1s1on mak1ng for-the entire plann1ng

S
*» horizon' is done only once (at the beglnnlng of the time

S ' . This is not the way plann1ng actually occurs. Plans

: vpefiod)~
| _ /
[ are updated at perlod1c 1ntervals @ " For example, in Alberta j/
i | /
\ replannlng w1ll generally occur every 10 years. o //
\ Ve

A
: ' Harvest levels wlll fluctuate over a plannlng horlzon
/

J‘ ) . o
because replannlng accounts for changes in management‘w

| = .
5 ‘ pollc1es, growth predlctlon and grow1ng stock Changes in

grow1ng stock are caused by both predlctable and .

- unpredlctable factors. An excess or def1c1ency ot/growlng
o - stock would cause harvest levels to either grad ally decl1ne

< 'or 1ncxease, respect1vely. I1f the- p0551b111ty of unforseen
then 1t is reagonable to expect

.

and 1rregular losses exlsts,

that fluctuatlons in harvest volumes over tlme would be
/

greater and also irregular, The fallure/of tradlt1onal
"'even flow models to reallstlcallyvrepresent the planning
proces§ means. that the fiuctuations in harvest level are

1gnored The abllltyxof such models to accurately determlne

opt1ma1 hérvest levels under such c1rcumstances is

'questlonable.

7

' Planning horxzons 1n\western Canada typ1cally nange from :

60 to 120 years. -
. -
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1. 1 Study ObJect1Ves
T The ermarz ob]ect1ve of this study was £ develop a
methodology ‘to determ1ne optimal harvest levels for a forest
_sub]ect to the risk of destruct1on by f1re The econdarz
b]ectlves were'b i‘ o L o
o 1. To determlne a8 method of u51ng h1stor1cal f1re data in
o tlmber management plann1ng.; ’ |

‘\, Vi

2. To evaluate problims 1nherent w1th harvest “scheduling

1+

models which, fa11 to exp11c1tly3recdqnxze the replann1ng -

component of tlmber management’

.3. _To assess the, beneflt and cost of;

ant1c1pat1on of future f1re lo

4. To assess the effept of d1fferent fxre frequenc1es on

the tlmber resource. ‘ |

‘ k The study can’ "‘be divided into 3 components. First, an .
approprlate method for gener::Tn;\hypothetlcal sequences of
annual’ fire rates' was. determln?d Modelhng *the
'1nteract1on between forest harvestlng and forest fire was
achieved in the other two ¢omponents. w
s Two d1st1nct’and:separate,models were’developed. The
first‘model used-simulationitpudetermine an even-flow of

annual timber harvests over an entlre planning hof1zon from

3 foregt: subject to probablllstlc destruct1on by Ilre. The
f th1s ‘model vwere used to assess problems caused*by
assum'ng that plqnnlng is done only once for the entlre

plannlng horxzon. The model will be referred to as the
! Fire rate, as used in this thesls, refers to the
proportion of the total forest area burned annually

"’k
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.trad1txonal even-ilow model The other model developed was

an optxmlzatzon model whzch 1ncorporated the replann1ng |
~aspect of timber’ manaoement in 1ts formulat1on. Optﬁmxzatxon
‘is based on a technique, called dgnamxc programman (DP);and

v

the mddel is therefore termed the DP model Within the

'fmodel tlmber management is treated as a sequence Ofe WY
/ -

~dec151ons occurr1ng throughout the plannxng horizon.
However, harvest levels‘are not determlned for the entxre

plannlng ‘horizon; only the fxrst dec1s1on 1n the sequence 1s

calculated. The DP model achleves the” pr1maﬁy.ob3ect1ve. It

R

1s also used to accompl1sh the th1rd and fourth secondary

b . . ) R

objectlves.u> o C .’
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~make decisions "under uncertamty<u When we have compléte

2, LITERATURE REVIEW - ¢

Predlction‘of the outcéme:of forestfmanagepent“
activities is‘difficult because out knowledge of many
procehses is incomplete and the future is uncerta1n.
Typlcally we have some expectatlon of the consequences of o
our dec1s1ons. 1f probab111t1es can be ass1gned to the :
outcomes, then "dec1szon mak1ng under rzsk" 1s poSS1ble

R

97%)‘ 1f we are

(Nemhauser 1966, Moskowrtz and erghtg
completely 1gnorantﬂof th;;E\probablLi E%}“ we ' are forc d ,
’-—-—w‘ ¢ : ),,(\ , 5

1n£ormat1on, we are able to manage W1€h\certa1nty

€
Quant1tat1ve or sc1ent;£1c technlques used as aids'in

dec151on makxng are commonly Know as operat1ons teSearch
(OR) The obJectxve of OR is the determ1nat1on of optlmar\ i
courses of act1on 1n both determ1n1st1c and probabillstlc .
'systems. A great deal of 1nformat1on is avallable on OR
Some of the more . commonly used books are those by Wagner

(1975), H1111er and L1eberman (1980) Blerman et al. (1969)7“'
Lapin (1981) .and Moskow1tz and Wr1ght (1979). These books

<°cover both determ1n1st1c and probab1llst1c methods,

- —

Informatzon on spec1f\\\techn1ques such .as 51mulatxon,
11near programm1ng and dynamlc programm1ng is- also abundant*

references on thése can be found in the prev1ousiy mentloned

. books. Comprehenszve treatment of dec1s1on maklng under

uncertaxnty and risk can be found 1n Ralffa (19—3) and
Hollbwath1979). L R 'vff," oo

»
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Revxews of the use of OR in forest management and in

-' :

“the manufacture of forest. product§ have been done by

=

Harrxson and deKluyver (1984), Johnscn ‘and Scheurman (1977),
Martin and Sendak (1973) and Field (1976). In additxon,
Martell (1982) reviewed the app11cation of OR to forest fxreA
management. . . |

The literature perta1n1ng to decision making under risk
" in forest management is of spec1£1c interest to th1s studyt“
Se;aratxon of the research 1nto two- broad groups 15
appropr1ate. | | /;“ ' "'d' | |

1. 'Effect of the risk of fire in timber’management
2. Decision makimg under risk .in other forest mahagement
~applications.

v . ct AR
. . % -

e

' !z 1 Risk of " F1ve in Txmber Management :

’ %he l1terature d1rect1y related to the effect of the
risk'of f1re in timber management is not exten51ve. The
research can be ClaSSIfled into two d1st1nct groups: *

1. That deallng wlth gtand-level analys1s.

. 2. 'That dealing with forest- level analys1s.f“‘ \

In ‘stand-level . management, each 1nd1v1dual stand 15 treated
as a d1screte -unit and managed 1ndependehtly of all other .
stands. Forest- levél management %s based on the amalgamatlon
| of all stands wlthin the forest Management on a forest

bas1s 1s generally necessary because there are forest level

'constra1nts which’ preclude 1ndependent sgand management.:

PO ~
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'V Martell (1980) used a simple’ proba?111st1c,dynam1c

;programming formu&ation to determzne thé optzmal rotation ot

4 'k.

a atand subject to f1re. He treated the problem in a fash1on
_similar to the classical equxpment replacembnt problem

:'(Wagner'19757 In any year there was a probabzllty (wh1ch

rema1ned constant) that the stand would burn, a revenue

.generated from salva%g§1f the stand b%iged, and a revenue

generated if the“stand was cut w1thout a fire occurr1ng,
Plant1ng costs were also 1nciuded ‘The dec151on variable was

whether or nothto cht at’ the start of each‘yéar The optlmaI'

Y rotat;qn was the cutt1ng age - wh1ch max1m1zes expected

present value over an infinite plannzng horxzon. Martell

%

found that\as t?b”annual probability of fire increased,
optzmal rotatgoﬁ lnd expected present value decreased From

this stochast1c model Martell was aiso able to evaluate

alternatxve fire management levels. By subtracting the soil

expectatxon value‘\w1th no money spent‘on £1re management

\

.~ .from ‘the so11 expectat1on value with a certaln level of f1re

o3 management, he was able to calculate the expected present

:value of fire management act1v1t1es.v ko

L2

5 RdUtledge(19807 also developed a procedure to determ1ne

-opt:mal stand rotation when the rxsk of fire was present. He

added an addxtxonal.term into the Faustmann_equat1on -
¢ rm ,

(Faustmann 1849) that included age-dependent probabilities

of destructxon and the salvageable propdrt1on oﬁ t1mber

' Present value of an infinite series of per1od1c 1ncomes

with the first occurring at the end of the fxrst rotatxon.



‘Cmod1f1cat1on to the Faustmann equatxon by assumxng tha;
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57*:a£ﬁer a”fire. The mgdafxed Faus:m&nn rulo moant that £orent

growth would ,be balanced hgainst the 1ntereét Rost by

pOStpon1ng the harvesﬁ as well as the potent1al loss of .

l~’ ;

f".revenue Erom a £orest fire..As & result, optxmal '°tﬁt‘°"

'ages were reduced except where salvage rates were ﬁear 100

A ~:--:- \ . : : f, § e
petcento R -'!f‘, i '\' TR ‘ . Y 3 ‘.*"_:’.,

Reed (1984) was able to analytlcally derive a s1m11ar

—’

fires: occurred in a® Po1sson fash1on. He showed that £1re £

-
- '

.caused an 1ncrease in the d1scount rate‘by«an amcun% equal

to the long term average rate of fire occurrence. The |

4

Faustmann eQuat1on thus bécame° . ‘3,5¢

(k+6)(V(T)4c) r AT | o
(k+6)T RN I

' B " B

v'(T)‘

PO

where T # rotat1on per1od

;{ X = annhal érobab111ty of f:re
i s : ss d1scount rate’ ’ ey %
g ‘f'i' C =*p1ant1ng coet ??;ffg.;e”;_ T
k": V(T) - stumpage valueq o
v (T) = present value ?Viu?,:##§7uz'iA

.'Foster (1979) in his work on dlscount1ng also éame to the

conclusion that if the annual risk probab111ty vas known 1t
&
should be added d1rec61y to the rlshless d1scount rate.

a

_-As a further extens1on, Reed and Err1co(1984)
determ1ned long- run aVerage ylelds ‘for various rotat10n

ages. The Tormula below 1nd1cates the procedure.h“ﬁ

v ! fe T

N ‘:A':,.. v

w9
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'ffi{{ng““qlgfdf; where. ' (T) , 1Qng run average y1eld at

oy
s

:2 1 2 Forest Level Analys1s* SIS

rotatxon T i ﬁf

R . " L . 4 . S .
PN 3 4 LI . e
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CORE R W annual probabzlléy of f1re
.mﬁ TR% g ,345!"6 V(T) = y1eld at time T with no fxre

The result}ng "y Tums - rotatron" curve could be’ determined

v

o
fot d1£ferent levels of fxre'probab111ty. Larger fxre rates .-

’/:,4 P )

resulted in lower oQtimgl cutting ages and lower long-run .

average yrelds. Reed and q}f}co also demonstrated that
1gnor1ng the r1sk of f1re, when in fact it was present”

would result 1n a lower 1onq-run average y1e1d¢ A s1mple

]

»formulatlon for salvage was ‘also 1ncluded to 111ustrate that

MMﬂiaalV%QG reduced the effect of f1re on longbggn average

"' A

F?th1eld T . IR ?urf

, Most models uSed in- farest level plann1ng such as
Timber RAM (Navon 1971) and MUSYC (Johnson and Jones 1980)
are not capable of deallng w1th uncerta1nt1es such as f1re.
Their rel1ab1l1ty in determ1n1ng cutt1ng polxcxes where :

forest . f1re commonly occurs is be1ng quest1oned The body of .

~ research; ;on how f1re affects forest level plannzng is

relatxvely small ‘but the results to date have concurred

- Van Wagner (1978) was. the fer} to. d1scuss the .

<

potent1a1 1mpact of fire on a forest- level management by



fir', By assumxng a constant annual fi

P NN

regeneratlon following fxre, he showed t\W the‘age classriih

'_ Le ."A

. A Van Wagner (1983) furthered hls work 1n thls fxeld by .

developxng a- model to s1mulate the effect of f1re ‘on txmber~

-

| supply The model followed three basic processes~ the forest.

¢

:was grown accord1ng to a yxeld curve an equal erea was

l o burned each year w1th flammab1laty Sonstant w1th age;:the
. stahd of the h1ghest volume was always cut fzrst. Area
control was used for harvest1ng{ The baszc output of the
model was ﬁ? annual long-term harvest at g1ven levels of
*fire, ,and cuttlng The maxn conclus1ons were.,f¥f>';'v |
,? The amount by whxch the max;mum suStaxnable harvest |
‘Q (wlth no f1re) was depressed by f1re was 5ubstant1ally
| greater than the volume of t1mber lost on the burned
area. O uhb g'f‘_f:x;ikiﬁ'"eff_’ffl‘t“i?’ 'i

A "“,2.'>As the rate of fare 1ncreases,:the age’ at whlch
4 “{f{Siharvestlng occurs was gradually reduced ’
- Reed and'Err1c6 (1986) uged 11near programming‘td' ,
determlne the.effect of flre/on forest level management._lsf
.The1r work was done in two stages. In the f1rst stage a
‘11near'programm1ng»harvest model was used~1n a feedback

fashion, G1ven the 1n1t1a1 state of the forest, the opt1mal’

' Fire cycle was the number of years requ1red to burn an
area equal to- the total forest area.



»Hrot pe’riod;harvect iru determ}ned. 'rhe next state of- the

\§

-toreit wouldﬁ%heh be determined from random fire’ ocourrenél.
" This.new state would be speci!ied as the forest state for

"the ‘second period end the model rerun. The whole process vas
repeeted for all the periods in. the planning horizof. gn the

K exemple used, ‘the fire rates were randomly selected from a

LN

trequenoy distributxon of a 34 year- fire. record. o y

I1h the second ‘stage Reed and Errico approx1mated thxs'

. feedback meohenxsm. "By assuming that fixed rather than

;endom proport:ons of the forest were destroyed by gxre,_a‘J

deterministic solutxon wvas possiblew The" rat1ona1e behind

;-the asaumpt:on u%p that varxat1ons in the proportxons burned

-tended to be smali’ Their results indicated that although

the feedback model shows more fluctuation, the deterministic

-

"model with fixed proportions burned in every period, showed

'the same geéneral tendencxes. : ‘ e 5? |

The magn1tude o£ the reductlons in harvest obtalned by

'Reed and Errico (1986) agree well with those determ1ned by

Van Wagner (1983) and those/'done at stand level (Reed and
BErrico 1984, Martell 1980, Routledge '1980). The conclusion
that “these analyses support is that current timber supply
estimates which ignore fjire losses are too h1gh perhaps by
a cons1derab1e margin. ,hwt |

It should be notgd)that Reed and Errlco (1986) and Van

po——

| Wegner (1983) reelly only’ determxned ‘estimates of the

steedy-state or equzlxbrxum harvest. No method for

- déterm@netion‘of the optimal transition to the steady-state

.

<
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~cog@itions was provided and-therefore the optimsl current -
AAC was not determineA. - . N

!

- iy

All of the forest level procedures dieculeed thui £ar‘

are newly developed simulation or linear progremminq modele.

A recent modification to an existing linear progreﬁping

model, FORPLAN, will allow the gseorpotetion of tiek into
harvest scheduling (Johnson and Stuart 1984). It will
prov1de for multiple outcomes trom dxffering regeneretion
euccess, stand mortality and other decision tree approechee ,
to stand management. A dete;uinxstlc rete of fire could be. N
incorporated into such a formulation'but not a rete that is
random. In addxtxon the number ‘of mult1ple outcomes may. be
limited because of restrictlons on model size.

e . &

2.2 Risk in other Forest Management Applications

2.2.1 Stand-Levelo;nalysis:
The idea thatiforépt:maﬁagers should incorporete the
probabilistic nature‘of forest processes into decision
making is not new, In 1966, Hool included prooabilistic
‘g:owth responses‘ih a dynamic progtemming formulatjon.‘The'
finite stage algorithm was designed ‘to makimize-the volume

harvested from a stand. He described- the stand,with:two

. variables, merchantable voium2 and the number of trees.

Management activities exam:ned were cleercutting, selection

hatvesting and thinning. Optimal policies varied dependihg

. L
™
-

upon the planning horizon used: -



— . "
Lenbersky ‘and Johnson (1975) xamined a similar stand -
manaqement problem. Total dilcounted expected return tor 4
stand vas maxim&zed subject to uncertalnties in future ,
product markets and in the reaponae\ot stands to managementit
actions. The ptoblem vas godelled ge an intinite horizon
.VMarkov decision process, with the state of the stand
V deacribed by average tree sice, stockzng level and manket
condition. A modified version of the bound 1mprovement ,};;,
‘-lprocedure (Totten: @971) wes used to solve the £unctxona1 e
.equation. The timing and degree of management act;v1t1é%

- such ag thinming, selection harvestzng ‘and clearcutt1ng were

N examined. Lembersky and Johnaon were able to detetmxne

w,relationahipe betveen forest and market cond1t1ons and
2 : .
optimal management activ1t1es. _
Lembersky (1976) reformulated the problem so that

)

expected custa1ned yxeld for each stand«was maxxmxzed over

an infinxte planning horizon. The polxcy 1mptovement
algorxthm!(ﬂillier and’ Lzeberman 1980) vas used~to calculate
loptimal policxes. Lembetsky was able to develop a- !
- production poasibxlxty chart" to show how varyxng »
management actions changed the expectbd sustained yleld A
‘h_summaty of his" two studies is found in Lembersky (1978).

