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Abstract
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a single seller of timber under multi-dimensional risk as well as geographicalhetero-
geneity. Subsequetly, we use recursive methods (in particular, the method of dy-

namic programming)to characterizethe optimal policy function, the rent-maximizing

timber-harvesting pro le. One noteworthy feature of our empirical application is the

uniqueand detailedinformation we have organizedin the form of a dynamic geograph-
ical information systemto accour for site-speci ¢ cost heterogeneiy in harvesting
and transportation aswell asunewen-agedstand dynamicsin timber growth andyield

acrossspaceand time in the presenceof stochastic lumber pricesand timber volumes.
Our model is a powerful tool with which to conduct policy analysis.
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1. Motiv ation and Intro duction

The application of recursive methods and, in particular, the method of dynamic
programming to structure economic-decisiorproblemsinvolving both risk and time
is by now quite standard, especially in the natural-resourceeconomicditerature. This
paper goesbeyond what is cortained in thosethat build on Faustmann (1849): viz.,
Kaya and Buongiorno (1987); Brazeeand Mendelsohn(1988); Morck, Sdwartz, and
Strangeland (1989); Reed and Clarke (1990); Haight and Holmes (1991); Thomson
(1992); Reed (1993); Provendier (1995); or Reed and Haight (1996). First, we
take geograply seriously both in the planar senseand in the three-dimensional
sense. Second,we take site-speci ¢ heterogeneiy seriouslyboth on the cost sidein
terms of harvesting and transportation and on the growth and yield sidein terms of
heterogeneoustandsof timber. Third, we modelinitial conditions. In particular, we
do not take asa starting point a steady-stateallocation, or evenan optimal allocation.
Instead, we take the existing, potentially unewen, agedistribution of timber as given
and derive the optimal policy function|the optimal timber-haresting pro Ile|in
terms of this age distribution. Fourth, we use best-practice biological methods to
model the dynamics of unewen-agedforest growth and yield. Fifth, in the past,
economistshave typically demonstratedtheir methods by solving simple examples
in closed-formor they have imposedconditions suxcient to sign comparative static
predictions. Below, we harnessrecen dewlopmerts in computational methods to
solve numerically for the optimal policy function.

We are ableto accomplishtheseadvancesbecauseve have had accesgo informa-
tion from unique and elaborate databasesmaintained by the Ministry of Sustainable
ResourceManagmert, 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®eret databases,we have constructed
a dynamic geographicalinformation systemwhosedi®erer relations we have then
exploited to dewelop estimates of site-speci ¢ cost heterogeneiy in harvesting and
transportation as well as uneven-agedstand dynamicsin timber growth and yield
acrossspaceand time.

Our empirical framework is quite rich and allows us to conduct a variety of
di®eren policy experimerts that previousreseartierscould not. For example,we can
simulate what the optimal economicresponseto a Spruce beetle infestation would
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be. In addition, we can also investigate the implications of di®erettial productivity
improvemeris acrossthe savmills in our study area. Furthermore, we can compare
our estimatesof the optimal harvesting policy with the harveststhat have occurred
during the last decadeaswell asthoseharveststhat are plannedover the next decade.
Finally, from the perspective of industrial organization, we caninvestigatehow the the
province of British Columbia might behave asa \big player" in the lumber market.1

2. Previous Theoretical Structure

In order to place our researt in an historical cortext, we rst dewelop a notation
and then outline a simple theoretical framework which some previous researters
have usedto investigate the optimal harvesting of timber. This work allows us to
isolate a variety of di®eren and important featuresof the timber-harvesting problem.
Subsequetty, we go on to extend the existing researt in section 3.

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 presen 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 g(a). Note that with aging
the meanvolume rises, initially quite quickly, but subsequetly at a slowver rate. In
the absenceof disasteror diseasethe meanvolume will approad an asymptote - .
Both the rate-of-change of meanvolume ¢ g(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 cortrol of the forester; e.g, the density of stems,
whether the stand is old or new growth, and soforth.

2.2. Maxim um Sustainable Yield

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

1 sawmills in British Columbia produceabout twenty-v e percert of the softwood lumber supply
in North America.



Figure 1
Age Path of Tim ber Volume
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In Figure 2, gy sy denotesthat volumeat which a stand's rate-of-changein meanvol-
umeis at its maximum ¢ gy sy . Under the maximum-sustainable-yieldmanagemen
criterion, an ageAy sy existsat which to harvest the stand, yielding gy sy units of
timber.

Supposethere are a total of N harvest blocks. Consider dividing all of these
blocksinto Ay sy di®eren typesof plantations, ead of a di®eren age,but ead 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. Sud an agedistribution is depictedin Figure 3. Given the N harvest
blocks, this implies that (N=Ay sy) siteswill be harvestedin ead period, yielding
an averagetotal volume of timber [N q(Am sy )=Awm sy ], which we shall denotet.

2.3. Lum ber Pro duction

A useful appraximation to the milling processof timber is the Leortief production
function. For this technology hours of labour input h and cubic metres of timber t
are conmbined accordingto a xed-coezxcient 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 isoquarnt for this production is depictedin 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 represemativ e isoquant, which exceeds
that for 1, is depictedto the northeast of 1 and denoted "1. A key feature of this
production function is that alongan isoquant no scope existsto substitute the factor
input labour h for timber t to get more output lumber °, so economically-exciern
production obtains alongthe ray wheret equals(®h="); i.e., a constart factor-input
ratio is maintained regardlessof factor-input prices.

Giventhe Leortief technology and assumingthat producerstake input pricesas
given one can derive the following total- (C) and marginal- (¢) costfunctions:
H 1

Il »

C(;w;s) =

@l =
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Figure 3
Age Distribution, Normal Forest
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where w is the wage of labour and s is the price of timber, often referred to as
the stumpagerate. Let c® denotec("; w; 0), the marginal costwhens is zero. With a
Leortief technology, c° is the marginal costof all factor inputs, excludingthe natural-
resourceinput timber.

