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Abstract
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namicprogramming) to characterizethe optimal policy function, the rent-maximizing
timber-harvesting pro¯le. One noteworthy feature of our empirical application is the
uniqueanddetailedinformation wehaveorganizedin the form of a dynamicgeograph-
ical information system to account for site-speci¯c cost heterogeneity in harvesting
and transportation aswell asuneven-agedstand dynamicsin timber growth and yield
acrossspaceand time in the presenceof stochastic lumber pricesand timber volumes.
Our model is a powerful tool with which to conduct policy analysis.

JEL Classi¯cation Numbers: C61, C81, D92, H32, L73, Q23.

Keywords: stochastic dynamic programming; optimal timber rotation; spacial eco-
nomics;rent maximization.

¤ Corresponding author: 108Pappajohn BusinessBuilding; 21 East Market Street; Iowa
Cit y, Iowa 52242-1944.Telephone:(319) 335-0936;Facsimile: (319) 335-1956;E-mail:
hjp@paarsch.biz.uiowa.edu



Ac knowledgemen ts

We are grateful to several individuals at the British Columbia Ministry of Forests
for their coÄoperation and help. Peter Fuglem, then Manager of the Development
and Policy Sectionof the Timber Supply Branch (which is now known as the Forest
AnalysisBranch), took an early interest in the project after Bill Howard, the Director
of the Revenue Branch, organizedan inter-ministry meeting at which the basic idea
waspitched. Thereafter, Dave Waddell, Tim Bogle,and Albert Nussbaum(all of the
Forest Analysis Branch) were instrumental in helping our research assistant, Mark
Weldon,construct the geographicalinformation systemthat wascentral to organizing
the data for the project.

Cam Bartram and Rob Drummond, of the Ministry of SustainedResourceMan-
agement, provided much early helpful advice necessarywhen implementing the pro-
grammeVDYP for our problem; ShelleyGrout, of the Ministry of Forests{ Research
Branch, provided us a copy of the programmeVDYP. Ken Polsson,of the Research
Branch, gave extensively of his time using the programmeTASS to create the data
necessaryfor us to estimatea stochastic growth-yield equation. Jim Goudieand Ken
Mitchell, also of the Research Branch, provided advice that was useful in evaluating
our stochastic growth model.

We cannot overstate the contribution of our research assistant, Mark Weldon.
A mechanical engineerby training, a forester in a previousprofession,and currently
a Ph.D. student in environmental engineering,Mark toiled quietly and e±ciently for
two yearsto build us an extraordinary data set; we are in his debt.

The ¯nancial support of the National ScienceFoundation under grant SES-
0241509madethe entire project possible;we are alsograteful to the NSF for ongoing
support and, in particular, to Dan Newlon for his encouragement.



1. Motiv ation and In tro duction

The application of recursive methods and, in particular, the method of dynamic
programming to structure economic-decisionproblems involving both risk and time
is by now quite standard,especially in the natural-resourceeconomicsliterature. This
paper goesbeyond what is contained in thosethat build on Faustmann(1849): viz.,
Kaya and Buongiorno (1987); Brazeeand Mendelsohn(1988); Morck, Schwartz, and
Strangeland(1989); Reedand Clarke (1990); Haight and Holmes(1991); Thomson
(1992); Reed (1993); Provencher (1995); or Reed and Haight (1996). First, we
take geography seriously, both in the planar senseand in the three-dimensional
sense.Second,we take site-speci¯c heterogeneity seriouslyboth on the cost side in
terms of harvesting and transportation and on the growth and yield side in terms of
heterogeneousstandsof timber. Third, we model initial conditions. In particular, we
do not takeasa starting point a steady-stateallocation, or evenan optimal allocation.
Instead, we take the existing, potentially uneven, agedistribution of timber as given
and derive the optimal policy function|the optimal timber-harvesting pro¯le|in
terms of this age distribution. Fourth, we use best-practice biological methods to
model the dynamics of uneven-agedforest growth and yield. Fifth, in the past,
economistshave typically demonstrated their methods by solving simple examples
in closed-formor they have imposedconditions su±cient to sign comparative static
predictions. Below, we harnessrecent developments in computational methods to
solve numerically for the optimal policy function.

Weareableto accomplishtheseadvancesbecausewehavehad accessto informa-
tion from unique and elaborate databasesmaintained by the Ministry of Sustainable
ResourceManagment, Terrestial Information Branch, and the Ministry of Forests,
Forest Analysis Branch (formerly, the Timber Supply Branch), in the province of
British Columbia, Canada. From these di®erent databases,we have constructed
a dynamic geographicalinformation system whosedi®erent relations we have then
exploited to develop estimatesof site-speci¯c cost heterogeneity in harvesting and
transportation as well as uneven-agedstand dynamics in timber growth and yield
acrossspaceand time.

Our empirical framework is quite rich and allows us to conduct a variety of
di®erent policy experiments that previousresearcherscould not. For example,we can
simulate what the optimal economicresponseto a Sprucebeetle infestation would
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be. In addition, we can also investigate the implications of di®erential productivit y
improvements acrossthe sawmills in our study area. Furthermore, we can compare
our estimatesof the optimal harvesting policy with the harveststhat have occurred
during the last decadeaswell asthoseharveststhat areplannedover the next decade.
Finally, from the perspectiveof industrial organization,wecaninvestigatehow the the
province of British Columbia might behave as a \big player" in the lumber market.1

2. Previous Theoretical Structure

In order to place our research in an historical context, we ¯rst develop a notation
and then outline a simple theoretical framework which some previous researchers
have used to investigate the optimal harvesting of timber. This work allows us to
isolatea variety of di®erent and important featuresof the timber-harvestingproblem.
Subsequently, we go on to extend the existing research in section3.

2.1. Biological Environmen t

Forests are biological assetswhose net returns typically depend on, among other
things, the age of the standing timber. In Figure 1, we present a stylistic graph
of the relationship betweenthe agea of an even-agedstand of timber on a harvest
block of a particular areaand its average(mean) volume q(a). Note that with aging
the mean volume rises, initially quite quickly, but subsequently at a slower rate. In
the absenceof disaster or disease,the mean volume will approach an asymptote · .
Both the rate-of-changeof mean volume ¢ q(a) and the asymptote of mean volume
· are speciesdependent and can be in°uenced by a variety of environmental factors,
someof which are under the direct control of the forester;e.g., the density of stems,
whether the stand is old or new growth, and so forth.

2.2. Maxim um Sustainable Yield

One commonly-usedcriterion for determining the harvest of timber as well as other
biological resources,such as ¯sh, involvesthe conceptof maximum sustainableyield.

1 Sawmills in British Columbia produceabout twenty-¯v e percent of the softwood lumber supply
in North America.
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Figure 1
Age Path of Tim ber Volume
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In Figure 2, qM SY denotesthat volumeat which a stand's rate-of-changein meanvol-
ume is at its maximum ¢ qM SY . Under the maximum-sustainable-yieldmanagement
criterion, an ageAM SY exists at which to harvest the stand, yielding qM SY units of
timber.

Supposethere are a total of N harvest blocks. Consider dividing all of these
blocks into AM SY di®erent typesof plantations, each of a di®erent age,but each with
the samespeciesand stem density. Under the maximum-sustainable-yieldcriterion,
in a steadystate, a uniform agedistribution f (a), often referredto asa normal forest,
will obtain. Such an agedistribution is depicted in Figure 3. Given the N harvest
blocks, this implies that (N=AM SY ) sites will be harvested in each period, yielding
an averagetotal volume of timber [N q(AM SY )=AM SY ], which we shall denote¹t.

2.3. Lum ber Pro duction

A useful approximation to the milling processof timber is the Leontief production
function. For this technology, hours of labour input h and cubic metresof timber t
are combined accordingto a ¯xed-coe±cient production function to yield an output,
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Figure 2
Biological Rate-of-Change
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lumber `, in thousandsof board accordingto the following:

` = min(®h; ¯ t) 0 < ®; 0 < ¯ :

The parameter ¯ is often referred to by lumbermen as the lumber recovery factor
(LRF). The unit isoquant for this production is depicted in Figure 4 by the right-
angledcurve with 1 besideit; in this case(1=®) units of h are combined with (1=¯ )
units of t to produce one unit of `. Another representativ e isoquant, which exceeds
that for 1, is depicted to the northeast of 1 and denoted `1. A key feature of this
production function is that alongan isoquant no scope exists to substitute the factor
input labour h for timber t to get more output lumber `, so economically-e±cient
production obtains along the ray wheret equals(®h=¯ ); i.e., a constant factor-input
ratio is maintained regardlessof factor-input prices.

