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A GLOBAL PULPWOOD SUPPLY MODEL AND SOME IMPLICATIONS
By Roger A Sedjo and Kenneth S. Lvon

Background

This study involves the development of a global pulpwood supply model (PSM) through the
process of modifying our earlier Timber Supply Model (TSM). The TSM is fuliy deveioped
in our hook The Long-Term Adeguacy of Global Timber Supply, by Sedjo and Lyon (1990),
published by Resources for the Future. The TSM uses an economic supply/demand approach
to preject an inter-temporal time path of the world's price and output level of industrial
wood. Additionalty, the model provides projections of the time path of the equilibrium
output levels of the various regions into which the world has been subdivided.

Overview of the Model

The purpose of the model is to function as a wol to assist in the task of assessing of the
condition and the adequacy of the long-term world timber supply. The model is a nseful
vehicle for systematizing and formalizing the factors that affect long-term supply as well as
examining the nature of the forces and the interrelationships within and among supply
regions. In addition, the projections can identify questionable logical implications of the
assumptions of the model and/or the specific conditions associated with the projections.

The ability of models 1o examine the implications of alermative assumptions and sitoations
is one of their major strengths. A formal model allows the nser t0 examine possibie futures
under various assumptions regarding relationships and events. Since the assumptions must
be explicit, it forces the analyst to define precisely the assumptions and to confront the
implications of the assumptions. Fundamental deficiencies or legical inconsistencies in a
model's structure and/or underlying assumptions, are reflected in the form of implausible
projections. These types of resulis forces the amalyst to recomsider the structure and
ASSWMPLIoNS.

For example, the PSM demonstrates that if pulpwood demand grows sufficiently more rapidly
than overall industrial wood demand, an implication is that therg will be an absolute decline
in the production and consuinption of solidwood, as pulpwood bids raw wood away from
solidwood uses.  This finding reveals the interrelationship of demand for pulpwood and
demand for industrial wood. They are not whelly independent. However, some analysts -
make the mistake of trying to assess the global pulpweod market withont recognizing its
relationship with total wood supply.

A working hypothesis of this stmdy is that, in the aggregate, inber production in the real
world is experiencing a transition from the draw down of existing old growth stands to the
utilization of second-growth and plantation-grown industrial wood. This transition is at
different stages in different regions of the globe. A basic question that the model is designed
to address is that of determining the economically optimal transition from and old growth
forest to a regulated steady-state forest.! This approach is in conflict with the common
"growth/drain” approach to modeiling forest harvest.

! Foresters are fond of the regulated or steady-state forest in which there is a) an equal area of forest
land for each age class: b} a fixed rotation age; and ¢} an age ¢lass for each year to rotation. Under this
condition each year's harvest will be the same and steady-state prodoction will be achieved.

I



In the growth/drain approach supply is made a function of the stock of forest inventory.
Because the growth-drain approach has no provision for the age distribution of the inventory,
harvests are invariant to the age composition of the forest. While such appreaches are useful
when applied to even-aged regulated forests, such an approach can lead to sericus errors
when applied to 2 non even-aged situation. In fact, there is no mechanism for a transition
from an cid-growth to an even-aged regulated forest and ne movement toward a long-term
equilibrium. In a world in which the transition from old-growth to steady-state harvests is
not completed, such an approach is not appropriate beyond the individual forest stand.

The TSM utilizes a control theory approach that introduces "initial conditions” and "laws of
motion" for the forest system. "Control” variables are introduced to monitor and describe
the changing "state" or condition of the forest. The initizl conditions refer to conditions that
obtain initially, such as the forest inventory by location, age group and land class. Since the
initial conditions include old growth and varicus other non regulated timber stands, the
approach requires "laws of motion," rules that govern the system over time, that can address
an initial stock that includes large volumes of old-growth.