2.4. Some Institutional Features

In many jurisdictions, governmert agenciesoften dispose of publicly-owned timber
using administratively-set prices. In sud situations, questionsof what to charge for
sudh publicly-owned assetsarise naturally. Conditional on a maximum-sustainable-
yield volumet, for example,the principle behind determining the optimal stumpage
rate 8° dates badk to Rothery (1936) and involves rent maximization. Basically,
absen formal markets for timber, the price that a \central planner” should charge
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Figure 4
Leontief Pro duction Function
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for ead cubic metre of timber is that resource'sresidual value, its rent; viz.
M 1
o — — w
8="(pi )=" pi g
This can be deducedfrom the graph in Figure 5. Here, the parameter in front of
(pi c°) simply ensuresthat the units match; p and c® arein dollars per thousandsof
board feet of lumber while &” is in dollars per cubic metre of timber. Thus, the units

of  arethousandsof board feet per cubic metre, those of the LRFs.
2.5. Site Heterogeneit y

Di®eren stands of timber often have di®eren LRFs. In the absenceof other infor-
mation, one corveniernt way to model stand-speci ¢ di®erencesn LRFs is asrandom
draws from a probability density function g( ). An exampleof g( ) is depictedin
Figure 6. Randomdi®erencesn LRFs then meanthat the rent-maximizing stumpage
rates depend on stand-speci ¢ factors, sothe stumpagerate (") will be a function
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of the stand-speci ¢ LRF . Thus, stumpagerateswill re°ect di®erettial factor rents
in the senseof David Ricardo (1817).

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

H 1
_ _ _ w
£ ="(pi i A= piogi °d
Thus, the rent-maximizing stumpagerate hasa location-speci ¢ rental componert in
the senseof Johannvon Thinen (1826) aswell as a Ricardian componert.

2.6. Rent-Maximizing  Solution

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

The German forester Martin Faustman (1849) introduced the rent-maximizing
way in which to rotate a forest, which is often referredto asthe Faustmannsolution.
To begin, we shall introduce the Faustmann solution in terms of the managemen of
an even-agedstand of timber on a single harvest block.

Assumethat k, the costsof planting a harvestblock at a particular stemdensity,
are incurred in period 0, while in period A a net reverue of “(pj ¢ °d)q(A) is
realizedfrom the saleof the harvestedtimber aslumber. When the discourt rate is
+, the presert-discourted pro t ¥from the saleof a singlerotation of the timber is

YA) = i k+ “(pi @i °d)q(A)exp(i *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 soforth. Thus, the rent to
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Figure 5
Demand and Supply of Lum ber

Price, MC
p P
(p-gd) (p-gd)
CO=(W/a)

bt Lumber

Figure 6
Site-Sp eci ¢ Heterogeneit y in Lum ber Recover Factors
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the scarceland of an in nite number of rotations of the samespeciesof stand is
V(A) = YA) + YA) exp(i +A) + Y{A) exp(i 2+A) + :::

S
YAA) exp(j i£A)

i=0

YAA)
[1i exp(i #A)]
[(pi i °d)g(A)exp(i +A)i K],

[1i exp(i +A)] '

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

“(pi i cdAAT) = £ (pi i °d)g(A®) + £V (A?):

The term on the left represeis the marginal bene t from holding the tree an extra
\p eriod,” while the two terms in the sum on the right represen the marginal cost.
The marginal bene t is the rent-maximizing value of the timber multiplied by the
changein volume, while the rst term of marginal cost is the opportunity cost of
interest on the net reverue and the secondterm is the rent on the land.

Again, considerdividing the N harvestblocks into a number of di®eren typesof
plantations, ead of a di®eren age,but the samespeciesand stemdensity. This time,
however, let there be A® di®eren agesinstead of Ay, sy. In a steady-state,a normal
forestwill obtain which is depictedin Figure 7. Onecanreplacet with t*, which equals
[N gq(A")=A"], and much of the economicanalysisof the maximum-sustainable-yield
casepresened above carriesthrough without any major modi cations. Now, howe\er,
A" dependson the biological parameters(- for example)aswell asp and w (through
Co), and also®, ", °, +, and d. Thus, the optimal volume of timber harvestedt® (the
supply curve) as well as the optimal stumpagerate s® dependson thesetoo: viz.,
t(p;w; ®;,;°;£d) and s°(p;w;®, ;°;£d). Also, s” is potertially quite di®erert
from &°.

2.7. Common Ciriticisms of the Faustmann Framew ork

Practioners attempting to implemert the Faustmann solution often complain that
the framework provides little guidance concerningwhat 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 sud standsare not those of a normal forestin either the maximum-
sustainable-yieldor the Faustmannsense.This is perhapsthe most commoncriticism
of Faustmann'swork. Moreover, this criticism does not go away once an optimal,
steady-state obtains. For ewen if the initial forest were in a steady-state, even-
aged Faustmann distribution, a changein the economicenvironmert (for example,
becauseof an increasein lumber pricesp), would induce an uneven-agedistribution.
After seweral shocks, a represemativ e agedistribution might look somethinglike that
sketched in Figure 8.

Another criticism of the Faustmann framework is that selective harvesting is
implicitly assumed.The economicand engineeringeality of harvestingtimberimplies
that selectiwe harvestinga particular strata of the agedistribution is often impossible
to do e®ectiely. Thus, unlike in even-agedplantation tree farming, whereselectiely
cutting a particular part of the age distribution is feasible, in old-grownth forests,
clear-cutting the ertire heterogeneousgedistribution in a stand of timber is a fact
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Figure 8
Age Distribution of Old-Gro wth Forest
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of life.

A third criticism of the Faustmannframework is that forestsexistin space:they
are in di®eren planar locations aswell asat di®eren elewations. This heterogeneiy
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,suc as
lumber prices, and biological variables, suc as volumesof merchantable timber, are
typically subject to stochastic variation over time. Thesefeatureschange markedly
the decisionproblem.

3. A Geographical, Intertemp oral, and Stochastic Mo del

Below, we dewelop a theoretical model which admits the four features of either
natural forestsor the economicenvironment discussedn the previous section: rst,
initial conditions; secondengineeringand physical constrairts; third, geograply; 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-maler, and break it
into a decisionto be madethis period, and then a cortinuation into the future. All
of our assumptionsare made to ensurethat sud a recursive decompsition can be
constructedin a computationally-tractable way.

3.1.1. Assumptions concerning the Economic and Physical Environmen t

We begin by assumingthat the certral planner (the governmert, alsoreferredto as
the Crown below) hastimber-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 discourted 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 asthe decision\to harvest" the timber on
that block. We assumethat clear-cutting is optimal becausethe costsof selectiwely
harvesting individual stemson a block are prohibitiv ely high.

We assumethat the timber growing on ead block is relatively homogeneousn
terms of the age,biomass,and speciesof trees. In fact, whenwe cometo implemert
our framework, a harvest block will be de ned in terms of a GIS grid which is
homogeneousn this senseaswell asin terms of harvesting costs.