Given the Leontief technology and assumingthat producerstake input pricesas
given onecan derive the following total- (C) and marginal- (c) cost functions:

C(`; w; s) =
µ

w
®

+
s
¯

¶
`
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Figure 3
Age Distribution, Normal Forest
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and

c(`; w; s) =
µ

w
®

+
s
¯

¶

where w is the wage of labour and s is the price of timber, often referred to as
the stumpagerate. Let c0 denotec(`; w; 0), the marginal cost when s is zero. With a
Leontief technology, c0 is the marginal costof all factor inputs, excludingthe natural-
resourceinput timber.

2.4. Some Institutional Features

In many jurisdictions, government agenciesoften disposeof publicly-owned timber
using administratively-set prices. In such situations, questionsof what to chargefor
such publicly-owned assetsarise naturally. Conditional on a maximum-sustainable-
yield volume ¹t, for example,the principle behind determining the optimal stumpage
rate ¹s¤ dates back to Rothery (1936) and involves rent maximization. Basically,
absent formal markets for timber, the price that a \central planner" should charge
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Figure 4
Leontief Pro duction Function

t=(a h/b)

(1/b)

(1/a)

1

l
1

0 h

t

for each cubic metre of timber is that resource'sresidual value, its rent; viz.

¹s¤ = ¯ (p ¡ c0) = ¯
µ

p ¡
w
®

¶
:

This can be deducedfrom the graph in Figure 5. Here, the parameter ¯ in front of
(p¡ c0) simply ensuresthat the units match; p and c0 are in dollars per thousandsof
board feet of lumber while ¹s¤ is in dollars per cubic metre of timber. Thus, the units
of ¯ are thousandsof board feet per cubic metre, thoseof the LRFs.

2.5. Site Heterogeneit y

Di®erent stands of timber often have di®erent LRFs. In the absenceof other infor-
mation, oneconvenient way to model stand-speci¯c di®erencesin LRFs is asrandom
draws from a probability density function g(¯ ). An exampleof g(¯ ) is depicted in
Figure 6. Randomdi®erencesin LRFs then meanthat the rent-maximizing stumpage
rates depend on stand-speci¯c factors, so the stumpagerate ¹s¤(¯ ) will be a function
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of the stand-speci¯c LRF ¯ . Thus, stumpagerateswill re°ect di®erential factor rents
in the senseof David Ricardo (1817).

Di®erent standsof timber areoften locatedat di®erent distancesd (in kilometres)
from timber-processingfacilities. Typically, transportation costs per unit volume
° d are signi¯cant, where ° is the cost of transporting the timber equivalent of one
thousand board feet of lumber one kilometre. In this case, the rent-maximizing
stumpagerate is determinedaccordingto the following:

¹s¤(¯ ; d) = ¯ (p ¡ c0 ¡ ° d) = ¯
µ

p ¡
w
®

¡ ° d
¶

:

Thus, the rent-maximizing stumpagerate hasa location-speci¯c rental component in
the senseof Johann von ThÄunen (1826) as well as a Ricardian component.

2.6. Rent-Maximizing Solution

Most of the analysisconsideredabove has beencouched in terms of a steady-state,
maximum-sustainable-yieldharvest ¹t. An unusual feature of this solution, at least
from the perspective of an economist, is that ¹t, the volume of timber brought to
market in each period j , is independent of economicvariablesand determinedsolely
by biological parameters.

The German forester Martin Faustman (1849) introduced the rent-maximizing
way in which to rotate a forest, which is often referredto as the Faustmannsolution.
To begin, we shall introducethe Faustmannsolution in terms of the management of
an even-agedstand of timber on a singleharvest block.

Assumethat k, the costsof planting a harvest block at a particular stemdensity,
are incurred in period 0, while in period A a net revenue of ¯ (p ¡ c0 ¡ ° d)q(A) is
realizedfrom the saleof the harvestedtimber as lumber. When the discount rate is
±, the present-discounted pro¯t ¼from the saleof a singlerotation of the timber is

¼(A) = ¡ k + ¯ (p ¡ c0 ¡ ° d)q(A) exp(¡ ±A):

In a multi-rotation setting, after the harvest of the ¯rst stand, another stand will be
planted and then harvestedand, after that, another, and so forth. Thus, the rent to
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Figure 5
Demand and Supply of Lum ber
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the scarceland of an in¯nite number of rotations of the samespeciesof stand is

V(A) = ¼(A) + ¼(A) exp(¡ ±A) + ¼(A) exp(¡ 2±A) + : : :

= ¼(A)
1X

i =0

exp(¡ i±A)

=
¼(A)

[1 ¡ exp(¡ ±A)]

=
[¯ (p ¡ c0 ¡ ° d)q(A) exp(¡ ±A) ¡ k]

[1 ¡ exp(¡ ±A)]
:

For this block of land, the rent-maximizing harvest date A¤ is characterizedby
the following ¯rst-order condition:

¯ (p ¡ c0 ¡ ° d)q0(A¤) = ±̄ (p ¡ c0 ¡ ° d)q(A¤) + ±V(A¤):

The term on the left represents the marginal bene¯t from holding the tree an extra
\p eriod," while the two terms in the sum on the right represent the marginal cost.
The marginal bene¯t is the rent-maximizing value of the timber multiplied by the
change in volume, while the ¯rst term of marginal cost is the opportunit y cost of
interest on the net revenue and the secondterm is the rent on the land.

Again, considerdividing the N harvest blocks into a number of di®erent typesof
plantations, each of a di®erent age,but the samespeciesand stemdensity. This time,
however, let there be A¤ di®erent agesinsteadof AM SY . In a steady-state,a normal
forestwill obtain which is depictedin Figure 7. Onecanreplace¹t with t¤, which equals
[N q(A¤)=A¤], and much of the economicanalysisof the maximum-sustainable-yield
casepresented abovecarriesthrough without any major modi¯cations. Now, however,
A¤ dependson the biological parameters(· for example)aswell asp and w (through
c0), and also®, ¯ , ° , ±, and d. Thus, the optimal volume of timber harvestedt¤ (the
supply curve) as well as the optimal stumpagerate s¤ depends on these too: viz.,
t¤(p; w; ®; ¯ ; ° ; ±; d) and s¤(p; w; ®; ¯ ; ° ; ±; d). Also, s¤ is potentially quite di®erent
from ¹s¤.

2.7. Common Criticisms of the Faustmann Framew ork

Practioners attempting to implement the Faustmann solution often complain that
the framework provides little guidance concerning what to do when a forest has
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Figure 7
Faustmann Normal Forest
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previously been unmanaged, so the current age distribution is uneven. For, in
many jurisdictions, some stands of timber have never been previously harvested,
while others have been harvested, but allowed to regeneratenaturally, so the age
distributions in such standsare not thoseof a normal forest in either the maximum-
sustainable-yieldor the Faustmannsense.This is perhapsthe most commoncriticism
of Faustmann's work. Moreover, this criticism does not go away once an optimal,
steady-state obtains. For even if the initial forest were in a steady-state, even-
agedFaustmann distribution, a change in the economicenvironment (for example,
becauseof an increasein lumber pricesp), would induce an uneven-agedistribution.
After several shocks, a representativ e agedistribution might look somethinglike that
sketched in Figure 8.

Another criticism of the Faustmann framework is that selective harvesting is
implicitly assumed.The economicandengineeringreality of harvestingtimber implies
that selective harvestinga particular strata of the agedistribution is often impossible
to do e®ectively. Thus, unlike in even-agedplantation tree farming, whereselectively
cutting a particular part of the age distribution is feasible, in old-growth forests,
clear-cutting the entire heterogeneousagedistribution in a stand of timber is a fact

10



Figure 8
Age Distribution of Old-Gro wth Forest
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of life.

A third criticism of the Faustmannframework is that forestsexist in space:they
are in di®erent planar locations as well as at di®erent elevations. This heterogeneity
implies that the their growth and yield functions as well as their harvesting and
transportation costsare heterogeneous.

A ¯nal criticism of the Faustmannframework is that economicvariables,such as
lumber prices,and biological variables,such as volumesof merchantable timber, are
typically subject to stochastic variation over time. Thesefeatureschangemarkedly
the decisionproblem.

