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Abstract:

The investment decision is the most complex and difficult problem in forestry management because it
involves large lapses of time and uncertainty of the future outcome resulting from the decision. This
study attempts to analyze the forest production decision problem in general and management aspects
related to investment, particularly those related to optimal thinning and rotation decisions. The decision
model for this study is based on the application of modern control theory to the forest management
problem. An appropriate line of approach to solve the control problem in forest production systems is
stochastic dynamic programming which is capable of capturing the stochastic behavior of the system
and incorporate risk factors of the decision explicitly. Another advantage of the method is thatit
provides a powerful systematic search for obtaining numerical solutions to the problem, provided the
required dynamic interrelationships of the system and transition probabilities can be estimated
empirically. Based on this method a criterion function is formulated as maximization of the sum of
expected discounted net returns to soil site as a modification of the Faustmann criterion in a statistical
sense.

To approach a specific problem in forest management, however, this study pursues another method to
solve the control problem of a disease-infected lodgepole pine stand due to lack of available basic data.
The control model for this specific problem is based on a modified simulation model which was
previously developed by Myers et al. [1971]. By a modification of this model, the redirected computer
simulation program resulted in an economic model which has a specific objective function consistent
with the problem of managing a diseased timber stand. The criterion function of the model is
generalized present value as an extension of the Faustmann criterion.

By virtue of the certainty equivalence principle, the simulation model which is deterministic can be
considered as a good approximation for solving stochastic problems in managing a forest production
system due to the fact that the decision processes based on this model are carried out sequentially. The
computer simulation model can serve as a management aid to help the forest manager in making
decisions related to investment problems for any forest stand condition and economic factors which
influence the system. Since the simulation results, in general, show a consistency with a priori logical
reasoning, it is concluded that the approach can be expanded for application to other species and areas
larger than the Rocky Mountain Region where this study was carried out.
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ABSTRACT

The 1nvestment decision is the most complex and difficult problem

in forestry management because it involves large lapses of time and -
uncertainty of the future outcome resulting from the decision. ThlS
study attempts to analyze the forest production decision problem in
general and. management aspects related to investment, partlcularly
those related to optimal thinning and rotation decisions. The decision
.model for this study is based on the application-of modern control theory
to the forest management problem. An appropriate line of approach to
solve the control problem in forest.production systems is stochastic .
dynamic programming which is capable of capturing the stochdstic
behavior of the system and incorporate risk factors of the decision
explicitly. Another advantage of the method is that it provides a
powerful systematic search for obtaining numerical solutions to the
problem, provided the required dynamic interrelationships of the sys-—
tem and transition probabilities can be estimated empirically. Based
on this method a criterion function is formulated as max1m1zation of -
the sum of expected discounted. net returns. to soil site as a modlfica--
tion of the Faustmann criterion in a statistical sense. :

To approach a specific problem in forest management, however, thlS

- study pursues another method to solve the control problem of ‘a disease~

infected lodgepole pine stand due to lack of available basic data.- The
‘control model for this specific problem is based on a modified simula-
tion model which was previously developed by Myers et al. [1971]. By a
modification of this model, the redirected computer simulation program’
" resulted in an economic model which has: a specific objective function
consistent with the problem of managing a diseased timber stand. The .
_criterion function of the model is.generalized present value as an
extension of the Faustmann criterion.

By virtue of the certainty equivalence principle, the simulation :-
- model which is deterministic can be considered:as a good approximation
for solving stochastic problems in managing -a forest production system.
due to the fact that the decision processes based on this model. are
carrled out sequentlally ~ Thé computer 31mulation model can serve as

a management aid to help the forest manager in maklng decisions related
to investment problems for any forest stand condition and economic
factors which influence the system, Since the 81mulat10n'results, in
general, show.a consistency with a priori logical reasoning, it is con-
cluded that the approach'can be expanded for application to other.
species and areas larger than the: Rocky Mountain Reglon where this study
‘was carried out.
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CHAPTER I

INTRODUCTION

1.1. Motivation of Study

Among the most complex aﬁd difficult,problems.cdnfrqnting é forest
management authority.ére those- involving inveétmenf décisiohs, ‘G£0Wing
timber on forest land is an inQestment-asset which hagla changiﬁg value
over time. Growing a timber.stand can be considered as a long term .
ihéesfment decisiony&here a loné‘gestatioﬁ perisd.isfpée&édlﬁetwéen
initial investmeﬁt outlay and realizatiop of all exPECtéd'éarnings. On
the'éther hand, cuttiﬁg timber at‘finalhharvest ié'an_act of disin&est—=
ment in which capifal representéd by the value of timber is‘reléased and

the forest land is made available for a subsequenf tiﬁber crop or other

uses. Hence, there is opportunity cost attached to the land'preséntly T

occupied by standing timber.

BetWeen the date of planting trees and final harvest, the forest :

manéger may undertake a series of thinning actions and other stand

'improvgment activities suéh as clearing, fertilizing,.prﬁning, disease

. control, etc. which involve additional investment.decisibns,,in order to

improve the future stand condition and hence to obtain a higher value
of final harvest. The land committed to timber production, growing.

stock of timber, and cumulated stand improvement outlays coﬁstituteithe

investment in a forest at any point in time. The_loﬁg gestatiop period .

. between investment outlays and receipt of revenues, combined with the -
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complex biological interrelationships'of all management éctivities‘over.

the economic life of the forest, is what makes forest inﬁestment deci-

- sions a difficult problem.

‘Throughoﬁt the development of the principles of traditional forest

reéourge management, varlous theorétiqal and empirical studies have
- been made to serve ég guides for sound investment deciéiéns in forestry.
In an era of rabidly changing technology, économic deéisions grow in
freéuency and complexity, and wrong'decisipns'increase in costs. With

this additional impetus and advances in appliéd mathematics in recent

years, quantitative methods for handling complex economic problems hayef

been intfoduce& to the forestry field. Among others arg‘thqéé which
"are related to determination of forest management,‘iﬁclﬁding siﬁﬁitaﬁ— ‘
eous optimizatidn of'rétation and'thinniﬁg décisioﬁS‘(see.Néélund;
1969 aﬁd-Sdhreqdér, 1971). However, boﬁh authors have mainl& concen-
trated their studies‘oﬁ the discussion of a generai anaiytical frame-
work for‘determiﬁing optimal rotations and thinnings.without any
empirical ;pplication of the results. |
Determinafion of optimal rotatign and thinniﬁé-decisiohs-in
forestry, by aﬁd large, is influenqed'by phyéical?biélogical‘aspecysi
of the forest growth which constitute an "enginee;ingﬁ‘side of forest
productioﬁ systems. Hence the optimal deciSibn will be sé;cific éo a.

given forest environmental condition. _Therefore; if there .are any
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extraneous factors which influence this “engineering" aspect, the opti-"

‘mal declsion will be-affected.

" Another factor which may influence the optimal decision is ecopomic s

elements, including supply and demand of the commodity produced, capital;

and input factors within the'production'system Conceptually, optimal
investment decisions in forest production systems can be approached
from a more general equilibrium theory, but in- practice, a model giv1ngl

the general equilibrium solution would often be extremely unw1eldy°

Hence, in order to formulate an operationally manageable-model, we must

often be wiilingfto settle the problem for somethiug less. Thus  the
investment problem in forestry for this study will be limited to partial
equilibrium analysis Where the price and cost structure of the commod;
ity, capital, and other input factors are determined'outside the system
of torest production. One specific aspect_of the stucy will deal With

- the formulation of conceptual.and empiricel'solutions to.the'forest7

investment problem so that it will help to give a better understanding-"

of the overall problem.

' Since the major portion of forest investment'decisions is.dominated .

by determination of the rotation and thihning policy, for clerity of‘-

.further discussion, throughout the course of this study the term invest-

ment will refer to both rotation and_thinuing decisions iﬁterchaugéably. _:.

" Moreover, even though there are many intangible benefits that could‘be,i

derived from the forest stand, this. study Will be limited to the

measurable monetary benefits from wood productlon.
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1.2. Ohjectives and Plan of Analysis
| ‘There are two general objectives to be pursued in this_study."The‘
.first‘and more theoretical objective:is to formulate andhtofevaluete_.
theloptimai controlfstrategy in en opérationél model suitableffor |
analysis of-deeisien making involved'in the choice of a sound forest:
menagement peiicy‘in cases nhete'complete basie data‘can be bhtained—e
for example, the basic data which could be obtained from'a continuous
.forest 1nventory (C F I.). To obtain an optimal control strategy in
forest.production‘systems requites a‘multistage decfsion prbcess; thath
is, .a sequence of_decisions that Wiil 6ptimize some objéctive funetidn
or‘criterfon funetion. The eppropriate critefionffunctiqn fer‘fotest.i
' :management policy is ma#imum discounted net returns with resneet to
‘soii site, but some method must be devised to account for the»tandem
occurrance of some measurable exogenous factors to the productlon sys—;;'
tem, such as disease, insects,and other factors that may affect the
forest growth during evolution of the system. Thefefore ‘the
:declslon crlterion of this study will be maximization of e §Eected 3011
valne over the entire planning horlzon in a statistical’ sense—fa‘modf—
‘fication of the WeIl—knoWn Faustmann criterion (Faustmann,.1849).

- The strateéy or conditional decision'rule'is applfed senuentially
as new information unfolds through time and the rule is chosen to
maximize the above stated criterion. Mathematical analysis of this

type of decision processes led to the development of dynamic. program=
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ming, a la Bellman [1957]. 1/ This type of model provides more than

Just a computational procedure for obtaining numerical results It is
also a logical framework and in some cases, analytical results can be

derived for. specific problems, such ds in optimal control of natural ‘

resources (see Burt, 1964, 1966-and Burt and‘Cummings, 1970). Inﬂfact,

analytically, dynamic programming_isyone of - the modern approacheS'for

solving general control problems (see Intriligrator, 1971 and Robert

and Schulze, 1973).

' The realm of modern control theory also includes the fiaxinum

- principle of Pontryagin et al. [1962] as an extension of the classical

calculus of variations. This method'Will also be'briefly reviewed.in'

formulating the concept of optimal forest, resource management.

The second objective, which is more applied, is to analyze forest

management decisions regarding an optimal control strategy for dwarf

. mistletoe (Arceuthobium spicies). This‘disease has adverse‘effects.on o

forest growth and constitutes one of" the exogenous factors which
affects the production system, and hence will affect the optimal o

investment decision. However, due to lack of available basiC'data,

l/ Sometimes dated versions of linear programming are also called
"dynamic programming" which is intrinsically not dynamic because
the optimization is made once and for all. :
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a somewhet different approach fofleontrollihg‘dieeesed'stende will be
~applied, as an approximate solution to ﬁere generaiieohtrol‘pfobleﬁe.
, The cfiterion function is still basedhon-a stochestic-persien of hhe
Faustmann criterion, but with some modificatlon. |
| The phy51ca1—b1010g1ca1 aspects of the productlon system for this
study are obtained from a computer’ simulation'program which has been
developed by‘Myers et al. [1971]. ThlS 51mulat10n model 1nc1udes the
dynamic physical—biologlcal interrelationships between" the 1eve1 of
'disease 1nfestation and growth of the forest Whlch can be altered by‘
: thinning”decisidns at.various stages'of maturity qf'the forest. This.'
simulatien study provides the neeessery information which enahies us.

to construct a dynamic décision model for controlling forest production.

|

In order to build a decision model baSed on economic criteria, the

simulation model required some modifications by inserting the computa-—

‘tioh'of some .economic elements into.the model. By varying some of the.

parameters of the system, results could then be obtained by calculating _

a performance ﬁeasurewof the system; The performance measure fpr this
~study is present value of the stream pf het-feturns‘from Woed.producﬁ
tipn over en infinite planning hdrizen. A‘seerch‘pfocedure on the:
parameters of the modified simulation hodel provides an approximatidn.-
ho ;he dptimal deeision rule: Infprmationiderived froﬁ this-analysis

could be ‘of assistance to the forest management. authority which is
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7
responsible for the.execution of cufrent forest management policy ip tﬁe
Rocky Mountain Region where the stﬁdy was carried out;

Chapter.II of the study discusses the basic structure of the
forestry investment décision, and a simple investment decision model
is.also described. In Chapter III, the geheral oftimal.éontrol pfqb—
lem in relation to forest investment deciéioné is dealffwith. Thén a .
.mofe operational model of the-invgstment‘problem with a dynaﬁic program-
miné solution is preséntéd. In Chaéter IV the empiriéal model of the
study using the simulation model as an approximéte éolution to the
gengral control ﬁroblém is presente&a Finally; Chapter \Y/ éontaiﬁs'an
ihterpretatidn of the results of the empirical stud& and some cénclu—,

sions.
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CHAPTER II

INVESTMENT MODEL FOR FORESTRY . -

‘2.1. The Concept of Forest Production

Forestry, the business of'growing timber3 has characteristics
that distinctly give it special status among.agricultural'production
activities. First, the long gestation period between initial input
and the first harvested output is quite unique. Second there is an’
,-extended period of autonomous growth in value associated with the initial
1nvestment decision. ‘Then eventually, there is a gradualldecline in
the productive capacity of trees to grow over an extended‘time due to_h:
. the biologicaI aging process. |

To‘produce a wood crop, one has to'plant the'trees and care for
them through several years before there is any opportunity to receive
- revenues. There is a long interval between the date when growing
timber reaches a minimum size of marketability_and,the_date when trees
finishitheir-growth.' At any time between. these two dates'the timber
" may be judged‘ready'for cutting on the basis of an economic criterion.‘
The land has many. alternative uses, but the trees on the land have
virtually no use other than production of standing timber. Thus,‘an
‘understanding of resources committed on a 1ong-run basis islimportant :
- to any consideration of timber production.’ |

| Let us assume there exists an.expected intertemporaljproduction

function with many inputs and many outputs. ~The production function
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associated with initial time t is assumed to be twice differentiable:

2.(Q = 9.(qys dys «2+5 Q) “ ' : | _\(l_)

Where 9y éj = 1, 2y cues n) are_disﬁrete.dated inputs and-oqtﬁuts_and

n is the total number of dated inputs and outputs over Someférbitrarily
. long.bﬁt fipite plgnﬁing horizon. ' The coﬁ&itioﬁ_qﬁy<-b signifies éﬁ
inppt and qj >:0 indicates an output. A given set of &ated inpﬁts'will
result in a unique set of dated‘outputs Whidh'the.firm-values ét

v

3

structure. - )

(3=1,2, ..., n). The v, are prices adjusted by the time discount

Assuming profit maximizing behavior of the firm and perfect compg?
titlion in the factor and product markets, an optiméi_productidn:plan

- can be derived by means of the Lagrarigian function:

n - - . . _'
LQA) =] voay = Ao (@ . - SR @

o1 373

The first order necessary conditions for a maximum of this
" Lagrangian will give a solution for output supply. and input derived

.demand functions:

ok o o . . L
qJ= qj(vl-’ Vz? ey Vn) » -3 =1, ‘2’.'f" n. ‘ ‘ (3

Given initial expectations, the deménd function for inputs shows -

how the firm would desire to allocate'inputé_qver.time‘té maximize
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profit. It also shows the stream of ootpots which the firm ekpects-as
.a result. e
.The tésubscript on ¢ implies.thet'a‘different‘produotion functioﬁ'

~exists at each-time period t when a set of decisions are made.  This

.production function:is‘determined by all previous decisions and refleots

- the number of‘acres of standing'timﬁer of various aées’at-the point in .
- time t; as well as aoy other fixed-conditiOns resoltiﬁg.from all‘prev—‘
ious decisions of the firm..

Moreover, because of some changes in production conditioné,rit is‘
aséumed'that.the firm makes periodic‘revisione of‘its plens Based_on
new expectations. Thus each period the tirm ﬁaximizes.an appropriate
- Lagrangian of the_aboye form. This maximizetion ma& ip Some periods
call for the'firm to ‘invest in planting new trees e#pressed as derived

demand for land.

When prices were sufficiently favorable in some preﬁioos period
trees were planted. This decision process occurs recorsively where
'in each period the-forest manager uses updeted eXpectations as timber
becomes one period older. As long as reasonable economic stability

is maintained, we may assume that there ex1sts a w1de span of periods

where it is more profitable to keep the trees,_rather_than to cut,them'

for timber, until“it comes the time where additioﬁal‘net'returns'from

' presently standing timber are equal to opportunlty cost of the land for

other uses. One use of the land Which may determine 1ts opportunity

cost is growing a new stand of trees.

L0 Y S |
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Each optimization problem faced by the firm at~a particular‘time‘
 period t involves variables‘associated with time t and all future
. periods in the firm‘s planning horizon.  The futureivariableS"must'be
considered Jointly with the current variables in the optimization prob—" .
llem to determine optimum levels of the current variables, but these N
future variables dre then ignored until the perpetually recurring |
optimization problem is faced in the next time perilod, say t+l. At .
that time the entlre process is repeated to get optimal levels of the :
variables associated with period t+l.‘ In a sense, the variables in
. the optimization.which are associated with ruture.timezperiods are
merely instruments or'artificial'variables used to derive optimal
levels of current variables.

The underlving'justification‘for'this sequential‘dvnamic optimiaa-
tion approach is certainty equivalence decision theory of Simon [1955]
which was. later expanded by Theil [1957] and Madansky [1960] Although‘l
the theory only applies to quadratic criterion functions subject to.
1inear constraints, it would appear to be a reasonable appronimation |
to the general case of decision under uncertainty;

The. above description of the concept of forest'production'is g
approached mainly from neo—classical theory of production related to -
.investment decisions. However, 1n order for the concept to be meaningful

in practice it must be operationally feasible, The following section.
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Will discuss a more realistic model of ihvestment decisions COnsistenff

_with the above concept.

2.2. Multipériod Investment Decisions
Before we can go further to a formal investment decision model
it is necessary to describe the procedufe which must be employéd to

cbmpare present and future receipts and outlays. .Hence, a;diSEussiOn

U I R | " A

‘of Ehe discounting or present value éoncept is important to-aﬁy ihﬁest— ‘

ment .decision model. - -

In real world situations, most decisions are periodic; hence, in

facing economic problems which deal with time, the time span ofu_,
" planning hérizon can be divided into several périods usually with

equal intervals. Multiperiod investment decisions are characterized

by a situation where factors of production invested during one time .. .’

peribd will affect,thé level‘of.outputlduring.subsequent‘periodé.
Therefo;e, there exists a functional felationéhip betiween input and
dutput which has different dating. Further, wé‘assumé thét there -
exists a mérkét of capital where cgpital gén bé bdfrong or 1ént-at f‘
 some giVen rate of'iﬁterest; 'By ﬁéing-thié'iﬁtefeét fate; outlays or
'{ fe?gnues incurréd during different ﬁimé pefiéds can be made comparéble
by dis¢§unting (or éompoﬁnding) them to one,éommon périod. |

| - ‘Suppose P dollars were investeé or borrowed for one time.period
‘at the rate f. . The value of r eXpreéses the proportion of the émoﬁn£

of capital borrowed or lent which constitutes a cost.of caﬁital-tb the




bl L Ll bl A f

4

13

borrower or income to the lendéf (invesfor’ per period. ﬁénce at the
gnd of one period the iﬁvestor Would-ékpect'rP dollars in inferest,
and with return of the principal'P, this would gi&e tﬁe,sum Sl =
P + rP = P(1+r) dollars. If the in&gstment rate does not'change BVer
fime, the investment would yield'S2 =:Sl(l+f) = P(l+r)2 dgllérs at the
.end of tﬁe subsequent period after Fhe‘fifsf; or in general, if‘WOuld 3'
yield.st ='S£_l(l+y) = P(1+r)2 aftefvt time Pefiods. Theréfbrg? an -
. amount of P.&ollars expected to ﬁé féceived after‘t time pefibés can
ial?ays be exchanged, or equals P(l+r-)~t at the present, because fhe.
. firm or individual who expects to receive the amouht'éf.P‘doliars after .
_ t time periods can bbrrow the amount Of_P(l+F)—t dollars at the presenﬁ‘
and he can repay with the amount‘P(l+r)_t(1+r)t = P dollars at the 1atef
.period. \ ‘

The expectéd future receipts'St = P(1+r)t from investmen; are églled
the future or‘compounded value 6f P,.while the émount P = st(1+r)ft'
is calle§ bresent value or.discquntéd va1ue of St af;er t periods.of?
,investment. Hence, the factor (l+r)—tfby Whicﬁ the future Véiue
* should be mﬁltiﬁlied to get the present value P:is cglie&‘the discouﬁﬁ
' fécfor.

 If we assume that within one tiﬁe périod_we-havé more fhan'éne;‘
time compounding, say m times, then the fﬁturé &alue St,becomes:’

' r,mt : . ' ‘ '
5. =P+ . | : | ‘ (4)
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Let us designeteig = k, then
1( 1Lk
S = P(l + )rkt = P[(1 + E),]rt. (5) -

t
As compounding within the time period becomes more and more fre—

.quent, in the 1imit as mro, kﬁw¢ hence._

'lim_S = 1lim 1=[(1+1)k]rt P[1lim (1.-1-1)1‘]rt N . (e

e koo oo

= e, where e is the base of nat-

Since by definition Lim (1 + D"
I ' : koo
ural logarithm, then
CLimsg = pe™ L T
me - A _ . . AR
or.
= (lim St)e-rt; : n e ey

m>®

Discounting provides a method of transformlng futureilncomes and
.outlays so that they are commensurate ‘with the. present.' Through -
discounting, e'future stream of net returns can be expressed as a
single number whieh is calledlpresent'velue'of the entire‘set_of

future returns. "For example, an‘entrepreneur‘exPects to.receive

,returns from an investment equal to Ro l’ oo RT during time periods
‘0; 1, 2, o0, T, respectively,and the corresponding discount factors.
are Bt = l/(l+r) » t=0,1, 2, ..., T. Present value of th1s.revenue

stream is:




ZRB , £=0,1,2, e, T ‘ - 9)

t—O
or for instantaneous discounting,
T

R=[R(t)e "4t , 0 <t <T.
0

While static theofy assumes that the entrepreneur Wili ﬁakimizé'
his profit in a singlé time period, iﬁ dynamic multiperiod‘cases, it
is assumed that the entrepreneur will maximize present vaiue of_the
difference.betweén fqture incomes aﬁdvoutlays; or in short, he will
maximize present value of the streams of future ﬁet returné”from thé"

investment. 2/

Ll

Having established the concept of multiperiod investiment decisions,

now we are in a position to apply this concept to forestry. enterprises.
The following discussion will deal with a very simple case of invést-

ment -decisions concerning a growing stand of timber.

2.3. .An Investment Decision for Timber Stands
In the forestry énterprise, the investment decision is charac-

terized by a relativély large amount of initial outlays for timber

gj If the decision maker is a public agency who is concerned witﬁ

public investment projects, the same criteria still can be applied.
A primary difference between private and public investment -criteria
lies in the rate of discount. The private rate reflects private
opportunity cost of capital, while the social rate reflects the
social opportunity cost of public projects as the value to soclety
of the next best alternative use to. which the funds employed on

the project could have been put.

il
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‘stand establishment and receiptS'are dominated by the ineome from
termlnal harvest as contrasted to the flow of annual costs of upkeep
and returns fromlthlnnings. In order to formulate a cr1ter10n functlon
for the investment decision, let us use the follow1ng notation:

= length of the rotation cycle;

B(T)'ﬁrpresent value of'all net returns;

R(t) = net returns associated w1th management of . the. t1mber stand
at the moment t, except for net sale value of final harvest‘

H(T) =

net sale value of final harvest;
‘T = interest rate; and
Bt’='l/(l+r)t is the discount faetor‘for any‘period t._.
Present value of the stream of et returnS'from_the timber‘stand
for a singleurotation cycle can be expressed as
T T o
B(T) = ) R(t)B  + H(T)B™ , . o o . (10)
t=0 - - : :
or for the continuous time discounting case: 3/
. T . er — _—
B(T) = [ R(t)e ""dt + H(T)e a - C @
: 0 o :

However, fdrmnlation of the'present value criterion in (lO)rand .

(11) considers only one rotation cycle, which is not applicabie.tb the

_3/ In ‘some cases, a continuous version of the: present value cri-
terion is preferable, especlally for analytical- treatment of the
model ‘ - .
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‘forestry enterprise based on a sustained yleld principle. Based on

this principle, the enterprise would evaluate the income stream not

only from one rotation cycle, but from all future_cycles‘within-the
planning'hofizon. Hence, the appropriate preSént VaIuelcfiteridn for .

investment decisions‘in forestry should be based on'an'expected income

stteam over an 1nf1n1te planning horlzon. Therefbre,'present value’of
. net returns from growing stock of timber over an 1nf1n1te chain of rota-

" tions can be expressed as follows:

BT = [f R()e Tt + B e T + & T 4 2T 4 [, 4 7irT
) R® , co e

- 1 T P -
+ el = ——If R(t)e "tdt + H(Me . (12)
1-e 0 : S o

. The expression in (12) is essentiaily the Faustmann criterion. 4/

Having established the‘critéfion-functiohe wg;éaﬁQénalyticélly
de&uce a‘decision’fulé for determipiﬁg op;imal 1engthof‘thg rététipn
cyele. Fof simplicity, we aésume that other décisioﬁé such as thé
thinning level-are.given; the forest entrepreneur is 6n1§ cohcerned

with determination of the optimal rotation. The'object‘is to maximize

4/ Taustmann's solution to the problem, was later conflrmed by-.G. A. D.
Preinreich, who was apparently unaware of Faustmann's work' in
‘forestry nearly a. century earlier, in "The Economic Life of
Industrial Equlpment," Econometrica, VIII (January, 1940), pp. 12-
44,
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present value of the infinite series of discounted future returns with

respect to rotation length T. Therefore, the problem of investment

becomes:
1 e ~rt oy ~IT - . '
MaxB(T) = Max[—=——— {[ R(t)e & -dt + H(T)e ' }]. o (13).
i -rT . i i .
T T 1~e 0 ' ‘ - . :

The necessarj condition for the above problem can;be obtained by
differentiating (16) with respect to T and equating the reéults.tq o

- zero, which gives the following:

-rT

T o ‘ :
dB re : -rt -rT ‘1
s R+ BT e T ———————
,dT : (l - e—rT)Z 0 . (]_-— e—_rT)- .
R+ BT e ™) < o, L asy
Multiplying (14) by erT(l - e‘rT) yieids .
-rB(T) + R(T) + T rH(T) ?_Q - , (15)
or \
ReD + B o rum £ o S aey

dT

A literal economic iﬁterpretétion.of (16) ig that underiannabtima;.fj
rotation policy,'we:shall cut the timber Vhen the cﬁrrehtvreturn'i(Tj'
for having -the stand one more yeér plus.the'increaég inithe ﬁarveét :f
yalue-%% equals the‘interest on the sum of hafvést vglﬁe aﬁ& soil rént,”.‘

Soil rent is equal to B(T) which is present value of net returns
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starting_with bare timber land, following'an optiﬁal rotation bolic§
over an ihfinite planning horizon. f

The aﬁove analytical method,‘using‘elementary_calculus for deter—‘
mining the oPtimal rotation in forestry; gives‘soﬁe iﬁsight aé to the
optimal decision rule to be followed by the forest‘éntrepreneur.'-Héﬁever_
as the ﬁroblem becomes more and more.realistic, and céhséquently_more
complicated, more s&fhisticated mathematicai metﬁéds érg requited.“
The next chapter Wiil e#amine some more'coﬁprehensive médels fér forest
investment décisioﬁsf Before going‘into ;he'aﬂélysis of'more-féalistic‘  .
models for‘investmeﬁt, we will discuss the ﬁroblém oflungeftéihty wﬁicﬁ
_is an importént difficﬁlty faced‘by ény decisién ﬁék§r id‘a real world

situation.