We assumethat no capacity constrains exist on the resourcesneededto harvest
di®eren blocks; i.e., any particular harvesterin a Timber Supply Area (TSA) or
any particular Tree Farm Licensee(TFL) can procure additional harvesting capacity
at a constart marginal cost? This assumptionallows us to treat di®eren blocks

2 |n British Columbia, nearly 90 percert of all timber is on governmert-owned (Crown) land.
Basically, the Crown, through the Minister of Forests, sellsthe right to harvest the timber on
this land in two di®eren ways. During our sampleperiod, the most commonway was charging
administrativ ely-set prices to a small number of tms who held Tree Farm Licensesor other
similar agreemems. The terms of theseagreemeits were negotiated over the last three-quarter
certury, and require that the licenseeadopt speci ¢ harvesting as well as reforestation plans.
About ninety percert of all Crown timber is harvestedby rms holding Tree Farm Licenses

12



separately greatly simplifying the dynamic-programming problem. Otherwise, we
would have to keeptrack of the available harvesting capacity and considerhow to
ration this available capacity during periods whenthe number of blocks scheduledfor
harvesting exceedghe havesting capacity.

A related assumptionis that the cost of harvesting timber is independen of the
number of blocks to be harvestedor the volume of timber harvestedon a given block,
although the cost of harvesting could depend on the particular characteristicsof eat
block.23 This is equivalert 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

Finally, we assumethat any given block will always be usedfor growing and
harvesting timber and that the block has no alternative use. Later, we shall shaov
how the problem can be modi ed to allow for a decisionto convert permanerly the
block to a best alternative use, sud as corversioninto parkland, or saleof a block
for a housingor industrial developmen project, and so forth.

3.1.2. Solution Heuristic
In our model, harvesting decisionsare made at discrete points in time, sud as the

beginning of eadh month, quarter, or year. The periodicity of the model can be
changedeasily assumingsuzcient data existto estimatetransition probabilities of the

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

3n fact, we shall make use of elaborate and unique site-speci ¢ data gleanedfrom a GIS to
cortrol for this sort of heterogeneiy.

4 Our framework is suzciently generalthat it can be usedlater to investigate the casewhere
the Crown is a \big player" in the timber market, soits harvesting decisionshave an impact
on the spot price of lumber. As in the caseof capacity constraints on harvesting decisions,this
will create an inter-dependencyin the harvesting decisionssince, on the margin, increasing
the volume of timber harvested can 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 suzciently ne time intervals. The basicdecisionin the dynamic-
programming model is binary: to harvesta particular block or to delay harvestingto
a future period.

The dynamic-programmingproblem we analyzeis a considerablegeneralization
of the simple Faustmantim ber-harvesting problem 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 regeneative, optimal-
stopping problem Similar problems have been analyzed and solved previously by
Rust (1987) and Provendher (1995)2 The stopping decisionis equivalert to the
harvest decision. The problem is referredto asregeneative becauseoncea harvest
occurs, we assumethat the new seedlingsto be planted are identical genetically to
thosestemsthat camebeforethem. As in the Faustmanproblem, anin nite sequence
of harvestsover an in nite horizonoccurs. However, unlike in the Faustmanproblem,
the optimal harvestsin 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 harvestdecisionat time j will dependon a vector x; 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; will consistof just two variables(qj; pj) whereq denotesthe
current volumeof merchantable tim ber on the block, measuredn cubic metres,and p;
denotesthe current spot price of lumber. Later, we shall incorporate z;, an indicator
of diseasein the timber on the block, as well as mj, a vector of macroeconomic
indicators (sudh as the unemployment rate, industrial production, etc.), useful in
predicting future lumber prices.

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

S Provide a description of how these solutions are di®erert 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).

14



could spreadto neighbouring blocks of timber, so even if a given block is not yet

diseasedihe presenceof diseasan nearby blocks may be a good reasonto accelerate
the decisionto harvest. A complete analysiswill require analyzing all blocks in a
given region simultaneously For simplicity, initially , we shall ignore potential inter-

dependenciesand only considerindicators of diseasan the block under consideration,
although z; could easily be interpreted as an indicator of the presenceof diseasen a
nearby block and the subsequehanalysiswould proceedin the samefashion.

Initially , we have ignored other natural disasters(such as res, windstorms,
landslides,or avalandhes). On any particular block, thesedisastersare approximately
serially independert. Thus, we shall assumea transition probability ¢1(g+1JG;Z+1)
that accourts for such disastersin the sensethat there is someprobability that the
total volume of timber in the next period is lessthan the currert volume (g+1 < q)
asa result of a re or someother natural disasterthat occursin period (j + 1), as
indicated by z+1 . Otherwise,underordinary conditions, ¢j +1 will exceedy re°ecting
the usualgrowth of timber onthe block. The rate of growth may be uncertain because
of random °uctuations in rainfall, the amourt of sunlight, and so forth, and it can
also be a®ectedby diseases. We do not beliewe it is reasonableto treat diseases
as being serially independen. For this reason,we plan to accoun for the presence
of the diseaseindicator zj+; in addition to ¢ in our stochastic predictions of next
period quanity ¢+1. We also plan to accoun for stochastic diseaseprogressionvia
a separatetransition probability ¢3(zj+1jzj). We have ignored weather as a state
variable becausewe beliewe that, exceptfor seaonalpatterns, variations in weather
are,to a rst appraximation, seriallyindepender everts. Howeer, subtlelonger-term
dynamic changesin climate may exist, sud asthoseinduced by global warming. If
theselonger-termpatterns areimportant, then we caninclude weatherand/or climate
state variablesin future versionsof the model.