In the control theory approach, the changing age and volume conditions of the forest are
constantly monitored and updated so that management decisions explicitly recognize the
changing state of the forest. In this approach the laws of motion have young trees becorning
older and as oider trees are harvested:; either natural regeneration occurs on the site or
investments in regeneration are made. Any investments, in turn, influence the rate of growth
of the forest. The control variables, or choice variables, give the area harvested by age
group and land class for each year. This, in turn, determines the rotation age by Jand class,
Also controi- variables determine the investment in regeneration and the magnitude of
regeneration imput each vear by land class. '

An optimization procedure: calculates the values of the control and :siate variables in the
steady state. A solution algorithm then solves for the optimal values.of the control variables
in the transitien between the initial conditions and the conditions ot the steady state. The
optimal control variable values generate an evolution of the state variables from their initial
values to their steady state values that identify the economically optimnal time path of price
and harvest between the injtial conditions and the terminal steady state. The economically
optimal time path is the one that maximizes the sum of consumer and producer’s surpiuses
in the transition between the initial conditions and the steady state.

Rational E 1

The model is a rational expectations model in that the solution assumes that economic agents
on the average correctly anticipate future conditions.” One implication of this tormulation
is that if future demand is gomng to increase substantially, economic agents adjust to the
anticipate higher future prices by reducing harvests today to be able to increase harvests in
the futnre. This behavior results in shifiing harvests from the present to the future. Lower

current harvests result in increased current prices, while increased tuture harvesis decrease:

future prices. Similarly, the expectation of higher future prices will result in increased
investments in regeneration today.

? Robert Lucas recently received the Nobel prize in economics for developing the rational expectations
approack. Many timber madels are not rational expectations models. For example, the US Forest Serviee's
TAMM solves cach period independently. In this model, cconomic agens are assumed o have ne
expeetations of even the next vear’s price and harvest conditions.
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Factors. Affecting Harvest Tevels

In the TSM harvest levels can be affected by adjustments of six types:

1, the rate of draw down of old growth inventories;

2 the number and size of forest land classes utilized for harvest;

3 the rotation length;

4. the level of regeneration mputs, which influences future harvest levels;

5 the raie of technological change in timber growing; and

) the rate at which industrial plantations are added to the world's timber producing

TEgIONS.

The first threz of these relate to the rate ai which existing forests are harvested and are
determined within the model (endogenously) and ace affected by the current and future prices,
as well as the interest rate. These can be viewed as short- or medium-term effects, The fast
three relate to the rate at which new sources of wood are made available or used more
efficiently.

The fourth of these ontput adjusiments, investments in regeneration, is determined
endogenously in the model. This activity influeoces future harvest levels. The fifthis
dependent on the rate at which technological progress is incorporated into the yield function
and thereby effects timber growth. Its effect on timber growth enters the system via the
regeneration component in the supply model. The sixth effect is the rate at which new
industrial plantations are established. In the timber sapply model the base case assumed:that
200,000 ha of new plantation be established annually, beginning in year one for 30 years

This assumpiion is revised in the PSM. .

Finally, technological chiange can also enter the TSM via the demand side.”

The Timber Supply Model {(TSM)

The Pulpwood Supply Model (PSM)is derived from the broader Timber Supply Model. In
this section we will first discuss some specific features of the TSM and ther in later sections
move on to a detailed discussion and application of the PSM.

On the supply side the TSM subdivides the world mmto 8 regions, seven of which were
formally modeled and called "responsive regions."™ The "rest of the werld" was lumped

* A host of technological innovations have been wood saving and wood exitending in that allow
intermediate and final prodocts to he produced wtilizing less wood, or lower quality wood, than previously.
Examples include wood saving pulping techniques and new types of engineered woed, such as oriented
strand botrd (OER). The effect of wood saving technoloey i 1w educe the wood reqguireraents of various
intermediate and final products using wood thereby lowering the rate of outward shift in the demand curve
for indusirial wood for a given rate of increase In the demand for the final product.