2.4. Consideration of Risk and Uncertainty

No discuséion‘of econonmic deqisions——such as determination of
optimal inﬁestmént in growing timber—-can bé comp;epe.withopf‘fecog~
~nizing and faking into account the effect of upcertainty 6f‘future
events. The analytical model of inVeétmént iﬁ'the-last section was
simpiified by dssuming perfect kndwiedge.of input—outpuf relafions-and
'pficés.in‘thé prqductidn‘system.within fhe.fi?m's-ﬁlanpiné-horizbn..
HoweVef é gqod‘éconbmic decision model should?be capéble of pr&idiﬁg
managers With_gﬁides to take action when théy.faée choices betwegn
alternative coupges of action where the'resultS'aré uncértain. Ingro—

duction of risk and uncertainty into the analytical model will
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complicate the problem, but~fromxa'practical decision Vienpoint,yit
is justified by the additional realism'obteined in annroeching a real_
world problem. |
Although no one knows the exact outcome of future events,.a_reall
world problem of investment could be treated gs_ig-the;probability‘

distribution of the future outcomes were known rather than pretending

" to know the exact future outcomes. Knight [1921] distinguished risk

and uncertainty as two different.phenomena. Following hisideas, rish
refers to the situation when parameters of probability.distributions
of future_outcomes can be estimated so as to be actuarially insdrable;

or_in other words, the variability of future outcomes can‘befempirically ’

" measured. Uncertainty, on the other hand, refers to-a'situation in

which the parameters of the probability distribution of the outcomes -

* cannot be empirically or quantitatively estimated

The importance of,risk factors affecting forest nenagement.deci—
sions has long been recognized by forest econonists, and nost forest
land managers are aware of the  advantage in maintaining a flexible
forest management program to reduce the difficulties of changing output
of the.forest in response to'changes in the market. Markowitz.made.

an important contrlbutlon to the theory of" investment under risk when

he developed his methods for determining an optimally d1vers1f1ed

portfolio [1959] " He developed a 1ogica1 frameworktto guide invest-

ment decisions by explicitly recognizing the risk factor. His model
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provides a formal method for evalﬁating the advantage of diversifying

- investments as a means of reducing risk associated with the expected

. returns from a number of investments. Dowdle [1962] has épplied'the

EV iﬁvestment guide of'Markowitz to dtversify cost exﬁenditures iﬁ-?‘
ferest iﬁvestment activities._QY .ﬁewever this method “only appiieS'to
static investment decisions in forestry;' |
A promising'methqd applicable to-dynamic investment in forestry

which recognizes risk facters has been de&eloped by Bﬁrt~{1965]J_'Hej
analyzes the ﬁroblem of investment in the context of the geneteili

replacement model under risk. His.discussion is relate& to a:sﬁeciai
ease of Howard's model (Howard, 1960), fet which an analytieei,solu—'

tion 1s derived. - The replacement model is concerned primarily with

- the economic decision problem of assget life under conditions of chance

failure or loss, i.e., possible loss of the asset due to exogenous .
influences outside the system. Though his model pertains to dynamic

decisions of investment in forestry, the exogenous factors described

5/ E 'and V refer to expected income and variance of income, respectlvely.,

The efficiency criterion of investment decisions can be con81dered
as a combination of individual investments such that the variance.
for the entire set of investments cannot be reduced without also ™
reducing the mean. All possible combinations of such investments
traces out What is commonly called the EV effic1ency frontier.

A
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in the analysis refer to a sudden extraneous shock, such as insect

attack or fire which may cause a sudden destruction of the asset in a

.short period of time. This model is ﬁot applicabie.to our probiem'wheré

‘the‘exogénous influence of dwarf mistletoe. on the -standing timber system

is chronic in nature.
'In the next chapter we'preseﬁt a stochastic dyﬁamiC'prbgramming o
solution to the control problem which can' incorporate ‘the risk factor

into the investment decision model.
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CHAPTER III

OPTIMAL CONTROL IN FOREST MANAGEMENT .-

3.1. Ménagéﬁentlﬁ£oblem in Forestry

Sound manégement practiceg in forestry réquire knoﬁledge about
physiéal—biological.aspects of the forest fesoufce.‘-Iflfhé frimaf&
objective in forest management'is‘toiproduce'timber,fthe,bésic éhysicél-
fesource with which a forest maﬂagef is copcerned.is-land'aﬁd_ﬁhe |
timber growing on it. The productivity of timber as a growing -

"machine" where the wood product is part of that "machine" depends -

on many factors. First, growth of timber depends on the site Qualityl-

which reflects the .capacity of a given area of land to grow a certain

timber sPecies.’ Another imporfant factor to be consiaefedlin‘growiﬁg-

.tiﬁBer is stoéking (tree density) which affects the,rafe.ofigr6Wth_-';.

of timber at a given. age and sife quaiity. ‘Genetic makééup-qf a.

tree species‘determines the capacity of timber to grow and Wifﬂstand

.any gxégenous iﬁflﬁences Whichlmight affect its devélbément;: Those
exogenous factors to be'accounfed-for in growing timbér are-diééase,‘:'
insects, adverse climate; gfc. For-a certain Free.specigs, there

exists an optiﬁum physical—biological combination amoﬁé'the.eleméﬁth o
comprising the fbrest environment which give an optimum'growth of -
fimber. Hencé; a good knowledge of how to use those resources

effectively is essential in fofést managemeht.
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In order to obtain maximum benefit from the forest resource,

full advantage of knowledge, skill, and art of éilviculture and forest

measurement should be taken. Those. technical aspects of forestry
which are important should be considered in making any decision tor
solve management‘problems. Howeyver the concern of this study is

investment decisions.reiated to the‘economic problem of'how’tO'groW a.

better timber stand Which will result in maximum benefits over- a given.

time horizon. In order to achieve this obJective the study Will
focus onh economic decisions, particularly the ones- that are associated
with the intensity of thinning and length of rotation cycle.

Thinning the standiné stock of timber can be_beneficial for the

following reasons: (1) to eliminate undesirable trees and thereby

- concentrate growth on the desirable trees which produce a high value
.of'timber, (2) to prevent excessive competition on site resources

.among trees which would result in Wasting energies needed for total _

growth, (3) to obtain revenues before final harvest. The fourth
reason often advanced is to increase the net growth of.timber.
However, evidence on this aspect of‘thinning”iséouite inbonclusiva,.at
least for most timber species.

Timber ‘production involves a large‘lapse of time.between planting

and harvesting,‘ Hence time is an important'variable in management

decisions of forestry. 1In a sense, decisions must be made in the’

forestry enterprise at each moment in time over the entire‘planning
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~horizon of the firm. A mathematical model adapted to this kindvéf

problem is commonly called "control theory."

3.2. Formulation of General Control ‘Problem

The essence of an optimal control probleﬁ is to choose a feasible
time path for the control (decision) wvariables thch.will‘maximize the
objective function. The choice of time paths for -the con;rol'Va:iables
implies a set of“différentiél equations called equations of mbtion,‘and

also determines time paths for certain additional variables called

 state variables which describe the state of the system. LEmploYihg

‘this concept in' the forest manégement problem, let us consider a forest

production system which can be described by a set of state variables

Xl’ Xps eves X Hence the state of the system at any given time tlc;n

be represented by the state vegtor‘g(t) = [kl(t),xz(t), ...,‘xr(t)].
Suﬁpose the objective of forest manggement,is to maximize total dis-

counted net benefits over a given planning horizon. Inldrder to‘aéhieve

this objective, a sequence of decisions is required that will makimize

the objective function. Let us deéignate the set of:managerial dgcisiqns

by decision variables Ups Uy, cees u s S0 that at any time t, the

. related: decision is represented by the vector of decision U(t) = [ul(t),

uy (), +rey u (O] | | |
From the definition of state and decision variables, there.should

exist a relation such that the rate of change in a state variable at
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any time t is a function of the present state of the sysfém, the date, | _-;~< 

and the decision taken which is implied by the decision vector. This
relation can be expfessed in the form of a‘sjstem of differential equa-

-tions:

[

K = = u@mLum,n. - S an

Expression (17) constitutes the equations of mgtioﬁ,which can trace
values of the state variab;es in a dynamic procress.

Decisions influence the system in two different ways: (1) the rate
at which net returns are earned at that moment in time,'énd'(Z) the rate
at wﬁich the growing stock of timber'is changing, éf in more geﬂéral
terms, the future path of the state vector.

Let us designate R(X(t) ,U(t),t) as tﬁe maréinal.return with respect
to time generated from a stand of timber at time t, where the state is
described by state vector X(t), and U(t) impliés-thé decision taken at
that time. Further we define H(&(T)ag(i),T) as net harvest value at
the end.of rotation cycle T resulting from the decision implied by.H(T);
and when the state of the system is described b&_&(T). ‘The objective
of timber management can be translated into the foliowing problemﬁ‘

® T .
Max J(X ,d) = Max . ¥ e “T[f R(X(t),U(t),t)e  tat
a ° T,0(t) i=0 © 0 ‘

+ H(X(T) ,U(T) ,T)e TT]
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: |
= e If REK(E),TCE) , t)e‘rt at
T,U(t) O o
FEEMUM,DeT /A - ST, "'< 18>,‘

Both T and the vector function of time-U(t) are variables in the max-
imization subject to the following constraints:

X(t) = w(X(t) U(t) t)

(19) |
U(t) e ¥(X(D). :

If the initial. state of the control problem is included in the

'~ system and the state vector is confined to a given region,-theﬁ

' X(0) = o
| ~ (20)

- X(t) € S

ﬁhere X is the initial state of the‘staﬁding timbér systeﬁ aﬁd'S,is

the set of possible states of the system.

~ The problem of (18) subject to (19) and. (20) is a model in optlmal

control theory whlch can be applied to timber management dec151ons 1n L

the contlnuous‘tlme‘caseVO‘i‘t < w, Theoretically this problem_éan be -

solved by either the classical calculus of variations or the maximum

principle of Pontryagin et al (see Intriligrator,.l97l). An application

of the maximum principle to solve the optimal thinhing aﬁd rotatiéhfprbbF

lem in timber ﬁanagement has been presented by Nﬁsiﬁnd [1969],‘and‘an‘;
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excellent interpretation of'the'principle‘in ‘an economic content has'
been given by Dorfman [1969]. Mathematically3 this principle is a
generalization of the Lagrange multiplier method to solve optimizatlon
.problems over time. - Derivation of,the.necessary conditionsvfor an |
~optimal solutionnaccOrding to thislprinciple ooils.cown'to finding the
-Hamiltonian function,‘so to speak, which underlies the basic tneorj or

the principle. 6/

However, for the discrete time situation, any optimal controljprob—‘v

lem.can be,formulated-in a dynamic'programming'framework- becaose'inu
that 31tuation, both the maximum principle and dynamic programmlng give
- equivalent solutions. Hence for practical purposes in Which the deci—.
~sion is taken periodically 1ike the one in timber management decisions,'
" dynamic programming often ‘has some advantages, espec1ally in getting ‘
numerical solutions. ‘The following section will discuss a more concrete
and detailed formulation of optimal.control tOvapproach the investment
problem in timber management.. The numerical procednre for the'problem

will be described in a dynamic programming framework.

.6/ The name of the function is after the. astronomer-physicist W. R.
Hamilton who fitst used such a function to unify mechanics and -
optics. See D. J. Wilde and C. S. Brightler; Foundations of

" Optimization (Englewood Cliffs, N. J.: ‘Prentice-Hall, Inc.,.
1967), p. 431. L g -
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3.3. Dynamie’Programming;solution

In order to formulate optimal control in a dynamic programming
,jCOntext first we have to speclfy a stage of the dec1sion process which
in timber management may be taken as a year or some 1onger interval of
‘time. A stage of one year gives the most sensitive decision rule, but,
little precision is lost in timber management applicatlons by using a .
'somewhat loager period.
Next we have to determine the state variables.which'are capable-of
“describing the future state of the'system completely..hSincerthe‘deci—.
*sion process of our problem is growing a stand of timber, age'of the-;fu
stand and a density:index can be considered as state variabies,.because
once we know the present age of the stand and thelstand density, the -
future cond1tion (state) of the stand can be predicted by the present
' state of growing timber. However, any exogenous factors such as:the
‘disease of dwarf_mistletoe which‘influences grovthvconditions‘of the
stand_will change the future state of the forest Systeﬁ_also. Hence, theh
level of disease infestation will constitute another state variable.
-Then we have to determine the anpropriate decision variables that
.are:going to be'used to ‘control future‘states of'the standing timber
system. Since we know that'there,is a.reiationship betWeen thinning
. action'and the future level of miStletoe‘infestation; and of'course the
stand density (see Hawksworth.and Hlnds, 1964; Baranyay and Safranyik

1970), the level of thinnlng constltutes a deci51on or control varlable.
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'Another decision variable which will change the future state of the

forest system is the harvest varlable which 1is a dichotomous variable

: which specifies to cut or let the stand grow.

In fact both of these -

decision variables can be considered as‘one decision‘variable‘because

the harvest varisble is an extreme case of the thinning decision.

One important aspect of the dynamic'programmingrmethod‘requires

estimation of biological relationships which express each state variable.

in period t+l as a function of state and control variables in the ..

previous period t.

These'relationships constitute'first—order differ-

ence equations in the state variables and are discrete counterparts of "

the differential equations in (17)

In-order to be more specific;,let.us introduce the"foliowing nota-

tion:

The equation of x

X, = age of the stand;

‘%, = stand density index;

Xy = dwarf mistletoe rating; and -

u = thinning level, including harvest as an extreme.

.The set of dynamic relationships will be three in number:.

X, een T EURpaXypaFae) = Xyt

x4l - 8 ’xlt Xt %3t ’

3,0l h(ut’xlt’XZt_’XBt)

1 happens to be extremely simple, s0 1ts

algebraic form was. 'wiitten out in the above set, of equations.

e

specific

The
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.. relationships in.thé last two equations of’ (21) can be estimated hy some,‘

; klndvof regression analysis, if adeqﬁate data cOuld’Be found These

three equations in (21) also constitute a discrete version of the equa-

tions of motion which trace the dynamic:prOcess over time, starting from -

some initial state.

Now we define a strategy or conditional decision rule (not neces—

jsarily optimal) which states how to control the standing stock system -

“*at “any given stage for each set of values of the state variables. Mathe—"

matically, this rule expresses each ‘decision variable as a functlon of

all state variables, at any given stage. :Following-the.above notation

. and applying it to our problem, this rule'can be ekpressed'as follows:

u, = dt(x1

£¥oe %¥30) " e

If we conld estlmate the relationship:of (21) and set up- the rule.
of (22), we would be able to trace the palue of each state‘varlable |
through time startlng.from an initial . state of the process Xo by

iterating the equations in (21). Therefore, the strategy expressed in'

(22) can be evaluated at any stage.and state of the process. Complete

enumeratlon of all possible decision rules given by (22) is mot

fea31ble except in the simplest of problems, dynamic programming pro—

vides a powerful method to systematlcally determine the opt1mal dec1—

sion rule. .

" Since some of the state variahles‘are'snbjected.to'randomf

fluctuation, the decision rule of (22) which is a fnnction»of random
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Gariables is ‘also a random variable.A The fact that the decisiOn rule is
random, makesit difficult to evaluate a strategy by the above iterative 1
method. In cases where a decision process 1nv01ves some random state
variable, a Markov decision model solved by dynamic programming can |
overcome the difficulty In addition, stochastic dynamic programmlng
provides a systematic method to obtain'the optimal policy, i.e., the
one that maximizes the criterion function.

Since the decision to be made involves some random variabies;'the
dppropriate model for optimal cohtroliin the discrete case_wili,be a

stochastic decision model solved'by-dynamic-programming-touobtain the

- optimal policy. The following dichSSion_willlfirst present the deter-

mipistic version of‘dynamic programming -and then'modify‘it into a
stochastic frameﬁork by incorporating:a Markov- chain into the ﬁodeli'

A characteristic of the dynamic programoing_method'isythat
decisions are made sequentially in a multi-stage process. One'importaﬁt
aspect of this multi—stage decision process is the effect of a decisioo

at a given stage upon. the state varlables in the 1mmediately follow1ng 2

_ stage. A particular deci31on w1th1n the set of admissible alterna—

tives will change-the state of the process in the passage from one

stage to the next. If the optimalidecision to be made at.a particular

stage of the process depends only on'the state of the process at that
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" stage, then the decision process. satisfies the Markoviah'requirément._Z/f

In a deterministic case, the Markovian requiremént is equivalent to

‘the difference equation of (21) being first order instead of second:or

higher order difference equations, and alsq.assumiﬁg that alllrelgvant ;
state variables have been included in the éet; | |

The implied change of the state of the ﬁyécess from 6né éfage to
thé next reéulting from a decision is referred to as state fransition:'.‘
TrahsitiOn_fr&m oﬁe state tolaﬁothér cén be ﬁade detetministiéa11§

(with.certainty) or étochastically——according‘to‘a probability diétri—

‘bution of the future state of tﬁé_pfotessg. The 1attef is called a

stochastic decision process.

Now let us introduce dynamic programming with a deterministic

- ﬁodel. In order to be able to formulate the dynamic decision model,

the first order difference equation of (2%) must be shifted into dynaﬁic,

programming notation in terms of stages as follows:

T e P b P
*2,0-1 g-’('u.f.l"x11-‘1’x2n’x3n). ‘ L B ¢
X3,n;l B hﬂun’xln’xZn’XBn).

"7/ A formal definition of: the Markov1an requirement can be found in
Richard E. Bellman, Adaptivé Control Process (New Jersey Princeéton
University Press, 1961), p. 54. : '
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where n refers to the number of stages remaining in the planning'horizons
The:relation'between stages and chronological time can be iliﬁsttated{

by the folldwing diagram:

time - g ;

e 1 ‘ _ 7 7

0 t e+l T end of the planning
horizon

stage - -
‘N n n-1 _ 0

‘Figure.l. The_Relation Between Stages and Chronological Time.

‘lBellmah's hrinciple of optiﬁality states "an optimai‘pblicy-hes_
the prepertyzthat hhatever ‘the initiel state~end initial decision'are;
':the remalnlng decisions must constltute eh optimal pellcy ﬁlth regard
to the state resulting from the first dec151oh" (Bellman,1957). 8/

By application of this principle, the entire hroblem can be éhmmarlzéd‘

by the following recurrence relation:

Fn(xlf#z,x:a) = Malllx ‘[Rn(u,xl,xz,x?))‘ + BF {(X 1),g( ) h( )}]
. ) : (23)

"where: £ (xl,x ) is present value of total net returns from soil

site in the next n stages under an’ optlmal pollcy, When ‘the
1n1t1a1 state is that implied:- by the varlables xl, x2, Xge

8/ A direct mathemat1ca1 derlvatlon of the recurrence relation.as an
‘alternative to the appllcatlon of the principle of optimality can
be found in R. E. Bellman and S. E. Dreyfus, ' Applied Dynamic
Programming (New Jersey: Princeton University Press, 1962), p. 15.
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Rn(u,xl,xz,x3) is thé immediate net return resulting from

decision u in stage n.

: Fn_l{(xl;l);g( ),h( )} is the future net returns- from the site :

in tﬁe'next_nhl stagesto go. The functions g( ) and h( ) are
evaluated with their arguments set equal to values of the
variables in stage n, i.e., the arguments are as given in (21" )

B = 1/(l+r) is a dlscount factor with- 1nterest rate r..

The above procedure describes how to formulate the multivetagé
decision model to control the production system in growing timber in a
deterministic framework. If we want to incofporate stochastic'eleménts

into the model whlch would more closely represent real World phenomena,

ithe dynamic equation (21 ) andthe de0131on model (23) need slight

‘ 'modifications as follows'

#2;1]. g(u ’xln 2n’ 3n’en)-

| o (26)
N = . - . '
%3 -1 h(un’xln’XZn’Xanen)

where e.and e' are random variables.. Also (23) becomes an expeetee

. discounted net returns function:

Fil(xl’XZ’XB) =. sz E[Rn(usxlsxzsxs) + BFn—l{(xl—l)’g( ) sh( )}]
Max [R_(u,x,%,,%5) + BEF__ {(x 1),g( ) h( )}]
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'where E is the mathematical e#pégtation opefator. Tﬁe.funcinH .

ﬁn(q,xl,xz,XB) is now defined as an expected value measute of -immediate

" net returns and Fn(xl’XZ’XS) is an expected value measure of discounted

net returns.

Since\the decision model (25) ié a dynamic étochastic‘decisionj
mpdel; it can bé.appfbximafed as a Mafkov-deciéioh'modeiuwitﬁ a fiﬁi;g
number of states. The stochastic diffgrence equétions inv(24) deter- .
mine the fandom transition from state tolstété in thé.Mérkév pfocess,
Ihe Markov process Caﬁ be expressed in matrix form; wﬁeie.thé métrix is
composed ofztraﬁsition probabiliéies of changing frdﬁ any stage i £0_ 
another statg'j when‘the stage bf,the‘proceSQ movéé froh the n-th.
stage to -the (n—l)—th stage. The sﬁé#e of a_forest'systém can be repre- : -

sented by some meaningful set of state variables, such as the ones that

‘were defined in (21) for the problem.

Let us define the probability of going from‘state‘i to state j at
the n-th stage'under decision alternative k as pij. Then,let us con-
sider a decision rule which specifies k for any given state i, and let

that rule'be denoted as k(i). This deéision rule is a discrete variable

- approximation to the functional rela;ionShip.(ZZ). If there are M

states possible, the M x M matrix with element {pggl)} is'thé-transition~

matrix of a Mafkov chain.
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ABecause a Msrkov chain decisioh process cahﬂhe eonsidered‘es
" a discrete ahproximation to the gochastic difference eduetioﬁS'ih i
(24); Howard-[iQSO] eas able tO'formplate the Markov decisioh medel in ’
a dynamic pregramming frameworh.':This‘approximation to the deeisibn
-model of (25) isnexpressed as feliows:
. :

Ty (a) = dax Ry () + szlp];ij DI, =1, 2, N (26)

where: F (n) is the maximum expected present value of total net

returns from soil site when the process is: 1n1t1a11y in state i
-and n stages remain in the planning horlzén.- '

'Ri(n) is expected immediate nettreturns;- iven the i-th state,
and

k-th decision alternative, stage of the process..

‘The {GJ} are terminal values of the decision process Which can

be set equal’ to zero ‘if the planning horizon is suff1c1ently
long.

There are two solution_methods for obtaininé the optimal policy,
i.e., the value iterstive and policy iterative methods (Howard,1960).
However, the value iterative method appears to be the most feasihle.
and efficient for problems with e lerge numher of stetes. The-value
,rterative methbd solves the.optimization problem by starting at'the
end of the planning horizon with only one stage rehaining; then Qorks
.back ‘to the present by ut111z1ng the pr1nc1ple of optlmallty at each

step. Applying this method " the general formula of (26) then becomes.
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S Mo | Mo
F.(l) = M R 1) + F.(0) = M '
;1) = ;x [R;(1) BJZ Pyj j( ) 1zix [R (%) + lfSlePiJ i

Or if ej =0, =1, 2, .s M, we have

Max R?(l)'

) - we

By,using the resu;ts‘of Fi(l)'we'éan calculate ‘the following:

M

D) = Max-[R?(Z) +8 ) pi;F.(l)]
: ‘k ‘ J =1 -
P (3) = Max [RY(3) + 8 z ror e
“F_(ntl) = Max [R (n+l) +8 ) p,.F. ()]
* 'k j=1 T

The iferative procedure of (27)=éou1d be useé’as a-cbmpuféﬁioﬁal o
_ algorithm to solve the optimal control'ptoblem of 'a productioﬁ-sysfem
in growing timber. A FORTRAN program and gulde for its appllcatlon
u31ng the above algorlthm is now avallable and was written by Burt -
et :a_l_. l(undated_).‘ |
‘If'Rn () and cqﬁsequently R§(n):are‘ipdepeﬁdénp of ;ﬁe sfaée n as
.ﬁ+&,5tﬁén it cgﬁ:bé‘shown that the’recur£ence relatiéﬁ in (26)-cén5'
verges - to a conétant decision fulé for large n,v.Therefore the éolu—:
tion of the problem for n large enough that gonvergénce ﬁas;fékeﬁ'

place provides an optimal policy for all values of n. - A‘critgriOn to
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verify convergence of the optimal policy i; given'in Burt-and‘Allisoﬁf
'[i963]. Hence the computatiohal'burden and time for obfaining an \
optimal policy could possibly be réduced.

By ﬁéing the above algorifhm at each sﬁage of the décisién'proceésf
an opfimal decision-rule could be obtained.with respect to the leyel éfu
tﬁinning contrdi andvfinal harves; 6f‘a timber stand,vwhich ﬁnderlies
-the basiC'principle:of forest iﬁﬁestménf décisions,.for evéfy poésible
state of thé timber production éystém. Dérivatioﬁ aﬁd application of
an optimal cpntrol policy to a diséase iﬁfected'stand of.tiﬁber in-é:f
particular forest region requires detailed specificatioh of forest
‘conditions in that region. If the forest region consists of several
management blocks which in turn consist of several forest stands, then
a different opéimal decision rule must be defived for each of the
various stana conditions ﬁhich have different charactéristics. in
order to Be able to‘adcommodate éhanges_in parameter Valuéé and'éhanges*
in pfice'and cost s;ructure for ﬁaking‘économié projectioné, a sensi-
tivity'analysis in dynamic programming can be applied without much
difficulty. |

The general model of dynamié‘programming.expreséed in (26) coﬁ-‘
sists of two major ingredients for obtaining optimal policies.
Specifically it requires information related to expected immediate
returns‘{Ri(ﬁ)} and the transition probabilities'{pij}; The estimate .

of expected immediate net returns can be obtained via estimation .of
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coﬁditional expected yield‘of-timber. This expected yield shduld
adequa;ely'deécribe total cubic feet of.yields by class,of'fiﬁﬂer'sq _:;-
tﬁat tﬁe‘conversion can be made,tq_market value aé a fﬁngtioﬁ Sf éll o
related decigion'gnd“sfate Variébigs involved';n fhé model;u‘in
‘economié'ja?gon:this relationship'édnstitutes.a multi—pfqduct jéint__
.broductiéﬁ function where generéiiée& input vériables are‘répreséﬁted'--
: b& deéision.aﬁd étaté variableé;‘éﬂd Qutput‘is compfisgd of £He;vérf6ﬁs'
c;assés of.timber frddﬁcts which'ha;é market value. |
The second kind.éf information nééded for»the model perfains fb.{{
stdchésfic behavior of the étandi@g fiﬁbér systeﬁ.whiéh één be fép%e%dif%
sented By'two interacting randoﬁ variables, dwaff'mistlétde fatinéjéﬂdf;ﬂ
stand‘éeqéity index. A third'inte;acting vafiéble in the syé;éﬁ'is:age;3
"7tof-the:Staﬁd,.bﬁt;his variablé is-hbn—stochastic.ﬁlHéncé;~é§timéted‘_;;,v*
-transition probabilities should be based on.the joint prébability diéi"
 Efi5u£ion of two state variab;esxﬁith age entering théfﬁoinﬁ density o
:IfunCtiqnlés a papamefef. | - ‘
Let us first diécuss éstimaéion of the‘éohd;tionél yield relgtion—:~
ship to estimate.expécted imﬁedia?é‘réturns. In the‘ésﬁimation We:_~“
Vaséﬁme woéd.yield to Bé similar‘tq-that,in the'pésf.; fiéld.Qéries :“
: Eécause of many factors; among them are disease, inéécfS;:and.éiimatié:
" factors Which-behave_stochastically."Anothef gfoﬁp,oflfgctogé=Which 
- have mofé.”syétématic" influence a;e éite characteristics aﬁd ége-ofi

'3.the-sfand éf harvest. The relaqibnsﬁiﬁ of yield and:thé abéve‘factbrs-'
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f‘is"asSumed to be independent of the stagé of the process; hence{this
. relationship will constitute a function of state and decision variables.