: Rao (4982) exemined opt1ma1 stocklng levels and:

rotation under ptobabzlzstxc growth. He used dxscrete state
"dynamic programming with forward recursxon Mean annual

~.,increment (MAI) was'maxxmxged vith g;ayrng stock bexng.the ;

At
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state variable. Kao showed that a¥ risk' increases the
- expected maximum MAI declinés and optimal rotation shortens,
“This relationship between riafwand‘rotaticn is similar to

that described previously in relation to tira (Read 1984, o

1

" Routledge 1980, Martell 1980). '

C2.2.2 roralt-Laval Analysis:

Betters and 5chae£er (1981) uaed a Monte Carlo

K

'31mu1ation model to examine the relative |ucceaa of two

e

“'alternative control strategies for Dutch elm di!aaae. The

Jmodel used a netwvork approach where several eva:ta were

- p0831b1e because each management activity had a -probability
distribution of success (Qr failute), Random numbers were
used'tb’detetmine the path taken thtough the probabilistic

" network. By’genetating;numerous random paths, a probability
density funcfihn for each outcome could be derived.

Thompson and Haynes (1971) used-simulation in |
»combination with linear programming_inp) to quantitatively
«evaluate .one aspect of uncettaxnti in Tdtast.nanagement The

fiobgective af the LP was to satisfy the »ood requirements for’
a firm through acquiS;tion of timber and land vhile
minimizing cost. Future availabilxties of land and timber
were - considered random varxables wéar;ous right hand side
coeffxc;ents ware determined by~uonte Carlo simulation
-techniques. With each set of coefficients a solutxon to the

. o by - . . B -‘_ . @, . . -
e e m e ——-—-—-——--

'Rigk. was defined as a functibh of the variation 1n grovth ..
rates. : ,

- - . v . —
ot . ~ T -
P E e



- fmanner‘ He, formulated a LP problem to determ1ne harvest

‘1_11near progrihmxng problem w@s obtalned' thus, a

’;d1str1butron of solut1ons was produced Each solut1on‘

()

fassumed that the dec1s1on maker knows 1n advance what wlll

1

‘ﬁoccur in the future.

We1ntrauba(1976) also used LP but in a dszerent

?lschedules wrth probablllstxc growth Probabl1st1c
f;;programm1ng was used such that constralnts were sat1sf1ed
.-,i}thh a predetermzned probablllty of successr For example, a.
_ d;fconstra1nt m1ght be' non- dec11n1ng yield for perlods 1 to 8
'"":E;ffmust occur w1th a, probab111ty of 0.80. A "safety factor

ﬁfﬂfadded to the coefflclents accounted for uncertalnty This

'

'iffffa&tor was determlned on the ba51s of the desired

'l‘fthe determ1nlst1c problem. 1f the probablllty of satlsfylng

ﬁ*"Vprobablllty of success and the est1mated var1ab111ty ;n .

“waﬂact1v1ty levels. The f1rs€’step was to obtaln a solutlon to"

u
@

(]

k] 3

E?che constralnt was. not close enough to the de51red SRR

I

‘7Land the problem rerun. We1btraub advocates further testlng
jpf hxs assumpt1ons but suggested that for noncatastrophlc'
»losses, hls method should approxlmate the probabll1st1c

1-problem g__,r :fh -

There are several appllcatlons of OR 1n the field of

+

foggst f1re management 1nvolving uncertalnty but they are

beyond the scope of this rev1ew. For- furth 'fnformat1on on -

these applacat1ons refer to Martell (1982)fand Cohan et al
(198&) N

«f

g™,

: WA
f,probab111ty then, the coeff1c1ents were adjusted accordlngly



3 cunazn'r pomoﬁms ON FIRE RISK AND AAC
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A letter survey was %aken of&ail provincial forest
Lo '

management agencies regarding the effect of-fire on AAC',
. ’ [ 4

Each wae asked if tbeyAéonsidé%ed forest fire in the:
determination.of AAC and why. If the agencies did adjust AAC
for fire, the procedure used and the average reduction for

-

fire was al'so requested.

i3 1 Newfoundland and Labrador

.- ~

AAC is not, reduced in. advance of forest fire occurr1ng

Wood supply well exceeds the demand and flre/éates are not -

cons1dered_hlgh'(the average for_product1ve land is 0.1%\per'~

year) so future fireilosses-wouldubause few Eimber supply.
problems. The province “is re1nventor1ed every 10 years and
-age class d1str1butlons ‘are updated every 5 years- to reflect -

any large depletions. AAC is also,recalculated on a5 year

interval, ~ ‘ o ‘ ’ .

3.2 New Brunswick |
Fire_is not considered in the determination of AAC

.because fire.rates are considered too_low to warrant it

o

d(less than 0.1% of the total-forested area is burned

annuaily).

- — . o= - — o - —— - -

The information for Alberta 'was obta1ned through personal .
'communlcatxon WIth the Timber Management Branch of the AFS.

ES
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;~years.

3.3 Prince Edward Island

The effect of flre is not dealt Wlth in AAC

,calculat1ons because of the low fire losses (approx1mately

20 hectares per year are burned) and becauSe 90% of the °

forested land is privately owned.

& .

3.4 Nova Scotia

AAC is‘reduced in Nova Scotia for abnormal losses due
“to 1nsects, dlsease, w;nd damage and fire. The 1mpact of~
fire is not 1solated from the other potentlal losses.’A
percentage reduction for these abnormal losses is made at
the beginning of their 51mu1at10n to determlne 'AAC
(presumably in the y;eld 1nformat10n) Thls reduction varies

from 10% to 20%ydepend1ng on the level of management )

funding. | . - L f‘ T

3.5 Quebec
In Quebec, AAC is not reduced in advance o£7fire losses '

occurrlng However, burned areas do affect AAC ‘because they '

1

‘ alter the land: base used 1n the determlnatlon of AAC Forest

development on the<burned areas is assessed by sample plots.

.

Depending on the reg1on, a port1on of the burned land base

-

is excluded from the AAC calculatlons'. The other portion of

the burned landtbase is considered as either being

£

regenerited“or having the ability to regenerate/ﬁn'5 to 20

. -
- e - - - —— e - - -

' dp te 40% is: excluded in some regions.
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The computer-based inventory is continuall§uu§deted to

eflect depletions from loggxng, fire and other S

isturbances. It is estlmated that removal of port1ons of
the burned-areas from the land base 9sed in AMC

calculations, reduces AAC approximately'3%:‘?V'V

3.6 Ontario
AAC is referred to as Maximum Allowable Deplet1on (MAD)
in Ontario. The det:Zmlnatlon of MAD does not con51der |
‘future losses due to forest flre. In areas where the level,
of harvest is:at'or near'MAD there may be 1ncreased
emphas1s on m1n1mlz1ng f1re losses. In such cases,.
contingency plans are made for alternate sources of wood
should_1t be requ1red. Inventory is updated every 55§ears to
‘reflect changes in forest structure and‘MAD is then

recalculated.

3 7 Manxtoba

AAC is reduced 12%é§% provxde for no- cut zones, small f

scattered stands and f1re losses. The 1mpact of f1re is" not"

separated from the other components but the major1ty of . the
_reductlon is for future flre losses. Yearly volume losses
from fire are recorded for each Forest Management Unit. Wheni'
‘the losses exceed 12%, AAC is recalculated on an updated age

class dlstrlbutlon. ‘?,”‘g

'4,M“. v>' ’.
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.

A

. t
‘due to- f1re over N years

r

Forest fire is cons1dered in the determxnatzon of -

Saskatchewan s AAC An average annual reductxon factor is

calculated from 21 years of forest f1re 1n£ormat1on. AAC 1s

reduced by apply;ng th1s factor as a percentage reducmion.,

The rgduct1on factor is. determ1ned in the fgllow1ng manner.'

3

An est1mate of productive. land burned yearly 1s made. IE ohe
assumes that all product1ve land 1s harvested over 90 years
and that £1re occurs equally in all age classes, then 1/90
of the area burned w1ll occur on land scheduled for harvest

each year. ‘Thus, - an estxmate of . the area effectlvely removed

-

faom harvestlng by f1re can be. made.

Total mature area lost .‘ g‘ i x4 totalmarea
i=1 N burned yearly
P N

‘

The‘total mature'area lost over the liquidation period‘-

<

l d1v1ded by the total product1ve land base y1elds the

- a—

reduct1on factor._The area we1ghted average reductlon for

Saskatchewan 15 15 1%.

3. 9 Alberta / ‘ .i

The Alberta Forest Service (AFS) adjusts AAC to reflect
futhre fxre losses. Average f1re rates for product1ve and .
potentlally product1ve land (based on: 20 year recérds) are

determ;ned for. each“proVJnc1al Forest. The average yearly ;

o burned area for each Management Unit is determxned from the .

20
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fire rates. An average volume per unit area is also

»

calculhted'fgr gach Management Unirf“Multiplicetion'of the
average. burhed area by the average. volume per unit area

produces the ant1c1pated volume loss on a yearly ba51s. AAC i

1s reduced by the expected volume loss to s maximum of 10%

4

of the total cut. Currently most of the northern Forests in,

P !

Y T , - :
Alberta receive the maximum reduction alloved.
S

N | k _ SR
3.10 British Columbia

* AAC is reduced for future £1rellosses in B“C.. The -
unsalvageable volume of tlmber resultxng from f1re each year
.is estimated on each szber .Supply Area (TSA) on the basis

of historlcal records. ThlS volume 1s subtracted from the

AAC determlned~by their forest planh1pgkmodel. Current .

‘reductions rahge from ﬂ% to fO%’depending on the TSA. In the
'example received for rhe Fort Nelson TSA, only unsalvageable ,'

losses on near andmed{é; access1b111ty classes were

considered.
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4.J Generatxng Hypothetxcal Fzre Sequences

The f;rst step in the assessment of the effect of £1re

'v‘1n t1mber regulat1on 15 to determine which f1re rate(s) to

N

,'The typ1cal determ1n1st1c approach to f1re has been to use “

.
Y o - s as - -l‘- ———————

! Management Un1t S1 in’ Slave Lake Forest, Albertav

use. Cla551f1cat1on of. possxble ‘methods in the manner below

is‘appropriate: .

1. Deterministic

‘2. Stochastic. ‘ - .

a. random’selection within the range of past

. occurrences
‘b. random select1on from the entire p0551b1e range of

1

fire rates

the average f1re rate ‘for. some period of hlstor1cal record.
Th1s method is the ea51est-:; use and the most unreallstxc
s1nce fire fates obv1ously do, vary on a yearly basis. 1For x;
example the h1ghe5t fire rate found in the area used in thlS
study from 1961 to. 1984 was greater than 13 t1mes the
average. rate. In order to 1ncorporate this yearly var1atlon;
it is necessary to stochastically generate fire rates. In

the simplest torm; a rate could be randomly selected from

: those having‘occurred previously. A cumulative frequency :

dxstrxbutlon could'also be made for the h1stor1ca1 record »
This d1str1but10n would only conta1n fzre rates w1th1n the

{’1 W

[
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range of thosegpreviously.occurrinﬁ. fhe problen‘yith this
method and the%deterninlstic apprgach is that planning is.
tailored to one historical sequence: : W

Unless the h15tor1ca1 sequence 1s extremely long, fire
rates beyond the range of those having occu(red are entirely

[N
p0551b1e. Th1s is ev1dent even on a prov1nc1a1 ‘basis where

,yearly vgriation would tend to be less than foi a smaller

Tand unit (Van Wagner 1933) Based on the Albert! record
(Murphy 1985) from 1910 to 1980 [ K| years) the largest
apparent area,burned in 1938. Desp1te the length of the

récord f1re rates outside of the range of those previously

'riﬁtouiglng are entirely possible ajs witnessed in 1981 uhen an

rl

. burned.

e

-;arga;almost two ‘times the size:of the previous maximém

“

S1nce plannlng 1s always concerned w1th the future it

31s only reasonable to use the best 1mformat1on we have on

,'/

poss1bie future occurrences.tRestrlctlng all poss1ble future‘
events to those hav1ng occurred in thé past is unreal1st1c.
Obv1ously a method to generate hypothet1cal fire secu@firas

out91de of the range of the h1stor1cal record is ~®g. red.

: The method used- in this study was to fit "a stat1c iteg
dlstrlbutxon to the h15tor1cal fire. record Th1s - eserves
SOme stat1st1cal propert1es of the or1g1nal data such as
mean and _variance, The method is one used by eng1neers 1n AT

the development of flood frequency curves. U L

Frequency analysis is based on three assumptlon5°hf335if?

1. That the-data analysed describe random eyents{ fﬂ:fip.fi]

@,
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2. That the natural ‘processes involved are stationary with

respect to time' ' ) '

3. That th; population parameters can be estimated from the
. ’ { . :
« sample . (K1te 19717, Spence 1973).

&

To asséss the val1d1ty ‘of the first two assumptlons a

thorough time series analysis is required wh1ch is beyond

the scope"of this study. Assumption 1 regarding the-

independence~of the events‘vas partially evaluated. by

¥ exam1n1ng the,autocorrelat1on coefficients der1ved from the

data The assumpt1on of stat1onar1ty was also tested Slnce ;
the level of flre protectlon has changed over t1me and e
vegetatlon structure and composztzon is also dynamlc, an
argument could be made supportlng a non statlonary t1me
serxesr To address this polnt, the data were d1v1ded’1nto
two. separate time Serles. A frequency curve for each ser1es
was developed and subjectzvely evaluated fOr dlfferences.rfJ
The second and th1rd assumpt1ons often confllct 1n ‘}5fi‘

frequency analyszs. There is a de51re to Spllt data serles

" to obtaan stat1onar1ty, but short records result 1n poorf**‘"

est1matxon of the probabllxty assocxated wlth the events.l”":
(Benson 1960 L1nsley et al 1975) In general, longer tlme;fi

series result 1nvbetter parameter est1mat1on._1n fact 1f the?i

series 1s largz,enough it will descr1be the probablllty

dlstr1bution w1thout the need of a theoretlcal functzon.rf.

S sa;d to be stat1onary if there 1s no
systematic ‘change ‘in. mean (no trend), ‘if there is. no". .
systemat1c change. in-variance, and 1f str;ctly perIOGXC»

g varlatxons have been removed (Chatf1eld 1975)
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Parameters of the dxstrxbution can be estimated by ;ny
of several poss1ble method5°
1, Mamimum likelihood
2. Method of moments - }_ | -
3. Least squares,
4. Graph1cal

‘The methods are. 11sted in order of descending eff1c1ency

(the 1977) The maximum lzkelxhood method is the most

”gdxffxcult to apply The added complexity of this method was

’felt to be unwarranted therefore the method of moments was
. used tg estxmate the paﬁameters of the d15tr1butlons. A more
complete descr1ptxon of the methods including programs forr
’-several d1str1butlons is g1ven by %}te $1977).

-

A problem 1n parameter estimation occurs when zero area

| 'cpis-burned~and the;d1str1butaon uses logarithms. The

'logarithm of zero is -o which cannot be processed. To
S A R , s ‘
_ overcome this problem 0,1 hectares were assumed to burn in

each. year where no area was recorded ThlS was acceptable in

K

#;-llght of the fact that small burned areas are not generally

‘7“ffrecorded and that f1res 'did occur in all years even when no

”fjarea was recorded as burned

e

'}982:Traditional‘ﬁven-flow Model -

‘ The model used to determ1ne the even- flow annual

‘*f&fallowable cut 1s ‘a trme paced simulation model It

i;essentlally follows the same procedure as an area-volume

/hfti};check model (Chapelle 1958) except that prov;s1on is made

e
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for the loss of timber due todtirer-es,with all area-volume -

(A-y)?&heck models, equal }eerly«cuts arerdetermined such

that the entire .forest area islbarvested in the desired

length of tim,t(referred‘ﬁo eswliquédation period).

By using gindom numbers. it is possible to“generste
vvalues trom any prababil1ty function. Thus random annual a
‘tire rates were genéreted from the fire frequency curve
“which was based on h?storical £1re data. Normelly -
Tdistr1buted random numbers were used to produce the annual
fire rates since the 1ogar1thms of the annual flre rates B
were found tg,RQe normally d1str1buted For each unique - 4
normalt; distributed random number,,a unrque f1regra;e ‘s:;..
exists. . | Z*" | .'J |

" The Box-Muller method (Box-and Muller 1958)fwes'used tob
obtein normallyﬁdistributed random-numbers.'Tne‘UQifo}miyq.
‘distributed random numbers requrred by that method were.

- produced by. URAND a system subroutxne'. URAND requxres a
1number, referred to as the random number seed in order to f;
produce‘e un1formly d1str1buted random number. Only one
random number seed is requxred to- produce the f1re sequence

fover the entzre 11qu1datxon perrod and the same seed w111

lways produce the.same fxre sequence. | |

The data requrrements 1nc1ude an age class dlstr1butxon4
for “the forest a y1e1d curve, a des1red liquidation perlod_f

a random number seed  parameters descr1b1ng the f1re',ﬁ'

frequency curve and an initial cut estxmate. A s1mp11f1ed

o available at the\hnizersit} of Alberta Computing Centre )



flow-chart of the even-flow simulation.model is shown in o
Figure 4.1, o o N |
The simulation begins at year 1 by cuttlngothe oldest
timber first at a rate set by the user. A random fire. rate
is generated and the area in all age classes is reduced by
+ " the fire rate. If all of the standing t1mber ‘ha's nét been
cut or burned, the yearixs\incremented and the torest grows
'accordxng to the y1eld curve suﬁplxed Atter all ot the
standing txmber has been cut- or burned .a’ check is made to
'see if the length of time requ1red equals the desxred l |
lmquxdatxon per1od The cut rate is adjusted accordlng it
" the two t1mes do not matoh Thxs adjusted cut rate .is thennl-
used bo rerun the model The same sequence of f1re rates 1s
used for each 1terat1on. The run 1s complete when the length
of t1me fequxred to éut _or ‘burn the forest equals the
»ge51ted time.»:f nlfi'-=7 f" : h o . ..'nj
L Theré are several assumptlons and condztxons wh;dh - .
warrant further clarlfzcatxon Volume con rol is used in the
harvestlng port1on of the ‘model but f1re lters the age 8
*class d1str1but1on on an areal basxs. The probabllxty of
:Azdestructxon by fire 1s constant for all age classes. Thxs
Flﬂjfﬁdoes not necessaruly imply that flammab111ty is constant.‘lt
iff{ls also assumed that all E1res are lethal; no- éalvage volume
is alloved. . ﬁ I
' F1re frequency remains constant regardless of the state

,of the forest. If probab1l1ty of destruct1on varaed :

' '51gn1£1cantly;q1th age, then-fxre freqpency could be
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mugt either bg¢ cut or burned before the simulation compares
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expected to change as the age class distribution was -
altered.aThe<£ire frequency Eﬁrve hes‘no maximum value, 80 .
it is possible that a rate exceedxng 100% could. be randomly

selected. If this occurs a new: random !ire ra;e is

generated Thxs slightly increases the probability of . “

. select1ng rates less than or equal to 100% However, the:

effect is .not cr1t1cal bebause the ptobabilxty of selectxng

1

. a rate greeter thqn 100% is very small.