Randomnessin the ewlution of the spot price of lumber is re°ected in the
transition probability ¢o(pj+1jpj;mj+1). Next period's spot price pj+1 is random,
but its probability distribution can depend on this period's spot price p; aswell as
a vector of macroeconomicindicators mj.; that are usefulin predicting future spot
prices. As mertioned above, thesemight include the unemployment rate, and various
indices of industrial production and home building that a®ectthe overall demand
for lumber. Sincethese macroeconomicindicatorss are certainly serially correlated,
we shall also include a nal transition probability ¢4(mj+1jm;) that re°ects the
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stochastic ewlution of thesevariables.
3.1.3. Bellman's Equation

Let V(x;) denote the expected presen discourted value of the pro ts earnedfrom
optimally harvesting and selling timber on the tract. V(xj) 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
p? denoteits (random) value next period.
- Z Z ,
V(gp) = max pqi C++ VO;p)a@ip: = V(d@p)a(daa@ip @ (3.1

In the above Bellman equation, the current value of the block V (q; p) is the maximum
of two options: 1) to harvest or 2) not to harvest. If the Crown electsto let a
TFL harvest the block, then we assumethat the quartity harvestedq is sold at the
current spot price for lumber p resulting in reveruep qwhere is the LRF. Howe\er,
this reverue is reduced by the amourt of harvesting costs C that depend on the
amourt harvestedaswell asits location and, possibly alsoon current macroeconomic
conditions (in good times, priceschargedby rms for harvestingtimber may be higher
than in bad times). We alsoassumethat replanting costsare included in C.

The rst term inside the \max" operator in the Bellman equationis the current
net pro ts from harvesting a block plus the expected discourted pro ts from future
harvests. Sincethe harvest is assumedto reducethe e®ectie volume of timber on
the block to 0, the expected value function has q° equal 0, re°ecting the fact that
the harvest has occurred. If the Crown decidesnot to harvest, then we assume
that there are no reverues or costs assaiated with allowing the block of land to
remain untouched another period, so the value of this option is simply the expected
discourted value of pro ts from some future harvest (and sequenceof subsequeh
harvests). This option hasa g®not equalto 0, re°ecting the fact that a harvesthasnot
occurred. Howewer, as noted above, diseaseor disasterimplies a positive probability
that Cis lessthan g. Under normal conditions, however, expectedgrowth is positive,
soE(d§q; 2) is greaterthan q.

The solution to the dynamic-programming problem partitions the state space
into two regions: 1) a continuation region in which harvests do not occur, and 2)
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a stoppingregion 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 exceedshe value of
waiting to harvest later. We can describe generalproperties of the stopping region,
but its precisecharacterizationwill depend on 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 quantity g it will alsobe optimal to

harvestat all valueswhich are greaterthan g. Similarly, whenthe stochastic process
for lumber pricesis sutciently mean-reerting then, if it is optimal to harvest for a
particular spot price p, it will alsobe optimal to harvest for all higher spot pricesp

which exceedp.®

Howewer, thesebasic predictions 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
(g; p) at which the Crown is indi®erern betweenharvestingand not harvesting| and
thusrepreseting the optimal stopping or harvestingthreshold for any given valuesof
(z;m) | the presenceof diseasewill shift this optimal thresholddownward, making it
optimal to harvestin alargersetof (g; p) values. The impact of macroceconomicshacks
is unclear and will depend on how these shocks a®ectbeliefs about future lumber
prices. For example,if the macroeconomicvariablesindicate a current recessiorand
the likelihood of a protracted period of low lumber prices,we would ordinarily expect
that this would shift the optimal harvestingthreshold downward, makingit optimal to
harvestthe block for alarger setof (g; p) values. But if m indicatesa strong econony,
then the e®ectmay not be symmetric: an improvemer in economicconditions may
signal a likelihood of rising lumber pricesin 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 predictions of the optimal harvesting strategy
is to solve the dynamic-programmingproblem numerically. In previous work, Rust
(1996,1997)has deweloped excient 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.
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probabilities ¢1 and ¢3. It will alsobe important to obtain data concerningthe spot
price of lumber to estimate the transition probability ¢» and site-speci ¢ harvesting
and transportation data to estimate C.

3.1.4. Policy Exp eriments

Oncethe dynamic-programmingproblemhasbeensolved, it canbe usedto 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 expectedpresen discourted value of the stream of
harvesting pro ts. We can generalizethe dynamic-programmingproblemto consider
the casewhere the block of land might have alternative usesthat might have a
potentially higher value, such asusingthe land for parks or for commercial,housing,
or resort dewelopmerns. In this case,the Crown has two basic choices: 1) to sell
outright the block to the highestbidder or to dewte it to its highest-\alue alternative
use,sud asconversionto park land; or 2) to cortinue to usethe land for harvesting
timber. Of course,the land might be usedfor park/recreational activities in periods
wheretimber is not being harvested,but in this analysiswe have assumedhere is no
rental value for theseuses. It would be easyto adapt the analysisabove to include
the casewherethere is a shadowrental value represeting alternative useof the block
in periods where harvesting doesnot occur.

We can introduce an additional state variable v; represeting the value of the
best alternative use of the block of land. Accourting for the possibility of optimally
corverting or sellingthe block for its bestalternative use,the Bellman equationwould
be modi ed to

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

: z
max v;R(gp;m)+ = V(v%0;2%p% m 9o (viv; m9Yés(292) e (pGpim Y éa(m Gm);

z .

rgp;m)++ V(%% z%p%m9en(viv; m 9 (dia; 29 ea(z92) co(pdp;m 9 éa(mGm)

In this version of the Bellman equation, we let R(q;p;m) denote the expected
reverue from auctioning the right to harvestthe block in the current period, r (g; p;m)
represems the shadav rental value of alternative usesof the block when harvesting
does not occur, and v denotesthe expected presen discouried value of the best
alternative use of the block. The transition probability ¢o(vv:m9 represeis the
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stochastic ewolution of this bestalternative value,andit re°ectsthe fact that the next
period value v® may depend on current macroeconomicconditions m . Ordinarily,
V(v;q;z;p;m) will exceedv, in which caseit is better to usethe block for harvesting
timber sincethe expectedpresert value of the pro ts from cortinued useof the block
for timber harvesting exceedits next best use. Howevwer, if V(v;q;z;p;m) equalsyv,
then it will be optimal to sell or to convert the block to its next best use. We have
assumedthis sale or cornversionis irreversible for simplicity, although it would be
possibleto considercasesvherewe allow the Crown to leasethe block or to buy badk
the block after a previoussale.

Our empirical framework is also quite rich and allows us to conduct a variety
of di®eren policy experimerts that previousresearters 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®erenial productivity improvemeris acrossthe savmills in our study area. Fur-
thermore, we can compareour estimatesof the optimal harvesting policy with the
harveststhat have occurredduring the last decadeaswell asthose harveststhat are
planned over the next decade.

4. Geographic Information System

How will the rent map of a particular region be calculated? The analytic device
we choseto organize our data is a geographicinformation system (GIS). A GIS
iS a computer system capable of asserbling, storing, manipulating, and displaying
geographically-referencednformation; i.e., data identi ed accordingto their loca-
tions.