~dt’ any given stage if all factors enter the function as either state or

decision variables.:

Let us simplify the discussion by assuming thatfa'siﬁgie'Qariablé

. "(total marketable volume if you please) can be used to measure timber

production, and thus wé are dealing with only one equation which -
describes yield in terms of various factors mentioned above.:- Factors
which remain unchanged over the growth cycle of timber,'site charac-

teristics in particular, do not need to be entered in the timber yield

.equation because their values can be treated as merely_parameters in

the dynamic optiﬁization pfoblem;-

Certain stochastic variables which one mightvwaht to delete for:
the sake of simplicity cause no_problem_if‘they are not stochastically
dependent with ény‘of the included factors of the yield equation, ot

at least the dependency should be quite'Weak, ‘For example, a study

such as this one which focuses on the influence of dwarf mistletoe

. upon timber growth would bevsimplified a great deal if‘we“COuid delete

climatic and insect variables from the timber yield eqdation, and
essentially pool the random influences of these variables in the error
term of the regrgésion equation.

The regression eQuétion for thié simplified view of the timber

yieid relationship would take the following form:

’
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_ .wﬁeréf'_qt is the quantity of merchantable volume of tlmber 1n cub1c
S ~ feet-for perlod t. :

ut is thinning 1eve1, includiﬁg:harvests,

iit is_ége of .the stand for period t.

X

2t is stand density index for period t.

th.is dwarf mistletoe rating for period. t.
~€_ is a random disturbance which'repreSentS'climétic_fagtdrs,
and other factors which individually are relatively minor. -

The abqvé ﬁhysical rélationship;ﬁould_be uséd for‘eStimaéiﬁé egﬁeéfed‘
'ﬁet‘tethns at ?agh pgriod‘resultiqg'fromﬁfbe_decisioﬁ‘impliediby‘ﬁt;
Expectedfiﬁ@edigté net returnS'éré.défined'asafhe,differenﬁé:'
‘ Lbetweeﬁ vaiue of gross returns ahd variable costé ﬁhicﬁ éan-be 

ekpreséed as: follows: -

R(u ,%g 5%, t,X3t) G(u ,xlt,XZt,X3t) C(ut,xlt,x £2%3¢) (29)

where: R(u ,x t) is expected immediate net rgturns in‘beriod:t.x

%ot
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, G(u ,x

1t? 2t”33t) is expectedllmmedlate gross returgs-in
-perlod t.
C(u ’Xlt’XZt t) is ekbéctéd.variabie cost of thinning -for
period t. o

Expected timber- yield can be obtained by estimating'the condifional

- expectation of yield from equation (28) for anmy decision_iﬁplied by u£

at period t. This conditional expected yield can be expressed as“'_

follows:

E(qtlut’xlt-’x2t$x3t) = w(ut’¥lt_’x2t’x3ﬁ) - - (30)

where E.1is the expéctation operator.,

'Assuming perfeét competitidn¢in-the output market,‘expectéd.'

. immediate net returns can be calculated as followsf

R(up %) 5%y 0% 3¢’ =P E(qtlu ’xlt 2t*¥3r) ~ C(u e Zt’x3t -

=‘Pw¢(ut’x1;’x2t’x3t = Cluy %y 45Xy, 0Xg,)
| ~(31)

-where P is the price of merchantébie wood per cubic foot.

‘In'mbre‘genera13terms, we would'haﬁe several timber yield]equa+"

- fions, one for each of several dependent Vafiables whiéh'wquld esti-~

‘mate quantities of various classes of wood harvested. This would then

be converted into total gross value by an appropriate-set of prices for ‘

classes of timber.




‘mated by means of a joint 'probability distribution'of.twq.state vari- =

.ables. Hence' the joint'probability denstty function can_be'expressed as:

'where Elt and,gé are spec1flc values of the random’ variable X

and x L Note.that u
.. changes in the stand density index and mistletoe rating.as the movement‘

' ﬁhich'in‘this'prqblem can be renresented by‘the'three state variables,
" age, stand density and mistletoe rating. But the change from one-ageh
.ato.the other is with'probability'unity,'so that age enters the

stochaétic transitionffrom stage-to'stage in a trivial way.

- el I A=) | M| LAl
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As explained earlier, the transition.probabilities could be eSti?

a8y lupmyanypaxgy) S o (32)

2 t+l

L, X

X . a :
t> "1t 2t’ nd X3t enter as parameters in

3,t+l

the joint density function for x2 t+1 and x3 t+l

The transition probabilltles def1ned as {p } explain stochastlc

occurs from one stage to the next. Specifically; the basic concern is

the probabilities associated with future states of the forest system,

-Consider the range of values for each stand density and dwarf

mistletoe rating as h'v1ng been div1ded up into discrete intervals as

follows:
L Xyy DXy S Xy Xqp %3 2 X3y
Xp2 £ %y X %3 ¥3p S X3 X %33 o
XZH i xz _<_ oo- X X < o

S W
=
I
w
I




Ugs Ups eees Uy and use the integer -k to &enote‘the'ﬁalue of u

lies in one of the intervals as outliﬁed above, and (3) x

- that the decision variable u is equal to u

S ks Fa—— | DLy
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Also, comsider theé .thinning variables .as taking a few.discrete‘vélueS“‘ A

, , , k" Ag§- 
is rather naturaily'defined for discrete values on an ahnual basis.
However, the stage of the decision prbcess is_érbitraty_énd_could

cdnstitute a period of time'longer'than'a year, for'gxampie, 5 0£ 10 -

yvears. Age is defined_as an integer to corresbdnd,Wi;h'the time periqd,}

"used as.a stage, for example, age equal to 5 Woﬁld imply 25fyears gfﬂ

age if‘the-stage.is a 5~year pefiod of time."

| Witﬁ the abévé cénventiqns, Welcan_ﬁéw defipe1thé“t%aﬁs;tibn:
probabilitiés'in-kZG)f' The:i—th stafé_implies‘a‘comﬁinétiéﬁ df tﬁfee
conditions: ) xi_equa; to an.intéger ﬁhich.gpgcifiéSvégé, (g)'x2:

‘lies in a

3

: ) ". . L ' k. ) "'.'.--
particular interval as outlined above. Therefore, Pij is the probability ':
that X, goes from its interval associated with state i'fo its interval

associated with state j, that simultaneously kB

associated with state i to its interval associated with state i, that"QUw

goes from its interval

simulfaneously x, goes from the'integer value associated with state i

1

‘to the integer value associated with state j, and alsb‘simultaneouély

k; We note thét_thégbnly

value of j for which-pij can have a positive value is where X is equal
to its value at state i plus one, othngise the probabiiity mﬁst.be
Zero. This-observation_follows from the non-stochastic nature of age

as a state variable.
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Thg_actuél calculation of the transition probabilities {pij} 
o would be accomplished by analysis of the résidﬁais'in'the'régreséisﬁ:f
equétions ﬁsed to estimate (24). Thé élassical‘assﬁ@pfibhé of_théﬂ:
regressionlmodel would ﬁrovide a base from_whiéh-tb begin. -Héwéveﬁ!lthél
~almost ceftain stochaétic dependencé between the residuals in-the.
-and'# |

equations for x should not be overlooked.

2 3
Estimation of these two major COmponeﬁts of thé‘ﬁﬁdei,}qéméi§-(24)
and (30), reﬁgires physical—biological-infbrmatibﬁ Whicﬁ'is possibly
obtain;ble ffom qontinuous'foreét inventory or bésié daté whith wéfe:- 
._specifiCally.éollected for this purpose. However,'iﬁ‘qléituatidn'whéré“
basic déta'are difficult to obtain, wé ﬁill fry to'éuréﬁé.énothéf ﬁétho&'
to approach the céntrol problem'in fofest management}..The:lasf £w6 '_-
chapters of_this‘study Wili use a simuiétion method §b aPProXimat§?1,:~

"a solution to the problem.




CHAPTER IV

. SIMULATTON APPROACH TO CONTROL PROBLEM

4.1. The'Setting.
The control problem in this chapter Will deal with the management.

of forest production systems in which the timber stands involved are

-affected by an exogenous factor Which is _the disease dwarf mistletoe

(Arceuthobium species). This disease causes magor_losses of-pine'and, "

other coniferous stands, especially in WeStern-United States and'“

'Canada (see, S.E., Baranyay and Safranyik 1970 Hawksworth 1961

Shea and Stewart, 1972 Graham, 1961; Korstian and Long, 1922)

the Western Un1tengtates it has been.estinated that the'annualfloss
to-dwarf mistletoes due to growth reduction and mortality:is'oner 3‘g'
billion board feet (Hawksworth,1972).

Biologically, these diseases can be quite easily controlled‘in

conjunction with silvicultural practices, because (l) they”are

. generally host specific, (2) they are obligate para31tes which means"

that they die as soon as the host dies, and (3) their rate of spread:v-

- through a tree or stand is relatively slow. The effective 31lvif,= N

cultural controls available now are physical, i.e.,.through thinning‘,j

or clear cutting. Thus, disease control -for improving a timber'prof;i.

‘duction system can be incorporated with management decisions related iy

' to determination of thinning_level-and.the length of rotation'cyclef




48

Since we "are interested in a control'problem in‘which-the.stand'ofe.

timber is influenced by an extraneous factor of disease, we begin w1th
a discu331on of the nature of the disease and its affect on timber fii
growth, together with possible methods of COntrol. Then the economic

model for disease control is developed.

4.2. The Impact of Disease Infestation

Literature dealing with research on the dlsease of dwarf mistletoe
'"infestation 1s_voluminous (see'Hawksworth and Wein, 1972) .. Yet, only
a few'studies:are directly related to quantitative measurement Which
can be'used“to~eyaluate the impact of‘the_disease on stand,derelopment; -
Hence, the following remiewiwill discuss only‘the‘research Which:has-an :
important bearing on the problem of disease control in relation‘to
‘ timber:management. | . _

An early study by Korstian and Longl[1922] measured the.impact'Of
dwarf mistletoe on stand growth‘of ponderosa_pine'by using a.stem |

analysis method on felled trees.v They‘concluded-from observing Various';'

. degrees of mistletoe 1nfection that there was little or no reduction

in the growth rate -of llghtly infected trees, but that  there was. a
marked falling off of current growth of heav1ly 1nfected trees.i Radialf
increment of a 5-year period in heavilf infected:trees was.only-l2:to
14 percent of that-of uninfected'trees. The reduction in cubic-foot,'

" increments was somewhat less; ranging from 15. to 3l percent of that

for disease'free'trees. Based’ on the individual estimates, the author57




49

aggregated the impact on the whole stand. . The inflnence5of:theldisease';" '

, infestation on'timber quaiity~was.a150'briefly diScussed;h Howeverg_f ‘

this' study did not reveal the total loss caused: by the paras1te

because the researchers dld not .measure the effect of disease on "

mortality.

Hawksworth and Hinds [1964] improved’the‘estimation of dnarf-

mistletoe impact on the standing trees by taking into account the -

volume loss caused hy‘mortality, in addition to the effeets of

mistletoe infestation on survival trees.. They estimated“the impact.

of infestation over a longer period of time-by devising aLmeasures
ment scale of dwarf mistletoe infection whlch represented the state :
of disease 1nfestation in an 1nfected tree. This dwarf mistietoe
rating (DMR) was exnressed as the sum of.ordlnal values‘ass1gned b§ -
an integer number (0, 1, or 2) to different parts of the infested

tree crown Which reflects the intensity level of the.disease infesta-
tion. 9/ It was found that this rating was-highly correiated with -

the time since infestation started.

2/ The actual‘Way the infection was rated: . first the live crown is .

divided into thirds, and each third is rated as 0; no mistletoe;
1, light mistletoe; and 2, heayy mistletoe. The rating of each
third is added to.obtain a total for the tree. Based on the .
individual rating of an infected- tree in the sample plot then
the rating for the whole stand was averaged on each rating.‘




50

In order to evaluate the effect of dwarf mistletde on individual

trees Hawksworth and Hinds [1964] performed a.regression analysis

between percent volume reduction, stand age when 1nfected and time

since infection. It was reported that the t1me since 1nfection made -

a relatively higher contribution tozexplanation of the_variation in f:
percent.vdlume rednction.than the influence.of'agejof_theistand‘when
infected. Hence, indirectly the'dnarf mistietoe rating_had‘performed
well as a measure:of dynanic impact of the disease infestation.l
Mortality rate was estimated'ffcn the nnnber of.dead'standing‘
trees around the.infected 1odgepdle pine stand. It was found.that'
.mortality in the 1nfected lodgepole pine stands was higher than the
plots in the stand with no mistletoe._ Further, the mortality rates
based on cubic volumes showed low correlation With timeusincefinfeCr

tion. Presumably, this is because most of the trees died before

they reached the minimum size for which cubic foot volume was estif.j;..

mated.

The anthors‘then used their results for individual trees to
" estimate the impact for the Wholeystand. By creatiné a measnre.of_
"dwarf mistletoe rating for infection intensity and estinating'its,:
impact on percent'reduction over'time; this research revealed.an
important piece of informatipn needed for dynamic ccntrol'processes ;

on stand development.. No‘decision‘aIternatiyeuother than the

classical replacement decision was allowed, however, because the study:
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assumed that there was no - treatment (COﬁtrol) during stand develoﬁ—
ment. 10/

Myers, Hawksworth and Stewart [1971] used results qf_thé-previoué‘

study done by Hawksworth and Hinds [1964] to -incorporate dWarf;mistlet6e ; -

effects into a stand management simulation study fof lodgeﬁdlé‘pine o

. in the Roéky Mountain Region. This simulation étudy was pfimérily -

concerned with development of a computer program to calculate certain

key variables associated with managed dwarf nistletoe infested‘lodgef

pole pine stands. The simulation model is dapablg of generatiﬁg

information on yields pertaining‘to different leveis of the_state"of-
mistletoé infestation and thinning decision alternativeé. Thus, the :.-
research provides'physical-biological information which should_enable :
us to‘develop a decision model for controlling prodﬁCtioﬁ‘éyéteﬁé qf '
disease-infested fimber stands of lodgepole piﬁe:undef'speqifié féfest i'

management objectivesi However, this study like most othér”researbh:_,

'based‘on simulation does not try to search for an explicit formal

optimal policy for controlling the production,p?pgess in grbwing.

_timber stands. Nevertheless, the simulation program does contain some

10/ For articles dealing with economic replacement models, see Oscar -
R. Burt, "Economic Replacement," SIAM Révyiew, V, No. 3 (1963), ,
pp. 203-208, and Osear R. Burt, "Optimal Replacement Under Risk,"
Journal ‘of Farm Ecordmics, XLVIT, No. 2 (1965), pp. 324-346.
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poteﬁtially useful dynamic interrelationships which could-Be used'for
Qynamic décisién procesSes relateq to our probigﬁ;

Although the simulation stu&y proQides iﬁformétioh‘pertaiqingzto
dynamic decision éfocesses, all.inﬁut and‘output variablés in~;h¢'“
model ére expressed‘in.physica14Bioiogical terms. If the dééiéion‘iéf
to be based on economic criterié, the modei must be.expandedito ééné
tain pricé and cost elements to intfoduce the rolé-of ecohpmiqéiinl _

achieving an oﬁtimum decision ruie. The simulation ﬁddel which Wiil

" be discussed in the next section will include economic factors, and.

‘the decision criteria to guide management decisions will be formuléteg

explicitlj.in a formal decision model based.qn widely aécepted'iﬁvestf

ment criteria for forestry.

4.3. Simulation Model

Naylor [1971] has state& thai.Simulatioﬁ_is é'ﬁumeficai_tééhniQue
of "last resort" to be used onlﬁ.wﬁep‘anaiyt1031 methodé aré>p0£ avéi1f
able for‘obtaining sélutions to a given.médél; A reéiis?ié ihvestmept
problem in foreétry.dealé with a complex prababalistié prbducfion s§s4'."
tem, including physical—biologiéél relatiohships'509pled with;thé:
price system over the entire economic 1ife of fhéiﬁoresﬁ; which gakés"

an analytical solution of the investment'probieﬁ éxtfemély difficult,

if not impossiblef Because of‘this complexity and the-available

computer simulation model of Myers, .gg_gl. [l971],_sim#létiod:plé§s
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an important role in the economic model to be used here. The simula-

tion study is redirected into a more specific objective to solve the

‘economic problem of optimal.managément‘of'diéeased standsiéf lodgépole

pine. Even though the simulation study is based on a detérministic

model, the certainty equivalence.principle suggests‘thét.the.defer— 

.. ministic solution to the problem will give a good appfbximéfion to -

the stochastic problem of the-invesfﬁent decision if Ehe_debisibh‘rule‘

based on this model is carried out sequentially (see, e.g., Simon, -

1955; Theil, 1957; Madansky, 1960; and Burt; 1971).

Discussion on the simulation model will begin with an éxplanation

of the physical-biological relationships of the timber production sys-

‘tem as described by Myers et. al. [1971]. Then afté;;modifications of

this model into an economic system, ‘an economic criterion for invest-
ment decisions will be formulated. Specifiéation of the objéctive

function of the investment model will be consistent with a dynamic

-control model of disease-infected iodgepole_pine stands faced by a

forest management authority in the Rocky Mountain Region.
The simulation program on physical-biological aspeéts of managing .

disease-infected stands is similar to that of a previous study done by

Myers [1967] in constructing a,yield'table.for healthy stands of lbdgeff |

pole pine, except additional‘information,is calculated‘oﬁ.the exogeﬁous 
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factor of dwarf mistletoe infestation in the stand. 11/ . Myers EE:*Elﬂ:

[1971] ‘used several basic working relationships for their simulation

. program in the'form'of equations (among.them'arerdifference eduations)-.

and tables. Parameters in the equations were estimated from data -

obtained in semi~pérmanent plots of'lodgepole‘pine‘stands:' Those

stands represented various site qualities With indices ranglng fron

30 to 85, and dwarf mistletoe infestation varied from none to very
heavy. From each sample plot, several variables were measured and the
field data were then converted to calculate.volume and other values for
each plot on a: per acre_basis. Basal area and other per acre values,
including average stand .diameter (DBH)kIZ/,'were'used as'dependent:

variables to obtain predictive equations to be used in . the computer"

L T—

program called LPMIST. 13/ This computer program was’ written in FORTRAN

language (see appendix).

11/. A yield table would show values 6f physical yield of wood" products

and other related state variables of the forest stand for each"
period of time during the rotation cycle, for a glven thinnlng
policy.

lg/ The abbreviation DBH is. "Diameter at Breast Height" where the

diameter of a tree is usually neasured.

13/ Apparently, this abbreviation stands for "Lodgepole Pine M1stle—-

toe.
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The LPMIST program épnsists of the main p:ograﬁ'and foﬁr sub=-
routines.' The main'brdgram performs'most of thg‘computatioﬂé énd
writes thé &ield table. Three subroutines'compute averége-stand
diameter and stand density after thinning. Thé'four;h subroﬁtine

computes factors that are used in the main program to convert total

cubic feet of wood to other units. The modifications:of the original

LPMIST program into LPMISTZ;—Where an additional subroutine is called

for economic calculations—-does not change the opération of'the'main ‘

program. The description of the modified progrém is essentially'the
samé as in the LPMIéT progrém. Only the order of data‘inﬁut_is soﬁéé
whét modified. 'ihe calculations neceésary in simulation 6§érétions of'
a production system in.diséase—infecte& stands,éfe oﬁfline& in'Figufe
2 which shows operatioﬁ of the main program.

The program first reads in the values of stand parameters and
state wvariables. Then, it calcuiates the dependent variable§ by.means
of pfedictive equations just prior to. the thinniﬁg.decisidn.' Based oﬁ'

the predictive values of the dependent variables, total cﬁbic feet is

computed. This total cubic feet value can-be conyerted to other values

by_meanévof a special subroutine. If a thihning‘decisibh‘is-requifed,-
then another subroutine computes new values of the dependent variaﬁles
explained below. - Based on these new values,-tofal cubic;féet and
associafed values "are calculated by a néw subroutiﬁe after fhé thiﬁﬁing”

decision occurred. One of the subroutines uses'thinnihg.standards
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based on the goal.of sanitation thinniﬁg. Thé reduced infection rating.
dﬁe to this sanitation thinnipg fhen is computed by the-main'prograﬁ as
a funcfibn of avé?age staﬂd diameter. o -

In'érdef to make sucqessive'préjéctioﬁs on sfana variables -over
several periods.of time, a special 1oop.is;uéed. "Another loop calgu—
lates the impact of thinning decisiors for different thinéingicycles;'_
Beﬁore calculations reach the términal-oﬁeréfion of ﬁhe pfbéram; é_
subroutine for economic calculations is called and finél_reéﬁlts afé_'
pfinted in a table of LPMIST2. Economic calqulatiéné'are directéd . A
toward ;chieving the objective of é control proceés'appliédﬂto diséaée—
infected stands, details of which are‘aesgribed in the féllowing.sec—‘

tion.

4,4, Objective of the Control Process

Since the decisions in forest management are periqdic; the dis—-
cussion of the confrol process in this ééction will be in the context -
of discrete fime. It-is-assumed that the_deciSions in§olved in the
control préCess are sequenfial, Where‘the managemént'pléﬁning hqfiibn‘
is divided into several time periods of say lO-yearu;qferﬁéls. “The
criterion fﬁhétion, or management objectiﬁe for the diseéée—infééted
stand,'is‘assﬁmed'po be'maximizatidp of fheléum of diséqﬁnfed netg  ‘
returns over an infinite planning horizon.

To clarify the decision'prpblem; 1ét qs'assﬁme:that-at a,certain

time period in timber stand development the forest mahager faces a
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disease-infected stand mhich:is to,be controlled, :When the stand has
grown up to that'period, say time period\t' s, the - conditlon
of the timber stand (1nc1uding the state of-the disease 1nfestat10n)
can be describedfby a state vector X . Based on technical knowledge

of effective methods for controlling disease—infected stands, the

‘ _forest manager has several decision alternatives from which to choose;:“'
let a particular decision be implied byrdec1sion U.. For thls partic—f-
Afular control problem, the decision vector may take the form of U

[ul,uz] where uS 1ndicates whether or not to harvest the-timber and

1

'u§‘=.yé implies a thinning decision.
The state vector Xt which enters the‘periodic net'return function-
in time period t is somewhat redundant in a nonstochastic model since

an 1nit1al value of X ‘and thinning policy yl, Yoo wees yT completely '

. 5 .
determine Xl,‘ﬁ s.eemy X o However, since the state vector at any

period will give additional descrlptive value to the return function

and simplify the mathematical model, the simulation»model uses §'

"directly in_making numerical evaluations on‘the‘return‘and cOst“func—‘

tions.

‘The forest manager may assume that after the first cycle of.the
control process, the bare land resulting from clear cutting-oi a'
diseasealnfected stand will" grow the subsequent timber crop in a
disease—free state continually3‘cycle after.cycle, 1nto perpetulty.

This assumption is Justified from the disease control v1ewp01nt as
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explained by Hawksworth [1972],vparticularly on the obligate'parasitic

nature of dwarf mistletoe in pine stands. df'course; the"diseaSed

Now, let us define the follow;ng nbtation:
= 1ength of the rotation.cycle;

y, = combination of actionmns constltutlng a thinning decision in
stand age period t;

R (y ) = periodic net returns generated from the timber stand

as a result of thinning decisions 1mplied by v

age period t, when the stand can’ be described Ey the
state vector Xt; :

H(T,g?) ; net harvest value at the end of the rotatlon cncie o

when ‘the state vector is XT
= 1/(1+r)-= the discount factor associated With'tne age intervai
t.

We have made a change in the netation Wherevthe perisd 6frtime has
been replaced with an age neriod,'sueh‘as on the.suferséript t sf tne
state vector x'. This .switch to age as a sutstitute for time aSSumes
that time per se does not affect net returns and harvest valne. The
subscript t on R (yt,X ) and argument T in H(T, X ) was used to make
the relatlonshlps more explic1t1y a function of stand age, Whlch'implies :
that age is not included in the state vector Xt, t = i;~2; seey T.
Note that if we did not enter the state vector into the return

functlon R (. ) and H(.), these functlons would have to be ‘written as

: Rt(yl, Yoo Ches yt) and H(Tsyl, y23 cees yT). :Ihis obserVatlon
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clarifies thg advantage of inéluding‘the state yector in'those funct;ons -
since’it‘makes‘the return function cbnditionalij indépén&eﬁt of.eérliérf-
tﬁinnings——likg Bellman's MarkoVian'fequireﬁént-on fﬁé net-fétgrns iﬁ'.
a‘dynamic prbg;émming framework; |

. Given én{éxisfing condition of the fdrést,déééfibed b& bérefland;:'
the opportunity cost‘of-the lénd Wiil bé equal to the ﬁaxiﬁpmlséil |
rent assoclated with.a new stand éf tiﬁber:stéfting=from bare_iénd-an§':_ '
all.subsquéﬁt;rotations ovéer an infinite plénhing horizoﬁi |

N g ty ot t TM‘ T | '

K = Max [ERt\(yt,}_{_)B + H(T,X)B 1/(1 - 87) (34)

' T,yi t=1 : . : : o

i=1 to T
where net returns are assumed to bé‘received at the gggloﬁ each pefiﬁd.
Note that gé'reflects a disease—free stand at-t = 1, 2, ..;, T.

Because-we can expect that‘af£ef.contfolling‘thé disease‘ﬁe willz.n'

ha&e a disease-free stand, then the objective of the control process

can be expressed by the following criterion fuﬁctioh‘when the current .

diseased stand is of age t:

f(_}gt) =. Max 1T[T ,yt’ y t+l 9 e eogq YT’_}Et)
T,yi Lo
1=1 to T
z i\ i b Tk Tt :
= Max [ ] R (rXDeY 4 BTLEDE A K BT (35)
T,yi =t~ ' - o .

i=1 to T
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NoteﬂtheplgF reflects the statefof the disease and each éubeequenﬁ z},

i » t, also reflects some level of-diSease,,dependiné on yt, Tepgs =oe>

in‘a sense the objectiye function of the contfol'proeese,in (355
can beconsideredasa generalization of the'FauStmann'cﬁiEerion. Sinee
the maximization of (35) has io be.done‘with'respect-toitwo'setslbf
argements, T and‘{yj}, the maximization oﬁefation“canlbe car;ied‘out 
in two phases. First, we maximize fhe criterion funetion (35) with.
respect to T which.giVes the follewing:

M;x W(T,y s yt+1, cees yT,X ) Y(yt’yt+l’ cens yT,X ) ‘ , ‘?6)»

Then, in the second phase we maximize With respect to Yer yt+l’ ceey

Yo to obtain the final solution, Hence, in short we have.;

£, _ St
f(_}g) = Max Y(yt’yt'l'l’ seey YT’X )
yi . .
i=t to T

.
Max [Max W(T,yt, yt+lf cees YTiK )1
i=t to T

' R . o R . N
Max ﬂ(T,yt, Vead? =+°o YT’§;) R (37)
I,y . ‘

i=t to T

The above max1mlzat10n operation is essentially What we use in the -

computer ‘program for this study. First we find K ’ then y(yt, yt+1’ dess
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yT,zf) for a limited set of thinning policies, and finally We'maiimize_.
| over thinning policies to get f(g?). Each of thé last two ma&iﬁiza—

‘tions must be made with initiél disease condition, sténd.age;.étc;,

taken as fixed.