3. A Geographical, In tertemp oral, and Sto chastic Mo del

Below, we develop a theoretical model which admits the four features of either
natural forestsor the economicenvironment discussedin the previoussection: ¯rst,
initial conditions; second,engineeringand physical constraints; third, geography; and
fourth, stochastic variation in both biological and economicvariables.
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3.1. Recursiv e Solution via the Metho d of Dynamic Programming

To provide a solution to the problem having the above features,we adopt a recursive
modelling strategy and, in particular, the method of dynamic programming. What
we want to do is take the in¯nite horizon facedby the decision-maker, and break it
into a decisionto be made this period, and then a continuation into the future. All
of our assumptionsare made to ensurethat such a recursive decomposition can be
constructedin a computationally-tractable way.

3.1.1. Assumptions concerning the Economic and Physical Environmen t

We begin by assumingthat the central planner (the government, also referred to as
the Crown below) has timber-bearing land which is divided into individual harvest
blocks. We shall formulate a dynamic-programming problem whose solution will
determine the optimal time at which to clear-cut the timber on a particular block.
The objective is to maximize the expected discounted value of rents earned from
managinga portfolio of blocks over an in¯nite horizon. Below, we shall refer to the
decisionto clear-cut any particular block as the decision\to harvest" the timber on
that block. We assumethat clear-cutting is optimal becausethe costsof selectively
harvesting individual stemson a block are prohibitiv ely high.

We assumethat the timber growing on each block is relatively homogeneousin
terms of the age,biomass,and speciesof trees. In fact, when we cometo implement
our framework, a harvest block will be de¯ned in terms of a GIS grid which is
homogeneousin this senseas well as in terms of harvesting costs.

We assumethat no capacity constraints exist on the resourcesneededto harvest
di®erent blocks; i.e., any particular harvester in a Timber Supply Area (TSA) or
any particular TreeFarm Licensee(TFL) can procure additional harvesting capacity
at a constant marginal cost.2 This assumption allows us to treat di®erent blocks

2 In British Columbia, nearly 90 percent of all timber is on government-owned (Crown) land.
Basically, the Crown, through the Minister of Forests,sells the right to harvest the timber on
this land in two di®erent ways. During our sampleperiod, the most commonway wascharging
administrativ ely-set prices to a small number of ¯rms who held Tree Farm Licensesor other
similar agreements. The terms of theseagreements werenegotiated over the last three-quarter
century , and require that the licenseeadopt speci¯c harvesting as well as reforestation plans.
About ninety percent of all Crown timber is harvested by ¯rms holding Tree Farm Licenses
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separately, greatly simplifying the dynamic-programming problem. Otherwise, we
would have to keep track of the available harvesting capacity and considerhow to
ration this available capacity during periods whenthe number of blocks scheduledfor
harvesting exceedsthe havesting capacity.

A related assumptionis that the cost of harvesting timber is independent of the
number of blocks to be harvestedor the volumeof timber harvestedon a given block,
although the cost of harvestingcould depend on the particular characteristicsof each
block.3 This is equivalent to the assumptionthat harvestersfacea perfectly elastic
supply of ¯rms willing to fell treeson any particular block, and that a decisionto cut
a larger number of blocks will not signi¯cantly bid up the pricesthese¯rms charge.

We also assumethat British Columbia is a small player in the international
market for lumber as well as pulp and paper, so that at any particular time the
Crown facesa perfectly elastic demandfor timber at the current market-determined
spot price.4

Finally, we assumethat any given block will always be used for growing and
harvesting timber and that the block has no alternative use. Later, we shall show
how the problem can be modi¯ed to allow for a decisionto convert permanently the
block to a best alternative use,such as conversion into parkland, or saleof a block
for a housingor industrial development project, and so forth.

3.1.2. Solution Heuristic

In our model, harvesting decisionsare made at discrete points in time, such as the
beginning of each month, quarter, or year. The periodicity of the model can be
changedeasily, assumingsu±cient data exist to estimatetransition probabilities of the

or similar agreements. The second,and lesscommon way, to sell timber is at public auction
through the Small BusinessForest Enterprise Program.

3 In fact, we shall make use of elaborate and unique site-speci¯c data gleanedfrom a GIS to
control for this sort of heterogeneity.

4 Our framework is su±ciently general that it can be used later to investigate the casewhere
the Crown is a \big player" in the timber market, so its harvesting decisionshave an impact
on the spot price of lumber. As in the caseof capacity constraints on harvesting decisions,this
will create an inter-dependency in the harvesting decisionssince, on the margin, increasing
the volume of timber harvestedcan depresscurrent spot prices and this may make it optimal
to delay harvesting timber on certain plots to avoid unduly depressingthe current spot price
of lumber.
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state variablesat su±ciently ¯ne time intervals. The basicdecisionin the dynamic-
programmingmodel is binary: to harvest a particular block or to delay harvesting to
a future period.

The dynamic-programmingproblem we analyzeis a considerablegeneralization
of the simpleFaustmantimber-harvestingproblem outlined above becausewe specify
much richer and more realistic stochastic models of both timber volume growth and
future lumber prices. Our model is often referred to as a regenerative, optimal-
stopping problem. Similar problems have been analyzed and solved previously by
Rust (1987) and Provencher (1995).5 The stopping decision is equivalent to the
harvest decision. The problem is referred to as regenerative because,oncea harvest
occurs, we assumethat the new seedlingsto be planted are identical genetically to
thosestemsthat camebeforethem. As in the Faustmanproblem,an in¯nite sequence
of harvestsover an in¯nite horizonoccurs. However, unlike in the Faustmanproblem,
the optimal harvests in the stochastic version of the problem will occur at random
intervals of time dependingon the expectedrate of changein the spot price of lumber
and the condition of timber on the block.

Thus, the harvest decisionat time j will depend on a vector x j of state variables
that describe the state of a block, the price of lumber, and other macroeconomic
variablesusefulin forecastingfuture lumber pricesand harvestingcosts. In our initial
analysis,the vector x j will consistof just two variables(qj ; pj ) whereqj denotesthe
current volumeof merchantable timber on the block, measuredin cubicmetres,and pj

denotesthe current spot price of lumber. Later, we shall incorporate zj , an indicator
of diseasein the timber on the block, as well as m j , a vector of macroeconomic
indicators (such as the unemployment rate, industrial production, etc.), useful in
predicting future lumber prices.

We plan to include a diseaseindicator as a state variable becauserecently the
Sprucebeetle,Dendroctonusru¯p ennis, hasbecomean important problem in British
Columbia. Diseasecan spreadto a block and damagethe timber or slow its growth.
The presenceof a diseasemay be an important reason to acceleratethe decision
to harvest a particular block. Diseasemay causeexternal e®ectstoo; e.g., disease

5 Provide a description of how thesesolutions are di®erent from those contained in: Kaya and
Buongiorno (1987); Brazeeand Mendelsohn(1988); Morck, Schwartz, and Strangeland(1989);
Reed and Clarke (1990); Haight and Holmes (1991); Thomson (1992); Reed (1993); or Reed
and Haight (1996).
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could spread to neighbouring blocks of timber, so even if a given block is not yet
diseased,the presenceof diseasein nearby blocks may be a good reasonto accelerate
the decision to harvest. A complete analysis will require analyzing all blocks in a
given region simultaneously. For simplicity, initially , we shall ignore potential inter-
dependenciesand only considerindicators of diseasein the block under consideration,
although zj could easilybe interpreted asan indicator of the presenceof diseasein a
nearby block and the subsequent analysiswould proceedin the samefashion.

Initially , we have ignored other natural disasters (such as ¯res, windstorms,
landslides,or avalanches). On any particular block, thesedisastersareapproximately
serially independent. Thus, we shall assumea transition probability ¿1(qj +1 jqj ; zj +1 )
that accounts for such disastersin the sensethat there is someprobability that the
total volume of timber in the next period is lessthan the current volume (qj +1 < qj )
as a result of a ¯re or someother natural disaster that occurs in period (j + 1), as
indicated by zj +1 . Otherwise,underordinary conditions,qj +1 will exceedqj re°ecting
the usualgrowth of timber on the block. The rate of growth may beuncertain because
of random °uctuations in rainfall, the amount of sunlight, and so forth, and it can
also be a®ectedby diseases. We do not believe it is reasonableto treat diseases
as being serially independent. For this reason,we plan to account for the presence
of the diseaseindicator zj +1 in addition to qj in our stochastic predictions of next
period quanity qj +1 . We also plan to account for stochastic diseaseprogressionvia
a separatetransition probability ¿3(zj +1 jzj ). We have ignored weather as a state
variable becausewe believe that, except for seaonalpatterns, variations in weather
are,to a ¯rst approximation, serially independent events. However, subtle longer-term
dynamic changesin climate may exist, such as those induced by global warming. If
theselonger-termpatterns areimportant, then wecanincludeweatherand/or climate
state variablesin future versionsof the model.