Thefprlorxty "for harvesting is based on greateet age

althoudh the'pfdgram could be modified to select some other
s, . N T

- .
cf??%rion such as highest volume. All of the standi%g timbe;

‘ :
)

theﬁharvesting time with the desired liquidation time. This

™ is different than the area equivalent to the forest because °

. the total area burned . will contain somé regenerated timber

w
»

as wellueésteﬁding.timber. ] |
Every completeﬁrunfof the model will yield an annual

cut rate that, is;sustainable over the liquidetion period

ngen the un1que fzre sequence that occurred, By running the

model 1200 txmes,.a distribution of sustainable cuts
\.‘

_(even-flow AACs) was produced thus representing a broad

range of potential fire sequences.

. o
- - — .
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The need for a model to rea11st1cally represent the

plann1ng process of timber management has been dlscussed

.-prevxously. When the replannﬁng component 1s con51dered a

sequence of dec151on§ occurs durlng the plannlng horxzon. In

E

addltlon, the model should make the harvest level decxslbn‘
at each replannlng t1me dependent on ‘the structure of thé ;
forest at each partlcular poxnt in t1me. o
7" An opt1m121ng solut1on technlque knoun ‘as dynamic

programmlng 1s able to handle both of these components._It

RS

is useful 1n determ1n1ng an opt1ma1 pollcy of a sequent1a1

dec1s1on process- and the pol1cy w1ll depend on the state of

o

the system. Unllke llnear programmlng, there is no standard -

;‘mathematlcal formulatlon in dynamlc programm1ng (DP)

Equat1ons are’ dGVeloped to su1t each 1nd1v1dua1 appllcatxon

q

DP can be used ‘in e1ther a determxnlstlc or probabllzstlc"

manner.

The major dlfference between the two approaches 1s that

” there 15 a probab1l1ty associated w1th eachﬁreturn in the' |

probab1lxst1r model That 15, each return 1s we1ghted by 1ts

frequency of occurrence. ‘With dlfcrete random varlables, the

sum of the prohab111t1es multlplled by the correSpondlng

return is referred to as the expected value or . return.

: Expected value can be thought,of as the,longeterm,averagea

T



3

[
« |

wng

DP generally uses a backward recur51ve (step by step)
solution technlque. That is, the- optlmal decision’ for the

last period is determlned firdt; then the next to last time

A period is solved and SO on until the Optimal‘decision for

”thewflrst per1od is calculated Th1s technlque is based on
Bellman s Pr1nc1ple of Optlmallty (Hlll1er and Llebevi

1980)

leen the current state of the system, the opt1mal
set' of decisions for the rema1n1ng stages is
independent of the dec151ons used to reach the
present state.

o

A simple determ1n15t1c example will 1llustrate the type
of problem for wh1ch DP can. be used and the termlnology
assoc1ated wlth it.. The problem is- 1llustrated in Fiqure
4.2, Suppose that varlous age class dzstrlbutxons are
.represented by the var1ous 'ACDs in the f1gure. The numbers
represent cutﬂlevels._So if 300 un1ts are cutfyearly.from a
forestbuith ACD11§or!10 }ears,lit Qlll still have thebsame 4
- age clasS'dlstribution at yearp10; However cutting at 400 or i
500‘units each year «r 10,Years will put the forest into
'hdifferent.age class distrlbutions, The problem can:be
divided into stages, with aidecision required at each stage.
. In this example, the stages are po1nts it time; year 10 is
s;age 1 and year 0 1s_stage‘2" Year 20 is ?ot a stage
because‘no declSion is required. Each stage has a number of i
'states associated with it; the var1ous age class |

I

dlstr1but10ns are states. The objectlve in this problem

--‘----——-—_-——‘—--

' The conventlon in DP is usually to count stages backwards,
with the first stage being the last dec151on ‘point. '
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. might be to maximize the cut over 20 years, so the decision

Y ty
i

variable is the'amount of cut.’ T ) L o Al

i A recur51ve relationship can be developed to

mathematically identify the optimal policy for each state at

a given<stage. In this problemﬁyhe‘recurSive relationship

is: ’ o .

1 T _ L | - -
fn(S)"= mgx { ?n +'fn--1]

This simply means that the value associated with the optimal

decision at stage n and state s (f (s)) is the value

w”

associated w1th the dec151on (d) that will maximize the

reward from the current cut (r ) plus the reward from the.

. future cut (fn 1)'. When using the ba ward solution :
\'
technique, the future cut is de%fr 3d first. Calculations
"If" F .

for subsequent stages th%p'use the values determined from

those future time periods. It 1s acceptable to determine the

! Q
future solutions first because of .Bellman' s~Pr1nc1p1e of

?Optimality. a | | | &

In the simple eiample shown in Figure-4 2, three

»'optimal solutions are present' each one obtains an
_accumulated cut of 800 unlts over the 20 year period ThlS
51mple problem could be solved by exhaustive enumeration'

that is, determining the total cut obtained over.the 20

e

years for every possible alternative. Exhaustive enumeration
is not effic1ent, so DP is used to decrease the number of

-calculations.

B 1

Figure 4.3 is an example of a probabilistic problem.

The £ractional numbers represent probabilities; they might

o N
. N
B R

*
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reflect different f1re rates thatwoccur durlng the 10 year“

iplann1ng 1ntervals. So for example, cutt1ng at a rate of 300

,\"

un1ts each year and endlng up in state ACD1, after 10 years

‘I‘would reflect a very commonly occurr1ng frre sequence

v

fg(occurr1ng 95% of the time). However’ endxng up 1n gtate ACD3.
would be relatrvely rare, perhaps 1ndﬁcating a severe fire
sequence. Therefore the transxtlon from one state to another

is governed both by the cuttlng rate and the rate of -

burning. - - pi,f‘ |
| The probabilities;of gofng.from one state toﬁanother,inil
one time period are referred to as one- Step transytlon
.probabxlltles or Markov1an trans1t10n probabllxtxes. 1t the
objectlve is to maxlmaze the cut, then the recurs1ve e

relatlonshlp for the probablllstzc problem 1s'jd . R .

© - -
~

{fn =“mgx;{ current*cut—ﬁyegpected future4cut }

fyorm

v d - o\r -
(1), = max [ = (1) B :hﬂ(g) }
where: fn(i)‘ .‘= expected reward over - the

r.f T S © -7 next n stages given that the
a o ‘ the current. state of the
PR system 1s state 1.? '
A

"rh(i)d':= reward from choosiing - _
‘ .dec1s1on d in state i, - ¢
piié = trah51t10n probablllty from
] L state i to state j using
~.r . .decision policy d.
~fa_1(f) = the expected reward from -

RN S being in state j at '
C : \ -stage - n~1, o
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It is possible to have different objective funotions
for tiie same problem structure. In the examples shown %
7 I J ¢
prevxously, the objectxve was ‘to maximize the amount of

harvest over a specxﬁxed t1me period. The objective could

!

1 Hy

* also have been to minimize the harvest or alternat1vely
~min1m1ze the variation in harvest levels per1od to per1od
-Severalidlfferent objective functions were used in thlS
study. . ' C |
The problem formulated in thxs study is similar to the
problem 1n F1gure 4 3. The development of the DP model can ¢/
be separated 1nto two sect1ons. The first section dealt with
tructurxng forest regulation into a problem that dynam1c
programmlng could solve. The second component con51sted of -

the determination of the one-step transition probabilities.

e 3. 2 Dynamxc Programmxng Formulat1on

‘The problem shown in Figure 4. 3 beglns at t1me 0 with
-6he age olass d1str1but1om, namely ACD1. Use of backward
k recursion perm1ts a series of optimal harvest levels to be
1determ1ned over a range of possible 1n1t1al forest states.‘
Figure 4.4 1llustrates-the structure of ‘this problem. Since
the relationship between_initial forest state and optimal
“harvest levels'was desired,'the problem structoreain Figure
4.4 was adopted fo; this;study. ‘ . | : | |
In d?der to use DP the stage,.state and dec1s1on
varlables must be def1ned The state varzable or the

descrzptor of the age class distributionstwas the even- flow

K
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@ Figure 4.4: Problem ’Struc;t:ufe Used -in the DP Model -&-'-



v.susta1nable yield as\determzned by an area volume check The ;

,dec1sion varxable was the cut level Stages were 10 year;f

"
ot

ﬁft1me-1ntervals to szMu;ate a 10 year replannang 1nterval
Regenerated tlmber orzg1nates on land wh1ch is’ elther
“Jﬂcut or: burned Regeneration fo;lowlng cutt1ng is generally

\

lfﬁfollowxng fzre reerct1ng such factors as, stock1ng and -

r

iﬁgenetxc 1mprovemeht. Age class d1str1but1ons Wlth d:fferent

'”iproportions of standlng and regenerated t1mber,land the same

[fgeven flow AAC tespond d1fferently to harvestlng and flre.

ff:Th1s means that the state varlable even flow AAC d0es not
’15fu11y descr;be the state of the forest. It mlght be . poss1b1e
to 1dent1fy two or three state varlables that are able to

more fully descr1be the state of the forest, but

d1men51ona11ty becomes a problem.‘That 1s, the requ1red

v number Qf calculat1ons can - 1ncrease drast1cally when

"add1tgona1 state variables are 1ntroduced (Hillier and

"L1eberman 1980) So rather than 1ntroduce addltlonal state

'var1ables, it was assumed that both stand1ng t1mber and
.fregenerated timber grew accordlng to the standlng tlmber
yleld curve. . |

The‘planning'horizon used in fingte-stage dynamic
1 programmingfis controlied by the’numberaof stages.-Probtems
‘'using probab1llst1c dynamlc programmlng where an infinite
’f;plannlng hor1zon is de51red are ‘referred to as Markov1an
decision processes (Hillier.and Lieberman 1980). There are

several solution methods for Markovian decision processes.

“fiassumed to grow better than standxng t1mber or regenerat1onL"

.,
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‘;aThe one chosen for thlS study 1s referred to Ps the method ﬂ
" of suéce551ve approx1matlons (H1111er and Lzebermen 1980)

The method is based on the premlse that ‘as the number of
stages xs 1ncreased the opt1mal act1v1ty chosen for a ngen
’state w111 eventually stab1llze or converge to one act1v1ty
f(steady State cond1t1ons are reached). There is no procedure
to determlne exactly how many stages are requ1red to reach

onVergence._In add1tlon, not" all Markovxan decision |
processes will . exh1b1t this. behav1or (Lembersky and Johnson
{‘1975) ~The advantage that the method of succe551ve

,:approx1mattons has over other techn1ques,1s that it does not
require\the solutionrof a system‘of simultaneous equations}
DP algorithms must be’wr{tten»to suit the problem so one was
develobed :oé this study} . - ‘JT,

g, 3 2.1 Model Constraints ' T |
| Trad1t1onal methods for determ1nat1on of harvest.

} ‘rates such as llnear programming are constrained R
a, max1m12at1on models (Duerr et ah\ 1975). Dynam1c .
'5programm1ng can be used for both constralned and

unconstralned problems. To model uneven- flow, the |
';constralnt of equal annual harvests must be 11fted In
 fact, because fire is capable of reduc1ng harvest rates

to zero, there can be no lower bound An. upper bound to
harvest1ng was‘set in the dynamlc programm1ng
formulat1on used in this study, perhaps as a throuback

to more trad1t10na1 approaches.and also-bgcause an

v unconstrained‘problem would have required mon’B
“ N . / . . . ‘ A
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simulations; Harvest rates éreater ‘than tﬁe even-flew
'AAC at any stage were not perm1tted

otten ‘it is desirable to have ‘a lower limit on
harvest ‘rates for‘administrat1ve and other reasons. To
test this; a 1im1t was set at 225,000 m per year. At
these low 1n1tzal state levels,‘the age of the timber
was often lower than:thenmxnlgum harvest age of 60 years :
used by»t%e,AFS snd:tﬁis;seeméd e_reasonabLe way to set
.this:restzict-ﬁarvesting of these lo#vinitial states.‘
The state varxable,_even flow AAC, would 1nd1cate
~ harvest rates: greater ‘than zero 1n such cases because
}the.yxeld;table has-metchantable”volume in young age
classes eQen.if the”hat?esting of such volume is not
perm1tted by pollcy.;In retrospeit, a'yield table
reflecting only harVestable volume would be a ‘better
_method to deal with thxs»problem._Obv1ously not all pf“
the t1mber in all age class’ d1str1butlons wlth an

3

=even flow AAC of 225 000 m would be less than 60 years,

. but some restr1ct1on was necessary. In reality, harvest

X
levels would prchably more gradually decrease and the

_ abrupt, art1£1c1ally 1mposed decrease does cause some

" model anomalles as will be seen. When the state is less

than 2;5)000 m3 per year, the harvest level is set to

»zeto only for 10:yeags; cutting will resume when the

Vi stgte ofxthegiorest etceeds 225,000 m3 per year,‘
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4.3.2.2 Objective Functions

Fight and Bell (1977) discuss a conceptual

‘,framework for mekxog consxstent dec1sxons in timber

‘slﬂmanagement when risk and uncerte1nty are explicitly

recognxzed The dynamic proqgamm1ng problem formulated
in this stuﬂy conforms well with their framework though
not by design. They realized that changes in harvest
levels over time are inevitable‘eod that current hervest :
iebels influence the magnitude and direction of future
adestments. That relationshiq dey‘seem obvious,.but no
currently operational harvest.scheduling model “
incorporates the trade off between harvest level and
smoothness of flow d1rect1y into its objectxvepfunctxon.
It may be easiest to think of the objectxve in the
problem described herein as meximi;ing net social gain;
that is, social gain minus social loss. SOCial»gain is -
the value associated with harvesting, and social loss
occors when deviations from ;hejdesired harvest schedule

occurs. Decreases in harvest lebel may produce social .

costs such as reduced mill eff1c1ency, baqgruptcy,

relocat1on of people and fac111t1es and unemployment.

[}

Increases in harvest level may.also be considered social
- costs. DeVeldpmént'of'the additional resource may occur

Ffaster ‘than the factors of producé&on can efficiently

adjust. For example, wages and the cost of goods and

services may be unnaturally high for a period of tzme;'

R
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| 0 Théhéocial loss .function may take several forms.
Figure 4.5 shows a symmetrical loss function" both
reducttons and increases in harvest volumes over t1me
‘are cqually 1mportant. In this case, the magnitude of
the social loss is d1rectly proportxonal to the
magnxtude of the deviation in flow. Fxgure 4,6 is a
non-linear symmetrical loss function,- meanlng that large
deviations in flow are relatively more*p;}txcal than
smafl devzatxons. : oL
The units for social ga1n and loss must be the same
in order to determine, net soqzal gain. The un1ts could
have been monetary, but foe simplicity, uh;ts of timber fy
- volume were chosen. F1gure 4.7 g1ves»hypothet1cal
numbers for a possible loss function. The linear

3

fhnctidﬁ;shows that a decrease of 1b00 m~ from one

period to another has a social cdst equivalent to 2000

m3. If thé value of one m3

©

of hatVesfed wood is

equxvalent to $10 1n terms of socxal benefit, tb;“‘

decrease of 1000 m has a social cost of $20, OOO.KIh
Figure 4.7, there is no 18W associated with evenyflow,
" therefore the slope of each Side of the loss ﬁunéﬁion
will always détetmine'itsfshape. | g
It is easy to understand théi,sééiél §§in;}the.?
amount of wood harvested over some tiﬁé:ﬁeriSd-‘éan be
represented by units of volume. However, the un1ts for

deviations from even-flow are more d1ff1cult to grasp

' adapted from Fight and Bell (1977)



-

Decregses 0 Increases
" DEVIATIONS N FLOW

43

Figure 4.5: Symmetrical, Linear Social Loss Function

Dﬁ:tauu. 0 Increases
DEVIATIONS N FLOW

#

—

Figure s.6: Symmetrical, Non-linear Social LoquFuhction

\
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In this study:, the. units for the social cosg’ef

“fluctuations in hafvest'tate are~equivalen€§to-the
‘social benefit associated with harvesting one m> of i

-

¥

‘'wood,

Ndn*symmetrical Ioss fundtion¥ are entirely

poss1ble. an thls study the majorlty of the %uns were

éone ‘with a loss functlon for only reduct1ons in flow.'