CHAPTER V

APPLICATION TO LODGEPOLE PINE

5.1. Data Description and Assumptions

The present value functions in (34) and (35) for determ1n1ng optlmal'

thinning and rotation policies cons1st of two- 1mportant components to be

estimated; (1) net returns associated with timber management deéisions

at each period, end.(2)'the diseeunt rate.associeted With“oppoftunity
cost of eapital,invested in the project. In otdet to obtain eumerieai
solutions to the investment problem, we have tQ:QUantiinand evaluate-.
these variables. | .

To derive estimates of net reteths, the physieal-yields;of wood,
generated by the computer program in a yield table forAeaeﬁ ege period
of the timber, are mtltiplied.by an appropriate.price of Wood products:
which then gives the stream of gross reterns., The stream of‘groesu
returns adjusted by Variable coets‘related to a particelat timﬁer manege—‘_
ment decision then gives the stream-of_net returns. .

In order to clarify the calculations involved;'let es use the_

. following notation:

Rt(yttzf) = expected net returns associated with managing & timBet
stand where the decision is implied by Ve and the state
of - the system at perlod t is described by Xt.

Gt(ytlgt) = expected gross returns associated with managlng a timber

‘stand where the decision is implied by yt and the state -~
of the system at perlod t is descrlbed by X
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Ct(yttgt) = expected variable costs associated with managing a
timber stand where ‘the decision is implied by V¢ and
the state of the system at period t is descrlbed by
X .

E(q ly t) = T(y ,X ,t) is expected physical wood yield whose

estimate can be generated by a computer program“--"

in a yield table associated with the management .
decision implied by Ve when the state of the sys—
tem at period t-is deseribed by XE.

Assuming a perfectly competitive Wood.product market, the expected

net returns for any period t can be caiculated‘by the fdllowing'method:

R0 = RE@IYLED - ¢ 0,20 = R1G,a50
-C .. . G
t 7t — . R o ,
iAssume‘further that the price'of.wood products, Pw’ is determined by
- interaction of supply and demand forces in tﬁe wood'product market-odt—.
side tﬁe timber production system. Then an estimate of wood product
price can be based on time series of wood price data for related wood
species which retlects the equilibrium prices that have béenépre?aiiiné'
in the market as tﬁe result of the interacting forces.‘ | -
The most closely related wood product price for timber production
decisions is stumpage price. The stumpage price in a'perfectly compe~
titive market at any specific location will equal the price of‘sawlogs_
at the mill gate minus the cost of availability (including harﬁesting
and transfer costs) " A general model of stumpage price formation has

been described by Gregory [1972] and a stumpage price response to,
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changes in volume of timber sold has been studied by Hamilton [1970]
The former author explained the uniqueness of the stumpage price forma-

tion where the location factor has an 1mportant-role in determining the

- equilibrium price. The second author concluded that in the short-runm,

‘'stumpage prices have fluctuated considerably. Moreover, an examination'a'

of the region's stumpage market indicates'that'shifts in'demand for wood-
products, rather than quantity of stumpage offered for sale,-are:the
primary determinants of this short—term price fluctuation,

One source of wood price data used in-this_study originated from

stumpage price data which was compiled by Holt [1973] at the Pacific

. Northwest forest research station. ‘The.published_stumpage,price~data,are'

categorized into several subgroups according to wood specieSaand'the
regions where they are formed. ‘One of the wood species in the'publica—

tion is pertinent to this study, namely lodgepole pine (Pinus concorta)

and the reglonal coverage of the price report includes the Rocky Mountaln-

region. From this price data we can determine the current,stumpage

price, the minimum price which has ever.prevailed,‘and the highest price

projected for the.future. These different 1eve1s‘ofhestimated price_ |

are‘used in making sensitivity analyses in the simuiation study, |
Another component of the stream-of net returns in (38) is cost

variables. The cost of timber production has time and'spatial dimen—

sions, where the costs may vary from perlod to perlod and from one stand

to another. Hence, the forest manager should be aware of possible cost
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variations associated with gach tiﬁber stand during ééqhvperiod of 'stand
managément. Therefd;e, an attemﬁt must be made to,obtéin'represént;tive
costs which ean accomﬁodate these cost differenﬁeé.‘ Whenever ﬁossible,
cost should be related to physicél input, state of ‘the gtanding'ﬁimger
system, and the decision taken at each fimber management period.

In'relatibn to the cost étructure, we know fhatlpro&uction economics
distiﬁguishes,two kinds of costs, i.e., fixed énd yafiable cosfs, as'_

components of total cost. However, the costs that directly relate to

. production decisions are variable costs; thét 1s, the costs that vary -

with tﬁe state of tﬁe‘timber stand system, invesfméﬁf decision; and age -
period. A soufce of cost information Fhat virtually_meefs'the ébove‘
fequirement has been develofed by Wikstfpm aﬁd Alley [1967].f'TheSe 
authors deri&ed predictive cost eﬁuations{ originaliy.for fhe‘purﬁoéé

6f cost contrél in‘timber management decisions, by using‘multiﬁle
regressionifechniques..-They constructed cost edua;ions related to each;u
timber managemeﬁt_activity that_incurred'costs such—és-site,preparafionf
costs, including slash piling, burning,_and 1énd‘scarificaﬁipn COsfs;_
plantiﬁg costs——in case natufal_regenerétion failéd té,establish a'ﬁew

stand--and thinning costs. By applying proper adjustmenté‘to local

conditions, labor wage‘and equipment costs, this stﬁdY‘emploYes these

cost equations in combination.with the computer simulation program which,’
at its final stage, is capable of generating a performance measure based.

on the economic criteria as discussed in the last chapter.

t
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The most difficult parameter to.he‘estimated‘in measuring present
value of net returns in an 1nvestment model is the dlscount ‘rate Which
reflects the opportunity cost of capital, either as viewed by private
enterprise,.or social opportunity.cost-as viewed by publlc declslon

making agencies. Although we are dealing With 1nvestment decisions

- related to timber land which belongs to the publlc domain, private .

. investment cr1teria may help throw some‘lightyon public 1nvestment

decisions related to forest land resources (see Lutzes, 1951 Masse,

1962; and Hirschlelfer, 1970). 1In. discussing difficulties of assessing

social opportunity cost of capital, Feldstein [1964] concluded that the |

only way to assess the social opportunity. cost is to discount at social |

time preference. But the search for a perfect formula to specify a

social rate of time preference is futile, It is often the_case that the -

_ rate is set solely as a matter of social'policy,.taking‘intOfaccount ‘

certain ethical principles as well as economic'opportunities._ Hence,’
various lines of approach.attempting to find a rational'choice‘fOr_the
discount rate all appear to be highly subjective.' Therefore for

purposes of  the analysis of this study, the discount rate-used in;the

‘investment decision.is specified at several values rather than a single

value. Another advantage of‘selecting a set of different values of
discount rates is that it enables us to evaluate'their impact on the

optimal solution of the investment problem. - -
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5.2. Model Experimentation
The purpose of model experimentation with a simulation'pfogram is ’

to evaluate the dimpact of changes in parameters and initial states on -

- the optimal decision rule for the problem. This analysis sometimes is

.called sensitivity or parameterization analysis. The computer‘siﬁula¥

tion modél'proyides a basis for makiﬁg such anal&sis and t§ evaluate
those changes on the pérformance measure of the systém‘ﬁ#der stqéy, and3_.
hence'on the.optimal‘decisioq rulé forithe problem. 'Thefproéédures for
selecting the initial state and ﬁarameéér values of the’s;anding timbef
system which are related;to the phyéiéal-biologfcal aspects inithe
simulation program are well expiainéd by Myers, gg_él. [1971] in their
manual. However, we do not attempt to éelect aﬁ'exhaustive se;Hof com~
binations of state ﬁariables and parameter vaiues_of'the tiﬁbér éfénd= |
system; rather the choice is made in a systematic,wéy to'obtain‘a
meaningful economic fange of results and -avoid fe&Undénqy in'ﬁhe ané;yéis;
Thus we do not attempt to explore a coﬁplete.set of.parametefé,and
‘initial‘conditions to‘generate a complete surface of the outbﬁ; of the
system's performance Bécause such an attémbt would be too costly.

Fbr example, we choose only the most typicgl sité_quality_fo; the
timber stand which has an index of 70, with whiéh We-choqse a limited
range of other parameter and state #ariable values of the tiﬁber stand

system including stand age,. initial time of‘diséase.inféstatiqn,_stdnd
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density at the initial management neriod,,stand age atyinitial.thinning,

the level of thinning goal' and thinning interval. The deSired level of'

thinning goal and thinning interval are combined to constitute a partic—l

ular thinning policy. Among eight combinations of thinning policies:
we selected seven combinations of thinning policies where each of them
 is a combination of sanitation thinning, two levels of.desired.goal,of

stocking at,subsequent thinning with a given initial 1eve1 of thinning;<

and two thinning intervals. 14/ For the decision of no thinning, we setf

up the initial stocking and subsequent levels with very large values so
that no thinning will occur. The original program‘always entails sani;
.tation thinning when a thinning decision is specified The authors-—
_among them is a forest pathologist——apparently believed that. sanitation'
thinning is so obViOusly necessary inAmanaging diseaSe-infected standsi
that its economicvevaluation would be a waste of‘time.‘ |

Selection of values of predetermined variables related to economics,

such as price levels Ofoutputs, were based primarily on time series data'.

and also.us1ng ‘other sources of information. On the other hand the .
cost variables related to thinning and harvesting'actiVities arec-ﬁ

endogenously built into the computer simulation program because these

costs are a function of the state variableS‘of'the‘system. However, the

14/ A more detailed explanation of thinning combinations is discussed
-in the next section.: ‘ :
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cost of establishing a new stand is estimated by pertinent coét_equa—

tions outside the system.

Results_of the analysis showed some of the present:values calculatedh.

tolbe negative. This result is mainl& due to high currgnt éétabiishmenﬁ
costs prevailing in the regionm. -Tﬁgn we tried to redugé gstablishﬁent_-
cost by about_one;;hird'by éxcludiné some compbnents Qf'eéfqbliéhﬁént'
costs which seemed‘unimpértant, There is a realistié poééibilify of .
reducing the esfablishment‘costs”sinée-thg éeéd‘for 1odgefole pige
species is capaﬁle of establishing its new stand nafﬁraily'withbﬁt
dozer piling and 1and‘écarificatioﬂ, if preséribéd ﬁﬁrging is‘prac;iced_
properly. With propérfburning of fﬁé'slash;_the'fesin-fhat'usuélly' H
seals the scale of the pine cone will melt at about'113°F. 15/ When
this occurs thé scale is free.fojklex‘and spread'apartnto releaée_the :
seed.to expose i; to mineral soil Whiéh is tﬁe priméry fequirémenf for 
natural regeneration of a new stand. Even though thié‘cén.oécﬁrfunder

natural regeneration‘without_fire, the prescribed burning at least will

guarantee establishment of a fairly good ngﬁ’stand (Tockle, 1961), Based ‘

on current knowledge available,_however,‘:educfion of eétéblishment cost '
would result in a sparser tree distribution in the stand. Hence, for
' this kind of situation, we set up a lower initial.stéﬁd'dénsity as

compared to the one with full establishment cost.

15/ The closeness of the pine cone, which causes difficulty in spreadihg:

its seed, is referred to as cone serotiny (Lotan, 1967).
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In addition to predetermined price levels estimated from time series
data, we ‘also use an estimate of the future price of wood mass——instead

.. of lumber price. The assumption behind the prOJected future price is

based on the good prospect of new development 1n wood technology to

:produce a man-made wood, so to speak without regard to the dimension of
. the log. A preliminary report onlflberboard and particle board as sub- -

‘stitutes for»lumber'and‘plywood by Western Timber‘Industry,showed that

the possibility is promising;_lgf

The discount rate chosen by a public decision agency to analyze an

investment .problem such as that in this study is seldom'based-on'a_purely-

financial objective for timber production. .Nevertheless,7thefinterest )
rate, like other factor prices, is an important‘element in determining
allocation gf resources. Some approaches to the selection of'discount '.
in practice have been discussed by Johnston, et al. .[1967], including‘ |
the 1ong—term government borrowing ratej‘ ‘Gregory [1972] argued that the
accepted view today is that the appropriate interest: rate for publlc
investment is the opportunity cost of capital taken fromlprivate
investors by the tax system. ‘This_cost'and the_goyernment borrowing

rate both are typically lower than any‘encountered in the private

16/ "Particle Board to Outdo Lumber Coming Next? " XXII No: 3

(Western Timber Industry, 1974).
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capital market; The rate in questlon is in the nelghborhood of 3 per— ‘

cent if the 1nf1uence of 1nf1ation is accounted for. It is interesting

to compare this rate with an aggregate physical growth rate'for-timber;

the growth rate in Pac1f1c Coast Forests has been estimated to average
only O. 44 percent. 17/ | |

' However, as’explained in the previpus'seetion, iﬁterest rates,
choseﬁ fpr this study are a set of values‘ranging from‘rery iow to 5°
percent. This ranée, with half a'pereent Betweenfeach'valde; should

give sufficient information for making a.sensitivity‘analysis and yet

' maintain a positive present value in the optimization model which gives

" an admissible optimal solution for the investment problem.

Having selected the appropriate values- of timber stand parameters

and initial conditions for each set of these values, tHe'eomputer.

. program is run in'two stages. First, the present value function for -

a. disease-free stand is calculated and this value is maximized over

‘an infinite planning horizon By a search procedure to obtain the. .

* ' R
value of K as expressed in the formula of (34). Then this optimal

value resulting from‘the>first stage_Was inserted into the,secbndestage.

17/ U. S. Department of Agriculture, Forest Service, "Timber Trends,in
the United States," Forest Report No. 17 (Washlngton,_D C
Government Printing Office, 1965).
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program to-search the optimal value of a generalized present value

criterion as expressed in formula (35). This optimization provides a - -

solution to the investment problem for managing a disease—infeCted stand. _

A stage in the dec1sion process with a shorter t1me period would ,i
in general give a more sens1tive dec1s1on rule. However, the or1g1nal'

computer program was constructed in such a Way'that the program-can

permit only time intervals larger than 10 yéars. Therefore,'a Quadratic_"

function was fitted to three-values of the criterion function‘inathe

neighborhood of ‘the optimal solution with respect to the dec1s1on var1—-."

able T.in order.to-give a more sensitive dec131on-rule. This f1na1

analys1s glVeS a more accurate estimate of the opt1mal rotation age.

5,3.. Simulation Results

Results of the simulation computations'are,summariZed'in Tables l,

"2, 3, 4, 5, and 6. From Table 1 we can viSually observe the optimal
present value, or d1scounted net returns (DNR), for a. perpetual timber fﬁ.

crop Which is.disease-free for various prlce levels and 1nterest rates. '

The other five . tables show optimal DNR with respect to the sum of.soil

site value and‘ekisting'timber stand value for various price levels and, '

interest rates, as well as the values. in relation to different timber

stand conditions. . The impact of variation,in,eCOnomic elements and

phys1ca1—biolog1ca1 cond1t10ns of the stand on- optimal solutlons to

the 1nvestment problem, i, e., the optimal rotation length and thinnlng

combinations, can also be evaluated.
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OPTIMAL DECISION RULES STARTING FROM BARE- LAND UNDER AN

Lol L

TABLE 1.
INFINITE PLANNING HORIZON.*
o 7 Decision Varlables . ‘Criteridn'N ,

I;;:zest Rotatlon Length Thinning Decision-  Present Value ~
Pct. Years $/Acre

‘ ‘Current Price R
0.5 120 ' 1T 2,149
2.0 80 IT 159
3.0 70 11 26
4.0 70 i1 -22
5.0 70 11 -43

. Highest Price o
0.5 120 II 6,266
2.0 . 80 1T 661
3.0 70 II 247
4.0 70 11 ‘82
5.0 70 I1 7
. Lowest Price - .

- 0.5 120 ' 11 1,696
2.0 80 1T 125
3.0 70 11 -13°
4.0 70 I -29°
5.0 70 IT =48 -

Advanced Technology Price
0.5 90 ’ I 1, 761-‘
2.0 - 70 I 214 E
3.0 60 I 87
4.0 40 I 41
5.0 40 I 19
timber stands are assumed to be disease. free.

*A11 "
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1i‘TABLE 2. OPTIMAL DECISION RULES FOR CURRENT PRICE. .

Iﬁtefest State Variables _ : Decision Variab;eé_ Cri;e;ibh

Rate _ Initial‘ Time Sipce,. Rotatiqn Thinpipg~. ?rgsgnt :

- : Density = Age Infection = Length Decision ' ' Value.

Trees/ .. . : ‘ S A

Pct Acre’ Years Years . Years R "~ $/Acre
0.5 . 2000 20 10 . 200 % - . 2,137
0.5 - 2000 30 20 103" I - 2,337
0.5 2000 40 - 30 - 104,  II C.2,226 0
0.5 2000 50 - 40 : 50 T .. 2,137 -
0.5 6000 - 20 10 200 % . 2,134
2.0 2000 | 20 - 10 ©94 vl . - . 229
2.0 2000 30 20 - 102 11 . 317 ...
2.0 2000 40 © 30 103 I 1292 ¢
2.0 2000 50 40 50 I - 176"
2.0 6000 20 o1 20 .- * 180
3.0 2000 - 20 10 -8 VI . 86
3.0 2000 30 20" 94 . v D27
3.0 . 2000 - 40 30 94 - IV T 122
3.0 2000 - . 50 . 40 - 90 B S 49
3.0 6000 20 . 1w, 91 v .27
4.0 2000 .20 10 - 8 VI 133
4.0, 2000 30 20 - .93 - IV 51
4.0 2000 40 L300 0T 93 0 T IV 51
4.0 2000 50 . 40 .92 I . 23
4.0. 6000 20 .10 - 105 I -5 -
5.0 - 2000 20 10 76 - I 6
5.0 2000 - .30 20 79 . I 18
5.0 2000 40 30 87 I 15
5.0 2000 50 40 92 1 3. -
5.0 6000 20 0 . 104 I. 2 -

- *Independent of thinning decisions.
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TABLE 3. OPTIMAL DECISION RULES FOR THE HIGHEST PRICE.

Interest State Variables: ' Decision Varidbles ‘Criterion
Raﬁz s Initial Time Since  Rotation Thinning Present
Density Age Infection ' Length ' .Decision . Value
‘ Trees/ S , : B
Pct. Acre Years “'Years Years S$/Acre
0.5 2000 20 10 .20k 6,258
0.5 2000 30 20 . 99 ©II - 6,756
0.5 6000 © 20 10 20 * 0 6,238
2.0 2000 . 20 10 91 vi - 757
2.0 2000 30 120 102 T 971
2.0 6000 . 20 10 . 20 * . 651
3.0 2000 20 S 85 . TVvI. - .332
3.0 ° 2000 - 30 20 94 IV, 446
3.0 6000 20 .10 20 ® - 7207
4.0 2000 = 20 10 84 VI - 162
4.0 2000 30 20 o8 III . 238 -
4.0 6000 . 20 10 80 . . VII . 76
5.0 2000 20 10 83 vI ... 77
5.0 2000 30 20 82 . TIIT . 128
5.0

6000 20 i - 80  VIL 26

*Independent of thinning decisions.
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TABLE 4. OPTIMAL DECISION RULES FOR THE LOWEST PRICE.

State Variables.

Décisioﬁ Variables.

Criterion

tnterest. Initial -Time Since.. Rotation Thinming ‘Present
Density Age Infection Length - Decision  Value
~ 'Trees/ ) _ i : T
. Pect. Acre Years Years. Years © §/Acre -
0.5 2000 20 10 20 * 1,669
- 0.5 2000 30 20 103 i1 1,834
0.5 6000 20 10- 20° * . 1,666 . -
£ 2.0 - 2000 " 20 10 96 VI~ 169
2.0 2000 30 20 102 . II . 142
2.0 . 6000 20 10 . 20 & 126
3.0 2000 20 10 .~ 85 VI 60
3.0 2000 30 20 102 IT . .90
3.0 6000 120 .10 84 I 15
4.0 - 2000 - 20 10 79 I 21 .
4.0 . 2000 30 20 93 . IV 31
4.0 6000 20 10 105 - I 3
5.0 2000 20 10 77 DI 11
5.0 2000 30 . 20 80 - I 13
5.0 6000 20 10 - ;105 T

1.

*Independent of thinning decisions.
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TABLE 5. OPTIMAL DECISION RULES FOR ADVANCED TECHNOLOGY PRICE.*

Interest Staté Variables ' Decision Variables R "briterion.

" Rate Initial.  Time Since ‘Rotation .  Thinning ‘Present
Age = Infection Length __ Decision Value

Pct.. Years ‘Years o _ﬁYears._ o $/Acre . -

0.5 20 10 63 I 1,852

0.5 30 20 6L T 11,932

2.0 20 0 . .. 57 I . -323

2.0 30 20 . 56 I 385

3.0 20° 10 A T 186

3.0 - 30 20 44 T 245

4.0 20 10 ; 41 I 1133

4.0 30 ' 20 41 I 192

5.0 20 10 - 38 I 101

5.0 30 ' 20 - 39 I 161

#This price is. associated with a reduced establishment. cost and a
-lower initial density of 500 trees per acre. There is'also a sub-
_stantial change in the way wood is assumed to be utilized.
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'TABLE 6. OPTIMAL DECISION RULES FOR ADVANCED TECHNOLOGY PRICE WITH
" CURRENT ESTABLISHMENT COST *

Dec¢ision Variables S Criterion

Interest

Rate Rotation - Thinning ~~Present

Length Decision """ o Value

Pet., . . ' Years Years $/Aere

0.5 =~ L 40
2.0 . 40
3.0 . © 40
. 4.0 40
5.0 - 40

H H H -
N
(%]
o]

*This current establishment cost is assoclated with initial stand
density of 2,000  trees per acre, initial age of 20 years, and
infection time of 10 years.




Lol

80 .

In order to clarify some notation and possible implications of the

results, we should first explain the meaning and:définitions of tﬁsfkéy

‘words in the tables and the related variables which were'used'infthé

simulation operation. First, thinning combinations which constitute.

alternative

T =
“IT =
ITY =

IV =

VI =

VII =

VIII =

All thinning decisions start with an initial stocking.léyel‘index

thinning decisions are defined below:

no thinning;
thinning for sanitation only;

combination of sanitation thlnning with stock 1eve1 goal at

subsequent thinnings equal to 120, .and’ a thinnlng 1nterval ;

of 20 years,

combination of sanitation thinning with stocking level goal

at subsequent thinnings equal to 120, and a thinnlng inter—'

val of 30 years;

combination of sanitation thinning with stocking level goal-‘

at subsequent thinnings equal to 80, and a thinning. inter-

“val of 20 years;

combination of sanitation thinning with stocking 1evei goal

at subsequent thinnings equal to 80, and a thinning 1nter— s

val of 30 years;

combination of sanitation thinning with stocking level- goal,

at subsequent thinnings equal to 50 and a thinnlng inter—
val of 20 years; ‘

combination of sanitation thinning with stocking level goalz

at subsequent thinnings equal to. 50 and a thinning 1nter—-~'

val of 30 years.

. of 120. The stocking level refers to a stand.density index, axPressed
"as basal area per acte where the index is based on 10 inches of stand .

diameter; while stocking goal indicates the desired level of tha'

stocking index expected to result after a thinning has been executed.
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Thinning interval refers to the time interval between tvo consecutive ?;..
thlnnlng declslons durlng the growth perlod-of the t1mber stand

In the computatlon of a simulatlon run, we used three prlce levels A
_ based on time series data where each of them consists of prices'of'twoe‘-
components cf the wcod harvested; one is'saw—timber:price and thelotherlli'
merchantable timher (pole).price.. The current'pricedfor.saw timber is
" $50.00 per thousand bqard feet and the current price for merchantable ‘
. timber ié $1oo'.oo per thous'and.cuhic f‘,eet. The highest price is based_
on current price plus average 1ncrease of tlmber prlces durlng the e
preV1ous ten years Which reached 275 percent of current prlce 80 thatv
this price is $137 50 per thousand ‘board feet for saw timber and $275 00’ g
per thousand cubic feet for merchantable timber. The‘lowest timber
price which ever prevailed is .80 percent'of;the current price,‘so:that
thelloWest price ef saw—timber.is $40.00 per thousand‘board feet-and
$80.00 per thousand cubic feet for the lowest merchantahle timber price.

Besides the above‘price levels we_alsc use a future price prqjection-_
‘for advanced technology in wnod utilizatibn, based on the assumption
’that_raw wood price will reach 150.percent_6f the current>price. ‘This"
price is $150.00 per thousand cubic feet° The technolegy.assumed to.
exist for th1s pr1ce is. such that only volume of wood 1s 1mportant and
the current b1as of the price system toward-saw tlmber does not ex1st-
We have a simplified situation where value of the harvested timber is

simply the product of:nrice and volume.of tiﬁher;
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‘Current establiShment cost- for sttefpreparatiOn was estimated at‘~
:$59 47 per acre, While the reduced establishment cost used was $20 00 |
per acre. The computer program was run for the- reduced establishment
cost that is associated With_a’lower initial stand density. Based
- on current'knowledge ayailable, this iower,stand density~Wili.be.-
around 500 trees per acre. Alsogzthe computation for theiadvanced
ztechnoiogy'price’with current establishment cost was run to_eualuate
' the impact of this-price'projection‘On the optimal.decisiondruies;

The state variable which measures the degree of.disease infestaf.f'
tion is time since infection;. The reason for this_rebresentation;is
that time since infection is highly correlated with timber’ volume -
lreduction.caused by. the disease.. Thus “time. since infection is a surro— ‘
gate‘measure'of‘dWarf mistletoe.rating_which is'used as. an index.to“
neasure the deéree of disease‘infection_(see Hawkswortn and ﬂinds,'1964)r

Let us nOW‘interpretAthe resultscof”the_simulation'experiments‘andd-
examine the economic implications. First, in‘iable l'We.can odServe
'the_impact'of interest rates and pricellevels on‘ootimal DNR,_rotation
length, and thinning decisions in cases when-we.plant a'disease—free
stand starting'from-bare land. Discounted net'returns_(DNR) in.Tablefl d“.
are‘equal to K* in equation (34). In this table we notice-tnat'tased
on the current price levyel, ~the optimal DNR for higher interest rates
‘ than 3 percent is negative. égor the lowest- price negative values_:

even start with a 3 percent interest rate.
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In comparing optimal DNR of the advanced technology‘price with'the

ones of the first three price levels, the results show that even_though'd

the optimal DNR of the advanced technology price are'all positive, DNR o
are lower at the upper interest rate levels than with the other,price
levels. The reason'behind'this resolt"is that at lower'interest'rates..

with lighter discounting, the advanced’ technology pr1ce is assoc1ated

with the reduced establishment cost Whlch interacts w1th a lower den81ty ‘

.-as a consequence of less intensive:site preparation.' The final result,

then‘yields a lower optimal DNR for the_advanced technology price.
Further observation of Table 1 shows that the first three ptice
levels and variations in interest ratee, in‘general,_do not Sighificantlf
change the optimal decision rules, i.e., the optimal rotatlon is the
same within the 10-year approximation allowed and- the optihal thlnning
decision‘is of the Type II which implies thinning for sahitation_only.
The impact of the lowest intereét rate consistently gives-a loﬁgeri'
optimal rotation length for every orice lehel; This imolies that When:
the cost of cap1tal expressed as the interest rate becomes very low,
there is a general. tendency to postpohe cuttiné timber in order to obtaln
the higher value associated with more mature,trees Which yield more
saw timber.‘ | |
In a diseaeed timber stand, it is_important to realize that the
maximization ooeration on the genetalized preseht:value,lor gehetalized

discounted net returns (GDNR), for controlling the diseasé~infected




Lol L )

84

stand” 1mp11es that we maximize the sum of present value of the tinber
stand in its current state (1f it is 1nfected) and dlscounted soil site
value for the bare land, K . Hence, there is a close relatlonship
between GDNR and K*. In fact, the difference, GDNR - K ,iean;be éoﬁsf
. sidered as a measure of the value'of the presently standing timberj.
independently of thehland itself. - .