Randomnessin the evolution of the spot price of lumber is re°ected in the
transition probability ¿2(pj +1 jpj ; m j +1 ). Next period's spot price pj +1 is random,
but its probability distribution can depend on this period's spot price pj as well as
a vector of macroeconomicindicators m j +1 that are useful in predicting future spot
prices. As mentioned above, thesemight include the unemployment rate, and various
indices of industrial production and home building that a®ect the overall demand
for lumber. Sincethesemacroeconomicindicatorss are certainly serially correlated,
we shall also include a ¯nal transition probability ¿4(m j +1 jm j ) that re°ects the
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stochastic evolution of thesevariables.

3.1.3. Bellman's Equation

Let V(x j ) denote the expected present discounted value of the pro¯ts earnedfrom
optimally harvesting and selling timber on the tract. V(x j ) is the solution to the
following Bellman equation of dynamic programming,wherefor notational simplicity
we drop the j and (j + 1) subscriptsand let p denotea current period variable and
p0 denoteits (random) value next period.

V(q; p) = max
·
p¯ q ¡ C + ±

Z
V(0; p0)¿2(p0jp); ±

Z
V(q0; p0)¿1(q0jq)¿2(p0jp)

¸
: (3.1)

In the above Bellman equation, the current valueof the block V(q; p) is the maximum
of two options: 1) to harvest or 2) not to harvest. If the Crown elects to let a
TFL harvest the block, then we assumethat the quantit y harvestedq is sold at the
current spot price for lumber p resulting in revenuep¯ q where¯ is the LRF. However,
this revenue is reduced by the amount of harvesting costs C that depend on the
amount harvestedaswell asits location and, possibly, alsoon current macroeconomic
conditions(in good times, priceschargedby ¯rms for harvestingtimber may behigher
than in bad times). We alsoassumethat replanting costsare included in C.

The ¯rst term inside the \max" operator in the Bellman equation is the current
net pro¯ts from harvesting a block plus the expecteddiscounted pro¯ts from future
harvests. Sincethe harvest is assumedto reducethe e®ective volume of timber on
the block to 0, the expected value function has q0 equal 0, re°ecting the fact that
the harvest has occurred. If the Crown decidesnot to harvest, then we assume
that there are no revenues or costs associated with allowing the block of land to
remain untouched another period, so the value of this option is simply the expected
discounted value of pro¯ts from somefuture harvest (and sequenceof subsequent
harvests). This option hasa q0not equalto 0, re°ecting the fact that a harvesthasnot
occurred. However, as noted above, diseaseor disaster implies a positive probability
that q0 is lessthan q. Under normal conditions,however, expectedgrowth is positive,
so E(q0jq; z) is greater than q.

The solution to the dynamic-programmingproblem partitions the state space
into two regions: 1) a continuation region in which harvests do not occur, and 2)
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a stopping region in which it is optimal to harvest. The stopping region will be a
subsetof the space(q; p) in which the value of harvesting now exceedsthe value of
waiting to harvest later. We can describe generalproperties of the stopping region,
but its precisecharacterizationwill dependon the numerical solution of the dynamic-
programming problem (3.1). For example, the stopping region will generally have
the property that if it is optimal to harvest at quantit y q it will also be optimal to
harvestat all valuesq̂ which aregreaterthan q. Similarly, whenthe stochastic process
for lumber prices is su±ciently mean-reverting then, if it is optimal to harvest for a
particular spot price p, it will also be optimal to harvest for all higher spot prices p̂
which exceedp.6

However, thesebasicpredictions will not necessarilyhold in the presenceof the
additional state variables (z; m ). Ceteris paribus, the presenceof diseaseshould
make it more likely that harvesting is optimal; i.e., if we de¯ne a locus of points
(q; p) at which the Crown is indi®erent betweenharvestingand not harvesting | and
thus representing the optimal stopping or harvestingthreshold for any given valuesof
(z; m ) | the presenceof diseasewill shift this optimal thresholddownward, making it
optimal to harvest in a largersetof (q; p) values.The impact of macroeconomicshocks
is unclear and will depend on how these shocks a®ectbeliefs about future lumber
prices. For example,if the macroeconomicvariablesindicate a current recessionand
the likelihood of a protracted period of low lumber prices,we would ordinarily expect
that this would shift the optimal harvestingthresholddownward, making it optimal to
harvest the block for a larger setof (q; p) values. But if m indicatesa strong economy,
then the e®ectmay not be symmetric: an improvement in economicconditions may
signal a likelihood of rising lumber prices in the future, in which caseit might be
optimal to delay harvesting as long as possibleto take advantage of the run up in
prices.

The only way to calculatedetailed predictionsof the optimal harvestingstrategy
is to solve the dynamic-programmingproblem numerically. In previous work, Rust
(1996,1997)has developed e±cient computational algorithms that make it feasible
to solve dynamic-programmingproblemsof the type outlined above. The key to an
accurate solution to the problem is accessto good data on the volume of timber
on particular blocks and data on diseasesso that we can estimate the transition

6 With mean reversion, the higher the current spot price, the greater the likelihood that the
spot price in the next period will fall.

17



probabilities ¿1 and ¿3. It will alsobe important to obtain data concerningthe spot
price of lumber to estimate the transition probability ¿2 and site-speci¯c harvesting
and transportation data to estimateC.

3.1.4. Policy Exp erimen ts

Oncethe dynamic-programmingproblemhasbeensolved, it canbeusedto determine
the sale value of a particular block. The predicted value of a block will, in general,
be V(q; z; p;m ), which equalsthe expectedpresent discounted value of the streamof
harvesting pro¯ts. We can generalizethe dynamic-programmingproblem to consider
the casewhere the block of land might have alternative uses that might have a
potentially higher value, such asusing the land for parks or for commercial,housing,
or resort developments. In this case,the Crown has two basic choices: 1) to sell
outright the block to the highestbidder or to devote it to its highest-valuealternative
use,such as conversionto park land; or 2) to continue to usethe land for harvesting
timber. Of course,the land might be usedfor park/recreational activities in periods
wheretimber is not beingharvested,but in this analysiswe have assumedthere is no
rental value for theseuses. It would be easyto adapt the analysisabove to include
the casewherethere is a shadowrental value representing alternative useof the block
in periods whereharvesting doesnot occur.

We can introduce an additional state variable vj representing the value of the
best alternative useof the block of land. Accounting for the possibility of optimally
converting or sellingthe block for its bestalternativeuse,the Bellman equationwould
be modi¯ed to

V(v; q; z; p;m ) =

max
·
v; R(q; p;m ) + ±

Z
V(v0; 0; z0; p0; m 0)¿0(v0jv; m 0)¿3(z0jz)¿2(p0jp;m 0)¿4(m 0jm );

r (q; p;m ) + ±
Z

V(v0; q0; z0; p0; m 0)¿0(v0jv; m 0)¿1(q0jq; z0)¿3(z0jz)¿2(p0jp;m 0)¿4(m 0jm )
¸
:

In this version of the Bellman equation, we let R(q; p;m ) denote the expected
revenuefrom auctioning the right to harvest the block in the current period, r (q; p;m )
represents the shadow rental value of alternative usesof the block when harvesting
does not occur, and v denotes the expected present discounted value of the best
alternative use of the block. The transition probability ¿0(v0jv; m 0) represents the
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stochastic evolution of this bestalternativevalue,and it re°ects the fact that the next
period value v0 may depend on current macroeconomicconditions m 0. Ordinarily,
V(v; q; z; p;m ) will exceedv, in which caseit is better to usethe block for harvesting
timber sincethe expectedpresent value of the pro¯ts from continued useof the block
for timber harvesting exceedits next best use. However, if V(v; q; z; p;m ) equalsv,
then it will be optimal to sell or to convert the block to its next best use. We have
assumedthis sale or conversion is irreversible for simplicity, although it would be
possibleto considercaseswherewe allow the Crown to leasethe block or to buy back
the block after a previoussale.

Our empirical framework is also quite rich and allows us to conduct a variety
of di®erent policy experiments that previous researchers could not. For example,as
alluded to above, we can simulate what the optimal economicresponseto a Spruce
beetle infestation would be. In addition, we can also investigate the implications of
di®erential productivit y improvements acrossthe sawmills in our study area. Fur-
thermore, we can compareour estimatesof the optimal harvesting policy with the
harveststhat have occurredduring the last decadeaswell as thoseharveststhat are
plannedover the next decade.