(s

,Injsuch;cases, the absolute value of the slope of the

.,

*funétibn'will beTreferred'to as %Q? cat level reductlon ;f

Lk

;coé& The soc1al cost associated w1th both 1ncreases and
. s 2
decreases 4n‘cutrleve1 will be referred to as cut’ level

e

.change eost Figure 4'85indiéate5-vafious lbss EUnétfons”

and thexr assocxated cut level reductlon costs, When the

\ -
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reductzon cost is. zero, there is no SOClal loss

assoauated wlnh dev1atlons if flow.
k.‘ '

-

Tlme preference 1s an 1mportant element to conslder
in socxal dec191on making. Therefore, the effect of
'varylng degrees of t1me-preference on optlmal dec1szons ”5
was tested in thls study Because discount ' rates were
used the soc1al loss funct1on measures the present

value of dev1at10ns in- flow agalnst the present value of
harwested wood.

. R TN
. )

- . . .
» P

: : SRR
As prev1ously ment1oned objectlve funét1ons -4n
dynam1c programm1ng take ‘the form of recurszve

£

rk/
;elatlonshlps. For the problem structure used herein,
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net social.gafo is described‘by'the f91l9WiD9of¢CUfSiY¢v

relationship:

I VR R ACILIE L SC I

where:
fp(i) = expected reward over the next
n stages given that the
current state of the~system
is state i. B

fn(i)d = reward from choosing decision
’ d imstate 1i.
- if a decrease in flow occurs:
1 (1)9 = a, —KFALL(d -1(3) d )
- 1f a 1ncrease in flow occurs'
Tn (1) = d -KRISE(d_ -d -3

KFALL absolute value of the slope
L i of the social loss function
A for decreases in flow
e ‘ . “KRISE=absolute value of the slope'
\ . of, the social loss functlon
“f L " . for increases in flow
. | S (j)= optimal cut dec1s1on

e in state at stage n-1
o in stat J g

n-1

:pii o= transition probablllty from
state i. to sfate i u51ng decision

‘xw, o : - pOllQQﬁ?

i S 1(J)= the expected reward from
being in state j. at stage n- 1



4,3.2.3 Model Runs |
Several series ofgruns.of the DP algorithm were -
made to. assess the effects of fire frequency, interest

|-
rate and shape of the social loss funct1on oN' opt1mal

- o'** .
A 4\}4{ c)ﬂ

harves?‘ b’my¢%ly linear loss funct1ons were used.
Table 4. 1 1nd1d%tes the trials done. .

The number of stages, nunber of states and number,
'of dec151on levels were held constant for all of the
runs done. The optlmal dec1s1on d1d coﬁverge to one
act1v1ty after a number of stages, generally by sta&

or 450 years. So the steady- state opt1mal values

reported are those'that occurredfat stage 45,

4.3.3 One;step‘Transition Probabiiitiee

A 51mulatlon model was used to determlne the éne~- step
trans1t10n probab111t1es. The simplified flow- chart (Figure
4.9) 111ustrates,the‘procedure..An age class dxstrlbutxonf
wasﬂused_aS‘the‘startingrforeet'structure.7§;sed on this-
distribution and on the%datafrequired by an'area¥VOIUme
check, an initiai-sustainable even-flow AAC was determined’
(hereafter referred to as the 1n1t1a1 AAC). This initial

forest structure was altered on a yearly bas1s by cutting at

~a constant rate of volume spec1f1ed by the ‘user and by

' burnlng at random rates accordlng to the fire frequency

5
curve, The cutt1ng and burn1ng occurred for 10 years. At the

end of the sxmulatlon an AAC was determ1ned based on the

——-——————-———--—-

e

71'$evera1 hypothet1cal age class d1str1but1ons were used

f\hcludanOthe actual one for the case study area.
.‘r,’ﬁ ‘

: '.q



Table 4.1: TYPES OF COMPUTER RUNS

[

Parameter(s) R N Computer Runs
-Evaluated :

[ ) . e

Cut Level Reduction ' - 'For each series indicated

'@ost, Fire Frequency, . below, six runs were done
and Interest Rate o with cut level redusgkion -
! S ' ' costs of 0,1,2,3,6 and 9. |
Only decreases in flow were
treated as’ soc1al costs.

A . Average Fire Rate (%)
AR - 0.02 X o
%+  Interest o ‘ e
ﬁf. Rate 0.05 X . X & :
. o . 0.08 | X P
i ¥ : '

' *S:a ‘ \",

Cut Level Change Cost ' - The effect of. a sﬂhmetticaﬂ o

\

loss function whére both \\
increases and decreases in
harvest rate are considered
‘a social loss was assessed.:

e.

. «-~A series of six runs was done

Discount Factor of 1.0 . -~ One run was done with a cut
o " level reduction c¢ost of 0.0,
a fire rate of 0.15% and a
discount factor of 1.0, so
that the effect of no
time- preference could be
assessed.

b

A: Cut Level Reductlon . One run was done with a cut. -
Cost of 50. . level reduction cost of 50,
T a fire rate of 0.15% and an
interest rate of 5%, to
determine the effect of an
‘high emphasis on -smoothness
. ) _ of flow.
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Fxgure 4,9: Flow chart for Simulation of
Transition Probabxlxtles

Determine initial AAC. . : . ‘o

. ] R
s . . . .
A e N
‘ . o
. . . ) .
oot ' j: . Lo
v O - . . »

-

.| cut at auser specmed rate .
~and burn at random rctes
‘ for 10 years.

". . ! - ' B : N

" Determine resultant AAC.

.resultlng age class dlstrlbutlon. The AAC calculated after
.the 10 years will be referred to as, the resultant AAC. The .
probability of destruct1on bg fire was constant for all ages
unless the area haslbeen burned within the previous ‘three
years'. |

.5-' By'simulating numerous'10-year random fire sequences it
was possible to‘determine the-probab{llty'associated with

N

i;ach1ev1ng a partzcular resultant AAC. A range' of 1n1t1a1

AACs and cut levels were s1mulated to obta1n the completel
i matrix of transition probab1l1t1esﬂneeded for a problem
struCture like that‘in‘Figure 4.4. Three flre frequency
curves were evaluated Each curve produced a unique set of

~tran51t1on probab1l1t1es.

' Three years was the time suggested before reburnxng could
occur (Slave Lake Forest staff). 3

?
A
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5. CASE STUDY AREA
" ‘The ﬁrocedure for using historical fire data in timber
managemgnt and the timber regulation models developed in
th1s study were tested on Management Un1t S1 in Slave Lake
Forest' ‘(Figure 5.1). An AAC is determined for each

Management Unit. S1 was chOEen'éinCe forest fire and -

harvesting are both common in the regzon. ‘The average annual:

:flre rate for Slave Lake Forest is 0. 36% (1961-1980)’;and

nearly 97% of ,the conlferous AAC in S1 ‘ﬂh been allodated.

lThe ‘total forested area of S1 is 379, 945 hectares. The

cqniferous_land base'used in AAC calculatlons is 181,889

hectares.

5 1 Fire Data

The period of record used in thls study was 1961 to
1984°. This was the éxtent of the cpmputerlzed fire records.
All fires starting in'Management Unit S1 were sorted from

the fire record. Large f1res that moqed both into and out of

?
51 were examlned and only the area burned in S1 was

R

included. + =~ -—-
 The ‘AFS’ currently cla551f1es land as productlve,
potentially productlve nnd non- product1ve. F1re rates were"

" ot : V Q)
‘se compr151ng all productlve ‘and

determxned for the land;

potentxally productxve areas. This was done for- two reasons(

' The forest region of Alberta is divided into 10 Forests ¥

Bach Forest.is then subdivided:into several Mapagement- Units

2 The average of all tendForests for this same period of
record is 0.361%.

_ courtesy of the Alberta Forest Service (AFS) Department.

of Fdrestry, Lands and W11d11fe

) B A

50



Forest Management
Unit S1

Figure 5.1: Map of Case Study Area - |
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1. Potentially productive land incIudeeqsdme clearcut and
| burned area, both of which were to be modelled.
2. Thejarea ¢omprising productive and potentially |
» productive land in S1 was thought to remain re1ative1y
N coaetant during the period of record compared to the
“productive land;base. The productive land base may have
varied substantially over the 24 year period because
burned areas are removed from the productive land- base
and then classed as potentialiy productive.
Prier to 1971, classification of burns into the three
’ product1v1ty classes was generally not. done. Therefore, an
alternative method was used for 1961 to 1970. An the average
ratio of area burned on prdductive plus potentially
4 predpctireiland to the total burned area for°1971 to 1984
ZFwag determined. This ratio was then applied to all pre-197]
fires in order to,@pproximafe productive plus potentially

productive burn rates. : : ' .

:35 2 Timber Data

. The data requ1red for both the traditional and DP

models were obtained from the AFS..The‘data requirements for

_ the two ﬁedels were very similar and can be summarized as

followsa | | |

", An ‘age claes distribution - Figure 5.2 illustrates the
current age class distribution for S1.

2.- A stand1ng tlmber yield curve - The tabular yield table

used by the AFS was transformed into a non linear
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?@gure 5.2: Age'Class Distribution for §1

regression equation for usefin.ﬁh; models.. .

5“3. Liquidation'perii;ZEnd regeneration (regen) lag ;‘The

rotation or liquidation period was 90 years 1nclud1ng a_

regen lag og 4 years for harvested timber.

The DP model determines an optlmal harvest level for -
ény age class distribution, providing -the total land Sasé‘
remains-constantg In‘addition to a regen lag for harvested
area, the DP model.also.requi;gd a lag for burned areas.

This was set, somewhat arbitrarily at 7 years, siﬁée the AFS

were reluctant to estimate it.



6. RESULTS AND DISCUSSION

6.1 Gonoratxng Hypothot1caI’Fxro quuancos

The data extracted from the 1961-1984 fxre record for FMU s1

are 11sted 1n-Tab1e 6.1, The mean rate is 0. 15% per year.

}Determ1nat1on of the méan fire rate directly‘froo-the age
a'clessldistrioution using the metﬁod of Murphy (1986) is
;:inaporopriate’beoauee the young ege clesses strongfy reflect
'_recent herveétfné} The following statistical distributions

'were‘fit;toithe data: extreme value, log-Pearson Type 3, 3

parameter\logndrmel, 2 paraméter lognormel and pereto. All

of:these df%triﬁutiohs‘havg some prior basig for modelling
rare or infrequent events iKite 1957, Coooer and Weeﬁes
1983) Goodness of fit was,assessed by thé Chi-square test
(Cooper and wQekes 1983) . The ﬁ1str1butxon w1th the 1owesb
3Ch1 -square was the :2 parameter.lognormal so it was chosen
to model fire frequency. It was‘judged to be 'a valid model
et the . 95% lével of confidence. The Equatign derived wes:

Fire rate (%) = exp(-6.18h+ Z/f{.725)’ -

| where:-z = standard normal deviate :
Thus the natural logarxthms of the annual fire rates are
normally distributed. | E ‘
| This relationship is illustrated in Figure 6.1. The
~discrete points ihdiceted are all of the non-zero fire rates

' ,for S1 from 1961- 1984, Since the probablllty of obta1n1ng

‘each fire rate is uncerta1n, the probab111ty ‘uged to plot

f_ o . e

.
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Table 6.1: FIRE RATES FOR PRODUCTIVE AND POTENGN

Year

1961
1962
1963
1964
1965
1966
1967
1968
1969
1970

- 1971

1972

“PRODUCTIVE LAND IN §1

Fire Rate - Year Fire Rate

. [7) )

h 0.17722 1973 . 0.00068
0.00864 v . 1974 0.00113
0.00149 1975 - 0.00000
0.00011 1976 *70.00034
0.00000 ’ 1977 0.02406
0.00000 . 1978 " 0.00000
0.00205 1979 , 0.00139
1.05350 , 1980 : 0.03125
0.00107 1881 7 - 2401430
0.00033 1982 . 7 0.10881
0.00011 . 1983 0.00600
0.00119 1984 0.13

R
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Figure 6.%; Fire Frequency Curve for Si
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the points vas obtained- by the formula suggested by Cunnane
NEELITI ey
plotting position = (i - 0.4)/(N + 1 - 2(0.4))

Foam

wheree‘i = rank of the event
N = total number of events '

The fire frequency cufge indicates the probability‘of any
fire rate being eéualied or exceeded in any given year. For
example, thete is approx1mately a 10& chance of equallxng or
exceeding a tzre rate of 0.10%. This :is equxvalent to a '
return pe;1od of 10 years' . Return period is the long-term
“average interVal betweeh”occuriences @f‘a particular fire

rate. Periodicity shoul& not be aj§0c1ated thgfreth%n

period; for example, it is entxre’y p0551ble é@gt

successive observat1ons. For example ‘kiﬁefr w;th a low fzre

‘rate may tend to be followed by anot ,J,.qg{f1re'rate. Shch‘

persxstence reduces the random compof

distance 1n txme between observat1o

*1

'So the autocorrelatxon coeffzczent 10, measures the

corrélation betveen events 10 years Aﬁf the txme-\;"

¢

A rmcncan bemcmcmeee Y,
i g e

retyrn peri
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‘series is large and completely random then the écrrclitioﬁL
coefficients should be approximatoly zero. But even if the
series is truly random, a correlation coetf:cient that is.
significant is not unusual (Chatfield 1975Y), '
The statistical package SPSS* which uses the

Box-Jenk1ns procedure (Box"~ and Jenkins 1976) was used to
determine the correlogram‘ for thé f1re data time series,
The resul@b .are shown 1n Fxgure 6. 2 All of the co:relation
coefficients except that for lag 13 were non-signiticant as
1nd1cated by the standard error ‘limits. The coe£f1c1ent tor

llag 13 is caused by the hlgh fire rates occurrmg in 1968

' a plot of the correlations coeffxcxpnts for vaulq;s lags

L oo gf : !
AUTOCORRELATION FUNCTION FOR VAR!ABLE S1ZE
< AUTOCORRELATIONS * >
‘ TWO STANDARD 'ERROR LIMITS . o
AUTO. STAND. - '
LAG CORR. ERR. -t -.75 -.5 ~-.28 O° .28 .85 7% |
1 -0.046 0.188 . ..
2 -0.107 0,183 : . .
3 -0.056 O.179 = .
4 «0.043 0.174 ..
8 -0.0%6 0.170 ..
6 -0.060 ©.165% ..
7 -0.027 0.160,. .
8 -0.037 O.155( .
: © 9 -0.036 O0.1%0 ..
- 10 -0.047 ©O.144 .
s 11 -0.050 ©.139 .
12 -0.049 - 0.133 ..
13 0.381 0.127 .
14 :0.040 0.120 t
15 -0.070 ©0.113
16 -0.044 0.106

17 -0.045 ©0.098

. 18 -0.049 0.080 .
19 -0.050 0.080 . . .
20 0.016 0.069 e

. 21 0.00% . N\

.22 -0.000 ©0.040

Qo
1]
<

[}

~.

Y

Figuf'é 6.2: Correlogram for Fire Data Time Series

o ol
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ahd;lSB!.(a,lag of 13 years) Any other t1me span between}

:‘between the two events would aléo result 1n a h1gh

[N

coeff1c1ent for that part1cular lag‘ Based only on.two
events, 1t ‘would be 1nappropr1ate to conclude that fires

rates for any glven year are related to the rate OCCUfflng

;13 years ago. Anoma11es such as thlS are. ‘not SUfflClent |
' ev1dence to dlsprove that the process ig randoﬁ (Chatfleld
1975) o Co o S o SR
The second. assumpt1on that frequency analysls 1mp11és

? R

1s stat1onar1*y. If a time 3§r1es contalns a tremd then the
'value for the correlation coefficient will not come down to
zero excepg for very large lags. This is because anv”f
observatxon on one sxde of the overall mean tends to be}%H
folloWed by‘a~large number of further observat1ons on the
same 51de of ‘the mean. Flgure 6. 2 1nd1cates no such pattern.r
Statlonarlty was also subject1vely evaluated by comparlng i
the frequency curve for 1961-1970 w1th that obtalned from
‘the 1971-1984 t1me §;r1es. F1gure 6.3 1llustrates the.

'
d1fferences. Con51der1ng the very ‘short record 1engths used,

. . v

N the frequency curves are remark?bly 51m11ar. Therefore, LT
;”statlonarlty can be reasonably assumed even though f1re

protect1on‘efforts and fxre; ncidence have not remained

LY

constant‘duringfthe period of record. - | 4

" The age class d1str1but1on shown 1n F1gure 5.2 |
';nd1cates the effect ‘of. varzab111ty/;ﬁ f1re season severlty.
-In the past, extremely severe fire years have occurred but

ﬁ cannot\be concluded on the ba51s of the age class

t'4‘._ : . - . iv“"av
T - ,.)~( L . .7 ’ - . ‘ ~ i

JrE
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*

distribution; th't Such ratls represent a different

;frequency dlStrlb‘

- The thlrd assumptlon made in any . frequency analy51s is.

ion tha7 that shown 1n F1gure 6.1, \

that the avallabl%*data can prov1de good estlmates of the
populatlon~statlst1cs. In hydrology, record lengths shorter_‘
' thaanO years have been %ound to cause cons1derable error in
‘parameter estim tlon (Benson 1960 L1nsley et al. 1975). but'
often there are no alternat1ves. The 24 years of data used
‘ee1n this study is probably acceptable, but development of -
reg1onal frequency cuﬁves raﬂher tﬁat local curves would -
“1mprove the accuracy of the.panampter estlmates.