.Tables 2,_3, 4,5 and6 duwfoptinaliualues of GDNR and_related
decision rules for controlling disease infectedistands for Various prices.
and interest rates under different initial.stand:conditions.'nFrOm’h
";Tables 2, 3, and 4 ue can evaluate the‘imnact of different.interest’rates
and price levels- on the optimal GDNR and optimal dec1s1on rules, namely
the optimal rules related to thinning and_rotatipn length. Each of these‘
three tables can also be used to evaluate-the impact of different
_ interest rates.and stand conditiQnS‘on the optimal GDNR and:deeisidn'
rules at each given‘brice 1eve1ﬂ' | |

The first impression éf the results is.thatluhen’the interest rate
becomes higher, the resulting ontimal GDNR.is ioueri"This reSUltlisA':'
'merely a loglcal consequence of the 1nterest rates belng 1n§ersely |

related to the welghts used in the discountlng of future net returns.<

fHence the optimal GDNR. decreases W1th an increaSe 1n_the-1nterest‘rate;
Variationhin the interest rate doesfehange therqptiﬁal decisioni
_‘rules.J_The change in‘interest rateS‘fremiZ to' 5 percent at,the same

stand density usually causes a‘shprter'optimal‘rbtationﬂlength in a )
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diseased stand.. The logical basis for this resﬁlttis essentially the
same as given above for a disease-free stand. ' The éxceptioh,tb:this

general influence of interest rates on the optimal rotation length

‘occurs when the diseased stand isfin a state for whi¢h thefbesf-aétion-

.is to replace it immediately with a new rotation.

The first row of Téble Z'illustrates_a case-wheré the optimal
action is to cut the'diseasgd stand- immediately, which. is associated

with an interest rate of 0.5 percént. But -the same stand and a rate of

2.0 percent (row 6) indicates an optimal action much diffefeht;‘namely;j;-

wait 74 years before replacement (a rotation of 94 years instead of

20 for the diseased stand). An explanation for this appérént'anomély  Y

is that at a lower interest rate, we'can'afford to iﬁmediately ﬁlant a -’

moré'highly prodﬁctivé diseaéeffree stand and-wéit fdrﬂit ;o'matqre,.
Where at tﬁe'higher_iﬁterest rate, this déléy.in reéeiﬁf of:théfreﬁurps
costs too'mucﬁ énd we are better_off‘to keep‘the less-product;ve
diseased stand until maturity. |
Examinatiéﬁ of the impéct of the.firét three priéé levels shows '

that a change.in price does changeAfhe bptiﬁal‘fotatiqn‘length aﬁd_

thinning decisions. ‘However, the change of optimal rotation is within
_ the range of 20 years so that from a pfactical managément‘viewppint.it

'is not very significant. Hence, we may say that the price levels do

not greatly influence the optimal éplutidn to the invésﬁment'problém

 :forfthis particulér lodgepole pine:sténd.
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‘Price changes from the current'price.leuel to the'advanced_tech;'
nology price for a given stand conditionﬂdecrease the optimal GDhR
about 7 percent and extend the rotation length at very low interest

rate. However, at the higher interest rate, advanced technology price

increases the optimal GDNR and decreases the rotation 1ength, ceteris

paribus. This result implies that advanced technology'requires earlierf.;
cutting of timber in order to- obtain a better Wood—mass production and.f
higher optimal GDNR Without regard to the size of ‘the timber and also -
requlres no thlnning | | |

Comparing ‘Tables 5 and 6 the 1mpact of the establishment cost

can be evaluated for- the same advanced technology price. The reduc— L

tion of that.cost'causes a lower optimal GDNR.and longet'rotation

length. This result shows that the reduction .of thelcost'interacts
with less volume of the wood due to the 1ower.stand density and the
final result yields a lower optimal'GDNR. :For:obtaining an optimal

GDNR the'sparSer stand has to wait a lomger period to'yield more wood

production. However, since advanced technology does not require good. -

timber,fOr;lumber? different establishment coSt requireslno thinning
decision. M o

Comparing the optimal rotation length at different'infectioﬁ-
tines, the results show that‘when'timejsince intection hecomes longer,f.
the optimal rotation length in generallbecomes;longer{f.This result

signifies that when the intensity of infection is heavier, the diseased
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stand needs a longer growth period“iﬁ order‘for_the étand to reach'Saw;'
timber size. Howevef, since thé i@pact pf infection length is cqh—
fouﬁded with the influence of different initiéi ages, thé‘reéult'dées"--

not give an unequivocal conclusion with regard to_the impact of-infec—'

‘tion time due to limitation from biological nature of the disease.

There is a biological limitation in interpreting-the ecohbmic_impadt:

of longer disease infection time. First, dwarf mistletoe is'a chronic - -

. disease which is' difficult to obéefye visually in théifield_before the

.infection time reaches 10 years, except by a microscope intercellular

inveétigation on the wood tissues infected.. Beéausg of tﬁe‘cﬁrbhicl'f
natﬁre of the disease, any viéibie degreé‘ofuinfegtiah by the diséasé
must. have been develqped from an earlier dé;e wheﬁ.the‘infecfidn:étar;ed,"
Henée, we cannot assume that any visible miétlétoé has“stér;éd:étfa;.;"
time'less than 10_years prior‘to its apbeafahce in experimentgl'daté;

| 'AnotherfprOblem.is the assﬁmption within the ma&elhthat the éﬁtire

stand of timber is infected in some average or uniform way. ~About the "

-only way that this situation can occur is when the Séedlings of a new .

- stand are infected by an overstory of-diseased'trees.”ﬂ$his_is 

apparently the reason for the computer program of Myers et al.-[1971]
being written such that stand age and time since infeqtion_muSt,bg
chosen in'a systematic way; namely, age muét exceed time since infection

by a 10-year.interval.
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At a given price and starting at a sufficient1y.1ow.iﬁtérést rate, - .

an increase in stand‘density appears to reduce the optimal'rotation 
age, But at sufficiently high interest rate, thé converse seems. to be

true. The breaking point on interest rates where the reversal takes

place depends on the price level assumed--see the tables.'

The tendenéy is not véry defepsiﬁle becauée of.limitgd'&até_ﬁro%
vided.by the analysis,:but the-evidence-is cieareét in Table 4, next
clearest in‘Table 2, and thé reﬁgfsal_does not appéér ih Tabié‘3 But.'
supposedly would at a high enough interest rgﬁé.'

The impact of:intérest rate and price levels on the -optimal .

- thinning combinations depends on the condition of (the timber stand.

A low initial sfand.density with a short infégtion time shows thét_.

the majority of_ optimal thinning combinations are QfﬂType VI;Athét-iS,_

the thinning combination of sanitation with desired stocking levél‘at

subéequent thinning with index 80 éﬁd fhinning intefval 30'years;. In

addition, it is noticed that the shortest optimal rotation length.

(20 years) is necessarily associated with a situation where thiniiing

is irrelevant because the current stand is Yeplaced immédiatély.-f

;
:
4
‘
;




CHAPTER VI

_ SUMMARY AND CONCLUSION

‘6.1. General

This study attempts to analyze a forest production detision problem'

in general and the management aspects related to 1nvestment dec1s1ons.

An appllcatlon is made to a thlnning and rotat1on dec131on for a d1sease ‘

infected t1mber stand-1n partlcular. Slnce productlon decis1ons in
forestry dinvolve 1arge 1apses of time——where large amOunts of cap1ta1
outlays are. spent at the 1n1t1al per1od of productlon and recelpts are '

domlnated by the income from term1nal harvest (point—input—output case.«

of investment)——an appropr1ate line of_approach to the.prOblem is

capital theory because the essence of the_theory_is‘concerned with. the

economics of time. In an earlier'chapter wé presented an. elementary
notion of capltal theory and. appl1ed the basic structure to an investment
model for a 81mp1e decision problem in forestry Whlch can be solved

analytically. However, as the problem becomes more reallstlc,.a_more'

- sophisticated method is required to analyze and solve the problem.. -

Dorfman [1969], in interpreting modern control theory from an economic

viewpoint, has asserted that optimal control theory is’identicai;with'

capital theory. Hence a more realistic, but more complicated analytical

framework for approaching forest production decision problems”in'this-

study is that of optimal control strategies. -
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We define a stra;egy as a conditional-dgcision rule which statés héwl“
to control-fhe forest péoducfion éysteﬁ at'any.given stage Qf‘timbéfi .
stand deVelopmeﬁt for each éet of valﬁés qf'Staté vafiﬁblésldéscriﬂiﬁg
. the system. The strategy is applied sequgntially #s'neglinformatiqn |
-on the state of fhe‘systeﬁ unfolds thrqugh time éhd3the rﬁle‘is choéén”j":
to maximize a certain criterion fﬁnétion;

Forest prpduétién cénstitutes a.compiex probabaliétié:sysﬁem;_%here
" some of ité'stéte‘variables exhibit faﬁdom f;uctuafions over time..-Henée
‘é_decision model fér‘controlling the:systéﬁ ghoﬁid befcépable of -
cépturing‘the stqchastic behavior of the system. Amoﬁg vaéiéus mefﬁodsj
available to approach the coﬁtr01 prob1eq in foresttproductién,
stochastic .dynamic proéramming seems to be the most-éppropriate methqd
for solving the problem. AAn advéntage of:stochaétic dynamic programmiﬁg
is in obtaining numerical solutions to the prdblém sinqe it provides,
a method to search for the optimal poliqy in a.systematic'Way. In”addi—' 
tion, a decision modél Eased on this ﬁethpd can reéqgnizé and éxplicitiy
incorporate risk aspécts‘of the decision into the_modél‘so.that‘thg_,-
uncertainty of fﬁture outcomes.resulting from any deéision>can be

evaluated.

Dynamic programming requirés the definition of a stage of the process,

which serves as a basis for the multistage decision model, and.tﬁélstate

variables, which can capture the essence .of the state of the s&stém;‘ Then

we formulate the state transformation. functions which can predict or .
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- trace the dynamic process through time. ?rediction.of the Future state :
of the system can be made deterministically,'with certainty; or
stochastically according to the probability distribution of the future

state of the system. In a stochastic version of the dec151on_process,

we incorporate a Markov chain into the decision model, Wherelthe transi—”;':
tion probability matrix of thelchain can he estimated from;the condi;‘
tional probability distribution of the future state of the>process.by
means of an analysis of the residuals of‘regression equations.y |

Haying specified the variables.of the system and estimated the
parameters required in the dynamic relationships; a'criterion'functionf
for the problem is formulated as maximization of the sum of expected
discounted net returns with respect to soil site——the Faustmann criterion '
in a statistical sense. In order for a criterion function to be applied
in a dynamic programming framework, the criterion function‘must-hei"
decomposable by stages. A.multistage problem which can be solved by

‘the dynamic programming procedure is characterized by a separable
criterion function and satisfies a: first-order Markov1an dependence
structure (see_Beliman, 1961). This condition is met'in the investnent'

-problem in forestry hecause the net returns are assumed to:occur 5;[
-each stage and,to be additive. |

. An essential step in formulating the-control problem using dynamic
programming is application of the "principle of optimality which yields

the fundamental recurrence relation. This recurrence relation connects.
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the,different subfproblems at each stage"of the OVerall problem;-and“
in effect, permits the control-problem‘to be-Solved‘in‘terms or ainumber
of smaller‘optimization’problems. With such algorithms, the optimalﬁ |
_decision'rule for the investment.problem in forestry;canfbeiobtained}
'If'there are variations in stand parameters.due-to.differentslocations;
and in case an economic projection is needed using'different nalues‘ofﬂ
predetermined. economic variables, a sens1tiv1ty analysis can be applled

Bes1des the advantages of - stochastic programming for solv1ng the
_control problem in forestry, there are some obstacles to successful

implementation of this method’ The first obstacle 1s related to" computer

'g_capac1ty, where’ for each set of values of the state variables, the

-algorithm must perform an optimization operatlon and store the result.
Hence, dynamic programming is usually.impractical‘when there'are mdre
than two state variables per Stage unless_computing_resources a;e.l;
‘sutficient to permit the reduced speed_of‘computations:associated With
partial storageion disc files; "In large'computer systems‘with plenty
of disc storage for spillover, problem siae is7largely‘limited;by the _
budget the analyst can justify to solve the problem.. ' |
Another obstacle is related to emp1r1cal measurement of parameters
to estimate trans1t10n.probab111t1es in the Markov chaln. This problem,
. like that in every area of research in aérlcultural economics, requireS' -
'some 1ngenu1ty by the researcher. Nevertheless, the 1mportance of thislS

aspect in research using stochastic,dynamic programming is‘crUCial,“so
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that Burt (undated) has made this admonishment: 'Do not get too. excited

_about solving any economic question until you check the'feésibiliti“df“i‘

estimating these transition probabilities."

'6.2.  Specific Problem

As explained in the first part,df'this stﬁdy; the basic,data;f6r

estimating the-dyhamic relationships which cdnstitute'state‘tranSforma; '
tion functions in dynamic programﬁing, which are needed to  approach. the .

cohtrbl problem in forest production,. are not readily available. "Hénce,  

"in the second part of this study we bursue another method to solve a
specific problem in fofest management.

The Sﬁecificlproblem of this study.déals ﬁith.thé_céntrol probieﬁ1 
of managing a disease-infected 1odgepblevpine s;énd.caused by-dwarﬁ
miétletoe. The.diSease conétituteswone of the;éXOgenous factofs |
 affécting timber'gfowth wifh an ad?erse effect, ﬁarticﬁiafly on/
lodgepole pine étands. Since fhg rglétiohéhip bétween‘the level df:'

‘ P . S :
| disease infestation and its effect on timbe? growth can be predicted
over timé, Myers et al. [1971] have incorporatéd.its impgct in é'

" computer program to be used in simﬁlating management problems of

diseased stands. 1In a sense, the exogenous influence of the disease has

been internalized into a stand management‘system to account for its ...

impact in evaluating a timber stand for management purpoSgs.' The

simulation program is capable of generating infbrmation”on yields'per-
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téining'to different levels of the state of the.diseasé'infestation;,which: -

can be altered by fhinning decisions. Hoﬁever, this sim@lation'model
does not .try to search for an explicit optiméllpoiiéy fof g§htr§i1iné
_fhe production:?rocess in growiﬁg timber; neiﬁhef,ngs it-géntéin
economic elements to be used for én:economic decision. Henée iﬁ or@ép:
for the simuiation program to be used'tohbuild‘a dééisipq'mbaél‘based. X
on economic criteria, the progfam had to be‘modified sometht. |

Consisfent Witﬁtthe_coﬁtrol proBiem of managihé a.diseéséd tiﬁber
sténd, we modified thé simu1atipn.program into an'economic_ﬁodéi wifh‘a
.more $pécific_objectiVe function to solve thé‘eédnbﬁic piob;ém 6f oétimél;
.maﬁagement of diseased stands. The modified program cbntéins eéohpmic':
elementé suchﬂés pricgléhd cqs£ components; which at thé‘final stage of :
ifs development is capable of geﬁerating a peffdrménﬁe méasure of the
forest management system based on economic criterié, Thé‘criteriqq
function of the modifiéd program is generalized preééht‘valﬁe as én.
extension of the Faustman criterion.

Although the economic decisioh‘modei'for thié'specific.probiem;is'

deterministic in nature, by virtue of the certainty equivalence principle,

the model can be considered as a_gooa approximatioh for sleiﬁg'éi
'_st0qhéstic probleﬁ in managing forest ﬁroduction é?steﬁs becégse‘the i
decision process basea-on the model is carried out sequeﬁtigily; ‘ihé'ﬂ
search procedure used to find the opfimai_splution for the_ihvestmenf

problem specified in this study is consistent With_thé.nature of the_'
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the technical and physical-biolpgiéél aspécts of the'prqblem‘in‘managingf.‘jw

a diseased stan&.

The modified'computer program wi11_heip a foreét manggemeﬁf
aﬁthofi;y'in'making decisions related to invéstment problems:in anyf
forest stand cqnditions-—whether a bare land_conditibn,.é heaithﬁ stand; :
or a diseaée—infected stand. Iﬁ ééhér wordé,'férganY‘given iniéial
state of the forest'production‘system and.appropriaté estimates dfn
economic factors outside the System, optimalzdecision‘fpléslcan Be~'l

_derived which are siﬁilaf to resu1t§ 1ike-the~onés fﬁaé are p%eéénﬁed.'f.
_  iﬁ Tables 1, 2, 3, 4, 5, and 6. Even though these tablés Were‘céﬁ—ff |
structed from a. limited number of‘data input'cémbinafipﬁs-for the

o cémputer program, conceptually these‘tabléé can be éxpanded %ith a
‘large number of data input combinations s0 tﬁat-thé ;abies will coﬁéist'
'6f'compléte information néeded by the forest ﬁanager fo maké';p?fop;iaté‘
.decisionsﬂ In.préctice, the forést ménager doés not havé to constcht
such large tables if he has accesslto a'coﬁputer. With a démpqtéf‘;
.available, he can calculate the optimal deqisioﬁ for a given sitﬁafion '
by using,physical—biological data'relate& to the forést‘syStem aﬁdh

‘the appfopriate economic information. Further, with ﬁhe;availabiliﬁy:

of a'combuter, or "complete" tables, the forésf.ﬁanagef;aﬁ:agy time
'ﬁeriod.of ménagemenf, say period f; can alwafs take an gppropriaté
-decisioh_from among many pqssible coufses of invgstﬁent.alternatives

which affect the future state of the system. When he.arrives at the
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. next period, say t+i period he can again make an optimsl-decision:
‘ after observ1ng the’state of the system at that perlod In-short*’-"
‘ he can proceed through the decision process sequentlallp where the con-
sequence of a decision at any period is carried over_to the“neXt,,snd;'
- the next period decision isfextended to the following period;iand:soion
: into-perpetuity; |

In general the nodel gave results whlch.are consistent W1th a.
;prlori log1cal reasonlng applied to the investment>uec1sion prohlem.

Hence we believe that the approach can:be expanded for_applicafion to

other species and larger areas than the Rocky Mountain' Region. .However;v

in order for'the effort to be sUCCessful ﬁany‘improveﬁents of .the model
-should be made,'such as - validation of the physical—biological results of
- the s1mulation by comparison with actual observations in ‘the field by
examining forest inventory,data. 'Estimation of prices can:hejimproVed‘
by additional supply and uemsn& snaiysis for the.interrelated tiﬁher
products, |

‘For the particuiar timber species of 1odgepo1e‘pine-in the Rocky'
Mountsin Region, in general, economic‘elements oi price_levels and |
" dinterest rdtes do not have a very substantial influence on the optimai't
investment decision, especially With respect to rotation‘length: 'Hence%
optimal economic msnagement decisions for'diseased'timher-stands in |
this particular situstion depend mostly.on:physicalsbiologicai‘aspéétsr

of_the forest.
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In addition, it is noted that the low interest rates'ﬁecesSary to =

obtain bositive discounted net returns in forestfy projects, éspeciaily

in tree planting activities, are not attractive for privafe enterprise,'

particuiarly fof low wood quélity'like lodgepole pine. TheJoné'

- exception to this c0nc1usioh,is where an advanced technology in wood

utilization was assumed, in Which_casé, mere production of wood in any

form becomes the dominant consideration and lodgepole pine can then
produce a high value prddudt. Rotations are substantially shorter for
this.kind of wood usage because saw-log size is ﬁot a dominant'poh;

sideration any longer.
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* APPENDIX
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FROGRAY LEMIST

TC CPhPUTF AL PRINT YIELD TABLES FOR EVEM=AGED STANDS OF LODGEPOLE
PINE INFECTED BY DWARF MIQTLETOFc .

DEFIMNITICOANS CF VARIAB[ES:

ALDHT = TNCRLA E OR UECPLASF IN AVEFA&E GTA\D HEIGHT BY THINNIhGo

AGEQ = IMITIAL AGE IN YIELD TARLFE.

ErsC = RASAL AREA CUT FER ACRE. )
BArs0 = pASAL AREA pPER ACRE BEFORE THInhINCt
PAST = HAGAL AREA PER ACRE AFTER THLnﬁLPG
BREG = BCARD FEET cUY FER ACRE.

‘BLEO = pCARD FEET PER ACRE BFPORF THIthhca
BECFT = RCARD FEET PER ACRE AFTER THIMNING-
CFpC = MERKCHANTABLE CUs FTe CUT pER ACRES

CrM0 = NMERCHe "ClUe FTe PER ACRE BEFORE THINNING
CFMT. = MEFRCH. -CUs FTe PER ACRE AFTER THINNINGe
DRMO = AVERAGE STAND (eBeHs HBEFCRE THIMMNIMGS
TEHT = AVERAGE STAKD [DeRsbHs AFTER THINNING'
DENC = TREES CUT PER ACREs o
DENO = TREELS PER. ACRE BEFQRE THIWKMNINGe .

LENT = TREES PER ACRE AFTER THINNMNINGS

DIE = TPECS LOST IN DISEASED STANRS IR 10 YEARSs -IN-PERCENTs.

CLEV = GROWING STOCK LEVEL FOR-INTERMEDIATE CUTS AFTER THE FIRSTo L

BrR = DLARF MISTLETOE INFECTION ‘RATING

DMRT = MAXINUM INFECTION EXPECTED TN STANDS AFTER_THINhIhGu aoAg,fn3"r?7-

FCR.STANDS NOT ALREADY BEYOND DMR CF 3e0e

SDETY = LGUEST VALUL OF DLEV USED IN.A YESTs

ET80 = TREE REIGHT BEFURE THINNINGs -

“TST = TREE HEIGHT AFTER THINNING« PR , L
CYCL = INTERVAL RETWEEN INTERMEDIATE CLT°»-»~
ETEP . INGICATOR wWITH vALUF UF QNE IF CURRENT THINNING Is FROM

H
BELCW AND TWP IF CUPRFNT THINhIhG 1s FRON ABGVEoi_

N

)

366; -




e | oL , . »
N RF#D EﬁTABLIQ¥MFhT CCS8Ts LUMPEﬁ'FRTCESx IhTEPECT hATES: AND'CONSTANTS

OO OO0 OONOODDOO0GO00O0OMA

c

KTR = INCICATOGR wilTH VALUE GRERTEP THar ZERC IF A SCHEDULEDR

TRINL NG HAS REFt. SKIPPEU GECALSE MISTLETCE IADEX 1S TOC HIGH

CF BECAUSE STah( IS ALREADY TG SPECIFIED STOCKING:

MIX = KNUMEER OF STGCKING LEVELS EXAMINEG PER TEST.

hELAG = IMDICATOR wiTH VALUE GREATER ThAn ZERC IF A THINNING FRGM
ABCVE HAS BEEN MaDE aT ANY TIME

RTSTY = MUMBEKR OF TESTS PER BATCH.

CLT PERCEMT MORTALITY IN FEALTHY STAMNDS

FCT

CF THE INCREASE Th CCMPARABIE HEALTHY STARDS.
PRET = PERCENTAGE OF TKEES RE!AINMED AFYER THINMINGe
REDT. = PERCERTAGE REDUCTICSY IN NUMBER CF TREES WHEN DMR IS
RECULUEDR TO DMRT BY THINNING: , o
RINT = NUMBER OF YEARS FOR WHICKH & SINGLE PROJECTION IS MADES
RCTA = FINAL AGE IN YIELD TABLE :
EITE = €ITE INDEX. o o
START = STANC AGE AT TIME OF INITIAL INFECTIONS .
'TEP = PERICULC DeBobio INCREASE IN INFESTED STAND,  AS & PERCENTAGE
CF THE INCREASE IN COMPARARLE HEALTHY STANDS.

"THIN = GROWING STOCK LEVEL FOR INITIAL- THINNING.
TCTC = TCTAL CUBIC FEET CUT PER ACREe
TCTU = TCTAL CUBIC FEET PER ACHE REFCRE THINNING.
TCTT = TCTAL CUBIC FEET PER ACRE AFTER THINNINGS

;CGNNCN EAJBAsTJDBPC:Lﬁhl;LENOJDPP EPRIJFCTH;PPFTaPRODaFECT,VD“‘
CIMENSION VAR(T I TEMH(Z) .
DINEK&IGN QACE(EOl;SAwTIFCEO)JNERCHVGL<ZC)ahTREES(EG)

| 41CVAL(:G);MB(cO)JC“AhTIFIEO):CVERCHVGL(EC);DIS(BIACOR°TANT(8);

“JTVOL‘EC)JCTVDL(ZQ)

READ(E»iE! CF lPJV°AhT1V1V“ERCHVCL:VTVOL
HEAD(By4C) nEATES,QPTICON :
REPEAT 34 FOK I=(1;hR*Th°)

PERIGDIC HETGHT INCREASE In IRFESTEDR STAND, AS A PERCENTAGEC-.

00T




=~

3 READ(5,48) DIS(2#1w1),CONSTAN!(2¥1=1)sD15(2¥1),CONSTANT(24])

READ NUMBER GF TESTS PER BATCH FRUM CARD TYPE CNEe
- READ (8,85) hlSTS \
"B FGRMAT (14) - .
IF(NTSTS +LE» ©) GO To 310 _
EyECLTh PFC(HAH ONCE FOR EACH SET OF INTTTAL VALLES OF INTEREST.
't 3oc 1=1, NTESTS '
READ INITIAL VALUES, OME TEST AT A TINCs FROM CARD TYPES 2 AND 3.