4. Geographic Information System

How will the rent map of a particular region be calculated? The analytic device
we chose to organize our data is a geographic information system (GIS). A GIS
is a computer system capableof assembling, storing, manipulating, and displaying
geographically-referencedinformation; i.e., data identi¯ed according to their loca-
tions.

Our GIS contains several types of information. For example, ¯rst we have
political mapswhich de¯ne the boundariesof the TSA in terms of planar coÄordinates.
Second,we have maps in which thoseareasof the TSA that are on Crown land and
which are not protected against harvest are listed; protected areasinclude federal
and provincial parks as well as ecologicallysensitive areas. Third, we have maps of
elevations as well as maps of natural creeks,lakes, and rivers as well as man-made
roads. Fourth, we have mapsshowing soil characteristicsand vegetation typesalong
with agedistributions and stem densities. We exploit the di®erent relations in this
GIS to construct measuresof di®erent economicconcepts.
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To illustrate how we use the GIS, consider the following simple example: in
Figure 8 the map of the political boundarieswhich determine in our casea TSA
available for harvest; we abstract from protected areasfor presentational parsimony.
Clearly, thesecan be introduced easily. In constructing a ¯nal raster map of costs,
we shall imposeregulations, such as the prohibition of harvesting near streamsand
watersheds.

In Figure 9, we present a digital elevation model (DEM) of the contours of
elevation. This information will be important in estimating harvesting costsas these
vary considerablyby elevation and slope as well as transportation cost since steep
gradesare di±cult to drive.

In Figure 10, a map of the creeks,lakes,and rivers is presented, while in Figure
11 a map of the roadsand highways is presented. This information will be important
in determining whether timber harvestingwill a®ectwatershedsand thus the ecology
of the region as well as transportation costs.

By layering the mapsin Figure 8 to 11 oneatop the other, onecan put together
a physical map of the TSA which we depict in Figure 12. Using engineeringinforma-
tion as well as harvesting regulations (such as prohibitions against harvesting near
streams), one can breakup each raster of the map in Figure 12 into an estimate of
harvestingcostsaswell asoneof transportation costs. The estimatesarederivedfrom
the topography of the land as well as site-speci¯c information contained in the GIS
relations. In Figure 13, the number in each square(raster) represents somemeasure
concerninghow much each cubic metre of timber will cost to harvest and to trans-
port to a sawmill. Higher numbers represent higher costs,while the \ x"s represent
rasters which cannot be harvestedunder any circumstance;e.g., becauseof harvest
regulations.

5. Mo delling Gro wth and Yield in Stands of Tim ber

From a capital-theoretic perspective, oneof the most important featuresof this con-
trolled stochastic, dynamic decisionproblem is the growth and yield of merchantable
timber from the forest. Basically, two typesof forestsexist: old-growth and newly-
planted. Typically, old-growth forests, and even somesecond-growth forests which
have regeneratednaturally, are heterogeneousin species,age, and density. Such
heterogeneity is di±cult to model. Forestersuse a variety of di®erent methods to
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Figure 8
Political Map of Tim ber Supply Area

Figure 9
Digital Elev ation Mo del
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estimate the growth and yield of uneven-agedforests; thesehave beensummarized
by Peng(2000). On the other hand, newly-planted forestsare typically homogeneous
with respect to speciesas well as stem age and density. Modelling these forests is
straightforward, relatively speaking,of course.

5.1. Predicting Gro wth and Yield in Plan ted Forests: T AS S

The Ministry of Forests in British Columbia has devoted considerabletime and re-
sourcesto investigating the growth of seedlingsof the samespeciesplanted according
to a particular stemdensity on siteshaving di®erent productivit y. Forestersin the Re-
search Branch have a computer programme,TASS (Treeand Stand Simulator), that
canbeusedto simulate the growth and yield of a particular species,planted according
to a pre-speci¯ed stemdensity, on a block of a particular site index, productivit y.7 To
run TASS, onemust provide a species(or species)aswell asa site index and an initial
stem density. Basedon experiments done by foresters,TASS will simulate a future
forest, and then estimate the volume of merchantable timber at any age. We used
TASS to simulate a variety of di®erent forest yields for di®erent combinations of sin-
gle speciesas well as site indicesand stem densities. In particular, we simulated 100
forestsover a 150-year life-spanfor the following 64combination of species,site index,
andstemdensity: (Fir,Spruce)£ (10; 15; 20; : : : ; 40; 45)£ (1200; 1400; 1600; 1800).8 We
then usedthe output to estimate ¿1(qj +1 jqj ) for di®erent speciesas well as di®erent
site indicesand stem densities.

5.2. Predicting Gro wth and Yield in Old-Gro wth Forests: V D Y P

VDYP (Variable Density Yield Prediction) is a computer programme designedto
implement a prediction systemto estimateaverageyieldsand provide forest inventory
updates over large areas. It is intended for use in unmanagednatural stands of
pure or mixed speciescomposition. Basically, ¯eld observations on the yields from

7 A site index is a summary statistic concerning the productivit y of a particular block. It is
derived by foresters during surveys. Our site index is the diameter at breast height of a
twenty-¯v e year-old stem. Historically, this measurehas correlated quite well with the height
and, consequently , the volume of a stem. For a particular stem density, onecan then estimate
relatively accurately the volume of merchantable timber on an hectare of land.

8 We are grateful to Ken Polssonof the Ministry of Forests, Research Branch, for running the
simulations with TASS and providing us the output.
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Figure 10
Map of Creeks, Lak es, and Riv ers
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Figure 11
Map of Roads and High ways
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Figure 12
Physical Map
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forests of di®erent speciescompositions and agesunder di®erent site indices were
usedto developa regressionmodel, the output of which is an estimatedmerchantable
volume of timber at somepoint in the future. Becausenatural forestscan be quite
heterogeneous,VDYP is not as \accurate" as TIPSY (Table Interpolation Program
for Stand Yields), which usesinterpolation methods and thousandsof TASS runs
to estimate timber yields. Of course,the prediction problem under the conditions
assumedfor VDYP is much more di±cult than the onefor TASS and TIPSY, so the
comparisonis somewhatunfair. We usedthe output of VDYP to estimate¿1(qj +1 jqj )
for di®erent speciescompositions and agesas well as di®erent site indicesand stem
densities.
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Figure 13
Rasters of Costs
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6. Empirical Implemen tation

We applied the framework discussedin the previous sectionsto the Fraser Timber
Supply Area (FTSA) in British Columbia. In Figure 14, we depict the location of
the FTSA in the province, the southwest cornerof the mainland. The FTSA is often
referredto asthe Chilliwack ForestDistrict becausethe district o±ce of the Ministry
of Forestsis located in Chilliwack, a small town about an hour by automobile from
Vancouver.

6.1. Some Relev ant Features of the Data Set

Below, we describe brie°y the main featuresof our data set, while in an appendix to
the paper we describe in detail the mechanicsof how we built the data set.

The Chilliwack ForestDistrict is about 1:4 million hectaresin area,around5; 400
squaremiles.9 Not all of this land, however, is under the jurisdiction of the Ministry

9 An hectare is 100 metres squareor 10; 000 squaremetres or, approximately, 2:4711acres.
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Figure 14
British Colum bia

Figure 15
Fraser Tim ber Supply Area
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of Forest. In Figure 15, we depict all Crown land, the darkly-shaded areas. The
lightly-shaded areasare bodies of water, inhabited areas,or private land. Having
imposedthis screenleft us an areaof about 706; 603 hectares,which we represented
as grid squares,hectaresof land.

On thesesites,we estimatedharvestingcostsbasedon which harvestingtechnol-
ogy could be used. For relatively °at sites, which we de¯ned as a slope lessthan 75
percent, standard yarding technology can be used,while on very steepsites at high
elevations, only helicopter logging can be pursued.10 We deducedthe topography of
the land from a DEM of the FTSA.

We then usedthe Coast Appraisal Manual, which is published by the Revenue
Branch of the Ministry of Forests and which is used to determine stumpagerates
throughout the coastalregionof British Columbia, to estimatesite-speci¯c harvesting
costs. We also used the extant road network in the FTSA, and contained in our
GIS, to estimate the distanceto the nearestsawmill. In the FTSA, several sawmills
exist, but the bulk of these are located near Chilliwack. We chose the centre of
gravit y of thesemills, weighting each mill by the volume of lumber it could produce,
as the destination of all timber.11 From these distance estimates,we then formed
estimatesof transportation costs. Thus, for each site, we have both harvesting- and
transportation-cost estimates. In Figure 16,wedepict our map of costsusingdi®erent
coloursor, sometimesin printed copy, di®erent shadesof gray.