Reglonal curves are deyeloped by assemblxng data from

'several areas wh1ch are suspected of’ havxng sxmalar f1re

.
t
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ﬂfrequency. The use of frequency analysls in fzre management
is new, but several techn1ques have been developed in .
hydrology for the constrdct;on of regional frequency_curves
‘(Kite 1977, Benson 1960, Lfnsley'et al 1975). These could ‘
undoubtedly be adapted fof use with’ f1re data. |

The development of f1re frequency curves for this study
‘has indicated the possxb111ty and need of further research
First, fire: frequency curves can be;a powerful tool 1n \
succ1nctly analy51ng reg1onal dlfference in f1re behaV1or.
Frequency curveg\avo1d some of the shortcomlngs?common to
other stat1st1cs. Ar1thmet1c averages when used on data with
large varlablllty are often mxsleadzng, for example 1n St
| only 3 annual f1re rates exceeded the average durlng 24
years of record. SOme prellmlnary work has shown that )
frequency ana1y51s could also be dsed in the development of \
the;relaFLPQShlp between.f1r@E§12e and frequency. Both types
‘offfreéﬂency anaIySis‘Should‘beaofjpseiin.fire management .. '

‘The need for a‘thorough’timevseries*analysis of fire |
.records was alluded to earlier. Time ser1es analy51s is’

ecting both trends and cycles even if there is

\

~ capable of de
extreqe varlab1l1ty 1n the time serles, as 1s the case for
kmost flre records. Evaluatlon of the effectlveness of flre'
’protect1on nght ‘be poss1ble u51ng these techn1ques. Trend
"can be. also}fe removed from a t1me serles, perhaps allowlngp_
'Jflonger fxre records to be used in. frequency analy51s. B
Methods are/also ava1lable for examlning pornt processes
such as thﬁ frequency of severe fire years or the frequency

- 28
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_of conflagrations (Cox and Lewis 1966). Time series analysis -

is a powerful tool, yet to'be;used in the.examination of

o [ 4
fire data.

6,2‘Traditional Even;fhow Model‘ | ’ o
pfhe product of“the traditiona1~mode1'was,1200 AACs each
of which was sustainable. for the'iiquidation period, given -
. the unique sequence of fire. rates wh1ch occurred during thé
.perlod The AACs were separatéd into classes and a o e
cumulatxve.form of the ﬁelbullgdlstrrbutzon was fit to thex
data'. "The coefficient.ofgdetermingtion for the relationship
was 0.991. I | L
vﬂh{ﬁsing theiWeibull relationship the probabriitj:density k
curve shown in Figdre 6A4 was constructed. The makimum'AAC7
: shown is sl1ghtly less than 395 000 3 per year whlch is the
sustalnable cut rate w1th no f1re. The pronounced peak‘at
rapproxlmately 388 000 m per'year 1nd1cates the most, °
probable occurrence- f1re rates causzng thzs peah‘uouldnbe

relat1ve1y m1ld and thus AAC would be reduced Qﬂly a small

amount . Lower AACs reflect relatxvely more Severe fxre

- w«n - i
sequences.

- One run of the ev gfflow s1mulat10n model was done w1th

annual fire rate held constant at the mean of 0. 15% The

zﬂ
R

' sustalnable AAC under this flreéscenarlo was 370 000 m per
,year, as seen in Flgure 6.4. The average £1re rate is’ a.,5

. commohly ‘used toLmodel the effect of f1re on timber supply

.

' The non-linear regreSS1on ‘used the package NREG, wh1ch is
supportea by the Department of Forest Sc1ence. v :
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A e '1'.\

~(Van Wagner 1983, ‘Reédjané Errico 1986). The'ratidnale ré o
?that the effect of the average fire rate should approxlmate
the effect produced by stochastic rates. '
\ ‘ Clearly, use of the deterministic rate giues no B
indicationnofithe yartation in_possible,Aﬁcs but it may not
even represent ‘the average AAC””fhe*expected or aVerage AAC
obta1ned £rom the dlstrlbutxon of p0551ble AACs 15 347, 150
m3 per year. The actual average obta1ned is lower than

370,000 because of two reaéons. Flrst, use, of the mean flre E

rate implies that the dlstrlbutlon of poss1ble f1re rates is
' symmetr1ca11y d1str1buted about the mean- whereas, the
"natural logarxthms of the f1re rates were found to be

,normally d1str1buted The second reason 'I's that the upper

11m1t to the range of poss1ble AACs 1s restr1cted by the

even-flow AAC g&thout the presence of fire. For example,

suppose that the £1re rates vere symmétr1cally d15tr1buted

and the AAC obta1ned from u51ng the determ1n15t1c f1re rate

was 350,000 m-. Then the medlan AAC would equal 350,000 m3

as well Thus “50% of the AACs would fall between 0 and
- 350,000 m3- and the other 50% would fall between 350 000 and
395,000 m3. Because the upper 11m1t is more restrlcgﬁg the‘
‘ar1thmet1c mean would not, necessar1ly equal 350 000 m” per

year. Therefore, the use oi the mean fxre.rate is.

inappropriate‘ﬁor,deterhinﬁné the avera

- S - i
e 9“

_pé'effecg of tire3on

‘ s 8) 1
“current AAC is problematlc. Every AAG has a- probab1litx of

é.s
-

Yo
. b
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375 600 m3 per year (the med1an) were selected, there is a
50%. chance of being able to sustaln ‘that cut over the 90 |
[year l1qu1dat1on per1od Lower cut rates would have greater
ﬂ‘probab111t1es of be1ng sustained but increased probabxllty

of underestxmatlng the potential harvest. There is no
| log;cal bas1s for selectlng an optimal AAC using F1gure 6 4
‘ Determlnatlon of‘thehconsequences.of not beinguable to
a[sustainfa~particularlcutprate’is not possible hlth this type
of analjsls, Ifﬁawman§§émén£;agency declded that an_AAC must
have ‘a certain probabillty ofvbeing'sustained then‘the‘
‘ dec1s1on is an arb1trary one, and not necessarily opt1mal
| A large part of the problem in using th1s procedure is
“intrinsic to. all models which use tradltlonal even flow
planning. The planning represented by such models -does nbt
coznc1de wlth the way planning JCtually occurs. In realzty,/ .
AAC is recalculated at periodic 1ntervals. AAC will, not |
remain constant over the ent1re plannzng horlzon because of _p;

changes in pollcy, growth predxctlons and grow1ng stock

Some Ofrthe changes in harvest level are predlctable' others

"

are nQ&..Changes 1n harvest rate over time are not -
.8 “

‘jaccurately asse d by trad1t¢0nal even- flow plann1ng-'

Predxctable chanées, such as those caused by harvestf

Q'm N o

lexcess grow1ng«s€bq&, wi

.-I.
@‘i—a
Q..
s B
0y
i o
01
I.O
2}
o
(o7
c
N
'—J
[
"<
nl
m

;0ccurs, not soleP cat, theiflgfof ghe‘blannxng
> ”i : UM [ !

The ﬁse of evendflpw modSIs foaﬁgftermanlng ° im

,harvest retes under theirzsk ofzforest fzpe 15 extremely

. ’1— A

. B , 5 o :
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guestionable. The modele completely ignore the manner in
whlch all uncerta1nt1es in management are ultlmately
\h@ndled namely through revxsed planning. It is w1de1y "
acknowledged that }Nen flow will no¢ occur, espec1ally under
the risk of destructlon by fire.' However, even flow models
restrict the chozce of . optlmal" harvest rate to one whlch
.acan be maintained throughout the plannlng hotizon, ignoring
T

‘replanning. There 15 no rational basxs for restr1ct1ng the

select101 of optlmal harvest rates in thxs manner,
6.3 Dynamic Programming Model

6.3.1 One=step Transition Prohabilities-

:V; .Ten different hypothetical age class distributions were
‘created representing a broad range of initial AACs. Several

‘ orates of cut (3 to 5) were simulated on each age class
‘distribution. For every cut rate a broad range of possible.

fire sequences wa6 simulated. Table 6.2 indicates the

' inftial AAC derived frgm the tenvhypothetical age class

distributions and the A£ut rates that were simulated on each.

"Determination #f the fire sequences‘Qasbaccomohished in the

.

. manner si “An Figure 6.5. Five thousand 10-year fire
sequencés were generated from the fire frequency curve for-
the study area. The f1re rates were averaged over each 10
year. sequencerand recorded The random seed used to generate
each 10 year sequence was also recorded Twenty five random

Seeds vere selected so that a broad range of posszble fire

[N



Table 6.2: SIMULATION RUNS

66

Initial AAC Cut. Rates

Range of 10-year

No. of 10-year

(m3/year) (m3/year) Ave, Fire Rates | Fire Sequences
. Simulated (%) Simulated
102720 0 0.0045 to 7.5 25
~ 10000 0.0045 to 6.1 - 24
“ 100000 0.0045 to 2.4 . 18
195462 3 0.0045 to 7.5 - 25 -
a 100000 0.0045 to. 6.1 24
- 200000 0.0045 to 3.8 21
228219 -0 0.0045 to 7.5 25
100000 0.0045 to 7.5 25
200000 0.0045 to 4.6 22
- | 300000 0.0045 to 3.8 .21
265540 0 0.0045 to 7.5 25
i 100000 0.0045 to 7.5 25
( 200000 0.0045 to 7.5 25
300000 #0.0045 to 6.0 .23
288809 0 0.0045 to 7.5° © 25
100000 0.0045 to 7.5 25
200000 0.0045 to 7.5 25
| 300000 0.0045 to 6.1 24 -
350580 10000 0.0045 to 7.5 - 25
100000 0.0045 to 7.5 25
200000 0.0045 to 7.5 25,
300000 0.0045 to 7.5 ,25§@A -
400000 0.0045 to 7.5 25%F s
359286 .- 10000 0.0045 to 7.5 25 -
. 100000 0.0045 to 7.5 25
200000 0.0045 to 7.5 25
300000 0.0045 to 7.5 25
' 400000 .- 0.0045 to 7.5 25
378130 10000 0.0045 to 7.5 ;. 25
100000 0.0045 to 7.5 &, 25
200000 0.0045 to 7.5 %?@. 25
300000  0.0045 to 7.5 /RE" 25
o 400000 070045 to 7.5 M ° 25
395765 10000 0.0045 to 7.5 % 25
100000 0.0045 to 7.§ 25
200000 ~ 0.0045 to 7,5 25
300000 .0.0045'to 745, 25
1400000 0.0045 to 755 25
403868 10000 0.0045 to 7.5 25 i
100000 0.0045 to 7.5 25 wipw
200000 0.0045 to 7.5 . 28 -
300000 0.0045 to 7.5 - 25
400000 0.0045 to 7.5 25
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Figure 6.5: Determination of the Fire Rates for Use
: o in the Simulation Model

o

Five thousand.10~year fire sequences were randomly
produced using the fire frequency curve for S1.

SPRLS |

s , i

L

f

y

The random number seed used for each sequence
. ‘was recorded. In addition, the average tire
rate was determined for sach 10—-year sequence.

L

1

- Thus, a list of 5000 random number seeds
and the average 10—-year fire rate produced
by each seed was made. :

l

el

‘From this list, 25 10—year average fire rates
(and their corresponding seeds) were selected:
at arbitrary intervals so that a large range
of possible fire sequences would be represented.

sequences would be »si)xfulated. Thus, -for b{ery- initial AAC

and cut level combi{(’ation, 25 simulations w\e‘e done. Each

simulation had a d/)/fferent 10~year fire sequence.
. 3, “‘.‘

Problems in/determining_the resultant AAC occurred with,

o : P : ¢ '
some age’'class distributions especially when high fire rates

i

verg simulated. Age class distributions that are heavily

skewed to the zero age class cause the simulation model

problems in approximating AAC. Very small di‘f;’ferences in cut

' rateian cause large changes ‘in the time required for

LN
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‘cutting. Thereforé; the‘rana%/of fire ratés simulated is
smaller on age class distributions with low initial AACs
(refer to Table 6.2). .
Based on the simulations, probab111t1es were- derived -
The procedure 15 somewhat complicated; the flow- chaét in
Figure 6.6 indicates the méjor steps. For each‘ageuclass

distribution and cut level combination, a linear regression

- was done in the form:

Resultant AAC =, by *+ b1({0—yeaf fire rate) {1).
S | , | |

ngnty five pairs of data were used for each equation,
except Qhere the range of fire'rates being simulated %gsk
restricted. In total 43 such equafions weré‘obtained. The
average coeffiéieng of'determinati;n for thése 43 equatgbns
‘was 0.990. These equations were used to deéerm{ne the'.\
probability -of occurrencé of any resultant AAC.

As mentioned previously, 5000 10-year fire_sequencés-
were randomly generated from thevfi;e frequency curve for
the study area. An average rate for each 10-year period had
been determined. .These fire rates were used as the
1ndependent variable in ?he reégression equatlons. The result
was that 5000 potential resultant AACs were produced for 1
each of the 43 age class distribution and cut level
combina;ions. Each AAC repreﬁenﬁed a possib;e-ége<cla§s
distribution aftér 10 years of cutting and burning. .

'Sepadtation of the 5000 possible AACs into classes meant that
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TF""igure 6.6: Estimation of Trans‘ition, Probabilities

Yo y;

Resultant AACs were dchrmin'oaby simulating
approximately 25 fire rates for each of 43
initial AAC and cut level combinations.

For each initial AAC and cut level combination,
an equation of the form shown below was made:
~resultant AAC = {(10—year average fire rats). -

A 4

Using the above equations and 5000
random 10-year fire rates, a distribution
of resultant AACs was produced.

. ,
\ ' ¢
1 . . .

The resultant AACs were separated into classes.
This allowed a cumulative probability curve of
the resultant AACs for each of the 43 initial
AAC and cut level combinations to be made.

. Regression ‘equotions were developed to describe:
Cum. Prob. = f(initial AAC, resultant AAC, cut level).

Feu

.a probability density curve of iﬁfﬁfesdlting AACs could be
made. |

Table 6.3 shows a simplified example of how the
distributions might appear.;ﬁégression equations were

derived to repteseh; the cumulative form of thesg_curVes gbr
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Table 6.3: PROBABILITY MATRIX
o _ 'Resultant AAC
.Initial AAC  Cut Level 200000 250000 300000 350000
e A 20000
300,000 . 200,000 01 .02 .07 .90
' 300,000 .03 07 .15 .75
350,000 300,000 .02 .03 .09 .86
: 350,000 .05 .08 .18 .69
400,000 300,000 .01 .02 .09 .88
' | 400,000 J10 0 .13 .20 .57

use in the DP algorithm. The equations had to represent a

’

four dimensional relationship in the form:

Cumulatxve Probab111ty = f(initial AAC, resultant AAC,
9 cut level)

.As mentioned previously,“three fire fizguency'curves
were evalueted. The three frequency curves used are parallel
curves. The average fire rate is changed but not the -
variande.QSince t?e effect of any partieular fire rate
remains the same; it was not necessary to redo the
simhlation component; But altering\the fire frequency will
sobvxously change how often a given fire rate can be expected’
"to occur. Therefore, it was necessary to generate another
"5000 10- year fxre sequences based on the altered frequency '
gurve and then go through the regression procedures aga1n.f):"

M 1
» O N

e : P : - .
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" After many trials, the regression procedurey below vere

chosen: . ' -;$m“}

1. 'For each Qge'class distribution and cut level

combination, .a 3_parémeter~Weibu1£ equation was obtained
~ such that: ! Yy : w
_Cum. Prob. = 1 - exp[-((P1-AAc)/P2)P3} (2)
Tl : ‘ :
,’*;V"TJ.; Qhere: AAC -ﬁrésultant AAC i
SR L Cum, Prob. = cumulatzve probability
PR Pi = parameter i

’ .

i Th1s equatxon est'imates the cumulative probability of
obta1n1ng the resultant AAC. Parameter P1 is the upper
',yfi_ l1m1¢ Fot the x-a&is. Pééameter P2 is referred-to as the

i‘.qi".ucalé pa:ameter'aha P3 is the shape parameter (Hasting§.':

[ goo o . ' . O
. ~f{and Peaqpck 1974) The Weibull funttion is very flexible
o . - : ‘t
ﬁy,g}'ﬂand d1fferent sets of parameter values may ptoduce the
-i“ﬁﬁ»ﬁﬂsame cumulatxve ‘function. The first ~parameter. (P1) in
4

P B
NN \

'dxstrxbutld% and cut lev l comb1nat1on.:Therefore, it is
the AAC that occurs when the ave{age fire rate for the
10 year period is 0.0%. fhis means thag parameter‘ug—'
from equation (1) equals parsﬁéier P1. A.multiﬁle linear
regression waé used to estimate P1 a;’é function of
initial AAC and;éut\ievel. This‘equétipn is usegd forAiil

three fire frequencies that were ﬁiﬁdlatedifTﬁé‘adjusted
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o cofrelatzon coeff1c1ent was 0 993¢'lﬁv | R

%;nghe first. ser1es of non llnear regre551ons used'edugtion
"[ ‘2,Qw1th a.know;fP1, totdetermlnet43,values for parameter
~T p2 andhparameger B3. Attempts-weremade at estlmating’P?

i /(~"and P3 from 1n1t1al AAC resultant?AACpand cut level but
the regress1ons wer poor. This was becausé changes in

45,~e1ther P2 or P3 ”for ‘the partucular data sets uSed

X

: prodUCed s1m1la>$changes in: funCtlon shape. It was-‘
' ¢

;thereﬁore necessary to hold one parameter (elther 92 or
P3) constan‘ The chdlce of wh1ch parameter to. hold '-‘
constant was not \rltzcal ‘since the parameter allowed to

'vary would compensate for the one held constant.. = A

" \
}sTh? 43 values der1ved for parameter P2 (from above) were

.