L0000 000

RFAD (5:1(JEKDN3503 JCYCL,mIX
. 410 FCRMAT (214) ' e : ' :
: IF(JCYCL_°LE: C sORe MIX +LE¢ ©) GO TO 3408
T _ READ (5,15} AGtO;DhHOaDFhOJDS|Y)RINTIRFTA; ITEJTFIA‘START
© . A6IFCRMAT (sFEim) - LT |

VAR(1) = AGEC

© VAR(Z) = DBEKC

S VAR(3Z) = CENG :
vept4ay = LgTY o
VARLE) = PINT -
VAR(E) = FOTA
VAR(E7) = STTE
VaR(g) = THIAN :

- VARU®) = START
£¢ 2¢ l=1o9

© IF(VAR(L) «LEs 0+0) GO TO 310
20 CONTINGE -
S DLEV = Cc(.

c Prcvrce FCR CtVERAL GRDWlNG _TUCK LEVELS PER TESTs

TOT




EC 3¢C Me1MIX
A-a M -
- "ACDHT = Cs0
T BLFR = Qb
BEFT = ¢l
. CFMO = Ce0
- CFMT =& ¢l
- EFR = . CoC
CMRT = (oG .
. FTCUM = €0
- KSTEp = 1
KTR = 0
‘NrLAg = ©
CTIME = GeC
- DLEV = (DETY + (A% 10+0)) = 100
(BASC = DERD #.0s0054542 % DBHU & DBHO
"KR=0 - : . '
e : , : S
c CCWPLTF CLhFEhT DWARF MISTLETCE RATIrc UNTHiNhED STANDS
c . S
TIPE = ACFG = °1ART
IFITIRE oLEe Oo0) GO TO 25 '
. CPR = 0031572 + 0:08654 » TIME = c.0001e * DEhO
. IFIDMR oLTs O¥0) DWMR = 060 - - :
L IFADMR wGTe 640) DMR = 640
C ' : .
c GFTAIh AVERACE HEIGHT AND VDLLFPS PER ACRE'_

_ 25 IF(AGEO-oGTn 4500) CU TO 30

FTS0 = 3.86111 = o.u 875 % AGED +4 6501215'¥'AGE0 x SITE
¢c To 3 -

30 KTS0 .= 033401 w 33 pgee / Aeto + G 92°41 X ALOG10(SITE) ¢+ 6.27811
S ALcric(HITEJ / AGEQ

FT8C ‘= 1F G “* HTSO

z0T

T




C

Sl

"'35 PCT = 1.C - 006165 % PBMR « DMR

KTSO = KTSQ » PCT

. C

C CONPLTE TCTAL CUo FTe
C

AND CONVFRT TO OTHER thTSn

L2 = DHFU # DBHO » HT°O

IF(D2F «CT+ 7C00+0) GO TO 40

TCTO = (CeCUR76
-GC TG 45

D2H = Cs ouo*9'n BASO w Qs oos77>

40 TCTO =, (Co0U248 # [EH + 1¢96336) & DENO

4§ IF(DRHO +LTe 530
VDM = CBRU . -
BA .2 BASC
CALL LPVCL

GC TO 50

BLEC = TCTC * PROD
CFrQ = TCTQ * FCTR

e EhTFR LoaF. FCH REMATNING COMPUTATIONS AND PRINTOUTS
c

50 REST = TFIN
O 25¢ K= 1 100
IF(ACFC .LFu ROTA) GO TO 90

C'CQNFLTE DJE;H. pr]ER

c-. - S

o IF(DFR LT a-c)

OBAST = EASGT
~DEHT = DBHD

- DPRT = BPR_- _
CETST e HTSQ
KIR = 1 . =

o ecc T¢ .78 -
.. BS IF(DMR «EGe CoO)
© T IFUNFLAG +GTe O)

THIthmC. o

GU TO 55

G0, TO 63
G0 TC &2 .

" CVRT = Ce&5 x DBHO. = Qe&C

£0T




Y-

c
c

63

65

67

70

- 71

72

73

- 78

IF(DMRT sLTe 0s0) DMRT = 040
TF(DMRT «GEs DMR) GO TO 62

Call LPCLIE »

NFLAG = 1

KSTEP = 2

CC TO €5

CriL LPCLTZ ' :

1F (PRET .+GEs 10040) GO.TC 47
KGTEP = ¢ .

BMRT = LMR 4 04027% x PRET = 2279
GC To 6% S

TrRT = OMR

CALL LPCLTY : .
IF(PRET «CEs 10040) GO TO 67
KsTEP =1 _ S
TFIEAST oLT« BASO) GO TC 70
BAST = BASD

DRHT = LCEHG
CMRT & DMK
FT8T = KTSQ
KTR = 1

¢c T 78

C COMPLTE HEIGHT AND VOLUMES AFTER THINNINGs .-

ce.To (71:72)1~KSTEP o R -
ACDHT = 6679950 = 3441879 %' ALOG1O(PRET) -

CGC TG 73

ALDHT = 2¢76362 » ALCGGIG(PRET! & 7,97347 -
BTCUM = KTCUM + ADDHT ' L -
bTST = KTSC + ADDHT oL
JOENT = (BAST / (00084542 % DBHT » DBHT)) 4 Cs
DENT. = JDENT - - - S R SR,
BAST = CoUOS4542 » DRHT » DBMT # PENT -

C2H = CBRT % DBHT % HTST .

5 .

90T




TF(D2E +CTo 7000-0; GO TO 8O SR

TCTT = (C+00276 % DRH = Co 00059 ¥ BAST = 0.00577) » DENT -

¢c TO 85 : o
8C TCTT = (Cs00248 » D2H + 1.56336) # DENT

-C

c : : _
C CCONVERT TCTAL CUe FTe TO OTHER UNITS
85 IF(0BHT +L.T» 540) GO TO 50
VDM = DRHET . '
PA = BAST
caLL LPvCL
CBDET = TCTT » FROD
CFMT = TCTT # FCTR -
C- L ' , E
'C. CHANGE MODE AND ROUND OFF FOR PRINTINGSs
o - '
90 JAGED = AGFQ . - L
UBITE = SITE . . &
JEEND = DENG + 0+5 .
JHTSE = HTSO + 05 _
JTOTC = (107U % 01l 4+ 0«5
JTOTY € 41070 » 10
JUEBASC = BASOD + 0.5 -
JCEMG = (CFMO % 0el) + Qe85
“CEMO = JCFMO * 10
JROFQ = (BEBFO % 0s01) + 015
JBDFC = GJHDFO % 100 '
C JHTST = HIST + 05 : o
CETOTT = (T0TT % 0vd) + 0B
JTOTT = J1QTT » 10
JOFMT = (CFMT & Ged) 4 045

GJOFMT = JUFMT . % 10 . .
IF(JCFMT - +GTe JCEMD) JCFMO = JCFMT. .
JBDFT ® UBDFT * 100 o . . | e

T




IF(JBDET ~GTe JBDFO) JBDFO = JBDFT

JRAST = BAST + 05

GODENC = JUDENO = JDENT
JBASC = WBASD = JBAST
JTaTe = JTOTo = JTO1T

JCFME = JUFMO » JCFMT

IF(JCFPF sLEs O) JCFMC = O
BFC = GBOFQ = JBDFT

TF(JBDFC *LEs Q) JRDFC = 0©

90T .

o
C WRITE HEACIANGS FOR YIELD TABLES
IF(K «CE« 2) GO To 120
. WRITE (6598) JSITESTHIN,DLEV ‘
95 FCORMAT (1M1, ///:39Xb5?HYIELD° PER ACRt oF FVEhﬂAGED %TANPS OF LODG-'
TEPOLE PINE/Z1H 267X 14HSITE INDEX ,13/1H nS&X:?SHTHIhNING INTFNSITY.
P= INITIAL= sFBs O:dX:i?HSLBSLGUFNTu PFEa0) S '
WRITE tes100) - ' S
100 FORMAT (1HOsE5Xs38HENTIRE vTANP BLFURE AND AFTER THIVNINC: sx:EéHP
~ 1ERIODIC INTERMEDIATE CUTS) . :
WRITE (6:108) - - "fn
108 FORMAT (1HU:9X1JH“FM\L:J‘IC‘X:JHBASM 53Xi7HdVERAGEI X:7HAVFPACF11X15H S
1ToTAL:°x;HHMFRLHANr«.axngSAwlIMBFn;sxxbmaASAL 4%, SHTOTAL,Sx,SHMERf
T 2CHANT=3X%2 GHSAWT IMBER) ?"- e . o L ,
WRITE (641400 @ E ' S ' SR
110 FCRMAT (14 540X, 3HAGE; Ax:5H1Rth:ﬁxiQPAQFA:#X:SHDDB'PG:SX:GHHFIGHT: S
152Ys6BVELUME»2Xs 11HABLE VOLUMP14X;GHVbLUME:3XiSHTREE9!3X:4PAREA:3X~ :
256HVOLUNMES 2Xs11HABLE VOLUMF:#X;AHVOLLVE) ' ‘
WRITE  (62218) . IR e “'L{
115 EGRMAT (4H rﬂXi?H(YFAP&):ax:SHNOt;QV eH%m FTo:#XnSHINu:6Xo3HPT°o#x '
15 6HCUF T sBXs6HCUETas6%s 6HBD o FTa;4X13HN0.:3!:6HSG.FT032X:6HCU0FT. o
: aarx:spfu-FTo,ex,eHaD.r1.) . L _ .
. € NRITE TABLE Er\TRIEh '(JF. D-IAHETER:' VOLUHES: 'E‘TCa"" : .(\\; :

- C




g Ee]

(s e NS N '

120 CTORTINVE

kKp=RKa+%

MRIKR Y=,

CACE{KB)=JAGEQ

FERCHVEGL (KB =JTFMO

EapTIMIRAI=JBOFO

NTREES KB =JUENC

CMERCHVCL IRB)=JCFME

CSARTIVM (KB Y=JBDFC

CVALIKB)=220BHU=DEHT

CTVOLIRR)Y=4TCTC

Tyl (KBY=JT0TO - s

WRITE (¢:128) JAGEQS JDENDS JBASO, DPHOJqu u,JucTo:JcFNOsJBDFO

125 FORMAT (1HO 89X 14548X%; IdlaxilkabrrFa-i,Jx,1~24X IS)GX I85,6X; Ie)
IF{AGED +GEs RUTA) GO TGO 285 :
kkITF {&s130) JAFtuaJDLNTaJBAbTJDHPT:Jh7 T;JTDTT:JCFVTyJBDFT;JDFNC

JEASCHJTOTCH JUFME s JROFC

'130 f“(’rvf“,éT {1k iEX:I%:if‘(pl*.,g.)(.rI‘NSX;FJ"’JJE?X;I :4391‘”6X31 i&X:Iéa‘{'X;I'

.Au.i":"yjI-JauX 14:6)(:1#;&{,\;15)
C¢MPU15 VALUES FOR EACH PERIODs .THIN AS SPECTFIEDS .

IRINT = RINT

TR = JCYCL / IRINT.

Le ECG‘L#iilx

ACEU = AGEQ + RINT . .
IF(ﬁch,sGTa.RGTA).GO TO 25%

CCVFlIh CLRRENT .DWARF MISTLETOE RATINGs

TIHE = AGEQ = START

TF{DME «CGTs Qs0j GO TO 135

IF(TIME sLEs 090) GO TO.180 - _ o
CMR = C«31872 + 0e086454 » TIMt s 000016 x DENT‘ U

~.

o To 148 4 _ , o -

435 IFIDMRT sLE« 1:0) GO To 140

LOT




[aXaNel

o

CMR = OMRT + 007 2 RINT
GC 1o 145

140 CMR = BFRT 4 (0 03 + Os 038 > UNRT) » RINT

"IF(L sLE« 2} GC Tg 145
"DMRE = iR o+ G907 w RINT

148 IF(DVR LT, Gr0) DMR & (0
S IF(DR «CTe 6+0) DMR 2 &0 -

COMPLTE AEW DvB+ke BEFORE THINKING ANG. ROUND oFF To c.i INCHY

180 DRHO. 1ﬁdaEE¥DBPT + 0 0151#31.5 @ 1 dbi?mﬁLGGiotbASTl * ?.1455
-IF(DNRT LEe 3s9) GC TO 4855 -
TEM = (DBHG « DBHT) » (1.0 = (Gsiga * DMRT = 0e7591i
DRHO = RBHT + TEM ' .
1865 IDBHG = CHHO * 1Ce0 4+ Ca5
' DBMO = ICBHG -
CBHO = DBHEG * Gt , S
IFtRENT 6T 1000+0).60 To. 160
CIE = (3¢&1 # DMRT = goe&3) * Qs01
IF(DIE - sLTs 000) DIE = Ge0
. BC To 165

. 160 DIE = (864 + 3.28% ¥'nmRT)_¥ 0401,
1685 CUT = Lol : ’

IF(BRRT «GEe 10401} GO TO 170

CUT = 0.CB285 = 0:0134¢ # DBHT + .0s Go22e % DBHT - DBHT + o.ococoae
1% BAST % BAST = 00001531 # DBRT » BAST

IFLOUT «LTe 0#¢0) QuT EfGiO

~470 IF(DIE «LT4 CUT) DIE = OUT -

. JOENG = lDENTD*;iibQ = UIE));¢-0~5"'
. CENC = JLDENG . -
- BAgC = DEN“ * (o-oaqq54a * DBHC s ‘FHC)-

OBTAIN AvaAer HEIGHT AND. VOLLMES PER 5CHh.L

80T




T 474

-BC 18C um1:2,

LUB = « : :
CGC To (17241740 LUB
172 YARS = AGEGD
ge Te 176 e
YERE = AGLD = RINT -
176 TF (YARS +GT. #5.G) GC.TC 178
TEMH(MJ) = 3486111 = 5.05979 ¥ YARS
E Ge Tc 1&cC
178 TEMH(J] = Ce33401 h_33e2866 / YARS
1811 # ALCGLCQ(SITE) / YARS
TEME(J) 2 100 %5 TEMH(J)
180'CChTIhLE
FCT = 1.0 w Cs 00:8 ” Dka * DMRT »
CHRG = (TEMp(1) = TEMH(Z2)) * FCT

OO0

- 190

e Yain)

CHANGE MOCE

188 TF (L

ETS0 = HTS1 + CHNG

185 TCTO = (Ce0Q0R248 * UEH.+ 1

IF(CRKC «LTe 5+0) g0 TC 195
viM = DERC .
: Ba = BASC.
. CALL-LPVOL .
" BLFO. = TCTGC » PROGD
CERC = FCTR

TCTO »
AND ROUNG. GFF FOR

CEGe 1K) GO TO 208

L 963361 x

+ CeC1215 * YARS ¥ SITE

+ 04192341 % ALOGIOISITE)

CMRT

fchPUTE;ToTAL CUs FTe AND CONVERT T0. GTHER UNTTS
L2H = DBEC # DEHO # HTSC
TF(DZK «GTs 7C00¢C) GO TG 185
TGETO . =. (CeQUR76 % DBH = OaOOOBE 3 BAS\ =
. G0 Tg 190, :

Cs0C577) # DENQO

LEND

PRINTING:

o+ 6527 ’

60T




€

uC

LENG *.Ce&

KCENC =
KagEC = AGEC
KHTSC & FISC + (o5
CKEASC B BASC -+ QS
KTQTC © (TG7Q # Ce1) + (+E
TLKTCTC = o KICTQ & 1C
KCEME B8 (CFMC % Ce1) + CoB
KCEMC = KCFMC * 10
KaDFre = (BDFC * QsC1) + Ce5
KBRFC = KBDFC *#

106"
¢ R ' ' - . : L.
C WRITE vALUES FOR THE PERIOD IF THINNING IS NQOT DUE.
o : : .
KBoKR+1
SAGE (KB )=KAGEC
MERCHVCL (kB )=2KCFMO
‘AWTIP(KP)nKBDFO
- MBIKB)=0 :
. TVOL(KB)=KTOTO

V‘DBHT

o DBHO

BAST = BASQ

. DENT = LENG
" DMRT = DMR

. _HTST = HTSQ
aoc CCNTINLE

€ PREFAPE TC START 1LOOP AGAIN FOR NEXT ru;NuINe.ﬂ

205 REST = DLEV
.,ESC,CONTINLE
255 CONTINLE o f o
call LPCOCE T(VBJNBJSAGEJNFRC”VULa twTIMINTPEES, -
*CVERCPVPL:CsAwrIN;LVAL;DIs.CcNST rTs CLS’H;VSAhTI“
*sVVhRCPvLL:RRATES.’VOL;CTVOL;V’VPL;CPTILu;

WRITE (6,125) KAGEOLKbFNC»KﬁﬁsﬁaDERO)KHTSO;RfQTOtKCFFQ,RaGFb

L OTT




IFtSTART ~»@Es ROTA) GO TG 265
WRITE {(6s26C) STARTIDMR,ROTA '
260 FORMAT (1hQu25X;41HOWARF mMISTLETOE IRFECTICN STARTED AT AGE sF4:0,
116H AND RATING WAS JF&a 1»8H A1 AGE sF4eGy :
. Ge To. 278 .
265 WRITE (6,27C) ROTA

270 FCRMAT (41HGsZ5X, sancw;pr MISTLETGE INFECTIGN GID NGT QCcUR DLRING

1THE =CT ATION OF sFis0,7H YEARS )

. 275 IF(KTR +EQ. GO TC 2885

290 FORMAT (1HQs25X:66HMERCHs CUs FT: = Tﬂées 650 INCHES DeBeHas AND LA

S

-drvh.'

',3°C FORMAT. (”“1:///;10X:64HtX€CUTIOF °TOPFEU FECALQE OF NECATTVE OR 7F_f

WRITE (e,¢801 o Y )

280 FORMAT (iHG;EbX;baHNOTE THAT NGT ALl SCPEDLLED TkIhNIth WERE POSS
1I8LE)

285 WRITE (e&;2%0)

1RGER TO 4=INCH TOPw)
WRITE (&;29%)

295 FCRFAT (1HC,25X,59HBDs FTs = LREES 6¢5 INCHES DeBeH+ AND LARGER TO

1 6=INCF TGP.)
PREPARF FCE hbe TABLr Gp THE TESTs
AGEQ = vnﬁxi»-

“ODRHO = VAR(2)
BENDC = vaR(2)

300 CONTINUE - -

“8o To 38,

PRDGRAN LGATRDL GDES HFRE IF ANY ZERCS IN DATA DECK»
310 hFITF (er320) '

- 1BC ITEM OM DATA C(PDa;“
3‘0 Calt. EXIT.. o

END ’

SEBRGMTIKE LPVCL

S

TIT .




€

o0 o0

NnOoOo o

c

Te CtvaRT TGTAL CUs FT« TO MERCHe Eu FTe AND TC BDe FTe

cnwwﬂh gA;BA°T»DPHU:DgHT,D~ND:CND;DVRT;FCTR:PRtT:PRObIREST;VFV
FCTR v (s0 : .
FROD = (.0

CIF(voF LT. 5405 GO TG40

OBTAIN CONVERSIGN FACTGRS FOR MERCHW. CUs FT. = VOLUMES TO +0eINCH TOP
IN TREES 6sC. INCHES DsBeHe eND LARGER. - - - I |

2

4
€&

£+5

g
10

CTF (VDM .eGT: 607) GO TO 2 .

FCTR = 0n31963 % VDM = 1:42891

&C TG 6

IF(VCM «GTs 9¢8) GO TC &

FOTR = 3&582“3 ® 0414007 % VDM = 15"5“64@ 7 VON
GG T & o .
FCTR = Ge99503 s_osssois s vom

IF(VEM «LTe 890) GO TO 10

OBTATA CONVERSTON FAGTORS FOR BDs FTs F‘vaLUMEg~yg{earN¢gjjbp iﬁ-TREés*f

INCHEE CeBaHs AND LARGER:

IF(VOM «CGTe 10sCi GO TO : : ‘ -
PROD & 2+ 08874 +. O-“SGQi g VDM + oe00045 * BA
gec Tg 1c¢’ : o :
FRGOC: = ca16583 ¥ 37174 % ALpﬁactvDM}

RETUERN - -

END

- SUBROUTINE LPCUTl

T0 ESTIMATE INCREASE IN AVERACE DeBeka DquTé THhoING LQQGEEcLE érNE

IF DbAQF PICTLFTGE RATING tﬁLal ZFRG

LCNNCH EA'FAST'DHHUJPBHT:DENGiUFE;PﬁqFJF*ThiPRFTnPRODJREqTJVDV
IF‘DPFh sLuc G 5) LC TG 3¢ . . ) : .

CZTT




€
C

‘c‘po?bea-ﬁaE-we‘rF BA&AL ARFA xhrz
c. . ,

C COMPLTE [oBoke

IF GBHG 18 LARGE ENCLGH FCR BASAL AREA TO REMAIA CONST&AT

FRET = 100G
CC 24 KJ=15100
IF{PRET «LTs B5Celi GO TO B 7 A
"CERHME = Cv44222 + 103170 » DEHC = Gs C&16 » (PRET & SQ‘C) @ICtOOOG
1°i*i<PRE* s 50¢0) » (PRET = 50:C . _ .- : E
¢o. TG .11 o R . . SR
S PDRME = 0£-37321 = 017874 % ALCG1Q(PRET) + G+79921 % ALOG1Q(DBHO)
1+ 0409315 * ALUG10(PRET) % ALOG10(DBHE) o e
CBHE = 10s0 =% PDRHE :
14. IDBHE = DBHE * 1040 ¢ Qe5-
DBHE = TDBHE -
DHHE DBHE % 04
DENE DENG # PRET = 0.01
!\DENr =z DENE . + VR NCY
CENE = NDENE N
EﬂSE = 00054542 » DBHE =» DBHE » DENE
| NBASE = BASE % 1040 4 045
- BagE = NBASE ,
BASE = BASE # D1~ .
©OTMPY = 00054542 % DBME * DBHE -
TEM = BasSE = REST o : , |
IF(KJ ¢E0e¢ 1 sANDe TEM «LTé 0¢G) go TG SC
IF(TEM «LEs THPY) GC TO 70 .
- IFETEM oLT 4s0) Gu TC 20
LBRET = PRET = 1.0 . -
&0 Tec 21

.. 20 FRET e pRgT.a"o.g.-
21 CONTINUE ‘

Go. To 70

: WITH TyBeHs

.fn

ert




PRET & #Cs0

IFIDRKC +GTe« 740) PRET = 700

CC 68 J=1.40C L ’

1E(PRET «LEs 5040) GG TO &G : )

BDRBHE = Ce37321 = Cei7274 * ;LGG10(PRFT) ¥ Ce75924 % ALGG&C(CBHC)
1 ¢ 0.6821% » ALQGIO(PRET) #» ALUGLCIDBHO)

35g5'= 1643 %% PDBHE ' ' ‘
G b

CoBA

1.2 (PHET = 50sC) & (PRET = 50:0
1DBHE = DBHE * 10+0 + Cs5

DBHE = IDBHE

CEHE = DBHE % 01

‘RENE = DEhG % IPRET # GeC1)

NBENE - DENE + 0«5

‘CEKE = PYDE-ft. .
BASE = c:co:#S&z . DBHE ¥ DBHE % DENE -
NBASE = BASE » 10.0 4 el o o
BASE = MBASE o

BASE = BASE » 0.1

.. BREAK = #%9:3 % REST / 80+0

lF%Sﬁss «GTé BREAKY G0 TO 8O - o - :
CBHP = (£0:0- / REST) & (Ce0868Z % BASE) ¢+ Ce94E36

6070 52 o
50 BUST = 6&+2 » (REST / 80¢0C)

]EF{5§Sb «GT» BUST) GO TO 51 ‘ R '

BHP: = (8040 / REST) - » (0-10938 # BASt “'": ase

o Tg Sz . - : _) Gri7ESa. ..

THPY = BASE. x (80.0 / REST)

CTEM B TRPY- _TMPY ' ' ' | |
DBHP. = 12004740 X THPY = 0c8667 5 Tt".+ C‘°°12539 * TER & THPY

1 = ALE7EB33

IFITrMPY +GTs BUW0) ¢QHP = ﬁBHQ + 0v8

€2 ILDBMP = CEHP % 1C+0 + (5
- DERP = TCOHP -

40" DBPE = CekipZE2 + 1+03176 % DBHO = Qs ccsza 3 (PRET = fcao),s Ge00CG

YIT




-G : ' T o

“C ¢ ESTIVATE~CHANQL'IN AVERAGF DeBeHs BUE zP“,HIh\ING lODGFPOtE pxne
LU IT DWARF MISTLETCE . RATING DETEQNIN*C THE STAND&P ' o
g L mARTERY

nfmql

CRHP = [RHP # Q61
. IF(DRMP = OBRE) 80,70461
£C PRET = .PRET & 1s02
© IFI{PRET «GTs 4100s¢) GO .TC. 90O
. GG Tc &5 - . : -
.64 PEET = FRET % 0e98
€5 CCMTIbLt ' :
70 DERET = D
. ,
[v CCFPLTE PccT-ru*nvaG BDSAL AREA s

C

IF(DEFT 6T+ 5+0) GO TG 75 ,
C SQFT = 11:58495 % DBHT = 1»os7zu_.
3GG TC 76 R
75. IF{DEHT ¢GE. 10.0; GO . TQ 77
TEM = DPPT * DBHT -

SQFT = 7.762E6 » DBHT +0s85289. x TEM «Gac?ssz ¥ TEM * DRHTe3+45624

76 BAST = (REST / 8Ga0) A QGFT L S SRR t
. @B Tg 8G: ) . S R ;e S L
77 BAST = REST
80 RETURN
8C PRET = 1ODaO B

CRETURN

END . ' -

CBURROUTIN £ LPCUTE

*tcémén FisBEéTsDBHn.maHT; E”f'r“ﬁ;ﬁVRT:VCTR FRET:FROD:REQT,VDM
PLTF STﬁ Lrnsrrv AFTER A THT”’T . ThaT RECUCES THE INDEX e
IP(DVR'=L1._2 s0) GO ro 5

RERT = 77+6 = 8°5—§‘DBHG +‘10sgﬂé ﬁﬁg

CGTI




OO0

e L | . . : : _
€ Tc ESTIMﬂTEjINCREASE IM AVERAGE DeBeH. DLE Tg- TFINAINC FRON BELO@ IF- T
- C DWARF NIQTLETUE RATING ls G?EATER THAN. £ERC -

5 EEDT

, = 4Be5 = 45 % DBHG + 4100 x DMR
10 PRET = 100.0 = REDT :
LCENT = REND » {PRET =% 0001)

IDERT = GENT + 0:5
‘CENT = IDENT '

CCHPLTE CoBabe AFTER THINNING.TO DESIPED DENGITY.

IF{PRET «l.T¢ S5Ca0) GO TO 15 o '
CRHT = C+96559 % DRHQO + CeC0868 ' (PRET = BLDs0) ¢ 0200015 » (PRET
1 = 5¢cC) % (PRET = 5¢:0) = O boseg ‘ o
GG TO 20 . , i . .
15 DREHT = Ce33478 » ALOGALO(PRET) + 1« eah77 X ALOClO(DBHC ® 0.P1199 »x
TALQGLICIPRET) * ALOGIO(DBHC) = 0ep?7651 :
T DBHT = 1CsC #% DBHT :
20 IDBHT = DBMT « 105Q + 05
DAMT = ICEHT . :
C L BBHT = DBHT « Cef ; I
“BAST = 0eCOH4542 % DBHT % DBHT = DENT
RETURN : -
.Ehb'
'euBROLTrh& chura

C. . -
CLMHMEN bf’aAsT:DBHOJDBHTaDEFO:DMR;DVRTxFrTh;PHET;pRDD:REST,xom-
: IF(DBPF wlfe 945) GO TG 3¢

o

PFET = 1000 . o o oL '3~‘ -~
S~ 21 Kd=1,400 : A " '

IF(PRET 3LT-_soe01 GG TC 8 g . , :

CBHE = 0e¢44222 + 1403170 % DBHD = g uC“i& ¥ cPRET « 50¢0) & 0005

18 .4 (PRET .= 50601 % (PRET = %o«Ox_ : R e e :

c COVPLTE D P - IF DBHG IS L»FCE ENOUCH FDR BEASAL ARE# TO RENAIN CCNSTAAT;

9TT




"jC'CCVPUTE C-ErH° TF BASAL AREA INTREASEC %ITH D
. C

5

1?.