Our GIS contains seeral types of information. For example, rst we have
political mapswhich de ne the boundariesof the TSA in terms of planar codtdinates.
Second,we have mapsin which those areasof 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
elewations as well as maps of natural creeks,lakes, and rivers as well as man-made
roads. Fourth, we have mapsshowing soil characteristicsand vegetationtypesalong
with agedistributions and stem densities. We exploit the di®eren relations in this
GIS to construct measuresf di®erert economicconcepts.
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To illustrate how we use the GIS, considerthe 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 presetational parsimory.
Clearly, thesecan be introduced easily In constructing a nal raster map of costs,
we shall imposeregulations, sud as the prohibition of harvesting near streamsand
watersheds.

In Figure 9, we presert a digital elevation model (DEM) of the cortours of
elewation. This information will be important in estimating harvesting costsasthese
vary considerablyby elewation and slope as well as transportation cost since steep
gradesare dixcult to drive.

In Figure 10, a map of the creeks,lakes,and riversis presened, while in Figure
11 a map of the roadsand highways is presened. This information will be important
in determining whethertimber harvestingwill a®ectwatershedsand thusthe ecology
of the regionaswell astransportation costs.

By layering the mapsin Figure 8 to 11 oneatop the other, one can 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 ead raster of the map in Figure 12 into an estimate of
harvesting costsaswell asoneof transportation costs. The estimatesare derived from
the topograpty of the land as well as site-speci ¢ information cortained in the GIS
relations. In Figure 13, the number in eat square(raster) represems somemeasure
concerninghow much ead cubic metre of timber will costto harvest and to trans-
port to a savmill. Higher numbers represem higher costs, while the \ x"'s represen
rasters which cannot be harvestedunder any circumstance;e.g, becauseof harvest
regulations.

5. Mo delling Growth and Yield in Stands of Tim ber

From a capital-theoretic perspective, one of the most important featuresof this con-
trolled stochastic, dynamic decisionproblem s the growth and yield of merchantable
timber from the forest. Basically, two types of forestsexist: old-growth and newly-
planted. Typically, old-growth forests, and even somesecond-gravth forestswhich
have regeneratednaturally, are heterogeneousn species, age, and density. Sud
heterogeneiy is dizcult to model. Forestersuse a variety of di®eret methods to
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Figure 8
Political Map of Tim ber Supply Area

Figure 9
Digital Elevation Mo del
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estimate the growth and yield of unewen-agedforests; these have been summarized
by Peng(2000). On the other hand, newly-plarted forestsare typically homogeneous
with respect to speciesas well as stem age and density. Modelling these forestsis
straightforward, relatively speaking, of course.

5.1. Predicting Growth and Yield in Planted Forests: TAS S

The Ministry of Forestsin British Columbia has dewted considerabletime and re-
sourcedo investigating the growth of seedlingsof the samespeciesplanted according
to a particular stemdensity on siteshaving di®eren productivity. Forestersin the Re-
seart Branch have a computer programme, TASS (Tree and Stand Simulator), that
canbe usedto simulate the growth andyield of a particular species planted according
to a pre-speci ed stemdensity, on a block of a particular site index, productivity.” To
run TASS onemust provide a species(or species)aswell asa site index and an initial

stem density. Basedon experimerts 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®eren forestyields for di®eren combinations of sin-
gle speciesas well as site indicesand stem densities. In particular, we simulated 100
forestsover a 150-year life-spanfor the following 64 combination of species site index,
and stemdensity: (Fir,Spruce)£ (10; 15; 20; : : : ; 40, 45)£ (1200 1400 160Q 1800)8 We
then usedthe output to estimate ¢;(q+1jq ) for di®eren speciesas well as di®erert
site indicesand stem densities.

5.2. Predicting Growth and Yield in Old-Gro wth Forests: VDY P

VDYP (Variable Density Yield Prediction) is a computer programme designedto
implemert a prediction systemto estimateaverageyields and provide forestinverntory
updates over large areas. It is intended for use in unmanagednatural stands of
pure or mixed speciescomposition. Basically, eld obsenations on the yields from

7 A site index is a summary statistic concerningthe productivity 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, consequetly, the volume of a stem. For a particular stem density, one can 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, Researt Branch, for running the
simulations with TASS and providing us the output.

22



Lake

Figure 10
Map of Creeks, Lakes, 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®eren site indices were
usedto deweloparegressiommodel, the output of which is an estimated merchantable
volume of timber at somepoint in the future. Becausenatural forestscan be quite
heterogeneousYDYP 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
assumedor VDYP is much moredixcult than the onefor TASS and TIPSY, sothe
comparisonis somewhatunfair. We usedthe output of VDYP to estimate ¢1(g+1jq )
for di®eren speciescompositions and agesas well as di®eren site indicesand stem
densities.
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Figure 13
Rasters of Costs

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 corner of the mainland. The FTSA is often
referredto asthe Chilliwad ForestDistrict becausehe district otce of the Ministry
of Forestsis located in Chilliwadk, a small town about an hour by automobile from
Vancou\er.

6.1. Some Relevant Features of the Data Set

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

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

9 An hectareis 100 metres squareor 10; 000 square metres 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 represeted
asgrid squares,hectaresof land.

On thesesites, we estimated harvesting costsbasedon which harvestingtechnol-
ogy could be used. For relatively °at sites, which we de ned as a slope lessthan 75
percen, standard yarding technology can be used, while on very steepsites at high
elewations, only helicopter logging can be pursued? We deducedthe topograpty of
the land from a DEM of the FTSA.

We then usedthe Coast Appraisal Manual, which is published by the Reverue
Branch of the Ministry of Forestsand which is usedto determine stumpagerates
throughout the coastalregionof British Columbia, to estimatesite-speci ¢ harvesting
costs. We also used the extant road network in the FTSA, and cortained in our
GIS, to estimate the distanceto the nearestsavmill. In the FTSA, sewral savmills
exist, but the bulk of these are located near Chilliwack. We chosethe certre of
gravity of thesemills, weighting ead mill by the volume of lumber it could produce,
as the destination of all timber.1l From these distance estimates, we then formed
estimatesof transportation costs. Thus, for ead site, we have both harvesting- and
transportation-cost estimates. In Figure 16, we depict our map of costsusingdi®eren
coloursor, sometimesin printed copy, di®erent shadesof gray.