Our next task wasto determinegrowth andvolumefor each block. On each block,
we were able to obtain some134 piecesof biological information; e.g., the species
composition, a site index, and soforth. However, not all of the grids weresuitable for
harvesting. In fact, some113; 667had no speciescodesfor trees,presumablybecause
thesewerecomprisedmostly of rock. For another4; 937hectares,the site indiceswere
incredibly low, so that no merchantable timber waspredicted to grow, while another
4; 750 hectareshad no volumes for other reasons,and 2; 173 hectareshad missing
parametersfor our growth and volume programmes,VDYP and TASS. In the end,
we were left with 581; 076 viable hectare blocks; these made up our analysis unit.
The readershouldnote that this areais subtantially larger than the 206; 910hectares

10 A slope of 100 percent is de¯ned to be a 45±-degreepitch, so 75 percent would be a pitch of
about 33:3±-degrees.

11 We are grateful to Steven Fletcher, of the Revenue Branch, for providing the GIS locations
and the volumesof each sawmill in the FTSA.
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Figure 16
Estimated Cost Map

reported by Larry Pedersen,the chief foresterof British Columbia, in the December
2003FraserTimber Analysis.12 Presumably, our larger areaobtained becausewe did
not constrain ourselvesby the rules contained in the Forest PracticesCode of British
Columbia.13

6.2. Computational Issues

Solvingnearly 600; 000stochastic dynamic programmesis extremely time consuming,
even under the best of circumstances. We broke up our computations into two
parts. In the ¯rst part, we solved for the optimal value functions assumingthat
a particular block had just beenharvested. We broke up the sum of harvesting- and
transportation-costs into intervals of $5.00CAD per cubic metre from a minimum of

12 Fraser Timber Supply Area Analysis Report . Victoria, Canada: British Columbia Ministry of
Forests,Forest Analysis Branch, 2003.

13 Forest Practices Code of British Columbia Act of 2002. Victoria, Canada: Queen's Printer,
2002.
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$55.00to a maximum of $140.00;i.e., eighteendi®erent costregions.For each of these
di®erent regions,we entertained 64di®erent combinations of replanted sites. In total,
we solved (18 £ 64), or 1; 152 continuation stochastic dynamic programmes. Given
that our software can solve a stochastic dynamic programme in under 13 seconds
by discretepolicy iteration, the 1; 152optimal continuation value functions took just
under ¯v e hours to solve on a desktopcomputer.

Solving for the optimal policy functions for the unmanagednatural stands is
much more time-consumingthan in the newly-planted case.Basically, in the FTSA,
for our 581; 076availableharvestblocks, there are46; 360di®erent covariate combina-
tions; i.e., combinations of site indices,speciescompositions, agecompositions, and
so forth. Given our computational technology, this would involve around 200 hours
of computer time to solve them all. Becausewe neededto get someresults to make
a conferencedeadline,we adopted an alternative strategy. For each block i , we ap-
proximated the volumepro¯les generatedby VDYP by the following three-parameter
function:

qj +1 = ai
0 + ai

1qj + ai
2q2

j + Ui :

We estimated ai
0, ai

1 and ai
2 by the method of least squaresfor all 706; 603 blocks.

The majorit y of the R2 for thesemodels was above 0:99. Those that were not were
°agged as anomalies. The anomalieswere then examined. Some113; 667 had no
speciescodesfor trees,presumablybecausethesewerecomprisedmostly of rock. For
another 4; 937hectares,the site indiceswere incredibly low, so that no merchantable
timber was predicted to grow, while another 4; 750 hectares had no volumes for
other reasons,and 2; 173hectareshad missingparametersfor our growth and volume
programmes,VDYP and TASS. In the end,581; 076blocks couldbedimesion-reduced
in the above way. We then took the triplets of estimatedparameters(âi

0; âi
1; âi

2) and
usedcluster analysisto assignthem to particular sets. We chose64 sets. Again, we
broke up the sum of harvesting- and transportation-costs into eighteen di®erent cost
regions. For each of thesedi®erent regions,we entertained the 64 di®erent triplets,
and solved another 1; 152stochastic dynamic programmes,wherewe conditioned on
the appropriate continuation optimal value function discussedabove.

6.3. Preliminary Results

In Figure 17, we present the optimal value function for the initial distribution on a
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Figure 17
Optimal Value Function for the Initial Distribution
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Figure 18
Optimal, Decision Rule for the Initial Distribution
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Figure 19
Optimal Decision Rule, Initial Distribution: Harv est when q > q(p)
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Figure 20
Optimal, Steady-State, Value Function
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Figure 21
Optimal, Steady-State, Decision Rule
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Figure 22
Optimal, Steady-State Decision Rule: Harv est when q > q(p)
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representativ e block, while in Figure 18 we present the optimal harvesting rule for
the sameblock, and in Figure 19 we present the locusof points in (p;q) space,again
for the initial distribution. In Figures 20, we present the optimal, steady-statevalue
function on the samerepresentativ e block, while in Figure 21 we present the optimal,
steady-stateharvesting rule for the initial distribution on that block, and in Figure
22 we present the locusof points in (p;q) space,again in a steady-state.

As one might expect, it is very di±cult to describe the outcome on each and
every oneof the 581; 076harvest blocks, in each month for the next 100years. Even
presenting a snapshotat a point in time, as we did for the static costsdepicted in
Figure 16, is not particularly illuminating. Becauseour empirical resultsaredynamic,
we have chosento present the output from solving thousandsof di®erent stochastic
dynamic programmesin the form of an animated presentation using MacroMedia.
Essentially , each grid in the FTSA is given a colour: just-harvestedblocks are white,
while newly-planted blocks are deep red becausethe ¯xed costs of replanting have
just beenincurred. As the timber on the block becomesmore valuable, the deepred
begins to turn shadesof orangeand, in the period just before harvest, it becomes
black.

7. Summary and Conclusions

In this paper, we have constructed an intertemporal model of rent-maximizing be-
haviour on the part of a single seller of timber under multi-dimensional risk as well
as geographicalheterogeneity. Subsequently, we have used the method of dynamic
programmingto characterizethe optimal policy function, the rent-maximizing timber-
harvesting pro¯le. We then applied our theoretical framework to analyzeunique and
detailed information from the databasesof the British Columbia Ministry of Forest
concerningthe Fraser Timber Supply Area. We have organizedthese data in the
form of a dynamic geographicalinformation systemto account for site-speci¯c cost
heterogeneity in harvesting and transportation aswell asuneven-agedstand dynam-
ics in timber growth and yield acrossspaceand time in the presenceof stochastic
lumber pricesand timber volumes. Our model is a powerful tool with which to con-
duct policy analysisfor a number of reasons.First, we take geography seriously, both
in the planar senseand in the three-dimensionalsense.Second,we take site-speci¯c
heterogeneity seriouslyboth on the cost side in terms of harvesting and transporta-
tion and on the growth and yield side in terms of heterogeneousstands of timber.
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Third, we model initial conditions. In particular, we do not take as the starting
point a steady-stateallocation, or even an optimal allocation. Instead, we take the
existing uneven-agedtimber stand as given and derive the optimal policy function
| the optimal timber-harvesting pro¯le | in terms of this agedistribution. Fourth,
we usebest-practicebiological methods to model the dynamicsof uneven-agedforest
growth and yield. Fifth, in the past economistshave typically demonstrated their
methods by solving simple examplesin closed-formor they have imposedconditions
su±cient to sign comparative static predictions. We have harnessedrecent develop-
ments in computational methods to solve numerically for the optimal policy function.
Our empirical framework is quite rich and allows us to conduct a variety of di®erent
policy experiments that previousresearcherscould not. For example,we cansimulate
what the optimal economicresponseto a Sprucebeetleinfestation would be. In addi-
tion, wecanalsoinvestigatethe implications of di®erential productivit y improvements
acrossthe sawmills in our study area. Furthermore, we can compareour estimates
of the optimal harvesting policy with the harveststhat have occurredduring the last
decadeaswell as thoseharveststhat are plannedover the next decade.Finally, from
the perspective of industrial organization,we can investigatehow the the province of
British Columbia might behave as a \big player" in the lumber market.
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A. App endix

In this appendix, we summarize the geographic work we undertook to estimate
harvesting and transportation costs as well as timber growth and yields for the
FraserTimber Supply Area of British Columbia, Canada. Our calculationsrequired
detailed geographicdata because,for example,mountainous terrain led to signi¯cant
spatial variation in timber growth as well as harvesting costs, while the clustering
of sawmills in speci¯c locations and the relative sparsenessof suitable roadways
in°uenced transportation costs. Such factors suggestthat any economicanalyses
should be for sites of small area (e.g., by the hectare which is an area 100 by 100
metres or 10,000squaremetres). Also, a geographicanalysis is essential to provide
the site-speci¯c data needed. Consequently, a geographicinformation system(GIS)
becomesvery usefulwhen analyzing, processing,storing, and presenting information
at the scalenecessaryto support the economicanalyses.