"averaged The average valye was then used as a constant

but1on and cut level

A

f'and every age class dlstr

iscomblnatfon was rerun 1n the s3gme: form as above. W1th

';th£5 .5/ 1es of runs, only va ‘es of P3 ‘were. produced

Js:nce,P1 and P2 vere known. The average or the 43

‘.-

‘~coeff1c1éhts of defermznatlon (r 0 Eor each of the fire ,d

o
. i
Vo i _ «

“»;Efrequ’nc;es 1s l1$ted below~u"} o wf,j,z “’;\" *
3iiff'iiv f-f,\ Average F1¥e Rate (%) **f.§€’ S
AR R o . 986 N
T ,vfff-»eexe- »"5."“,' 0\992 e

N |
,P3, wedf above, was obtained such that /\ i
,‘.‘m“‘ i L g i, .5‘- ”* b.'w,‘,. . . .
& , l AAC Eut le\ove‘,é'ﬂ“‘L “,_,43‘. -

R Ay O coln SO e T T T
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‘The average'adjusted coefficients of.determination'are:

e 2N vgveragenFire‘éate (%} ﬂAdjustedrrzv' T
ol 0. 1o : 0.615
Y. 15 b 0.694
0.20 - 0751,'

Thus a series of three regre551on eqqatlowg‘mustyle‘psed to

obtaln the cumulat1ve probablllty for use 1ﬂ,th%5aynam;cﬂ 5};‘

programmlng argorlthm One for parameter P11, another for

parameter P3 and flnally the Welbull equ{t1on eétlmates the

‘vcumulat1Ve probablllty Parameter P2 is held constant

The AAC var1ab1e 1nd1cated 1n the Welbull functxon has

:a mange from — to the value of " P1 Suppose that the current

3

'state of a forest 1s at 200 000 m per year and that any

‘gnnuah fr:e .rate gsg tgrvthah 40% 1n the next 10 vsars Qould

3

: }reduce‘ghe statgﬁ"the forest to m” per year. The - total

,probablfﬁty of reachlng state 0 w0uld’be sl1ahtly greater

‘than the probab111ty of rea¢h1ng a state Just above zero

: -because more flre rates could Cause a trans1t\%n to state 0"'

'*Th1s 1ncreased probablllty of reachlng state zero is. the p~

cumulat1ve probab111ty\from states —o to zero. It was felt L

sthat the probablllty of reach1ng state ‘zero was sl1ghtﬂy -

7querest1mated because of the 1532: range of the Welbull
.yﬁfunct1oﬁrhe1n§ -, ‘as a, compromlse the cumulatxves';F:

- ; Y R
probabllaty from statev~16'000 to 0 was“ssigquallto sehiat N W

t‘fpom -= to -10 900 was then d1str1buted eqhalliﬁhpff‘
‘other state tran51t1on probabllltles. The efiect of th1s

jmodaf1cation was small and 1n retroépect, may not have been

Ly DN

- probhblllty of reach1ng state 0 The cumulatxve proba,=A""?
n

’a

v '

I 4

13

i

tA
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“pecessary.

459dv2 Model Results and Dlsqusszon
'yé For dlscuss1on purposes, three dlfferent var1ables ) }f‘n

ndetermzned by. every DP run are cons1dered'

1. Optimal cut level: The opt1mal cut level 1s the decision-

.

wh1ch produces ‘the- h1ghest expected reward over/ 450

oo years ngen the current state of the system. The optlmal

s e

cut 1s the harvest rate for the f;rst perxod only.

‘ Optzmal harvest .;ates for gubsef ent perlods depend on

N the state of the forest at the eglnn1ng of each perlod .?

2. Present value (PV) of harvests'

Thls vari@ble is the PV

"of the expected future harvest dVer the next 450 years
{gwen the current state of the system. It 1s obtalned by
i fol;hw1ng the optimal cut levels Bt each stage of the

problem and 15 one. portlon of the objectlve functlon.‘ﬁv

" of harvests is one measure of long term t1mber supply.__ g

3. Present value of falldowns~ PV %of. falldowns is. the PV of”
® l\dﬁhe expected decreaséé in harvest over 450 years glven o
., the current state of ‘the system. It is the other | 'j/;’

'ibomponent'of theeob]ectxve»functlon. o
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The present value of falldowns and harvests could have

‘

been determ1ned in several ways as. 1nd1cated below:
1. PV of harvests 1s calculated as the stream of annual
-harvest over 450 years. ‘The 1mpact of a falldown is

’ assumed to occur only in one year of the 10- year perlod

- § o ,f
s 45 ‘(1 .)10_1 ‘ {1 y D=t
PV of harvests = Z, { —————;———] [ p ], . HR_
. L n=?t (1+1) (1+i)
o K » ‘ B ‘.A. . .'_’f:" - :
S '*'xq RN 4 ' ‘ . _4)' Co _ ST . }
PV Of fal'gmr- = I DESRT ] Fy
) n=1 (1+1)
\A
"-~;:LHR”§ ffnual harvest.-rate for period n.

. F_ #'falldown occurring at end of period n.
-« ’ . . ',>\

2. PV ofeﬁarvests‘fs'calculated a§}in'1.above, but the
~_ imMpact of a falldown is assumed.to occur every year in |
the period affected.;Both‘PY of harvest and PV of

falldowns.are, thefetore, determihed on a“yearlyeBESis._'

V; D | .
' T P10 L R
Pv of harvests =Z ’[.11:317611] ﬂ[}:——l—4?a]‘ HR,
n=1 [ (1+i). ©o(1+1) L
8 . \ '
S _ 45 (]x _ L ﬁq1#f
PV of falldowns = L [ —————Ta—l] [ ———-——73] - Fn
R < st | (1+1) (1%1) |
al B e .
SREE R | _bd»a' S |

P
d . A : R IS0
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,‘3@‘ The same relative proportion between #V of harvests and
| . PV of falldowns found 1n 2 above can be reta1ned by
elimlnatxng the fxrst term in each equation. This
produces the equatzons below, Thus, both PW of harvests

«

and PV of Ealldowns are determlned on a per1od ba51s.“

>

“‘\'}‘P .o S 45 { "‘ -1 v o | W

PV of harvests = I '“""'TE HRn. o
. ‘x“ - . n=1 (1+1) . . r“i" L}
~ ' \.M ) . ‘
v r 45 ) x n-1 = . % S
all ns = L [ —-*-—l~'-1~'6] ' VFn' ' “g‘ ‘ , R
,. Ny n-1 : '(.1+i) ) ' - ‘

There 1s no éfngle correct*pethbd to usiﬂgany‘of tHe "~ .

' Y 5 .
viewpolnts are valid. The th'rd method wa® choseg becaﬂbé.ot
. @ . N “

4

its sxmpllclty. ‘ . - o C T . -
. : \ " » . .
In add1t1on to the 3 variables descr1bed above, ﬁt\jy “ B
P ¢
‘ i K
p0551b1e to determ1ne the steady state’ AAC and the + e

steady state falldown. The steady- state quant1t1es ‘are the
long- term AVerages that can be expected after a 1arge number
oﬁ t)an51txons have'Bccurred Steady st;te does not imply

that the process settles down to one state, transxtlons from

4.

state to state wlll st111 occur but the long term average,

will equal the steady state quantzty. The steady state S ';f

cond:txon %g 1ndependent of 1n1t1a1’§tate.

R The steady state. AAC \s calculated by subttactlng the,f:ﬂi

' accumulated harvest at stagé 44 from the acqumulated harvest
;at stage 45, The accumulated harvest at stages 44 and 45 are
Tthe averages. of all poss1b1e ggrvests up to each part1cular
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initial states are equal However,

ma

% G
flu§uatxon was found probably at gy

nature of the pro-h steadyrstate values reported are .

-the. medlans of th¥ ‘ ,“state"values found for 10 ;n;txal .
., . o

'states. The stea~ ”;réuantities were only determined'for
. A\ v ‘ ' ’ o

~%selected runs. T T ' *

. ‘ v{v : - ) . ’ ’ . ‘ . )
6.3.2.1 Effect of Cut.Level Reduction Cost C =
To illustrate the'e o that cut. level reductxon ‘
- -

cost has on opt1mal harveaf polzcxes, the results from o

2

" the runs using an interest rate of 5% and a f1re rate of
g 4 » .
0. 15% w1ll ‘be discussed. "Figure 6.7 shows that as cut

level reductlon cost 1ncreases, optlmal .cut levels/are‘
FE
decreased Reduc1ng the cut prodUces less severe

d

decreases in fiow (Figure 6 8), because the harvest A

T

rates are. closer to the steady state cond1tzons and
_ B - . . e
,,obecause hlgher levels of grow1ng stock are ma1nta1ned to

buﬁ r jluctuatlons. However, the 1ncreased emphasls on
avo1d1ng falldowns causes a reductzon 1n PV of harvests

(Flgure 6% 9) PV of harvest has been forsaken for lover

\ _ .
PV of falldowns. - o .- '

;‘ A

PV of expected fallgowns will. always be reduded to ,

the p01nt where furthé% reductlons would exceed the -
. ‘ EERETR* N “"” - ;e v . o s

4 C T
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‘

‘g@:benefitﬂnained ThiS‘point {s where the value associated v
wlth smbothness of floﬂ‘plps the value of the harvest

4
over the plann1ng hor1zon is maxlmlubd.

Reﬁerrxng to Figure 6. 7 ic is apparent that th!

 §§duct1on in opt1mal cut levels is not proportxonal Thev

cut levels for high states were reduced subst&ntially
In add1tlon, states slightly above state 225,000 m per
year'received re;ativé greater reductions;in harvest
“level, R:duction;of optimal cut is based on thé%unit
cost of redhbing'PV bf*falldowns. cost is measuréd in‘w
terms of PV of harvest. The var1ab1e unit costs of: |
reducxng PV of falldowns are based on ﬁwo pr1nc1pi;s.
1. For falldowns of equal magnltude, g%e h1gher theg
probab111ty of occurrence, the lower the unit .cost.

2. For falldowns of equal prcbablllty, the higher the

<

magnitude, the lower the unit cost is to av01d them.
|

The relatlvﬂlyvlow cOst of reduc1ng PV of falidown

1« —

in high 1n1t1al states is caused by non= lmear growth'
) K

L

rates. The !lower the state, the higher .the growth rate, :

~ For example, a forest with: an even-flow AAC of 300,800

3 3

m~ might becomg\a forest with an AAC of 320,000 m> in 10

/
<

years if no harvesting dqcurred. Whereas, a forest of

: : : k ‘ §
3‘per1year might only increase to state B
N PR . :

state -380;006 m
385, 000 m3 per year. Thé non-linear gfouth rate cauées
_\{the effect of’ flre and harvest1ng to vary dependzng on
“the 1 initial state., Generally for a given f1£9/rq£ﬁaand

harvest rate; the probab111ty of a tca:szt1on to a lower

r
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»

P
dﬁkﬁé vill increase as the initial\sfate'incredses.“
Thus, Yhe relative cost of reducing PV of falldowns is
low for high 1d?tia1 states. ,
The d1sproportxonate reduct1on in optimal d.t
‘grodgd state 225,000 m3 per yeasrysrcaused by the
;teddrictiap of hérvest level to zero fd} states less
Lthan 225, 000 m per year..The constra1nt causes the

¢

y‘magn1tude of the cxpectﬂﬁ'falldown, produced by

transitions to lower states,,t h. The high ;
o Ne— ' ‘ ' o .

~magnitude of the expected falld§ kes redugtion og .

PV of fallfown cost-eMective. ° oy e e

The " shape of.the falldown curve in F1gu;e 6. B,mngq* sty

¥

the cut level reduct1on cost is 2229, reflects the
. i \3 .

* influence of the constraint at ZZS,OOOfm /per‘year énd

\3 " the non-lineéar growth rate. A slight trend to higher oy
- falldowns at high state levels indicates that the slow
growth rate cannot spsgain”the cut. The increaSe'iﬁ PV

of falldown as the state approaches 225,000 T3 per year

‘reflects thg?incrpasing_expected'vaIUe because of the _
. 1 3' ) ‘;

)

harvest rate being reduced to zero at,stajé 225,000 m

°  per year, T N

¥ IS

‘When the reduction cost exceeds zero, the shape of

Ehe falldown curve is largely affected by the proximity -

Jto state 225,000 m3 per year . Thé influéﬁ@é of the

L non lxnear growth rate appears to be r doved.'when the

f;lldown at‘state‘zzs,ooo m3 per year 1s‘large', the

! whxeh happens vhen the reduct1on cost' is low . ,F%?'
‘ | s
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slope of the line (to state 225,000) is hig’he};'.‘“":t'cho‘é:’*"‘? b
were no constraint at state 225,000 m3 per year and the

cut level reduction cost exceeded zero, the curve of PV :?gk

v

~ of falldowns should be a Lorxzontal line 1nd1cat1ve of

the equal{ptobab1lxties of destruction by fire for all

/’

states. {

The optima} harvest ‘rates when some emphasxs is

placed on smoothness of flow has strong 1mplicatxbﬁs for -

“the harvestxng." excess growxng stock Even when the "

\"

social cost, of«a falldown is small, the harvestxng of |

excess grow1ng stock .is not optimal. Falldowns caused\by \,
“ 3
the harvest1ng of excess gf5w1ng stock are certaxn to , X !

occur. Their probablllty of occurrence is one, whereas

o
the probabxlxty of a falldown created by fire will o

. W
: lways be. less than one. éos_harvest;ng excess growing

* stock has’ two benefits: R | 4
1. The certain felldonns are avoided. ' ‘”'(K{wj
2. The exceSs grouingfstock‘is usefuliin buf£ering | |

fluctuations cauSed'bﬂxfire.‘

- The flrst binef1t is the primary cause of the reductldn S

“in opt1mal harvest lewel when excess grow1ng
- present; the second benef1t is largely a, by pro ae

the second benef1€ Was a pr1mary cause, then suigiant1al ;
”,redu;txohs in opbzmal harvest level would occur £or all
states because surplus grow1n3 stock is us%iul 1n T e
reducxng transition probab1l1t1es for al;_‘ngtial co
states. Intu1t1vely, the model's result 1s’logical ;{

L4
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6.3.2.2 Effect'of Fire Frequency
U When no value is placed on smoothness of flow
N optimal harvest rate does not.vary with f1te
fneguen;y{ (Figure 6.10). But hxghet fire frequencies do
'prqduce_highet lavals of PV of talldaahs'(aiQUre q.lj)
. apd}lbﬁer levels of PV of%hatvesta' (éjguge 6.l2). As
th@ sdcial'cost of falldouns ihcreasea, itfbeéomes‘
cost-effectzve to reduce the higher Pvﬁof fallggzns

3
caused by high fxre freqyapcies by reducxng opt1mal cut

\ﬁﬂ.rates.‘mhis occurs at thewexpense of lower PV of

 harvests. ' R .

e

‘As cut level reduction cost increases, the change

TR . . L. )
in optimal cut’ occurs first at state levels Just above
.225 000 m3 per year.‘Th1s is because the magnxtude of

the dxfferencea an PV of falldown is greatest at state
iy,

3 zzs\ooo W gag«lwag. 1-5*;-:_,: e T N PR

\The ngmber 5f cut levels 1n the model is dzscrete-.

E

. d1v1sions of 5000 m are used If more cut, levals were
N ! t .
_ present, small dxfferences in opt1mal cut rates. would'be‘
'"In this study the upper “1imit-to harvest rates conStrains
optimality. Without this constraint, higher harvyest rates
-?égsanticipated with high fx;e ftequenczes (Reed and Err1co
1 PV of har#egta of - xnvetse gggrtxonal to fire frequency
~but the differkiices are sma ow cut level reduction
costs and’ t qre. may not be apparent in Fxgure 6.12.
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expected to occur when the cut. level reductlon cost 1s

'\small In fact, some fluctuatlon in optxmal cut 1evels

can be seen at low redhct1on costs,~1nd1cat1ng some
(. .
tendency to:- lower opt1mal CUt. NE

,6.312;3“Effect'of Interest Rate

P \ No Interest Rate-

l

As 1nd1cated in Table 4. ﬁone run was done to

1llustrate the effect of no time- prefetence. The rcut

]

‘level change cost was zero, aver ge fire rate was 0. 15% .
J §

and the dLscount factor was 1 0. Therefore the object1ve
was szmply to maximize total harvest over 450 years.

Flgure 6 13 shows the opt1ma1 cut levels. For any state

less than 340,000 m3 per year, the optimal dec1sxon is

‘not to cut, even though ‘there would be harvestable

J B Kn

timber 1n many of these states. This means that more

tlmber-can ‘be harvested over 450 years, by ‘not

~ harvesting in relatxvely low states; but rat'

'r, lettlng,

“the forest grow untll 1t reaches a state gre'

340;600;m3 per year and then harvestlng. This’ SOmewhat

fer than

surprising\result is caused by the prev1ously d1scussed
non= 11near‘growth rate. ‘ A: b

The pollcy 1nd1cated in Flgure 6.13 1s not
partlcularly reallstlc; A regular annual or per;odicj
harvest is the baSis of RYsustained yield"'which'issa
policy widelétadopted in pubiic forestry (Duerr et al.
1977). Traditionalrharvest scheduling models assure this

'hpol1cy by 1mpos1ng var1ous forms of flow constraints.

=7y
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 Figure 6.13: Optimal Cut Curve With No Discounting

Even though more timber could by attalned in the long

- run’ by not harvestlng for certaln perloas,' the

-

 pol1cy 1mpl1es thht e1ther there is a value assoc1ated

”

~ with smoothnesssof flow or a‘tlme.preferenqg for

harvested wood or afCombina;ien of both faetors.