GC TG ' . :
FrBHE Cou7321 = 0417274 % ALGGL1O(PRET
1 ¢+ 0:C%3415 » ALOGIO(PRET) » ALCG1C{DBHO)
DRBHE = 1C»0 =% PDBHE .
TEM = DBHE = DBHO
. CBHE = DRHO 4 TEM % 0.5 -

CIDBHE = CUBHE * 10+0 + Ce5

"DEHE = ILEBHE

CBHE = DBHE- % (o1 ,

CENE = NEND # PRET %.0.01

MOENE 2 CENE + 05 '

DENE = HLCENE _

BASE = 0¢C054542 x DRHE DBME x» DENE
NBASE = BASE % 104G + (=5

"BASE = NBASE

BASE = BASE x 0.1

ph

T

CTMPY = C+CUB4542 » DBHE » DBME

-l

21

30

" IF(PRET +GEs 50

TEN = BASE = REST

) + C+78921 * ALOG10(DBHO)

IF(KJ +EG» T +AND« TEM sLTe 000} GG TO SG ©

TE(TENM +LE: TMPY) GO TO 70
CIF{TEM «LT. &40) 60 TO 20
FRET = PRET « 140 .
¢c To 21

PHET = PRET = 0-3 ‘
CONTINUE .

6t Te 70

PPFT = &000 o
IF(DBRG «GTo 700)5PRET = 7060 .
CC 65 Jelsq0C - :

C) GO TOQ 40 .
FOBHE =.0» 37“”1 w 0«4 7P78 % ALOGAG(PRET):
1 4 C-u931 -#-ALOG C(PPFT) * ALOGLCGIDBHG)

c.éil":i-l

+ 0¢75981. % ALOG10(CBHC)

LIT




CEHE = 1Ceg »* PDGHE
Ce To &% : ' ‘ :
40 DRHE 2 Ge4az22 + 1:0347C = DBHO = CeCCB1e 8 (PRET = 5C30) = €s«0C00-
1€ % [PRE1 = 50:0) % (PRET = 50:0) : :
48 TEM = DBRME = DBHO '
GEHE - = DEMEQ + TEM 2 (5
TCEHE = DSRE % 100 + 045
CBHE = IJDBHE T
DEHE = DBME » 0ei ,
CENE CEMG » (PRET * Ge01)
NCENE = CENE #+ 045
_DENE = NCENE :
"RASE = 0:0054542 » DBHE » [DBHE » DENE
KRASE = BASE % 100 + G+8& '
BASE = KBASE
BASE = mabi & Usil
CBREAK = 49.9 % REST / zo.c
IF(BASE «GT» BREAK) GO TG 50 o
OBMP .= (80:0 7/ REST) = (CnOSSSg E BASE) 4 Ce94E36
GG TQ 52 ' ' '
5C BUST = &€&«2 * (REST / &GO}
IE(BASE -GT« BUST) GO TG 81 B o
DRHP = T80:0 -/ REST) % (0+1093% "x BASE] = (17858
¢c Tg B2 . : . - '
51 TMPY = RASE # <sceo / REST)
- TEM = TMPY % TMPY ‘ ' B o S
. - DRHP = 1504740 x Tmpv - 0.35671 4'? M +-Ce0C12539 * TEM % THMPY .
1 & 448:76833- : o S Y '
.. IFULTMPY «GTe 8UsQ) DBHP = DBHO + GeB : ‘
52 IDBHP = DBHP =# 10«0 + 0:5:
CRHF = IDBHP :
C CRMP = OBRHE s Jei1 0 .
© L IF(DBRP = DBHE) 60,70,61
60 .FRET = PRET # 1.02
L IFtPREYT «CTs 100QsC) @O TO €0

8TT -




e

"nn,r‘;-n‘f

G TR E5 .
PRET = PRET % 0+98&

&1
€5 CCnTTrUF
7C CRHT = CBHE
C CCFMPUTE FCET=THINNING BARGAL AREA
h JF{CBRT <CTe S30) GU TC 78
EGFT = 11+88495 » DBHT « 11909724
: G0 .To 76 B
7% IFI{CBKET «UEe 100 GO TO 77
TEM = CHHT = DBEHT.
SGFT = 776226 x ﬁBHT +0:8SEED x TEV"btP7°52 % TEM # DBHTaE-*SéEQ'
76 BAST = (RLET / 80 G) = SEFT- ' S
Gc Te 20 .
77. BagT = REST-
- 80 RETURN
S0 PRET = 1GUFC
" RETURN. ' _
. END ' ' ' ' '
" SUBRCLTINE. LPCCSTI B;NB,SAGtiMERChVGL;SAHTIVJNTREESJ
#TMERCHYCL A CSARTIMICVALIDIG,CONSTANTICESTR, VEARTIM, -
#VEERCPVGLJNRATES;TVGL:CTVﬁLfvTVOL;CPTION1 '
SUBRCLTINE TG CALCULATE RETURNS ASSOCIATED WITh DWARF |
M buLETOF IthSTATrORg nhD CGhTRGL PPQChFLRbc :
cIvachn Veldc);aAcE(Lo};NERCHUGL<EGS»SAWTI#(20)
’DNTFFES(H():CMERCHVUL(POJ:CVAL(?C).GleizssDIb(SiaYNR(EO)
%, CRGPVAL (201sCS AWTIH(EG):CONSTAhT(S):T“OLLEO):CTVCL(EO).
WRITE1E,1101)
11c1 FORMAT(///1%2 18 TA%D':BX;'VALUE'aﬂki' STAELI%H=';FX;

,-%'vaLLE OF‘;#X:’CDST'}AX;'NEW RETURM'2X, FRERIGDICE/
HEX GV AGE YL E2xs Y QF TREL':EY:‘MENY OQT’sQX»‘CNCP':7X»'CF‘;7X;

'FF?U“'JSX;”‘L]‘/'(YEAR )',3?,""f‘r‘P‘JL°‘§f‘:

2 f'TFIhhtp #3X, 'THINKING? 4 2 x;'TH ﬁbfnf'i4X:'RETbRNq'i

611




YNRU4 V2 (CESTR
CROPYaL (1)=0 o - :
WRITE(E,1503) 0 0,CESTRSC,0202=(CESTR)
1103 FORMATIZ2X, 13,F942,F10:2,F11°24F10,2:F10:2:F12:2)
" DG 10CE 1=1.K8B B
VTHIN=CTRIN=RTHIN=C
CROPVAL (1+1)=VMERCHVOL#MER CHVUL(I) .
TF{SAWTIMIT)I«NE-O]. CRGFVAL(I+1>=v9AhTwaSAhTIrtIi
IF(OPTICNCEQ+1) CROPVALIT+1)=YTVOL&TVOL(T) '
IFr (MBII) EQ-O¢ORsIeEQekB) -GC TCO 41002
VTHIN=VMERCHYOL#CMERCHVOL (T
IF(CSARTIM{ L) eNESO) VTH1N=VSAWTI~uCSAhTIMcI)
IF(OPTICMNEQs1) VTHIN=VTIVOL®CTVOLLTD)
CTHIN= (184814340, OdENNFPEE3(1)¥CVAL(IJ*“E)413502)/51‘9
IFINTREFS({1)vEGe0) CTHIN=OQ.
. RTHIK=VTRIN®CTHIN
1002 YNRUI41)=RTHIN I : N ' ) -
o WRITE(E51103) SAGE(TY;CRGPVALJI+1);GJVTHIh;CTHIN:RTHIthkﬁcrfi)
10CE CoONTINUE ' o . ’ ‘ ‘ o
- ~ bG 1010 M={snNRATES ' '
o WRITE(&,1108) DIS{2%Mad) :DIsizmmx- : ' :
1108 FORMAT (//ix:'°TAND':3XA'PERIDDIC',EXaB(’DISCOUNT':SX;'
: #IDISCOUNTED Y5 3x;'CuHuLﬁTIvE'33¥:'vAth',hx;
IV CONTRCOLLED ' » LX) /28Xs VAGE T s : ‘ -
, ﬂéx;'hET'»4x:?(dx;'RATE' “x.'PtPIoDIC \ET',cYI'DISCOUNTED';qx,

'TO';iOX:'TU':&X:/' (YEARS ) ' 22X 'RETURNST ; 2, 2(1X; Fseaxexsvgevuawe{

: s 4%s PNET RETJRNS‘:ZXa‘InFINITY’paxﬁ'IRFIWTTY'JEX}/)
'°UM1 Slpa=0

G0 1008 I=4,KB+1 ,

IFtISEG«1) OUT{L)=G

IFe¢I«GTwl) OUT(1)=%AOF(I 1)

CUTL2) = YNR{T ' -
CuT<3)=1«u/(ci+DIa(c M 1;)nnau ¢,3

QLT(4)=20 L7(3)“UUT(”)_

CLT G =5t IL+LRUPVAL(I)#DLT(3)

02T




SuMl=slr1+guT (4)
CUT(6)=CLT(5)%(1:0/01:0=010/01¢0+4DI8(25pM=1) )1 #20UTI1)))
LT i=2CLT S 1 +CONSTANTI 2 M=2 Y 53UT 13) :
CtT(8§=1-U/((1+DI‘!2¥M))##OUT(ii‘ : :
(‘LT(Q‘—(’LN%)"ULT(&)
CLT(10)=sbv°+CRcPVAL(I)mGuTlE
SuM2=25UMa+oUT (9 L .
CUTEL1 Y =0LT 2010140/ «Co D0/ (140TS(2M) ) 1 axGUT (1)1
- CUTE12)mCUT (100 +CONSTANT (2241 20UT(8)
1008 VﬁITE(6A1157) toUTdisd=1,12)
1107 FCRVdTlaY'I3rF10 *2iEX;E(F743; 4x,raiaiux,pggz:Fiasz;ax;Fs *2;3x))
101C CGNTINUE
. KRITEt(6,1109) VSAWTiM#ﬁGOGiVMhRCHYOL :VTVGL
1108 FORMAT(10%,25Xs ' VALUE' OF SAWTIMBER IS'sFGe2s ' /Mty -
#S¥%a'VALUE QF MERCHANTABLE VOLUME 18Y,;Fe«¢n, ' /Cls FTs'/
#26¥s 'VALUE OF TOTAL VOLUME IS'sF€e2s!/ClUe FTalrz)
- REREAT 10155 FOR I={(4sHRATES) :
1015 WRITE(6:1111) UI“(&*IH&%:CONSIANT(P”I 1;sDIS(?#I)nCUNSTAhT(Erl)
© 1411 FORMAT(21X,2(8Xs1FOR DISCOUNT RATE OF')lX;F#&&:iX:
*TCONSTANT 18'4F742)) :
RETURN
CEND-

12T
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PROGRAM LPMIST2

TC CCMPUTE AND PRINT YIELD TABLES FOR EVENSAGED STANDS OF LODGEPOLE
PINE INFECTEC BY DWARF MISTLETOEs I o : :
DEFINITIONS CF VARIABLESS

ARGHT = INCREASE OR QECREA\E 1t AVERAGE STAND HEIGHT ‘BY THINNINGs

AGED = INITIAL AGE IN YIELD TABLE.

BASC = BASAL AREA CUT PER BCRE: :

Eag0 = BASAl AREA PER ACRE BEFORE THTmrrys.

BAST = BAYAL AREA PER ACRE AFTER THINNING. o
BOFC = RCARD FEET cUT PER ACRES : e
EDFO = BUARD FEET PER ACRE BEFQRE THIMNING:

BCFT = HCARD FEET PER ACRE AFTER THIRNING..

CFMC = MERCHANTABLE CUs FTs CUT PER ACREY '
CEMO = MERCHe CUs £Te PER ACRE BEFORE THINNING.
CEMT = MERCH« ClUs FTo PER ACRE AFTER THINNINGs

CHHO = AVERAGE STAND DeBebs BEFORE THINNINGS

CBHT = AVERAGE STAND DeBeHe« AFTER THINNINGs
DENC = TREES CUT PER ACREs R

DENG = TREES PER ACRE BEFORE THINMINGS

LERT = TREES PER ACRE AFTER THINNINGe

CIE = TREES LOST In DISEASED STANGS IN 10 YEARSs IN PERCENTS _
CLEV GROWING STOCK. LEVEL FOR -INTERMEDIATE CUTS AFTFR THE FIRST.
CHR = GWARF MISTLETOE INFECTION RATINGS

.(l

DMRT =

S FOR STANDS NOT ALREADY BEYQND DME OF 2:0w
CETY. = LCWEST VaLUE OF OLEV USED IN A TESTs
“RTB0 = TREE KEIGHT BFEFORE THINNTRGY
KTST = TREE HEIGHT AFTER THIMNINGs.

JCYCL = '.\H:RVAL BETWEEN INTERMEDIATE CU: o

KSETEP = INDICATOR WITH VALUE UF gNE IF CUQchT ThI&hImG Is FROM
o BELOW AND TwO IF CURRENT THINNING {8 FROM ABOVEs :
KTR = INDICATOR WITH VALUE GREATER. THAW ZERO IF & GCHEDULEDi

‘;r*:nnnﬂnr‘sonnnnnnnnnoOn(‘rﬂnnnnn‘nh&nnﬂrsonn

2Tt

PAXIMUM INFECTION EXPECTED IN STANDS AFTER THImmznoa GoAL




0ODOOOO0OCO0N O00ONaO00 000

NaXals

!F[N“IAC HAS BEEN SKIPPED ﬁFCALSt NISTLETGE INDEX IS TOG MIGH
, GR RBECAUSE STaAND [& ALREADY T8 SPECIFIED STOCKINGS
MIX = NUMBER UF STGCKING LEVELS ExarI~ED pER TEST.
NELAG = INDICATOR wITH VALUF GREATER THAN ZERO IF A THINNING FROM
"ABCYE HMAS BEEN MADE AT ANY TiME.
8§78 = AUMBER OF TESTS PER RATCH. :
UT = PFRCENT MORTALITY Ih HEALTHY STAMDS. . _
“FT 2. PERIGEIC HETGHT 1#CREASE Ix INFESTED, STAAD, a5 & PERCENTAQE
GF THE INCREASE [N COMPAMAB{E HEALTKY STANDS,
FRET = PtPCEhTAGE OF TREFES RETAINED AFTER TRINNING.
RECT = PERCENTAGE REDUCTION IN NUMBER GF TREES WHEN DMR IS
- REDUCED TO DMRT BY THINNING. i
RInT = NUMBER OF YEARS FOR HHlCH A SIhGlE PROJECTION IS NADEa
RCTA FInall AGE InN YJIELD TABLES
SITE = §ITE INDEX« . :
ETART = STaND AGE AT TI.E GF InITIAL IUFECTIONo. ‘
TEM = PERIQGDIC DeBeHs INCREASE IN INFESTED STAND; AS A PERCENTAGE
" CF .ThE INCREASE IN COMPARABLE HEALTHY STANDSs -

T

RT

CTHIN = GROWING STOCK LEVEL FOR INTTIAL THINNINGe
"TQTC = TCTAL CUBIC FEET CUT PER ACRE. '
TETO = TCVAL CUBIC FEET PER ACRE BEFORE THINNINGs
TCTT = TC1AL CUBIC FEET PER ACRE AFTER .THINNING

. CoMMON “A&BAST;DBHD QBHT:DENG: HR,DVRT:FFTﬁaPRET:FRObaREST;VP“
- CIPENSTON VARV TEMH(2)

LIMENSION SAuE(EO);SAwTIH(PO)IHFRLHVuLiEU)JNTREES(EG!

24 CVAL (201 JMBIRO) s CSAWTIHM (201, CHMERCHYOL(201,DISTE) 4 CONSTART(8)
“:TVOchF)fCTVOl(293. ' ' ' :

READ ESTABLISHNENT COSTs LUMBER PRICESs INTEREST RATES, AND' CONSTANTS

_éEAD(Srzﬁw CESTBJVSAlehsVNERCHHELJVTVGL
CREAD (5,10 WRATES,OPTION K

LREPEAT 35 FOR I={1,NRATES)
3 READ(S J15) DIS(P”L&L),CJ“STAN’(2nrm1):DIS(P¥T3:CuNST‘NT(E¥Ii

€21




cy O3 a0y

nnn

¥ Oy

READ NUMBER OF TESTS PER BATCH FRUM CaRD TYPE. GONEs

5

READ (5558) NTSTS
FORMAT (14) | :
IF(NTSTS *LE« 0) GD T0 310 -

EXECUTF P“PCRAM ONFE FOR FACH SET oF INITIAL VALUES OF INTEREST'

READ T\ITIAL VALUES, ONE TEST AT A TINMES Fﬁbﬁ.CﬂRD TYPES_2 AND 3a -

40

2C

oo 1@0 I*L,NTh%Ts

READ 8,10, END=350) JCYCL:MIX

FORMAT (214) :

IFJCYEL sLEs § «0R+ MIX sLEs 0) GO To 310

READ (5,1%) AGEQ,DEHO: DLhO;DSIYsRINT:RuTA;SITEsTFIhJaTART

FORMAT (SF&«3)

VAR‘&.) = A('E‘.u

VAR(2) = DBHO

VARIZ) = DENCG

Vapis) = DSTY

VARIE) = RINT

VAR(g) = ROTA"

VART?) .= SITE

vagla) = THIN
CVARLG) = BTART

Bo 20 1m1y9 o o _
CIFEVARIL) WLE« 0s0) @0 TO 310

CCnTThLE ' '

-GLEV =& (s

FROVIDE FOR SEVERAL GROWING STOCK LEVELS PER TESTs

CO 30C M=lsMIX LT~

92T




c
.C
o

T OO o

A = M '
CADDHT = C.g
BCFC 8 i

BOFET
CFMO
CrmT Gsl
EMR = (GO0

CERT = 0aC

nou "
o]
-
SRS &

RETCUM = CeC

KE§TERP = 1
_KTE =_p .

NFLAG = O

TIME = Q40U o
.DLEV = (DSTY + (A % 4100)) = 10+0
RASC = DENO » 0«00B4542 » DBHU s pDRHQG

Kir=C
COMPUTE. CURRENT DWARF MISTLETGE RATING, UNTHINAED STANDS+

"TIME = AGEQ '» - START

IF(TIME «LEs 0+0) GU TO 25- R .
DMR = C©s31872 + 0s08654 » TIME « 000016 » GEND
IFIDMR L Te G20} DMR = 0s9Q .

CIF(DMR «GTi 6s0) DMR =. 440

Qé?élk AVERAGE HEIGHT'AmD VQLUQES PER AERE ¢.

25 IF(AGEC +GT+ 45.0) GG.TQ 30 . R o
T RHTS0 = 3edg11i ﬁ.OeGS??le AGEQ fﬂﬁfﬁiﬁls £ AGEQ *.SITE

";T"GﬁiTO'gs o - - . - ) ' |
3C HTSU = C«33401 = 33v286e'/_AGEﬂ,+ Ce92341 » ALOGLIGUSTTEY + 6427811

1% ALOGILIGISITE) 7/ AGED
RT80 = 10:0 % HTSE

; ﬁ”:TGSJFCT = ii@ @.G}Qiés ® OHR #iDMHI‘--

i c

- FT80 = HTSO * PCT

.ccPPtTE TGTAL Cuu_FTi AHC-CGNNéRT TU'OtPER UﬁiTS‘

AN




e
c

© 55,

46
45,

50

€ T ) )
C COMPUTE DoBaMe AFTER THINNING.
C- B o :

C2H = DLFG % DBMO % RTSG

IF(D2F «GTe 7006¢0) GO TO 4O . ,

TETC = (C0C276 # D2H = 5:00099 & RASC = $s00577)
Ce T 45 - . B T C
TGTC = (S CUEAE » D2H 4 1.96336) » DEND

IFIDRKC «LTe 5:¢0) GO TG 50 '

VoM = DBBRRC -

BA = BasC _

CaLL LPvoL o

BpFG. = T0TO % PROD

CFMU = TQTQ # FCTR

REST = THIN

C ENTER LOOF FGR REMAINING COMPUTATIONS aND PRINTCUT

BO 250 K=1,100 . E
IF(AGEC +«GEes ROTA) GC TC 90

TFIOMR «0.Ts 3sQ) GO TO 5%
BagT = BASQ. '
DaRT LRHQ

CPRT =-NDMR. . .

HTST = HTSQ

KTR .= 1

€0 T 75 , '
IF(DMR +EQ: .Gs0) GO T0 .63 .
IF(NFLAG. «@T» 0) GO . TO 62
JMRT . & Q0«25 2 DBHO = 0450

B

nu

S IF(DMAT eLT: 0eG) DMRT .= 0:0 -
L IF(DMRT sGE.. DMR) GO TO &2

. CIF(THINGSEG:3900+) 0O To &7 -
o CALL LPCuTz, - .

% DENG .

TA




C

NELAG = 1

KeTER = 2

D80 TG 8%

62

CaLl LPCLTZ : K
IEtPRET «GEe 100:0) GO TO &7 .
KSTERP = 1

~ CMRT = DMR + 040279 # PRET @ 2.79 .-

63

QS
67

6o Tg €5 -
CMRT = NMR

CaLb LPCUTY ' ‘
CIFIPRET «GEs. 100s0) GO TO- &7
KSTEP = 1 : , '
IFIBAST «LTe¢ BASO) GO TQ 70

BAST = 3aSQ
DBRHT = GEHQ
DMRT = OMR

CRTST = MTSQ

KTR.® 4

7¢.
74

72
73

k B0 Te 7%
e A , T o
'C COMPLTE HETGHT'AND'VOLUMESVAFTEQ 1%r&w1mes-.

ub Tg (71.72)s KSTEP
ADDHT = & 79940 = 3 41973 e ALOGi”(FRbT)

€ec TC¢ 73

ADDHT = 3+ 76362 % ALOGLO (PRET) a~7=97347;-f"
KTCUM = KTCUM + ADDHT e Lo

CHTST o= HTSG +-ADDHT -

78

JDENT = [BAST /. cosoosus42 ¥ UBHT k3 DBHT)) o+ 005':-

DENT = JOENT
BAST = Q0054542 & DBHT it DBHr Ey hEnT

“DeM = CBHT. » DBHT = HTST

IF(D2K «GT. 700040} GO TO 89

CTGTT = (Cr00276 2 02H = J ﬁOOSJ E BASf % §500577)f¥-EéNT 

'r'cc TG &s

-ZZI




8O TCTT = (000248 % D2 + 169633&) » DEANT
CONVERT TGTAL CUs KTy TO OTHER UNITS.
85 TF{DRHT LT« Se¢0) g0 TO0 20

VO™ = DRRKT

Ba = 3387

Calll LPvGL .

BOFT = TCTT * PROD

CFMT = TGTT = FCTR

ONo

c . , . ,
C CHANGE MCDE AND RUUND OFF FOR PRINTINGS

c

. 80 .cAGEQ = AGEC
. JSITE = SITE
C JDEND = CENG + 045
JHTSO = HTSO + 05
JTOTG = (TOTO * 0e1) + 0§
. JdTOTO = JTOTO % 40 '
JBASO = BASC 4+ 0¢5
CJCFMO #F (CFMC % 0e1) ¢ Q65
WJCFMO & JCFMD % 10 . '
JBDFG = (UDFG * QaQl) + 048
JBOFO = UBDFC * 140 .
. WMTST = MTST + 0s5 -
SJTOTT = (TpTT = Oui) * 0.5"_
LdTaTT = JTOTT ox 1o L
CGCFMT = (CFMT % 0+4) + 545
CJCEMT = ORMT 4 10 S
IR (UCF®T oGTe LJCFHMU) JCFMD = JCFMT
. JBOFT. = LB20FT 4 Ge01) 4+ 0¢85 - o
CJBDFET = SBDFT » 100 o

U TIR(JBIFT <gTs JBDFO) JBOFO.= JBDFT
JRAST = gagT + 0s5 a
© GDENC .= JUENO = JDENT

82T




c o
WRITE HEADINGS FOR YIELD TABLES

C

c-

S 108 ECRMAT (lHGéSXiSHSTANDiiOxpﬁHBAGﬁLJaXi7HAVFRAGEp2Xi7HAVERAGE5SX;SH -
1?10 EORMAT (1H 210X, BHAeF,4x15HTRE¢s.ax:hPARrA;4X:6HD~B'H-a3x;eHHEIGHT'

7115 FGRNAT (1M &8X#7H(YEARS):3X:§HmOs;3X 6%SuiFTﬂa#A:EHIh°16X13HFTe‘kx:

-Or>nf‘,

JBAST

m .

JBASC = LBASO

JTQTC = JT0TQ = JToTT
JCFMC = JCFMO = JCFMT.

L IF(JCFNMC <LEs O) JCFMC = O
JBOFC = JBDFO = JBDFT -

IF(JdROFC «[LEs C) JRDFC

G

IFIR G 2) GO 70 120 -
_ WRITE (65951 JSITE,THINJDLEY . . . R
95 FORMAT (1HL4///539X:83MYTELDS PER ACRE OF EVEN=AGED STANDS OF LODg
1EPQLE PINE/ZIH #87X:11HSITE INDEX S13/1H aEBX:EsHTHINNING INTENSITY
2% INITIAL» sF5s042%Xs12HSURSEQUENTs 4F5 e} B
KRITE (4¢100)
100 FORMAT (1HOs25Xs38HENTIRE STAND BEFORE AND AFTER THLhNING;ESX)EéHP
1bRIODIL INTERMEDIATE CUTS)
WRITE (452108}

- 1T0TAL»3Xs FHMERTHAN T*:SX:SHSAWrIMBEPiQX:bHB¢SALJ4X:5HTOTAL5BYJSHHER
ECHANT613X19HSAWTIHBER)
RRITE (65110)

1;2%56HVOLUMES 2Xs L 1HABLE VGLUHtehx,ékv”LdMEaaX; HTREES)SX;#HAREA,Qx
256HVOLUMF:2X511HABLE VOLUME’“XtéHVGLU“E) - a
kRITE (6:115) '

136HC“'Frﬁi%XieHCU'FT‘iéXi&HBD°FT'J“xi3uwﬁi13x 6HSG FT':EX:&HCL FTs
235XJQHCU F3016X}6HBD-FTv) o

WRITE *ABLE ENTRIES OF DIAMLTEQJ_VDLUMESq ETCs

:1?6 CGNTT\'”'

. KAsKe+1
MBrKB) =L

62T




o

oon

eAGE (KB)=JAGED
CMERCHYOL (%B)=JCFMO

SanTIMIKR) =JBDFO

NTREES (KR )I=JDENRC -

CHMERCHVOLIRE ) =JCFME '
CCBAWTIM(KB)=JBDFC

CVAL{KB)=24D3H0=DBKT

CTVOL (K8 I=JTQTLC

TVOL(KB)=JTOTO

WRITE (6,12%) JAGED:JDENOsJBASU, DRHUﬁJHTBG:JTOTO:JCFNO:JBDFO

425 FORMAT U1HO9%Xs L4 aX, 15, 2% T3 5XsFSe 155X, 130 4Xs 152 6X4 15, 6X, I6)

IF(AGEC «GE« RUTA) GO -TO 259

WRITE (A:130) JAGEQsJDENT, JBAST,D BHTJth%TiJTUTTJJCFVTJJBDFTIJDENC:

1$uBASu!JT(TLJJCFVC;JBuF

130 FORMAT (M »9X5 Ths4X, T8, 8% 445X, FSailsx;13:4x31515XsIssexjrs,ax.r”

15:335Ia»«x;14ﬁ6XfI433X3Ib)

COMPLTE VALUES FOR EACH PERIODs THIN AS SPECIFiEé-

COUIRINT = RINT
IK =2 JCYCL 7/ TRINT

RO 290 L=1,IK"

S AGED = AGED + RINT ) "
TF(AGED +GT» ROT#) GO TO 288

COMPLTE tszbNr DwAHF MI%TLETQF RATINP=

TIHE =-AGEU = SwANT ,

TE{OMR «CGTe 0s0) GO TO 135

IF(TIME <LEe 0s0) GO TO 180 ‘ R
DME = 0.318572 + osoaurq # TIME w Qu0001¢ x DENT -
GG Ta 145 o

135 TF(DMRT LEs 1:0) GO 70 140

DMR_= DMRT + 0407 % RINT e
Co To 145 . o o : - S L

COET




140 CMR. = DMRT + (0«03 + e038 * UMRT) # RINT

a0 o

C

c
¢

170 IF{DIE +LTs QUT) DIE

IF(L sLEs 2) GO TO 145

MR = DMR 4+ C+07 % RINT
148 TF{OMR «LTw Cs0) DMR = 0.0

IF(OMR oGTs 6500 DMR = 620

COMPUTE NEW D+Bsks BEFORE THINNING AND ROUND OFF TQ 0e4 INCHs.