A.1. GIS Soft ware

The GIS software usedwas the ESRI suite of programmes.This included the follow-
ing:

1) ArcInfo Workstation { analysisusing commandline interface;

2) ArcView GIS 3.3 { analysisusing Windows-basedinterface;

3) ArcMap 8.0 { analysisusing Windows basedinterface;

4) ArcCatalog { ¯le management functions;

5) ArcToolbox { collection of subroutines.

ArcInfo is the oldestof the listed programmesand, generally, the most powerful; i.e.,
it hasthe most functionality and allowsgeographicanalysesthat cannotbeperformed
using the other programmes.It, however, requiresan understandingof the function
and format of numerouscommands.

ArcView and ArcMap perform geographicanalysesin a Windows environment.
ArcView is an earlier implementation, but both programmesare still usedand sup-
ported. ArcMap can be more complex,soat times ArcView is a quicker and simpler
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way to completesometasks. Both programmesare menu driven and more intuitiv e
than ArcInfo.

ArcCatalog is a specializedinterfaceusedto manage¯les. Numerous¯les canbe
createdduring a geographicanalysis,often without the user'sknowing that a speci¯c
¯le was created. Thus, copying, moving, and deleting ¯les can be tricky without an
\in telligent" ¯le managerthat recognizesthe wholerangeof geographicdata ¯les and
their association with other ¯les.

ArcToolbox is a collection of subroutinesfrom within ArcInfo. It usesa simpler
and Windows-basedinterface to perform speci¯c tasks. Someof this functionality
exists within ArcView and ArcMap.

In general,GIS software has a speci¯c vocabulary used to describe geographic
data. Someof the terms in this vocabulary are discussedhere;a glossaryis presented
in Table A.1. Geographicdata are usually represented by areas, lines, or points.
Areas can be represented by polygons or grid cells. A polygon is simply a set of
lines that encompassesan area and can be of virtually any shape or size as long
as the area is completely bounded. On the other hand, grid cells are typically
squaresof a common dimension and referencepoint. Within the ESRI system,
these types of geographicdata can be represented in coverage, shape¯le, or raster
formats. Coveragesand shape¯les apply to polygons, lines, and points; rasters are
another name for grid-cell formats. Coveragesand shape¯les di®er in the amount
of information available concerningneighbouring features(topology). Coveragesare
more complex and include more information concerningneighbouring featuresthan
do shape¯les.

A.2. Data Sources

Our data weresuppliedby the Ministry of Forestsof the provinceof British Columbia,
Canada. Data ¯les were provided in ESRI exchangeformat (E00) and ported to a
local workstation via CD.

A.2.1. Metho d

For this research, the geographicalanalysiscanbe broadly describedby the following:

1) de¯ne study area(Figures 14 and 15 in paper);
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Table A.1
Glossary

Term De¯nition

arc a line or curve within a GIS coverageor shape¯le.
coverage a GIS format that contains information about topology; i.e., the explicit

spatial relationship among data.
GIS geographicinformation system, a computer-basedmapping technology.
grid a GIS format basedon squarecells, with one unique value for each cell.
hectare an area represented by a squarehaving sidesof 100 metres.
join a speci¯c GIS technique to associate data from di®erent ¯les or data

basesbasedon a common variable.
point a position in space,applies to coveragesand shape¯les.
polygon an area represented by a continuous closedboundary, applies to cover-

agesand shape¯les.
raster another term for grid.
shape¯le a GIS format that contains doesnot contain speci¯c information about

topology, spatial relationships are visible but not explicitly coded
within the data.

slope break point the value (percent) that distinguishesbetweenconventional logging and
helicopter logging methods.

timber mark an identifying number for timber harvestedat a particular time and place.
TASS Timber and Stand Simulator. It simulates the yields of highly-managed

stands under pest free conditions. It is basedon observed growth
trends or research plots and represents the potential of a speci¯c
site, species,and management routine. For more information, go to
http://www.for.gov.bc.ca/hre/gymodels/tass/

TIPSY Table Interpolation Program for Stand Yields. It predicts the yields of
highly managedstands under pest free conditions. It is basedon
observed growth trends or research plots and represents the potential
of a speci¯c site, species,and management routine. For more
information, go to
http://www.for.gov.bc.ca/hre/gymodels/tipsy/

VDYP Variable Density Yield Prediction programme. It predicts the average
yield of naturally regeneratedforests. For more information see
http://www.for.gov.bc.ca/hre/gymodels/vdyp/

2) estimate harvesting costs(Figure 16 in paper);

3) import vegetationdata;

4) createpoint coverageof vegetationand cost data;

5) export data in ASCII format.

The study areawasde¯ned preliminarily asthe Chilliwack ForestDistrict, the FTSA,
with geographicdata (tsa30 result ) suppliedby the Ministry of Forests.The FTSA
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Figure A.1
Flo w Chart of GIS De¯nition
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is locatedin the far southwesternportion of British Columbia and bordersthe United
Stateson the south and the Strait of Georgiaon the west, which connectswith the
Paci¯c Ocean. The FTSA also includes the city of Vancouver. In Figure A.1, we
present a °ow chart in which re¯nements of tsa30 result are described.

The study areawasre¯ned by identifying landswithin the FTSA that areowned
by the provincial government; i.e., Crown lands. This wasdonevia a selectionprocess
wherethe data ¯le was queriedfor recordsthat matched the criteria of:

² OWNequals62 or 69 or 70 and i SCHEDULE= c or n.

Thus, from an ownershipperspective, Crown lands becameareaswhereharvesting is
feasible. From within this set, it was necessaryto identify areaswhereharvesting is
infeasiblefor technical, cultural, or aestheticreasons.For our research, we excluded
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areasnear roadsand streams.Starting with line coveragesof roadsand water bodies,
we applied a 100metre bu®eraround each feature, addedan identifying code (9999)
and mergedthese¯les with the ¯le representing Crown lands. The merged¯le was
then queried for all areaswithout the 9999 marker, with these areasrepresenting
land where harvesting is permitted. This information was saved in a raster format
to producea grid showing permissibleharvesting areas.Each grid cell measures100
metresby 100metres,onehectare.

In the 2002Coast Appraisal Manual, which is publishedby the Revenue Branch
of Ministry of Forests,two primary factorsa®ectharvestingand transportation costs:
the slope of the harvest block and the distancefrom the harvest block to the sawmill.
The Ministry of Forestsusesthe following equation:

Harvesting Costs($=m3) = Slope Factor + Distance(m) £ 0:000153+ 32:05.

to estimate harvesting costs. Here, the \Slope Factor" was either 21.55($=m3) or
66.60($=m3), dependingon whether conventional or helicopter loggingwasused. The
smaller number was applied when a slope was below 75 percent, while the larger
number was applied to slopes above 75 percent. Note that a slope of 100 percent
represents a 45-degreeanglefrom horizontal. A breakpoint of 75 percent was chosen
basedon conversationswith Ministry of Forests. It wasalsocomparedwith historical
harvest-cost data by examining 2; 172 records from the FTSA and computing the
error between the historical and predicted harvesting costs at the same location.
Increasingthe break-point slope resulted a slight decreasein the standard deviation
of the error between the two data sets (i.e., 24 rather than 22), but it was not
consideredsigni¯cant enoughto changethe basebreak-point value. Historical costs
were adjusted by the Canadian ConsumerPrice Index (CPI) to be comparableto
predicted costs. The land's slope was derived from a digital elevation model (DEM)
and grid ¯les of both slope and elevation were provided by Ministry of Forests. The
slope grid ¯le was trimmed to the extents of the permissible harvesting areas to
minimize data processingand storagerequirements.

Computing the distancebetweeneach hectareof harvestableland and a sawmill
involved three steps. First, we had to identify an appropriate point to represent a
sawmill receivingwood for each hectareof forest land. Next, we had to compute the
road distancefrom the sawmill location to all points on the road network. Finally, we
had to compute the o®-roaddistance from the hectareof forest to the nearestroad
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plus the on-road distancefrom that point to the sawmill location.