Our next task wasto determinegrowth and volumefor eat block. On ead block,
we were able to obtain some 134 piecesof biological information; e.g, the species
composition, a site index, and soforth. Howewer, not all of the grids were suitable for
harvesting. In fact, somel13 667 had no speciescodesfor trees, presumablybecause
thesewerecomprisedmostly of rock. For another 4; 937hectares the site indiceswere
incredibly low, sothat no merchantable timber was predicted to grow, while another
4; 750 hectareshad no volumesfor 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 readershould note that this areais subtartially largerthan the 206 910hectares

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

11 we are grateful to Steven Fletcher, of the Reverue Branch, for providing the GIS locations
and the volumesof eat savmill in the FTSA.
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Figure 16
Estimated Cost Map
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reported by Larry Pedersenthe chief forester of British Columbia, in the Decenber
2003FraserTimber Analysis12 Presumably our larger areaobtained becausewe did
not constrain oursehesby the rules cortained in the Forest Practices Code of British
Columbia.13

6.2. Computational Issues

Solving nearly 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-costsinto 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'sPrinter,
2002.
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$55.00to a maximum of $140.00j.e., eighteendi®eren costregions. For ead of these
di®eren regions,we ertertained 64 di®erern conmbinations of replanted sites. In total,
we solved (18 £ 64), or 1;152 cortinuation stochastic dynamic programmes. Given
that our software can solve a stochastic dynamic programme in under 13 seconds
by discretepolicy iteration, the 1; 152 optimal cortinuation value functions took just
under v e hoursto solve on a desktop computer.

Solving for the optimal policy functions for the unmanagednatural standsis
much more time-consumingthan in the newly-plarted case.Basically, in the FTSA,
for our 581, 076available harvestblocks, there are 46, 360di®erer covariate conbina-
tions; i.e., conmbinations of site indices, speciescompositions, age compositions, and
so forth. Given our computational technology, this would involve around 200 hours
of computer time to solve them all. Becausewe neededto get someresultsto make
a conferencedeadline, we adopted an alternative strategy. For ead block i, we ap-
proximated the volume pro les generatedby VDYP by the following three-parameter
function:

G+ = @+ aiq + abgf + Ui

We estimated &), a; and a), by the method of least squaresfor all 706 603 blocks.
The majority of the R? for thesemodels was above 0:99. Thosethat were not were
°agged as anomalies. The anomalieswere then examined. Some 113 667 had no
speciescodesfor trees, presumablybecausehesewere comprisedmostly of rock. For
another 4; 937 hectares,the site indiceswere incredibly low, sothat no merdantable
timber was predicted to grow, while another 4;750 hectareshad no volumes for
other reasonsand 2; 173hectareshad missingparametersfor our growth and volume
programmesVDYP and TASS In the end, 581; 076blocks could be dimesion-reduced
in the above way. We then took the triplets of estimated parameters(&; &} ;4,) and
usedcluster analysisto assignthem to particular sets. We chose64 sets. Again, we
broke up the sum of harvesting- and transportation-costsinto eighteen di®erer cost
regions. For eat of thesedi®eren regions,we ertertained the 64 di®eren triplets,
and solved another 1; 152 stochastic dynamic programmes,where we conditioned on
the appropriate cortinuation optimal value function discussedabove.

6.3. Preliminary Results

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

As one might expect, it is very dixcult to descrike the outcome on eat and
ewvery one of the 581; 076 harvest blocks, in eatcy month for the next 100years. Even
preserting a snapshotat a point in time, aswe did for the static costsdepictedin
Figure 16, is not particularly illuminating. Becauseour empirical resultsare dynamic,
we have chosento presen the output from solving thousandsof di®eren stochastic
dynamic programmesin the form of an animated presenation using MacroMedia
Essetially, ead grid in the FTSA is given a colour: just-harvestedblocks are white,
while newly-plarted blocks are deepred becausethe xed costs of replarting have
just beenincurred. As the timber on the block becomeanore valuable, the deepred
beginsto 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 geographicalheterogeneiy. Subsequetly, we have usedthe method of dynamic
programmingto characterizethe optimal policy function, the rent-maximizing timber-
harvesting pro Te. 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 accoun for site-speci ¢ cost
heterogeneiy in harvesting and transportation aswell as unewen-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 geograply seriously both
in the planar senseand in the three-dimensionalsense.Second,we take site-speci ¢
heterogeneiy seriouslyboth on the cost side in terms of harvesting and transporta-
tion and on the growth and yield side in terms of heterogeneoustands 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 unewen-agedtimber stand as given and derive the optimal policy function
| the optimal timber-harvestingpro 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 demonstratedtheir
methods by solving simple examplesin closed-formor they have imposedconditions
suzcient to sign comparative static predictions. We have harnessedecen dewelop-
merts 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®eren
policy experimerts that previousresearberscould not. For example,we cansimulate
what the optimal economicresponseto a Sprucebeetleinfestation would be. In addi-
tion, we canalsoinvestigatethe implications of di®eretial productivity improvemeris
acrossthe savmills in our study area. Furthermore, we can compareour estimates
of the optimal harvesting policy with the harveststhat have occurredduring the last
decadeaswell asthose harveststhat are plannedover the next decade.Finally, from
the perspective of industrial organization, we caninvestigatehow the the province of
British Columbia might behave asa \big player" in the lumber market.
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A. App endix

In this appendix, we summarize the geographicwork we undertook to estimate
harvesting and transportation costs as well as timber growth and yields for the

Fraser Timber Supply Area of British Columbia, Canada. Our calculationsrequired
detailed geographicdata becausefor example,mountainous terrain led to signi cant

spatial variation in timber growth as well as harvesting costs, while the clustering
of savmills in speci ¢ locations and the relative sparsenesof suitable roadways
in°uenced transportation costs. Sud 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 geographicanalysisis essehial to provide
the site-speci ¢ data needed. Consequetly, a geographicinformation system (GIS)

becomesvery usefulwhen analyzing, processing storing, and preserting information

at the scalenecessaryto support the economicanalyses.

A.l. GIS Software

The GIS software usedwasthe 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 { Te managemen functions;

5) ArcToolbox { collection of subroutines.

Arcinfo is the oldestof the listed programmesand, generally the most powerful; i.e.,
it hasthe most functionality and allows geographicanalysegshat cannotbe performed
using the other programmes. It, howewer, requiresan understanding of the function
and format of numerouscommands.