150 DBHO = 1¢URR2*DBHT + Qo0151%SITE w 1+2417xALOGLO(BAST) 4 241450

IF(DMRT sLEs 3+3) GO TO 185 . ,
TEM = (DBHO = DBHT) x (1.0 = (04192 % DMRY = Qs754))
CHMO = DBHT + TEM :

- 185 I0BHO = DBHO * 10:0 + 045

CBHO = T0OBHO _

DRHO = DBHO * Ce1l ,

IF(UENT GTe 1000s0) GO To 160
CIE » (381 » DMRT = g463) % 0.01
IFIDIE +LTs 0¢Q) DIE = 0.0

GO TQ 1658

160 CIE = (8s64 + 3428 % DMRTI * 0v01

165 CUT = Q«C -
IF(08KT «<GE+ 104Q) GO YO 170

CUT .= 0.05288 = 0:01346 4 DBMT .+ 0:00226 » DBHT » DBHT. % 0.0000066

1% HBAST » BAST = 050001931 * DBMT » BAST
TF{0UT LT Qs0) QUT & 040 ' L

QuUT

DIEY) + 09

E Nl

JDENQ = {UENT % (1.0
CEND = JOENOD . - - T
BAGO = DENQ » (0+0054542 » DBHO «» DBHG) -

ORTAIN AVERAGE HEIGHT AND VOLUMES PER- ACRE.
Do 180 J=1,8 | |

Lug =
GO To (172,174)s LuB

1€T




OO0

o0

172
174
176

178

180

YARS = aGEQ

Gg TO 174

YARS = AGEQ = RINT

IFIYARS «GTs 4540) GO YO 178

TERH{J) = 386111 =~ 0.05375 » YARS + 0:01p24% # YARS * SITE
¢o T 1RC ‘

TEMH(J) = 033401 = 33.2866 / YARS + 0 98341 # ALOGiO(SITF) + 6927
184141 » ALCTCGLO0ASITEY / YARS

TECH(J) = 10«0 %% TEMH(J)
P\'T]‘f\h

PCT & 1.0 = Q¢0028 » DMRT » DMRT s« DMRT
CHKRG = (TEMH(1) = TEMH(Z)) * PCT

HTSO = HTST + CHNG - -

COMPLTE TGTAL CUe FT+ AND CONVERT TO QTHER UNITSs

188
130

CaH = DHFO » DBHO % HTSO

IF{02K «CTa 7000+0) GO TO 188 o : o
TCTQ = (Ce00R76 D2H » 0400058 x BASU 'w 0e00877) » DENG -
Gg Tg 130 s . .

TCTO = (CeQUR48 % DBH + 1+96336) x DEND

IE{DBKE «LTe 5+0) G0 T0 195

VD[" = BP0 : ’ )

‘BA = BASC

CAal.l LPvCL S
BOrFOQ = TOTO & PROD
CFrQ@ = PTO * FCTR

C%ANCE MOLE AND ROLND GFF FUR PRINTIMG

'._1qs

LF(l nED» IK) GO Tu 205

KDENG CENO + O

RA4GEQ AGEQ . ) . .

KHTSC HTEG + 0s5 - : S ST~
ER&SO BASO + 05 - ' L T

8 ononom

€T




C
c
c

 nr)n

 260 FORMaT (11M0+25X; 41HDWARF MISTLETOR }thCTJGR_STARTED AT 8GE SF4el,

KTQTQ = LI0TO % 01l + 05

=
KTCTC = KTQTC * 10
KCFMG = (CFMG % Ced) + 068
KCFMC = KCFAMO % 10
KBEFGC = (BEFC % Cs01l) + OB
KBDFE = KBDFO # 100 '

WRITE VALUES FnoR THE PERIOD IF THIANING IS NOT CDUES

KB=Kg+1 N
GAGE (KB ) =KAGEU :
MERCHYQOL (KB} =KCFMO
EAHTIIIKE 1 aKBOFO
MBR(KB)=0 ,

TVOL (KB)=KTQTO

DaHT = nBHY
‘BAST = 8ASQ
DERT = DENQ
- DMRT = OpME ’
HT8T = KTEQ

,EPL C”NTIHLF
'PREP&P _TC ART LuOP AaAfh FGRVNEXT_?HIN&iﬂg,'
'aos;wtsw = DLEY -

125C CONTINLE ™.
ﬁacﬁ CONT INUE

CaLL” LPCFbT(KBiNB:SAFE;MtRCHVULp SAWT LM KTREESS -
- #CMERCHVOL-CSAWTIM, LVAL:LISJCQNQTAnT;CEfTe;»sAWTIM
' “’VVERCFVLLJNRATtSaTVOL1C|VﬁL;VTVhL:GPTI”h) ' ’
CIF(START «GEs ROTA) GO TO 265 .
WRITE (602601 START,DMR,ROTA

-116H AND. RATIKRG WAS WF5ea1,8H AL AGE sF4s8)
'.'CQ>TC 278 o T LT

KRITE (6:125) KAGEQsKOENG,KBASD,DBHG/KHTSO KTOTOSKCFMOsKBDEC .

L

"EET




Hale XS noo.

(9]

Yy

30¢ CONTINUE

265 WRITF (652701 RQTa ' .
290 EQRMAT (4Hu’ 35X 63HDWARF MISTLETCE INFECTICA DLD LoT OCCUR -DURING
LTHE RCTATION OF 1FikeCr7H YEARS:) o -
278 IE{KTR sEGS u) GC TQ 28
WRITE (55280)

220 FORM&T (1HDs25X,52HNGTE THAT NOT sLL SCHEQULED THINNINGS WERF POSS

TIRLEs ]
285 WRITE (62290 ' : : : : )
23C FORMAT (1HO, abX:664VEPLHn CUs FTs = TREES 6+C INCHES DaReHs AND LA
1RGER TC 4=INCH TCP.)
WRITE (4,295 I _ : -
295 FORMAT (1MU,25X;53HBDe FTs % IREES 6¢5 INCHES DeBsHe AND LARGER TO
1 t=aIKCH TUpPs) o e

PREPARE FOR HEXT TABLE OF THE TESTs
AGEC vaRii)

NBHC = var(2)
CENG VAR{3)

GG TG 350

PROGRAN CONTROL GOES HEREIF' ANY ZEROS IN DATA. DECKe.

‘310 WRITE (4,320) ' o S
380 FORMAT (1R4 :///;10X364HEXECMT1CH STOPPED BECALSE OF NEGATIVE OR ZE

1RC ITEM CH DaTA CARD.}V

350 CALL EXIT

END .
‘UBRCuTIRL LPVOL

TD CGPvEPT TLTAL CUe FTe TO #ERUTHe C4, FTe aAxD TO'Bba FTs

covwcu BASBAST s 08! 105 DBHT s DENQ A DM2 2 OMRT 4 F CTRS PRET s PROG 4 REST, VoM
: F’CTF B Qo v ) ’ T . o . .

ET




o EaNaNe]

3 0303

Oy O Oy

o0

FROD = ¢s0 ,
IF (VDM #LTe 540} GG TO 10

QBTAIN CONVERSION FACTORS FGR MERCHs cUe FTs = VOLUMES TO 4¢QFINCH TOP
IN TREES &0 INCKES DsBsHs AND LARGER. . -

TR{VOM «CTs 6¢7) GO TO 2
FCTR = 0+343863 = VDM = 1+42291
gc To 6 oo :

2 TF{VOM +GTe S48) GO TO & . E
FOTR = 368255 w 0414007 % VDM = 135444y /) VOM
¢a Tg € . o

b FCTR = 0399503 = 0458018 / VDM

6 IF(VDM «LTe 803 GO TO 10

OHTAIN CONVERSION FACTORS FOR BDe FTe = .VOLUMES TO 6=INCH TOP IN TREES -
o8 TRNUMES DebiuHe. AND LARGERS : : ' - :

IF(VDM «GTs 1040} .G0° TO § o
FROD = 2+08874 + 0018084 » VDM 4 0.00045 » BA
Go To 10 ‘ '
& PROD = Qel185%83 + 3 74174 3% ALOGIO(VUM)
10 RETURNK
ERD . :
“UBRQLTIN% LEQUTY

TQ LSTIVﬁlﬁ TNCREAQE TN AVERAGE De B Hv DUE TU THINNING LUDCEPOLE PINE
IF DWaARF VISfltTGF RATING EQUALS Zh?O.

COMMOR BAJHAJTJDBHUJDBHTJDF”OIDMR;DMRTJFCTRJPRETJPRUDIREGT VDM .
IF(DEPL sLL.Te 245 GU T0 30 ’ . .

COMPLTE GeB ks IF DBHO 1§ LARGE EmoucH_FcR'BAséL.AREA-tg'REMAIN CONQTAx?JJ

UGET-




. € COMPUTE DeBoHe IF HA Al AREA INCREASES WITH [DeBaMe
¢ - : : o .

ERET = 1CCe0
Do 24 kHd=1,100 -
TE(PRET <LT+ 5040) GO TO §

CRHE = 0444222 + 1.03170 » DBHO = 0eC0816 % (PRET w 50¢0) a Co0000

18 x (PRET « 5030) » (PRET = 5Us=0)
Ge To 14

5 FORBHE = G+37381 = 0¢17274 % ALOGLIG(PRET) + 0479921 *

1 + 0.C%315 2 ALOGLO(PRET) % ALOG1O(DBHO)
CHHE = 10¢¢ =% POBHE . C
14 INBHE = COHE % 100 + 05
- DRRE = IDBHE : -
DHHE = OBHE »* 041
CDEME = DENG 2 PRET 2 0401
NCENE = DEAE + 0:85
BENE = RODLNE ,
BASE = 020054542 » DRANE % DBHE » DENE .
MHASE = BASE % 1040 + 048 ' .

BASE = NBASE
Bast = BASE % U1 . :
TVRY = C:s0054542 « DBHE » DBHE

TEM = BASE = REST , .
S IF(KJ sEGe 1 +ANDe TEM #LTs 0°0) GO TO 90 .
CIF(TEM «LEe TMPY) GO TO 70 - - . .
TF(TEN oLTe 4¢0) GO TO 20 -
PRET = PRET = 1.0 -
CEe Ta 24
20 PRET = PRET = 043
21 CONTINUE -
-oen T 76

30 PRET = 400 "
IF{DBHO «GTv 740) PRET = 7000

ALOG10(DBHO) -

T 9eT




NGO 65 Jm1s400
IE(PRET «GE« S0+0) 60 TG 40

FUBHE = 0+37381 = 0447274 % ALOGIC(PRET) + 0e79921 % ALOGAO(DBHO)

1o+ 04083189 » ALQGL0{PRET) ¥ ALOGLC(DBHO)

DHRHE = 100 »* PDBHE : .

¢e TU 45 ' '
40 DHHE = 0444222 + 1. OB&?O % DBHO = O 00815 f
19 x (PRET & B0s0) » (PRET = B50s0)
48 TDBRHE = DBHE % 100 4+ 045

ERaME = TUBHE
CBHE = DBHE % Q1 -
CESE = DEND % (PRET » 0.01)

NDENE = DENE + 0¢85

CERE = NEOENE D ‘

BAgE = Q00054542 » DRHE = DBHE » DENE-
ARASE = 8a8E % 10«0 4 045 '
RAgE = NPASr

PAGE = aass PR .

BREAK = 4339 % REST / 80 o

I (BASE sGTs BREAK) GO TO %Q

(PﬁET-s 5040) = 0:0000 -

LET.

CRMP = (800 / REST)- % {0s0B682 » BASE) 4+ 0+34636-

G0 TO 52, .
50 BUST = &&+2 * (REST / 8Gs0)
IF(BASE «GT« BUST) GO TO 51

COCRHRP = (Qu.o / REST) »n (0+10938 =« BASE) w 0s17858

6o TQ 52
51 Tepy s BASE » (8040 / REST)
TEM = TMPY » THMPY

CBHP = 18504740 % TMPY w Oo?6673 ® TEN + 0n001”539 TFM TMPY

Tl e MAhge76333 , :
IF(TPRY +GTe 8040) DHHP = DBHO + 008
32 InAHR = OBHKHP % 100 + (5 : '
DRHP = IDUHP
BRHP = DhaHp » 044 ,
TE(DRBRKP = DBRE) 60:,70s061

e




60 PRET .= PRET 2 1.02
o IFIPRET «GTw 100.03 Go TG 90
GO TG &5
61 PRET = PRET » c=9a
65 COnNTINKE
: 70 DHHT = OBHE
o , L
C COMPLTE POST=THINNING BASAL AREA~
C. .
IF(DahT -GTs 5¢0) GO TO 75 :
SOFT = 41> 58495 ] UBHT = 11 097?4_
) Go TG 74
- 78 IF{DBHT «GEe 1G+0) -Gn TO 77

TEM .= CHHT = UBHT -
. SQFT = 774226 % DBHY +0s85289 # TEM =0.57552 » TEV % DBHTa3-4€624
76 BAST = (REST:/ 8G:0) » SQFT '
¢o To 20 ' ‘
77 BAST = REST
80 RETURN -
‘90 PRET = 100.0
100@ RETURN
END ' ’
'cuaRGuTIm& LPLUTE

;0 h°TINATF CHANGC 1IN AVFQAGE R ek Dut T3 THlmthG LUDGEPO[E PINE
IR DhﬂRF xiSTLEFOE RATING DPTERMINFS THE STngPARDSe_

sNeKeXe

CC”NGN nAJEA&T}DEHOJDBHT»DFNGJDMRJDVRT;FCTR PRET;PHODIRFST;VDM

O

fCOPPLFF “TP”“‘DENSLTY AFTER & THINNTNG THﬁT PEDLCES THE INDEXn.

CIF(DMR +LT. 240) GO TO .5 o
CREDT 2 7745 = 845 DﬁHO £7100 % DHR.
¢o To-to

E REDT = .15-5 = SvB » uﬁh@ 4 4100 % PrR-

8¢T




- 40 PRET = 400.0 = REDT . :
CENT = DENQ = (PRET # 0‘01)
IDENT = DENT + 05
BENT = TOENT
¢ S . ) : . . _
C COMPLUTE DsBaHe AFTER THINNING TO DESIRED DENSITY
IFIPRET sLTs 5040) GO TO 15 : N . ' o B
CoHT = (+493559 * DAHO 4+ 0400668 » [(PRET = 50-0)‘+ 0000015.* {PRET
1= 50s0) % (PRET = 5040) » 0:50564 - . o
¢o To 20 - ' :

LALUGLOIPRET) * ALOGLO(DBHO) = 067651
DAHT = 400 »% DBMT o
‘20 IDBHT = DBHT # 1040 + 048
T BBMT = IDBHT
CAHT = DBHMT % 01 S
BAST = Qo 0054542 % UBHT ® DBHT % DENT
RETURN : . S
END - L
S SUBROUTINE LPCUTS
c S '
C TO ESTIMATE INCREASE IN AVERAGE DeBuife DUE TQ THINNING FRDM BFLDN IF
c DNARF NISTLETOE RATING Is GREATtR THAN ZERO _
o
C“MVﬁn” AJBAST)DHHO DBHT wrwo:omw DMRT:FCTﬁ:PRET:PROD!REST,VDM

. IF,(DBHG ,a!_‘[‘.. _S_HS) 30 70 a0
c ) _

. FRET = 100.0

Po 24 Kd=1,100 - . '

IF(PRET sLTe 50.0) GO 10O & . : '
DEHE = §+44222 4 1403170 » DRHO < Qo 0081& L (PRET ' 50- ) @ 000000
19 & (PRET = '5040) s (PRET = 5040}

15 DRHT = C«33478 » ALOGLO(PRET) 4 1442477 . ALOGLO(DBMO) = 0421199 »

6ET

C COMPUTE D+BeHe IF DBHO I8 LARGE ENOUGH FOR BASAL AREA TO REMAIN CONSTANT.




s XaNy

co Tooidt : :
5 PORHE = 5.37321 = 0417274
1 4 0.08315 # ALOGLO(PRET)
.. LBHE = 100 =» PDBHE -~
11" TEM = DRHE « DUBHQO .
CRHE = DBHO + TEM % 0:5
IngHE = DBHE * 100 4+ 045
CBHE = IDHHE : :
- CAHE = 0BHE » 0.1
CENE = CENQ 2 PRET # 0.01

KDENE = DENE + (025

CENE = NOENE ,

BASE = 0.0054542 » UBHE »
NBASE = BASE % 10+0 + 045
RASE = nBASE

BASE = BASE » G4

THMPY = Q0054542 « DBHE =« DHBME

TEM = BASE = REST

IF{KJ. s€Q« 1 aAND.
IF(TEM olLte TMPY])
IF(TEF iLTi 4'0)
"PRET = PREY = 1.0
‘6o To 24

TEM sLTe Q¢
Ge 10 70
GO TQ 20

‘20 'PRET = PRET = 043
21 ConTINUE

6s To 73

30 PRET = 40+0

IF (PRHD «GTe 7s0) PRET = 7040
£C 65 J=1s100

IF(RRET +GEe 50e0) GO TO 40
CEDBME = 037321 = 0e17274 4 AL
1 4 Cs0831% » ALOGLGIPRET) #- AL

¥ ALOG1O(PRET)
* aL0G10(0BEO)

o

+ 0579921 # ALOGL0(DBHQ)

DBHE » DENE

oYt

Qe TO 90

COMPUTE DeBoHs IF BASAL AREA INCREASES WITH DeBaie

40479921 X ALOG10(DBHO) -




CRME = L0+0 2% PLEHE .
CQ TC 495 ' : : . _

40 DOME = 0+44222 +.4403170 » DBHO = 2:0C81% % (PRET = 500} = CeIC
19. % (PRET = SGs0) x (PRET = 50:0)° - S :

- 45 TEM = CBHE w DBHC .

T DBME = DBHO + TEP 2 0485 .

ICBHE = DHHE * 1040 ¢+ 05

(9
=
=

ﬂBHE = [DUHE
. DBHE = DBHE =+ 0ei B
LENE = DEND # (PRET % 0.04)

NOENE = DENE + 0s5
DENE = NDENE : .
BASE = 0s0054542 » DRBHE = DBHE » DENE
NBASE = BASE # 100 + 0.5
BASE = NBASE
" BAasE = BASE » G.2 S
BREAK = 49.:9 % REST / 80,0
- IF(BASE «GTs BREAK) GU TO 50 . .
-CBMP = (B0«0 / REST) #-{C:08632 » BASE) + 0.9463¢
§0 BUST = @42 * (REST / 8040}
~ If{BASE «GTs BUST) Q0. TO 51 o
DBHP = (80«0 7/ REST) » (0+10%93E 2 BLSE) = (17858
Go Tg &2 - o -
51 TePY = BASE »x (80«0 / REST!
TEM = TEPY 2 TMPY _ - - -
- DBHP = 1304740 2 TMPY = 026673 2 TEM + 0012539 % TEM = TMPY
1 s H4Re746833 ' ST ~ - o N
. L IF(TMPY +GTs 80eD) DBHP = DBHU + gi8 -
52 InaHP = DUHHP- % 100 + 0.8 :
] Dayp = 1084P ’ -
- DBHP. = pDBHP » 0.1
IF(DBKP = DOBME) 60:70.61 -
50 PRET = PRET » 1.0p "

CTHT




RPN

IF(PRET .GT"too'oy GO0 TO 9V
f 1 G0 Ty 65 r
© 61 FRET = PRET » D.38"
65 COMTINUE
70 DBHT = DBHE-

= o]
¢ CoMPLTE PGS ST THINNING HASAL AREAc~
: IF(DRMT «GTe 65e¢0) GO TO 75.
SOFT = 1158495 #'DBHT-E.110097E4'
N L« I Y- ' : '
" 75 1P (DRHT GEs 10.0) GO TU 77
© 0 TEM .= DBHT = DBHT . -
 SGFT = 7.742E86 * DBHT +0.85289 » TEM ~0.07552 # TEM X DBHTu3.45624
‘26 BAST & (RELST / 8Ce0) & snFT
S GC To 8O
.77 BAST = REST
.80 RETURN -
80 PRET .= 1000
© RETURN
Eng. S
 SUBROLTINE LPCU“T(KBiMB;SAFt MFRCHVOL:SANTTV NTREESS
HCMERCHVOLs GSAWTIMICVALSDISsCONSTANTS CFGTB;VSAWTIM
, *VMERCHVOL4NRATES :TVOL;CTVOLJV1VOlaOPfION) '
¢

B SCEBRCLTIKE TO EALCULATE -RETURNS A5 DCIAFED WITH DNARF
~.C NI‘TLFTOF INFFSTATION& AND CONTRUL PROCEDURES
e .

_ CIHFmsInn MB(EO):SAGE(“O):NERCHVOI( O)JSAWTIM(EO)
'n:mTRrF¢(¢U.,CMERCHv01(ac),CVAL(003;9UT(12),D1815),YNRtao)
#yCROPYAL(20),CS AWTIM(EO);LONGIANT(8):TVDL(dO)JCTVOL(?U)

VRTTE(G; 1019 . :
1101 FCRMAT(///71Xs'8 TAND';3Yx'vALUt';zx:'EoTnﬁlIswa';exo
*YVALUE QF '24X2'COST 54X "NET RETURN' 22X, 'PERICDIC! /
#cy;'nGE':Ex;'OF TREF',ax;'MhN‘ CosT' s 4%:'(ROP'J7XJ'OF';7X0

[4a"




¥t FRUV’ GRXAINET'/VIYEARS ) ' 2% "CROPVi1EX,
RITHINKED 23X "THINNING S 2% "THINAIRG 58X, TRETURNS Y )
T YR )=« (CESTBI o
CROPYAL (1) =0
: WRITE(&,1140C3) OaOrCESTB:G;OrCiR{CESFB? .
4103 FCRMATIEX 4 [3,FOe 1023 F11*20F10425F10Cs2,F12:2)
© Lo 10C% I=1,KB ' ; ‘
VTHIN=CTRFIN=RTHIN=Q
CROPVAL(1+")—V*ERCHVGL"MFRCHVU‘(I)
O IF(SAWTIMUIISNEG) CROPVAL(I+TimveawTIMegaAWwTIM(I)
CIF(CPRTICNCEQ«1) CRUPVAL(I+1)=VTvolLeTvelit)
“IF (#BUI)sEQ«Q«URsI+EGekB) GO TG 1602
VTRHINEVMERCHVOLXCMERCHVOL (T
IF(CQAWTIMIIYeNE«Q) VTHI haVSAhTI*#CSAHTIV(II
IF(ORTIChSEG.1) YTHIN=YTYOL #CIVAOL(T)
CTHIN={(&48«143+C. OaserREES(l)*CVAL(L)»&E)X1s‘02)/ble9
IFIMNTREESIIY«EQeC) CTHINED
: CRTHIN=VY FxN“LTHIN C
10cc YNRUT+1)=RTHT o e
KRITE(&:11 03) ShGh'I);CQCPVAL(I+1\sb:VTHIK,CTHIN;RTH[N Y\R(I+1)
10C8 CONTIRUE ' , .
Dt 1890 M=i1aNRATES
WRITET6,1105) DIS(asMa1),DIS(2xMY) . ' '
10“ FDRV&T'//1xf'STAhO'odx:’PFRIGDIC';EXJEI'CI“CthT'saxi
®ipTe anThu 43X1‘CUVULATIVE'J*Xp‘VALUE'i%Xl"
'~¥'CGNTPCLLFD'51X)/EXi'tCE' o ' '
"fﬂ&?;'RET';“XpL(Ex:'RATE',4XI'°EP JDIC FT‘::X:'DISCCLNTFD'AQX;

M'To',1cx;‘TC';&X)"(VFa#b\'JEX,'RETLRRC':?XiE(ix;F“-316Xz'RETbﬁhqf

CmruXs INET RETURNS ' 2Xy LINFINTTY! 3y, (INFI SITY'3X1/)
» “LJP‘& SLI 2 0 ' - .. -
_PL (;Cq I 4'{5*1

A2)




IF(TIWEGe1) QUL Y =0

COIF(TIsGTe1). Obl(i)-SAGE(I 1)

;LLT(P)‘YhR(l)

D CLT(a "-U/((1+DIS(2#Mn1))u#(OL*(iiﬂSAGE(i)))
CUTI)=00T(3)%#0UTra21} .
CUT(®)=8 WM +CROPVAL (T 20UT(3)
SUMLl=SLL+OUT (&)

GbT(e)ach(5)“(1‘u/(1509(1=b/(*-C+DI°(£#Va1)))¥4CGLT(1)BSAGE(1))))

C IF(ICEQ2)0UTIO)=QUT(S)»#(1C/110a(140/(15% C+"IS(E¥M=1)))))
CCUT(7)=20UT{5+CONSTANT (BeM=11%0UT (3] . : :
OhT(i)=1-O/((i+DIS(E#w))%#(OufiirnSAGEiil))
COUT(SY=0UT {8)%0UT(2)
'”UT(io)-SUM?+CROPVAL'I)NGUT(S)
SUME=sUME+0UT 9
CUT (41 1=0UT(101% (1. O/(i-om(lao/(1+DIS(?#V)))&#(OUT(1)“SACE(1)>))
IFITIEQe210UT(11)=0UT(10)#(1s0/(140=(15 G/(1+DIS¢E¥N)))))
o CUT(12)1=0UT(10) +CONSTANT (22M)*0UT (&1 '
1008 WRITE(&,1107) (OUT(J),U=21,18) , '
1407 . FORMAT(BXJIS)Fio'EJEXIZ\F733!“XlFB'E'QX)FEiaJFiz'ElafoS 2:3X))
1010 CONTINGE ,
WRITE(G,1109) VSAwTIM#icuo,vmtRCHVQL sVTVCL
1109 FORMATI G 85X "WALUE OF SAWTIMBER IS!',Fg2,'/M'y
HEY; 'yALUE OF MERCHANTABLE VOLUME 18',F6e25'/ClUs FT4'/
#26Xs 'VALUE OF TOTAL VOLUME IS'sFé«2s'/CUY rTa'/)
: REPEAT 1015, FOR Tu{i,NRATES)
101 ,WRITE(épxlmis DIQ(’”Ikl)JCO”SlAN’(ﬂ*IﬁL)JCIS(E¥I?JCGNSTAHT(P#I)
‘—1111 FORMAT (21X, 2EBXs VFOR DISCOUNT PATF OF'11X5F4°331XJ .
U #'CUNSTANT 15':F7o2)) ‘ . oo
RETLRN Co
CERD

T
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