“_Var1able Intereg&vRates - ""_ “" e
- Alter1ng the 1nterest rates causes dramat1c changes

in.opt1mal cut rates, PV of harvestsvand PV of'falldewns

(Figuree.6.14,>6.15,.6116), Ashinfesest rate decreases,

the optimal solution tends to move towards that shown in

\ .
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solution may not occur. In this case, the solution
<::£a;led to converge for states greater tpan 350, 000 m3
jper year. Therefore, the tut rates shown are probably
L A

\

The graphs ‘of presen% value for both falldowhs and -
'expected harvest reflect two factors. the optimal cut
1rates (shown in Flgure 6.14) anq the discount factor., In
,F1gure 6 15 and 6.16, the effect of the optxmal cut rate
is over- shadowed by the 1nfluence of the dlscount factor
' on present” value. For example;“in Figure 6.14 when the
cut. level reduction cost is 9, the optimal cut rates for
2% 1nterest rate are lower in every state than the
optimal rates for. 5%. On would expect ‘the Yower harvest
rates to produce less—expected PV’Of harwests in most
states. But exactly the oppos1te trend is shown in
,'Flgure 6.16. ‘The cause—is the discount fac&gr.

The effect of the variable discount factors on the
PV quantztles can be removed by determlnlng PV on a
common 1nterest rate. The transformatlons are made: by
~ determining the equal perlodxc payments requ1red to
obta1n§the PV of harvests-and PV of falldowns for 2% and
8%; then th1s periodic payment is converted back. to a Pv
quant1ty us1ng a 5% interest rate. Flgure 6.17 shows the
transformation when the cut level reduction cost.1s 9.
Lower PV of harvests occurs for states greater than ﬁ
250,060 m3 per year'when optimal'cut rates are oased.on“.

T a 2% interest rate. For states less tha_n250,‘000,,m3 per
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year, the trend of PV of harvests with interest rate is
reversed Low optimal harvest rates when the initial

state is relat1vely low, wrll defer cuttlng unt1l the

N

state level is higher and the growth rate 1s>lower.

(R4
. < -

/' - 6.3.2.4 BEffect of the Shape of the Social Loss Function
\\\e/’/é ' Only two basic forms of the social'loss function
wvere tested The f1rst form where soc1a1 loss occurs

only from decreases~1n harvest level fQDn symmetrlcal)

hasxbeen d1scussed. The_second form B .the social 1oss
function is linear and symmetrlcal sdcial loss oocurs .

w1th any devzatxon in harvest level and is descrxbed as

A R
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the cut level change cost. It should be realized that
wheh“tho cut level chinge cost is zero, the cymﬁitry of
the- social cost function is irrelevant. Therefore, the

curves, for optimal cut, PV of harvests and PV of

-falldowh will be identical when chango'cogt‘is zero. .

The most sgriking feature of a linear symmotrical
loss function is that optim;l cut level remains
virtually the same, fegardless of the slope of the loss

function (Figure 6.18). The same trend holds true for

.the PV of harvests and the PV of falldowns curves

14

(Figures 6.19 and 6.20). This behavior is produced
because the probability of a decrease in flow is
proportional to the initial state but the probability of
an increase ié floﬁiis‘inversely proportional to the
initial‘;;ate. Reductions in:cut‘IEVgl will decrease the
probab;;ity of)a falldown, but they are generally
ineffectivé'in:reducing PV of increases in f&ow becausel

they cause an increase in the probability of a

transition to a higher state. There is a trade-off

caused by the opposing trends in probability.

y Optjmal'cﬁf is reduced relatively large amounts for
kééh initial states when a social value is placed on
éﬁEOthnéss of flow (Figure 6;18).«Falldowns in these
high initial state regibns-arg virtually certain to
oqcui'. Reduction of cut in these regions does not ‘cause

significant increases in the probability of ingrease in

' These are falldowns from.excess growing stock.
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cut level because,the-states have very 1ow‘or no _
érohability of sustaining a higher cut. . ‘ //
The fluctuations in PV of -falldowns, shown in /
\_Figure 6.19, are probably caused by an 1nsuff1c1ent///
number ‘of states. The dlscrete nature of the: statefand df
cut variables does cause some fluctuatlon in nea;ﬁy all
of, the optlmal solutlons but the objectlve functlon for:

.the symmetr1cal 1oss fug&élon is espec1ally Sen51t1ve.

i

,6 3. 2 5 Steady state Condltlons ) |
'A The steady state condition in a foy%st subject to
~thectlsk of fire is one of fluctuat1;y{ The average
harvest and the average‘amount.ot {}uctuatioh period to
beribd were determined for-a few 1éiected runs. Using
~the- opt1ma1”harvest rates when ghe cut level reductlon
cost was 0, interest rate was % and flre rate was
'y0.15%,.produced‘a steady-state harvest of 232,728,m3 perk
year; The steady—staté haryest or longfrunisustained
yield average when fire isdnot bresent was Calchlated to
be‘365/006 m3 per year. Se, the influenee‘of fire on
steady state COHdlthnS is severe. | : -
- The level of steady state harvest w1th fire is
‘loyer than anticipated in llght of other'research
results (Reed and Enrlco 1986 Van Wagner 1983). A cause
was found in the regre551on equations used to determlne
;the tran51t1on probab111t1es. As dlscussed prev1ously,
the upper l1m1t to the resultant 'AAC (for each initial

<

" AAC and cut 1evelucombrnat10n) was determined from
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equatlon g (page 67) by settlng the 1dLyear f1re rate—to
~;ero. Unfortunately, thrs procedure sllghtly

underest1mated the upper limit. An alternative procedure

vas developed where the upper limit to the resultant

" AACs were taken dlrectly from the s1mulat1ons done for

each 1n1t1al AAC and cut level comblnatlon. The
resultant AACyobtaxned us1ng th“lowest 10-year fire

wrate (0 0045%) 51mulated was”

umed to be the upper
11m1t to the resultant AA ,Vstlmates of these

upper lrmzts led to the deveippment of dlfferent

\

yfr parameter P1 (page

coeff1c1ents for the equa_“j]}

~‘;ThiSﬂnew equatfon was“ueed‘for the steady-state

conditions reported below, but gas not used for any, of
the runs prev1ously descrlbed The neu equat1on would
not alter any of the relatlonsh1ps ogggatterns found in
the opt1mal cut curves or the PV curves. However, theh
magnitude of some of the quantltles would be affected
’sllghtly. For example, the optlmal cut for state 400,000
:m3 per year w1th a cut level reductlon cost of 3 and and

-

1nterest rate of 5%, us1ng the revised regress1on was:
3

——

'355 000 m per year, whereas prev1ously it would have

been 325, 000 m3 per year.

The»steady state condltlons for the three flre
-frequenc1es evaluated are shown below. These quantltles
“could be expected to occur by followlng the opt1mal

B SN
harvest rates for a reductlon cost of 0 and an interest
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. Ry
_ . )
. rate of 5%. . .
Average Fire Steady&state . Steady state
Rate o Harvest - ‘\ luctuatlon .
j * ' 3/Yeaé | m /year
i Q\— M T
0.10 270,980, £5,504
0.15 ' 269,054 - +6,484

- 0.20 2&5,527 “17,200

_ The trend shown is expected higher flre rates
cause lower steady State harvests and 1ncreased
‘fluctuatlon about’ that rate. >The steady state harvest
rate for an average f1re rate of 0. 15% is approx1mately
.26% lower than'if fire was non- ex1stent. The |
steady state harvests found in this study should be
sl1ghtlyulower than those expected from methods which
use a constant annual rate of fire (Reed and Errico o /
1986, Van Wagner 1983). This is the result of allowing///
fordthe possibility cf very severe firedtates whicﬁ //“
would substant1ally reduce AAC for short per1ods of /,
time, It is 1mportant to note that the steady- staté
conditions are the expected long-term averages. The mdst
commonly'ocCurring fluctﬁationband;harvest rate.wduldﬂbe
less severe because‘mostvfi;e rates‘will be relatively'

mild.

6.3.3'Impiications for Timber Management
Thé ,DP model developed in this study'is necessarily

complex. Failure to model key elements such as the
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sequential decision'process'of timber manageﬁent or the
“probablllstxc nature of fire would probably have led to

erroneous conclus1ons. However, appllcatlon of the results
,;does not requxre determxnat1on of values for all of the

varxables contained in the model. The beneflts and costs of

— %

reduc1ng harvest rates 1n ant1c1patxon of future f1re
losses, as determlned 1n thxs study, can be dlscussed in

~general terms. : "\\

’
>

~5.3.3.1 Benefits and Costs ofmgéauﬁﬁng AAC for Fi
. The DP model. quantifies the ¢ t1onsh1p between

Q«smoothness of flow and total harvest, thus prov1d1ng a

— I \

rational basis for decision making. The benefltcobta;ned
, . S

" by reducing harvest rates is greater smoothness of\flow

"

-cost is a reduced amount of PV of harvests. As ment1oned -

3 unit for PV of harvest is

prev1ously, the use of the m
appropriate‘because harvest”can be measured in volume -

units. In this study; the\units‘forvsocial‘cost'should
~ be thought of as the. value equ1valent to the soc1al X .

beneflt of harvestfﬂg\ohe m3 of wood §1gure 6.21 shows |
'these benef1ts and costs for two different cut level

reduct1on costsa The upper curve shows the 1mpact of a
* reduction cost of 3. The curve for gain in PV of |

falldowns was determ1ned from.('

PV of falldowns at _ PV of falldowns at ;
reduction cost=0 . reduction cost=3

. f’ The reduction in falldoyhs has,oCcurred because of the
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"’iQEreqsed va;ue'associpted with‘them} It is a benef1t of
'setting'the cut level.:edUCtion‘ppst{at 3, so 1t is
}iabelied.as "gain". The-cuEVe for loss in PV of hgrvests
_was determined as: ) |
| ;V Of:harveste at” ; PV of harvests‘atl .
reduction cost=0 reduct1on cost=3
051ng the upper graph 1g§Flgure 6. 21 if a forest

“had an. 1n1t1a1 'state of 400,000 m3 per year, then over

3 of-expected PV of harvests would have to be

170,000 m
given up in order to decreise the expeéted PV of
'ﬂfelldqwde by 15,000 m3 (aggroximate rétio of 11:1). The
‘erade-dff istnot as extreme for 1oﬁer stateé,_but |
genera%?j very large amounts of harvest ﬁust be fo;saken
}. to reduee ‘the expected PV of falldowns. |
| The ratio of PV of harvests to PV of falldowns is

‘ no;,rest;1cted to. the cut level reduct;on cost. Higher

_feties can be expected because completely diffefent
optimal paths.fo:'each redyction cost ﬁa§e been
developed which produce different PV quantities.
Therefore, the PV quant1t1es obta1ned by harvestlng at a
- given rate when the_eut level reduction cost is 0 are
not possible alternatives when the reduction cost is 3;
h The benefit in PV of falldowns shown in Figu:e~6.21

3

is somewhat higher around state 225,000 m~ per year,;han'

might be expected:in realﬁty. The high benefit shown is

largely produced because the harvest is constrained to ‘

3

zero at states less than1225,000.m per year resulting
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.y e : ESE
. in a very high PV of falldowns, when the cut le?ellﬂ
y reduction costlis zero. In reality, a reduction. to a
harvest rate of zero would probably occur gradually as
~ the amount of ha{vestable t1mber was reduced
Comparlson of the upper curve for a cut level
reductlon‘cost of 3 with the lower curve for a reduction

cost of 9 shows that the cost' for'reducing'ﬁalldowns
N v . 'Y i '

increases:dramatiCally as the cut level reduction cost

increases.lWhen the reduction cost is 9,” very -large

ahounts of harvest are required to reduce falldownsleven
_. at low initial states.

Thevpresent_values associated with falldowns and
harvests are somewhat difficult to intefbret since such
qguantities arefnot commonly used in forestry. Anleaample
of a more conVentional method ofrportraying harvest
schedules will be shownflo clar1fy the present value

. quant1t1es and to further show the effect of reduc1ng
AAC_for £1re. Thrs,example‘rs produced by:a variation of
the-even-flow‘slmulation model discussed earlier. The
model is not related to the. DP formulat1on and should
not be construed as an analytwcal tool It 1: used only
to demonstrate the effect of dlfferent pollc1es 1n one.
hypothetical s1tuatlon. N ' |

, Replann1ng qu simulated at 10 year 1ntervals. Both

regenerated and stand1ng timber were assumed to grow

accord1ng to the standxngit1mber yield curve of §1. The

' in terms of harvest forgone
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gire_freQUenoy curve, regen lags\aha liquidation period

were,those‘ueedepreviously for S1. One 1§Ofyear sequence

K of fire rates wes randomly oroduced from the fire

frequency'curVe. This sequence is onlyfbne of a infinite
number_of possible sequences. Three harvest schedules
were' produced by using three strategies for handling the

¥

risk of flre.

1.
! oy

1. -One of the ;cbedules was produced by assuming that
no. reductxon ﬁgr ant1c1pated fire losses would be‘
made._Thus the AAC for each period was set at the |
‘maximum even-flow AAC which was based on the age
class drstrxbutionhof the forest at,the time of
repianning. For'all schedules produoed the age
oias§ oistribution was contlnually updated to

reflect the effect of f1re and harvest1ng

2., The second harvest schedule was produced by assuming-

that\AAC should be reduced'TOX in advance of the
£1re actually occurrlng Thzs is the current AFS
pol1cy on flre for all management unxts in-Slave

Lake Forest.

3. The thxrd harvest schedule assumed that the harvest

retes should follow those produced by the dynam1c
programming moéel when the cpt level reduction cost
is 3; and the interest{rate.is £% (Figure 6.7).

The policies used to ﬁioduce the first and third

schedules are consistent in their treatment of r1sk

- That is, they treat the risk of decreases of . flow in the
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hd ?

{,d is given to any

=fcreases in'flow are

forest 1s at a hlgh 1n1t1al state the probabxllty of a ;
falldown is very large (1.0 or slxghtly less). When theA |

forest is at a low 1n1t1al state, the. probab;lxty of a

‘falldown is small But pollcy 2 reduces AAC 10%

regardless of the state of ghe forest.

e

The schedules produced by each pollcy are shown in

Flgure 6.22. Reductlons 1n harvest level occur becauSe

’;of fire ?nd because of the depletlon of excess grow1ng -

stock by harvestlng Decade 7 contaxned a partxcularfy

.bad fire ‘sequence; when replannlng occurred at the end
of the decade, the harvest level was reduced .
A;cons1derably Very sl1ght or no reductions in harvest
hlevel represent relat1vely m11d fire sequences. The

) magnltude of the falldowns 15 damped when harvest levels

';vare reduced, because hzgher levels of grow1ng stock are'

ma1nta1ned Increases in harvest level which may occur -

?would also be damped when AAC is reduced in ant1c1pat1on

[

\of future f1re losses' - ," L - . 'I(;
The schedules show that very large amounts of AAC

have to be given up to reduce the magnltude of

e - - — - —

-This behavior .is not clearly visible in the harvest

schedules because of the scale of the graph and because of
“the inherent variability in AAC when determxned by an A-V

check.

\
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falldowns. Thus, the social cost of a falldown oost be

'considerable before reductions in AAC should pccur.
<By comparing the "reduction” polieies-to the

"non-reduction” policy, the ratios of loss of PV, of

¥

' ’ @
harvest to gain in PV ot:falldowns were calculated.

10% reduction: loss of PV of harvest . . 22.7
gain in PV of falldowns * \\

DP reduction: loss of PV of harvest 20.6 . ",
gain in PV of falldowns o -

Falldowns reduced by 10% reductxon pollcy actually cost
more on a per unit bas1s. Thls may seem surprxs1ng, but .
it should be expecfed because the 10% reductxon polxcy t
gives no. cons1derat1on to the cost of reduc1ng
falldowns. Whereas, the‘DP pollcy will always maximize
the ga1n from PV of harvest mxnus‘;;} socxag loss due to -
decreases in flow. It should be noted that the schedule
produced -by follow1ng the DP policy assumed a cut level
reduction cost of 3. Other harvest polxc;es_can be
derived frOm“the,D?vﬁodei bynaltering:the:emphaSis on
smoothness of flow. . | |

In the upper graph in Flgure 6.21, the quant1ty of
BV of harvests lost was an average of approxzﬂ%tely 1’
times greater than the PV of falldowns gaxneﬂ for state
400,000 m> per year. The comparable proportion just
calculated fot Figure 6:22 was '20.6. The difference_.
between the two numbers. is because~the actual fire
occurrence differed from_ the ekpected 31 average fite

conditions. ' .
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The harvest schedule that is most desirable depends
entirely on hei much social cost is:essociated with
decreases in flow, It a‘manager ig iInterested in only
meximizinghPV of harveet, then Q‘rnovreduétioﬁ" policy
is the best choice. The schedule preduced in Figure 6.22
by"the»Dé reduction will qbvioesly give the fewvest
deviations in flow.. . | |

. *  The benefits obtained by reducing AAC, .shown in

— “Figures 6.21 and 6;22,rafe probably sigqf?ieanfly less'
than those;breviously supposed Very largegamounts'of

.

annual harvest must be rellnquzshed for relatively $mall

changes in smoothness of flow.

6.3.3.2 Factors Contributing to,€be ﬁiéh Cost of .
'Smoothnesé of Flow- o t g ‘)
_Three factor§ which contribute to the ﬁigh cost of
' smoothness of flow are the contxnual ma1ntenance of
] "reserved timber", the burn1ng of that rese;ved voluyme
and the. influence of frequent replannxng. These,gactors

.are not.generally considered in the defermihation of the
s lle‘ s .

effect of fire on AAC, but are actually very important.

The process of reserving volumevin‘anticipation of

N f1re losses is often mlsunderstood Flgure 6.23 "
!