We chose to represent all sawmills at one central location. This simpli¯ed
calculating transportation costsbecausewe did not have to assigntimber to speci¯c
sawmills. We computed the geographiccentre of gravit y for all sawmills within the
FTSA and usedthis as a referencepoint for calculating distances.We accounted for
production volumesin this procedure,sothat larger mills wereweighted moreheavily
than smalleronesand, thus,had morein°uenceon the location of the referencepoint.
Most of the sawmills in the FTSA are clusteredin the Chilliwack area,while areasto
be harvestedare primarily located to the north and northeast of Chilliwack. Thus,
errors associated with representing many sawmills by onecentral or averagelocation
is lesssevere than it might be otherwise.

Computing distancesrequired a data ¯le of the road network; this wasprovided
by Ministry of Forests. This network was converted to a grid and then the grid
cells were counted from the sawmill point to each other point on the network. This
provided an on-road distance to each part of the forest within the study area. As
part of this process,it was necessaryto adjust the sawmill referencepoint so that it
was actually on the road network. This was a minor adjustment of only a coupleof
hundred metres,at most, and was accomplishedusing a shift function.

The road network grid was also usedas the sourcegrid for calculating o®-road
distancesbetween each forest hectare and its nearest road. The ArcInfo function
EUCALLOCATIONwas usedto compute total distance from each forest hectare to the
central sawmill location. EUCALLOCATIONproducestwo output grids, OUTALLOCand
OUTDIST. The ¯rst of these contained the value of the nearest road cell (on-road
distance),and the secondoutput grid contained the distancefrom each forest hectare
to the nearestroad. Summingthesetwo output grids produceda newgrid containing
the total distancefrom each forest hectareto the central sawmill location. This new
grid wasconverted to a point format for later joining with timber-growth parameters.

The next part of the analysiswas to import data concerningvegetation. These
data servedasinputs to the timber-growth programmesVDYP and TASS. Vegetation
data were also supplied by Ministry of Forests. This ¯le consistedof over 168; 000
polygonsin a coverageformat, with each polygonhaving of 134parameters.Of these,
20 parameterswere required for the timber-growth programmes. Theseparameters
are listed in TableA.2, alongwith their column number in the original data ¯le, their
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Table A.2
VD YP Input Variables

Variable Lab el Column T yp e Row
Forest Inventory Zone FIZ 65 character(1) 28

Volume Adjustment Factors adj volume factor 75 real*8 38
Stand Crown Closure crown closure 76 integer 39

Stocking Class class cd 78 real*8 41
Adjusted Site Index site index 79 real*8 42

Species1 sp1 87 character(4) 50
Species2 sp2 88 character(4) 51
Species3 sp3 89 character(4) 52
Species4 sp4 90 character(4) 53
Species5 sp5 91 character(4) 54
Species6 sp6 92 character(4) 55

Percentage Species1 pct1 93 integer 56
Percentage Species2 pct2 94 integer 57
Percentage Species3 pct3 95 integer 58
Percentage Species4 pct4 96 integer 59
Percentage Species5 pct5 97 integer 60
Percentage Species6 pct6 98 integer 61

Projected Adjusted Age proj adj age 102 integer 65
Projected Adjusted Height proj adj height 106 integer 69

variable type, and their position in a data equivalency table.

The above data werejoined to a raster representation of harvestableareaswithin
the study areausing the original polygon ID numbersasreferences.The resulting ¯le
wasconverted to a point coveragein preparation for combining vegetationdata with
cost data.

Oncecost and vegetationdata wereavailable in point coverages,they werecom-
bined into a single ¯le in which they were geo-referencedto each other. Joining
these¯les required an exact match, a one-to-onemapping, betweenthe point cover-
ages. However, the coveragescontained somemismatchesat the edgesof the study
area where data existed for vegetation data (vdyppnt1), but not for harvest costs
(costrnpnt1 ). Edge e®ectsare commonin thesesorts of analysesbecausethe data
are from two di®erent sourcesand a number of data transformations have beenun-
dertaken. Theseedgeerrorswereidenti¯ed visually and removed from the data. The
function JOINITEMin ArcInfo wasthen usedto combine costand vegetationdata into
a single¯le for later export.

The combined data set (polyidpnt1 ) wasexported in ASCII format, having ¯le-
namesiteind4b :asc. In addition to the 20 timber-growth variablesdiscussedabove,
four other variableswere included in the exported ¯le. They included an identi¯ca-
tion code, an x-coÄordinate, and a y-coÄordinate aswell as the total of harvesting- and
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transportation-costs.

A.2.2. Output

The ¯le siteind4b :asc contains 706; 603records.Each recordrepresents onehectare
of potentially harvestableforestareawithin our study areaand hasthe 24parameters
listed above associated with it.

Harvestingand transportation costsare calculatedfrom a geographicanalysisof
the study area at a scaleof one hectare. The results of the geographicanalysisare
discussedbelow. Timber-growth information wasnot createdin this work, but rather
transferred into a form appropriate for analysis.

Harvesting and transportation costs for the study area are depicted in Figure
16. Calculated values range from $55 to $137 CAD per cubic metre. In general,
costs increasefrom the southwest to the northeast sectionsof the study area. This
is expectedand in keepingwith the clustering of sawmill locations in the Chilliwack
areawhich is in the southwest part of the study area. Superimposedover this general
trend are local variations in costsdue to changesin the slope of the land and due to
the remotenessof somesectionsfrom the local road network.

From the Revenue Branch of the Ministry of Forests, we also obtained histor-
ical data concerningover 2; 172 timber marks that were recently harvested in the
FTSA.14 Among other things, thesehistorical data contained information concerning
harvestingand transportation costsaswell as ¯xed costsassociated with such things
asroad construction. By and large,our estimatedharvestingand transportation costs
correlatequite highly with the historical data. Fixed costs,however, wereimpossible
to predict in our model. In addition, these¯xed costsweresometimeshigh. We chose
to deal with this by subtracting the averageof the ¯xed costsof our samplefrom the
total costsfor each site. In essences,we assumethat a harvestergetsa draw from an
urn of ¯xed costsfor each block.

A.3. Sto chastic Pro cess of Lum ber Prices

Our data set concerninglumber pricescontains 250monthly time-seriesobservations

14 A timber mark is like a tax identi¯cation number. It maps the timber harvested from a
particular geographicalarea into a stumpagerate that must be paid to the Crown for timber
harvested. Historically, a timber mark was made with a hammer on the end of a log. Today,
it is simply a name for tax record.
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from January 1979 to October 1999. We have the real, average-monthly price per
thousand board feet (1MBF) for one box car of Western, Kiln-Dried (KD), Spruce-
Pine-Fir (SPF), 2x4s, Standard and Better (Std&Btr), Random Lengths (R/L).
The serieswas contructed from weekly reports in the trade publication Madison's
CanadianLumber Reporter, weekly issues,January 1979to October 1999. This price
seriesis listed as \less 5&2 percent" discounts, and is free-on-board (FOB) mill.
Moreover, it is quoted in nominal U.S. dollars. To convert the seriesinto Canadian
dollars we usedthe Canadian/U.S. spot exchangerate from the CANSIM database,
matrix 933, seriesB40001.15 We converted nominal price data into real terms by
dividing by the CanadianConsumerPrice Index (CPI) setting January 2002to one.

We speci¯ed ¿2(pj +1 jpj ), the the stochastic processof pj , according to the
following continuous-state,Markov process:

logpj +1 = ½0 + ½1 logpj + ¾" j +1

where " j is an independent and identically-distributed Gaussianerror term having
mean zero and variance one. For numerical stabilit y, when solving the dynamic-
programmingmodel, we re-scaledthe units of pricesfrom dollars per thousandboard
feet to dollars per board feet. We alsoimposedre°ecting lower and upper boundson
the level of the price process,denoted p and ¹p, respectively. Thesewere 0:100 and
0:750, respectively. To wit, the lowest price imaginable is $100CAD per thousand
board feet, in 2002dollars, and the highest is $750CAD per thousand board feet.
Our estimatesof ½0 and ½1 are 0:05 and 0:98, respectively.

15 Statistics Canada information is used with the permission of Statistics Canada. Users are
forbidden to copy the data and redisseminate them, in an orginal or modi¯ed form, for
commercial purposes,without the expressedpermissionof Statistics Canada. Information on
the availabilit y of a wide rangeof data from Statistics Canadacan be obtained from Statistics
Canada's regional o±ces, from its website at http://www.statcan.ca or from its toll-free
number 1 (800) 263-1136.
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