ArcView and ArcMap perform geographicanalysesin a Windows environmert.
ArcView is an earlier implemertation, but both programmesare still usedand sup-
ported. ArcMap canbe more complex,soat times ArcView is a quicker and simpler
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way to completesometasks. Both programmesare meru 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
‘Te wascreated. Thus, copying, moving, and deleting Tes can be tricky without an
\in telligent" Te managerthat recognizeshe wholerangeof geographicdata les and
their assaiation with other Tes.

ArcToolbox is a collection of subroutinesfrom within Arcinfo. It usesa simpler
and Windows-basedinterface to perform speci ¢ tasks. Someof this functionality
existswithin ArcView and ArcMap.

In general, GIS software has a speci ¢ vocabulary usedto describe geographic
data. Someof the terms in this vocabulary are discussechere;a glossaryis presened
in Table A.1. Geographicdata are usually represeted by areas lines, or points.
Areas can be represeted by polygonsor grid cells. A polygon is simply a set of
lines that encompassesn 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 represeted in coverage sham le, or raster
formats. Coveragesand shape Ies apply to polygons, lines, and points; rasters are
another name for grid-cell formats. Coveragesand shape les di®er in the amourt
of information available concerningneighbouring features(topology). Coveragesare
more complex and include more information concerningneighbouring featuresthan
do shape Tes.

A.2. Data Sources

Our data weresuppliedby the Ministry of Forestsof the province of 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 researt, the geographicalanalysiscanbe broadly described by 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 Te.

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 ead cell.

hectare an arearepreserned by a squarehaving sidesof 100 metres.

join a speci ¢ GIS technique to assaiate data from di®erent “les or data
basesbasedon a common variable.

point a position in space,appliesto coveragesand shape les.

polygon an arearepresered by a cortinuous closedboundary, appliesto cover-
agesand shape les.

raster another term for grid.

shapeTe a GIS format that contains doesnot contain speci ¢ information about

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

slope break point the value (percert) that distinguishesbetween convertional 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 obsened growth
trends or researt plots and represeits the potential of a speci ¢

site, species,and managemen routine. For more information, goto

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
obsened growth trends or researt plots and represeits the potential
of a speci c site, species,and managemen routine. For more
information, goto

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 Chilliwadk ForestDistrict, the FTSA,
with geographicdata (tsa30 _result ) suppliedby the Ministry of Forests. The FTSA
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Figure A.l
Flow Chart of GIS De nition

waterbfrdata roadbfrdata
(coverage) (coverage)
tsa30_result L L
(coverage) Waterbr_fdata roadbfrdata
(shapefile) (shapefile)
select polygons with "OWN" = 62,69,70
and Wlth "SCHEDULE" = c'n : ------- :...... lllllllllllllllll
crownland clipwater cliproads
(Coverage) fresssssssssssssssnsnsnnanasnsssansansd fereeenst|(Shapefile) (shapefile)
add field to ID ﬁ
! water and roads
A
merge Z clipwaterandroads

<

(shapefile)

use cell size and orientation from
Clwirandroads add field with value = 1 slopedata as a template

(shapefile) slopedata
harvestareal convert Hrvstareagrdl
select polygons (shapefile) to grid (grid)

w/o 9999 marker

This grid shows harvestable areas.
Each cell (hectare) has a value of one

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 ¢ Ocean. The FTSA alsoincludesthe city of Vancouwer. In Figure A.1, we
preser a °ow chart in which re nemerts of tsa30 _result are descriked.

The study areawasre ned by identifying landswithin the FTSA that are owned
by the provincial governmert; i.e., Crown lands. This wasdonevia a selectionprocess
wherethe data Te was queriedfor recordsthat matched the criteria of:

2 OWHMquals62 or 69 or 70 and i SCHEDULE c or n.

Thus, from an ownership perspective, Crown lands becameareaswhere harvesting is
feasible. From within this set, it was necessaryto identify areaswhere harvestingis
infeasiblefor technical, cultural, or aestheticreasons.For our researt, we excluded
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areasnearroadsand streams. Starting with line coveragesof roadsand water bodies,
we applied a 100 metre bu®eraround ead feature, addedan identifying code (9999
and mergedthese les with the Te represeting Crown lands. The merged le was
then queried for all areaswithout the 9999 marker, with these areasrepreseting
land where harvesting is permitted. This information was saved in a raster format
to producea grid shaving permissibleharvesting areas. Each grid cell measuresl00
metresby 100 metres, one hectare.

In the 2002Coast Appraisal Manual, which is published by the Reverue Branch
of Ministry of Forests,two primary factors a®ectharvestingand transportation costs:
the slope of the harvestblock and the distancefrom the harvestblock to the savmill.
The Ministry of Forestsusesthe following equation:

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

to estimate harvesting costs. Here, the \Slope Factor" was either 21.55($m?%) or
66.60($m°), dependingon whether corvertional or helicopterloggingwasused. The
smaller number was applied when a slope was below 75 percen, while the larger
number was applied to slopes above 75 percen. Note that a slope of 100 percen

represeis a 45-degreeanglefrom horizortal. A breakpoint of 75 percen was chosen
basedon conversationswith Ministry of Forests. It wasalsocomparedwith historical
harvest-costdata 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 decreasan 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 elewation model (DEM)

and grid Tes of both slope and elewation were provided by Ministry of Forests. The
slope grid Te was trimmed to the exterts of the permissible harvesting areasto
minimize data processingand storagerequiremens.

Computing the distancebetweenead hectareof harvestableland and a savmill
involved three steps. First, we had to identify an appropriate point to represen a
savmill receivingwood for ead hectareof forestland. Next, we had to computethe
road distancefrom the savmill location to all points on the road network. Finally, we
had to compute the o®-roaddistance from the hectare of forest to the nearestroad
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plus the on-road distancefrom that point to the savmill location.

We chose to represen all savmills at one certral location. This simpli ed
calculating transportation costsbecausewe did not have to assigntimber to speci c
savmills. We computed the geographiccertre of gravity for all savmills within the
FTSA and usedthis as a referencepoint for calculating distances.We accoured for
production volumesin this procedure,sothat larger mills wereweighted more heavily
than smalleronesand, thus, had morein°uence on the location of the referencepoint.
Most of the savmills in the FTSA are clusteredin the Chilliwad area,while areasto
be harvestedare primarily located to the north and northeast of Chilliwadk. Thus,
errors assaiated with represeting many savmills by onecertral or averagelocation
is lesssewerethan it might be otherwise.