111ustrates the benefit generally attrlbuted to reduc1ng
harvest rates. Based on. the best 1nformat1on avallable .
at time 0, AAC is set at level A. Unforeseen |

cxrcumstances cause a reduction to level C when

,;; n1ng occurs at tlmggﬂ If the knowledge ga1ned at
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'ngure 6. 23 Hypothetxcal Harvest Schedule under Uncertainty
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tio} 1 were available'qt time 0, then the optimal cut
would be level B. Generally, level B will be lower than
;56% ofvthe differente,betveen A and d because the
reserve timber set aside at time 0 is subject to fi.s
dur1ng peblod o o CL <
‘ However, the process shown in Figure 6.23 is not
how a pollcy of reduc1ng harvest rates for f1re would
actually functxon. In Fxgure 6 23, most of the-vblume.
reserved in period 1-is used }n~perrod 2. However,y;f
the policy of reducing‘harvest rates were to continue, *
volume would aga1n be reserved Ain period 2 and eyery
per1od thereafter. The cut level in perlod 2owou1d
therefore fall below levelﬁc Ove; time such a polxcy,
- means that ‘the major1ty of Ehe reservedvvolume is never
utxlized making: 1t relat1ve1y 1ne££ect1ve in decreasing

o

fluctuatxon5'1n harvest rate. ?he fact that vdlume
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}contfnues to be reServed'with each plan revision is a
yery 1mportant cause of the hlgh cost of smoothness of

flow.\ | )
‘ The ineffectiveness70f reserving‘growing'stock is
fmagn1fied bécause the reserved volume 1s contlnually
sub;ect to flre losses. Substantlally more volume will
. be’ burned by follow1ng a pollcy of reduc1ng AAC for flre
e‘because a forest w1th a hlgher average age is preduced*
“Consequently more volume w111 be lost for every hectare
"burned ‘Arother s:rlous problem may also be created If
‘§the probab1l1ty of destrucglon by f1re 1ncreases with
stand age (thlpot 1977 -Martell 1980) , théh a forest
produced by the polzcy of reduc1ng AAC will have a
| higher fire fréquency e B A
| The 1mportance'of the reserve\timber burning and
_the'ineffectiveness-Of‘maintaining this reserve is ’
illustrated in Flgure 6.24. Thls figure shows two'
harvest schedules}produced by d1f¢erent p011c1es for the
same.forest.'SuppOSe that at the end of decade 13, the
‘"DP‘reduction“rpolicy uas‘switched to a "no‘reduction"
npOlicyt”All-ofhthe;growing stock reserved for 130 years
- would become aVailable for harvest, »so‘AAvaouldVbe
s expected to increase beyond the harvest rate 1nd1cated
{for the "no reductlon"'pollcy. AACydoes 1ncrease, but
;only to a level 5. 6% over the "no reductlon AAC 1n
_idecade.14 ThlS 1ncrea5e 1s probably smaller than

‘

expected con51der1ng the harvest volume forgone (the
, , S

!
e

P AN
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Figure 6.24: Impact of the Reserve Timber Burning:

shaded area in Figure 6.24), and”ia a direct result of
the reserve volume contlnually belng depleted by f1re.
In fact the total volume burned over the first 130
jears by follow;ng the "DP reduction" policy is 25%
: greater than the volume burned by following the "no
reduction” policy. The additional volume burned was
- calculated assumlng the probablllty of destruction was
constant with age. A greater dlfference in volume burned‘
<would result if the probablllty of destruct1on 1ncreased
w1th age,

Because freQuent replanning is‘a good‘method of
handling’risk‘and uncertainty, it’contrlbutes,to.tne

high cost of smoothness‘of‘flow.lIn Figure 6.23,
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overcutting dccurs invperiodvﬁ The sezFr1ty of the
overcutt1ng increases as the perlod continues. If a
severe £1re occurred early in period 1, "the amount of
fovercutting‘gor the rest of the‘period'would be high., If
the AAC were recalculated immediarely after a severe
fire year, the.amouhtvof overcutting would be‘small.
ThuS‘shorter'replanning intervals‘will‘reduce.the.
severxty of overcuttlng. = > |
The freqUency of replannlng is a‘very 1mportant
‘aelement in determlnzng the,adequacy of replanning to
handle risk, In'hlherta, a'trehé to more frequent
replanning isA?reSent. The current'poliey'is to'review'
AACs ebery.10 years (AFS 1985). If a ﬁalldoﬁn.of'SZ or
more is anticipated because of fire or‘ahy other\factprﬂ
a. new AAC wonld be 1mmed1ately recalculated |
addltlon, management un1ts in wh1ch the AAC is nearly
fully allocated may have- updates every 5 years.
Elsewhere in Canada, replanding also occurs frequently.
' For example, Ontario updates their planshevery 5 years;
‘B C. hopes to update every 3 to 5 years.’ Frequent
replannlng assures that the harvest_ level generally does
not substant1a11y exceed the "sustainable” AAC. |
The use of f;equent replanning Lo handle the rlsk
of destructlon requlres that flex1b1119/ for change 1s
incorporated 4n,plann1ng, In Alberta, spec1f1cat10n of -
quota Voiumes as a percentage of AAC in each management/

— ——

unit is an example. Flex1b1l1ty could also be assured by
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having leases with different lengths of tenu:evwithin
each manageﬁént unit. The same type of flexibility is
required if excess growing stock is to be‘harvééteﬂ. In
Alberta, the additional harvest possible, when excess
growing stock exists, is somepimeé allonntéd to short
Aterm leases. This extra~volume is not part of the
o£f1c1al" @@C for the management un1t and as such the
quota holders are not entitled to 1t The need to
maintain options does not only apply to ;he~policy of
not reducing for future fife_losses. As Fignre?6.22
shows, fiéxibili;y would also be required even if AAC

were reduced 10%.

¥

6.3.3.3 Problems with Current.Policies on ﬁéducing‘AAC
for Fire | ; |
The major drawback to current methods of dealing
with fire risk is that the bengfiéiof reducing AAC is
" never quantifie W;Allkcurtént hethods.attempt_in Qaricusr
ways to determine level B snown in:Figure 6.23. If fire -
rates were ent1rely predlctable, then it would be ,
'possxble to determlne an opt1ma1 AAC from such methods.
‘?Unfortunately( fire :a;es are not predictable and,1n
fact, vary widely. As a result deviations in flow are
certain‘to occur. However, a_traditional model cannot
quantify the deviatﬁoné in flow. because replanning’is
‘°ho: part of the'nﬁdgl formulation“and becaus¢}firé-is‘

not'aIWays_treéted as a stochastic prdcess.'The benefit

of reducing AAC cannot be determined using siuch models.

!
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In order to determine optimal cut rates, the
relationsnip oefween eapected deviations;in flow and
expected harvest is.necessary. Such a relationship can
only be derived by modelling timber management; as a
- sequential decision process. | R
Another problem with currént timber managemeﬁt e
:poiiey is that uncerfainty'and risk‘for factors other
than fire are usually nOt'explicitly considered,, |
Reductlons for "fire Iosses"hare often used as a
catch all for any uncertalnty. Uncerta1nty eX1sts wlth s
‘r\ growth rates, regenerat1on lags, cwwggnt stand volumes,;:
accesslb111ty of stands, the 1n£1uence of selsm1c lines
-and a myrlad of other factors. A reductlon in AAC also_
‘allows for greater ease in the layout of cut blocks.\If'
reductions for ant:czpated fire losses are not

warranted, then it is time to rename the reduction for

tirese other assorted elements.

- 6. 3 ' 3 Impllcat1ons for F1re Management
In the past,’'damage to the timber resource has been

‘estxmated by u51ng the area burned as the cr1ter1on of

damage (van Wagner 1979 Gorte and Gorte 1979) The loss to’

the timber resource. 1s more correctly assessed by

_determlnlng the change in present value of aq inflnlte

series of per1od1c cash flows produced by forest harvestlng

(Martedl 1980, Reed»1984, Van Wagner 1979). But as shown in -

'this study, eXpressing’cnanges in PV of-harvest.without also\

-



showiqg‘the adcempanying changes imigv'of falldown-is
meaningless. Deviations in flow are a social cost and need
to be included in the‘assessment of the economic
conseguences of‘ferest fire.

| &eafly all“current economie ‘analyses of fire management.
‘use marglnal analysis, where the 1ncrementa1 chamée in fzre
‘ effects between program levels is evaluated, not the total.
effect of fire protection (Schweitze; et al._}982); The
ﬂ upper limit to protection‘expenditures.is determined as-the
difference in the value of the timber resource between two
dlffe ent levels of fire protectlon'

blfferent levels of fxrehprotectlonbhave previously '

been reptesented by the average aunual'fire rates. But in
fact, fire protectiom may altet the both the‘shape.and scale
,.of~the fire frequency'cutve.,lt is possible, fo;\eaample
that a partieular fire/mgmagement grogtam may decrease the.
prqbability of severe_fire years at the'expense incteasing
the frequency ef moderate fite years] The. aberage annual
rate is not necessarily altered but thé‘change in f1re
'frequency could still alter pv of harvests and PV of
falldowns. Fire frequency curves give a more accurate
assessment of the . effect of fire management than average

“fire rates.‘a

Table 6.4 1nd1cates PV of harvests and Pv of falldowns

o]

which were obtained for the three fregueggx;,uzves used in

‘this study. The interest rate used for these runs was 5% and
' Additional expend1tures may be jUStlfled wvhen otheér
resource values and public safety are- considered.

* v f}»)
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Tablé 6.4: EFFECT OF FIRE FREQUENCY ON TOTAL SOCIAL BENEFIT

. Initial PV of PV of

Ave. Fire ‘Total Social
Rate ‘ State , ﬂarvests : Fallgowns' Ben§£1t ,
(%) - (m3 /year) (n?) (m”) |
.10 200,000 398, 884 9,622 370,018 -

300,000 719,262 12,276 682,404

400,000 833,418 7,109 ®812,091

.15 200,000 394, 139 10,258 363,365
300,000 715,014 13,606 674,196 -

400,000 832,643 8,006 808,625

.20 200,000 358,512 11,391 358,512

300,000 711,651 14,606 667,833

831,531 8,949 804,684

1400,000

the cut level reduction. cost was three'.

.Geherally'the change in fire frequency appears to have
more effect on PV of harvests for low initial states. This
is because low 1n1t1a1 states have a h1gh probab1l1ty of
having harvest rates of zero in the near future and this
probability is sensitive to fire frequency. Caufion-éhould
be taken in 1nterpret1ng small differences in these
numerical values too 11terally, as there is some fluctuat1on
1n‘the solut1ons state to state.

Using the total social benefit? figures from Table 6.4,

the upper level to protection expenditures that can be

. i
- .. - e w— o w--

' Different PV quant1t1es would be obtained if the emphasis
on smoothness of flow was different than three.

3 Total social benefit = PV. of harvests - reductlon cost x
PV of falldowns R , ' —-

«\-
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«justxfled for reducing f1re rates from 0 15% to 0.10% when
the state of the forest is 200,000 m3 p;r year.1s 6,653 m3.
That is, the total additional expendlture should not exceed
the value that soc1ety places on the BY of 6, 653 m3 of
harvested wood. Another 1nterest1ng feature indicated by
‘Table 6.4 is that the justifiable expenditure will vary
_depending)upon the initial statenpf'the fef€5t. In the
example shown here, more expenditure is warranted to reduce
the fire frequency from 0.15% to 0.10% in state 300,000 m>
per year than in any other state. . -
- In order to determ1ne an optimal level of fire
management two cbmponents are required:

:‘1. The first one is the benefit obtained from changing fire
“frequenay.fThe benefits to the timber resouree could be
detefmined—trom this Study. |

2. ‘The ,second nedessary factor is the change in fire

| “frequency produced by expend1ture in fire protectlon.

Wlth regard to the second component, 1t is con~*1vanle that -

certain changes to the fire frequency curve r.g iw m°re

‘eOSt-effective_than others. For example reduv 7. lue

frequency of severe fire yeats may produce the mWwost -snefit

to the timber resource per unit of expenditure oi fire

protection.



7. SUMMARY AND CONCLUSIONS :

The dynamic proéramming model developed in this study

can be used to determ1ne optimal. harvest rates for a forest

subject to the r1sk of fire. The model determines the

optxmal harvest rate on the basis of the value assoc1ated

with smoothness of flow and the value assoc1ated w1th total

harvest. The major 1nnovat1ons contalned in the model are

~ the treatment of tlmber management as a sequent1al decision

process and the use of fire frequency curves to estlmate the,

probabilities of all possible fire rates.

The results of the study can be described in terms of

the secondary objectives:

.

timber management.

To determine a method o!\using‘historical fire data'in‘
Frequency analysis of hlstor:cal flre data is a good
method to descrlbe fire h1story. It is useful for
generating random £1re sequences and allows for the
possibility of fire ratesloutside of the range of those
having previously occurred. Use‘of“a constant annual
rate of fire toqdetermine the etfect'of firebon current'
AAC is‘probabIQ;inappropriate latqely hecause it leads
to- the false assumpt10n that determlnlstlc approaches in

plann1ng are capable of determ1n1ng opt1ma1 harvest

' levels. The use of average rates of fire for determlnlng

steady state harvest rates will probably result in
overest1mates. In addltmon, use of constant f1re rates

makes the determxnat1on of the steady state fluctuatlon

. !

20 L
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\
in harvest impossible as seen in Reed and Errico (1986)

y and Van Wagner (1983).

2. To evaluate the problems inherent_with harvest "
scheduling models which fail t? explicitly recognize the
replanning component of timber management,

'“‘The failure of most harvest scheduling models to
'repreSent the sequential decision-making process of
t1mber management is a major shortcomlng. Such models
cannot quant1fy expected fluctuatxons in harvest level
/wh1;% result from forest fire or from an excess or

' deficiency of growing etock. The’ magnitude of such
— ‘ffflhetuationsvean be influenced by harvest rates, but
‘unless replaeei;g‘is modelled, the relationship between
‘smoothnessﬂof flow and total -harvest cannot be assessed.
wifhogt\knowledge“of‘this“relaﬁionship, determinatien of
optimal harvest rategiis-not pessible.“
) Recognition of the seduentielJdecision-making
“‘procese is eepeciéll§ important>in assessing the effect
of fire on harvest rates because flre rates are highlyb
variable and unpredlctable. But even in a forest not
subject to‘fire,_the use of models which. 51multaneously
plan for the entlre plannlng hor1zon is questxonable.
3. Tolassess the benefltshand cests of reduC1ng.AAC in
vahtieipatioﬁ_of future £ife'losses.. ?

‘fn this stpdy, the benefitaof reducingihﬁc'is a:

reduced Ievel of expected falldowns discounted to the

present time. The cost is a lower total expected



harvest, also discounted to ‘the present, In general,

very substantial amounts of heryesp must be fotgone in -
order to reduce expected falldowns appreciably. This is
especi;11§ true if large amouots'of excess growing stock
exxst (1.¢. the initial state is high). |

Three Eﬁctors wh1ch contribute to the high cost of

smoothness ng flow are the contxnual maxntenance of

reserved growing stock, the burnxng of reserved volume '
end the role of frequent replann1ng. Any timber volpme
set ggige in anticipation of future fire losses is
itselfisubject to fire losses. Frequent replanning

ensures that the current harvest rate .does not

significantly‘exceed‘; e sustainabhle rate.

To assess the effect.of different fire_freguenbies on

the timber resource.
Optimal harves% rate does not change substantlally

with fire frequency unless a very hxgh value i®

essocxated with smoothness of flow. *hxs does not imply

that fire frequency'has no effect on the timber
.resource. Lower levels of harvest and increased

fluctuation in flow can be expected when fire frequenéy

is high, This relationship is evident in the
steady state conditions and in the preSent value v’ i
quantities preseoted ' L

If smoothness of flow has value,.then the’benefip‘
of reducing fire rates throogh‘fire protectionishould‘be

assessed in terms of both the ekpeoted harvest and the
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expected flugtuation in harvest.

Determihat}on‘of the optimal AAC depends to a large
degree on Rhe importance assocxated w1th smoothhess of flow.
Substantial reduct1ons 1n AAC and therefore in total harvest
are necessary to 1nereese smoothness apprecxably. Because of -
'the,very‘high cost. of smoothness of flow, it is recommended
that' current AAC.ggg.be reduced for fire'risk, unless
warranted from a determination of the vaiue‘gf smoothnesg‘of
flow. A policy of reducipg.AAC in anticipatioh of‘fufure
fire losses is relatively ineffective for reduciﬁé-the
megnituae of fluctuations in harvest_level. Frequent
.Eeplanning is capable of ensuring that overcutting will
neser,be severe; this is particularly true if plans are
updated after severe fire years. Not reducing harvest rates
w1ll mean that fluctuations in harvest rates w111 be
T greater, but it should be clear that fluct at1ons,w1ll occur
regardless. . \

" The problem of changes inrharvest level over time is a
serious one. But attempting to solve the problem by |
' reserving growing $tock and thus allowing it to burn is
cleerly not desirable. Any reserve volume that is burned is
timber which could have been utilized. Solutions to the. —~
problem of variable harvest rates may requife cﬁanges in

timber management policies but surely such changes are

‘justified. o
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The sieady-state harvest can b§3expected to be
substantially IZwer when a forest is subject to fire. The
steady-state harvests. presented in this study may be
slightly lower than those expected by the uge of other
methods because fire rates outside of.the historical range
are considered possible,'Bgt'generally thélsteady-staté‘

: Eafvests are of the same ﬁagni;udg#;s those found elsewhere
(Reed and Errico 1986, Van Wagner 1983). However, it is
anticipated that the steadyTstaﬁé condition wili be subject
to relatively large fluctuations in harvest due to the'
variability of fire rates on the size of area for which AACs

are determined and the unpredictability of fire.
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