Computing distancesrequired a data e of the road network; this was provided
by Ministry of Forests. This network was corverted to a grid and then the grid
cellswere courted from the savmill point to eat other point on the network. This
provided an on-road distanceto ead part of the forest within the study area. As
part of this process,it was necessaryto adjust the savmill referencepoint sothat it
was actually on the road network. This was a minor adjustmert of only a couple of
hundred metres, at most, and was accomplishedusing a shift function.

The road network grid was also usedas the sourcegrid for calculating o®-road
distancesbetween ead forest hectare and its nearestroad. The Arcinfo function
EUCALLOCATI@bs usedto compute total distance from ead forest hectareto the
certral savmill location. EUCALLOCATI@fducestwo output grids, OUTALLOGnd
OUTDIST. The rst of these cortained the value of the nearestroad cell (on-road
distance),and the secondoutput grid cortained the distancefrom ead forest hectare
to the nearestroad. Summingthesetwo output grids produceda newgrid containing
the total distancefrom ead forest hectareto the certral savmill location. This new
grid wascorverted to a point format for later joining with timber-gronth parameters.

The next part of the analysiswasto import data concerningvegetation. These
data senedasinputs to the timber-gravth programmesvDYP and TASS. Vegetation
data were also supplied by Ministry of Forests. This le consistedof over 168 000
polygonsin a coverageformat, with ead polygonhaving of 134parameters. Of these,
20 parameterswere required for the timber-gravth programmes. These parameters
arelisted in Table A.2, alongwith their column number in the original data Te, their
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Table A.2
VD YP Input Variables

Variable Lab el Column Type Row

Forest Inventory Zone Flz 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
Speciesl spl 87 character(4) 50

Species?2 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

Percertage Speciesl pctl 93 integer 56
Percertage Species2 pct2 94 integer 57
Percertage Species3 pct3 95 integer 58
Percertage Species4 pct4 96 integer 59
Percertage Species5 pct5 97 integer 60
Percertage 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 equivalencytable.

The above data werejoined to a raster represemation of harvestableareaswithin
the study areausingthe original polygon ID numbersasreferences.The resulting Te
was corverted to a point coveragein preparation for combining vegetationdata with
cost data.

Oncecostand vegetationdata were available in point coveragesthey werecom-
bined into a single Te in which they were geo-referencedo ead other. Joining
these les required an exact match, a one-to-onemapping, betweenthe point cover-
ages. Howewer, the coveragescontained somemismatcesat the edgesof the study
area where data existed for vegetation data (vdyppntl), but not for harvest costs
(costrnpntl ). 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 JOINITEMn Arcinfo wasthen usedto combine costand vegetationdata into
a single le for later export.

The combined data set (polyidpntl ) wasexported in ASCII format, having Te-
namesiteind4b :asc. In addition to the 20timber-gronth variablesdiscussedbove,
four other variableswere included in the exported le. They included an identi ca-
tion code, an x-codtdinate, and a y-codrdinate aswell asthe total of harvesting-and
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transportation-costs.
A.2.2. Output

The Te siteind4b :asc cortains 706 603records. Each recordrepreseits onehectare
of potentially harvestableforestareawithin our study areaand hasthe 24 parameters
listed above assaiated with it.

Harvesting and transportation costsare calculatedfrom a geographicanalysisof
the study areaat a scaleof one hectare. The results of the geographicanalysisare
discussedelow. Timber-gronth information wasnot createdin this work, but rather
transferredinto a form appropriate for analysis.

Harvesting and transportation costsfor the study area are depicted in Figure
16. Calculated valuesrange from $55to $137 CAD per cubic metre. In general,
costsincreasefrom the southwest to the northeast sectionsof the study area. This
is expectedand in keepingwith the clustering of savmill locationsin the Chilliwad
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 remotenesf somesectionsfrom the local road network.

From the Rewverue Branch of the Ministry of Forests, we also obtained histor-
ical data concerningover 2;172 timber marks that were recerily harvestedin the
FTSA.14 Among other things, thesehistorical data cortained information concerning
harvesting and transportation costsaswell as xed costsassaiated with suc things
asroad construction. By and large, our estimatedharvestingand transportation costs
correlate quite highly with the historical data. Fixed costs,howewer, wereimpossible
to predict in our model. In addition, these xed costswere sometimeshigh. We chose
to dealwith this by subtracting the averageof the xed costsof our samplefrom the
total costsfor ead site. In essencesye assumethat a harvestergetsa draw from an
urn of xed costsfor ead block.

A.3. Stochastic Pro cessof Lum ber Prices

Our data set concerninglumber pricescortains 250 morthly time-seriesobsenations

14 A timber mark is like a tax identi cation number. It maps the timber harvested from a
particular geographicalareainto 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 1979to October 1999. We have the real, average-mothly price per
thousand board feet (LMBF) for one box car of Western, Kiln-Dried (KD), Spruce-
Pine-Fir (SPF), 2x4s, Standard and Better (Std&Btr), Random Lengths (RI/L).

The serieswas cortructed from weekly reports in the trade publication Madisoris
Canadian Lumber Reporter, weeklyissues January 1979to October 1999. This price
seriesis listed as \less 5&2 percen" discourts, and is free-on-tbard (FOB) mill.

Moreover, it is quoted in nominal U.S. dollars. To corvert the seriesinto Canadian
dollars we usedthe Canadian/U.S. spot exchangerate from the CANSIM database,
matrix 933, seriesB400011° We corverted nominal price data into real terms by
dividing by the Canadian ConsumerPrice Index (CPI) setting January 2002to one.

We speci ed ¢&o(pj+1jpj), the the stochastic processof pj, according to the
following continuous-state,Markov process:

logpj+1 = Y%+ Yalogp + % +1

where"j is an independert and idertically-distributed Gaussianerror term having
mean zero and variance one. For numerical stability, when solving the dynamic-
programming model, we re-scaledthe units of pricesfrom dollars per thousandboard
feetto dollars per board feet. We alsoimposedre®ecting lower and upper boundson
the level of the price process,denotedp and p, respectively. Thesewere 0:100 and
0:750, respectively. To wit, the lowest price imaginable is $100 CAD per thousand
board feet, in 2002 dollars, and the highestis $750 CAD per thousand board feet.
Our estimatesof Y5 and %3 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 expressedpermission of Statistics Canada. Information on
the availabilit y of a wide range of data from Statistics Canadacan be obtained from Statistics
Canada's regional oxces, from its website at http://www.statcan.ca or from its toll-free
number 1 (800) 263-1136.
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