* The industrial wood seetors of the seven “responsive regions” are treated as bejng driven market forees
under commpetitive conditions. Although this is not completely correct, it is probably a gaod first
approximation. Even wherz a [arge portion of the market is served by public forests, as was the case in the
LIS before the 1990s and still, 1o 2 |esser extent, is the case toddy, the results can be viewed as
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together as the eighth region and referred to as the "non-responsive region.” The harvests
of the non-responsive region are viewed as antonomous and determined independently of the
usnal economic considerations. This characterization is clearly only approximate in that some
areas within this region do respond to market incentives. However, since this region includes
the former centrally planned economies, many of which have not yet developed the institution
of efficiently working markets, and alse some regions of Europe, which are claimed to have
a traditional of longer than financially optimum rotations, the characterization of non-
responsive is probably a good overall approximation.

The seven responsive regions were further subdivided into a total of 22 timber land classes
each of which corresponds to a unique area. The regions for the PSM are the same. The
Iegions are:

Responsive Regions
Emerging Region® (1 land class)
US Pacific Northwest (4 land classes)
Canada, west (2 land classes)
Canada, east (4 land classes)
US Scuth (8 land classes)
Nordic Region (2 land classes)
Asia-Pacific (1 land class)

Non-responsive Region
Rest of the World .

The model incorporates physical -and biological -elements to: provide a nature system
framework or what economists mightcall and-underlying biclogical production function. For

each. of the 22 land classes ttie model incorporates physical and biological Information to -

develop- a. production fanction. This includes information: on land class quality, location,
accessibility, and area; growth and yield function by dominant species and land class; existing
inventorics and their age distribution;. suitability. of timber for sawlogs or pulping; and

sitvicultural responses to investment inputs.® The amount of investment in forest regeneration:

and management is determined endogenously.? In some. situations a land class is not
harvested for certain time periods because either there is ne mature timber or because the
stumpage price does not justify harvesting this land class, given the harvest and transport
costs and the alternative wood sources available.®

Supply side technological change is introduced into the model through the land class yield
functions. To the extent that management is applied to the regenerated forest, it is

approximating the market since the large privats sector responds &0 price signals generated in part by the
harvest levels of the public sector. Thus, the market Timber Supply Model can be applied.

 The Emerging Region is a composite consisting of a number of reglons that are producing industrial
wood [rom intcnsively managed exotic species tree plantatiens. These include countries such as Brazil,
Chile, Indonesia, New Zeatand, South Africa and Spain.  Although the species, growth rates and Totations
vary somewhat across regions, all these plantations have relatively rapid growth and short rotations.

® Suitability is determined largcly by average log size {widdn) with farge logs having a greater fraction
of their total volume poing Lo solidwood.

T See appendix N of The Long-Term Adequacy of World Timber Supply (1350}

? This feature means that the timber base is allowed to expand and contract depending upon the
endogenously determined price. '
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incorporated into the yield function of that year's regeneration cohort. The increased yield
was then associated with that age class #nd is captured at harvest.”

Also, each land class has a unique set of costs including establishment, growing, harvesting,
transport to a pulp-mill and international transport costs. The indusirial wood product was
assumed to be processed in a local pulp mill and transported to the world market. Since the
focus of this analysis is the resource, the mill costs were assumed to be identical across
regions. The costs of transporting the processed product to the world market and the world
market price jointly determined the net price the mill received for the processed product.
The woild mmarket was treated as conzizting of three sub matkets - easiern North American,
western and central Europe, and East Asia. Prices among these markets could differ, but not
by more than rransport costs, since arbitrage was assumed to limit the price differentials.

The level of output of the non-responsive region is viewed as independent of market
comditions. This aggregate region was assumed to continue its production over the fifty year
period with the growth of annual output based upon historic trends, Its production was
assumed initially to be expanding at 0.5 percent annually, falling linearly 1o zero at the end
of the 50 year period. In the period 198%—1995 total world indusirial wood production was
ronghly divided equally between the seven responsive regions and the non-responsive region,

On the demand side total world industrial wood demand was first interacted with the known
non-tesponsive region supply to generate an excess or derived demand curve for the industrial
wood of the responsive region. In the TSM the total world industriai wood demand function
was initially assumed © be shifting ont a 1.0 percent annually™ Ilinearly declining to zero
growth in year 50." This, in mrn, generates an initial rate of eXpansion of about 1.5 percent
anonalty for the excess demand curve that is applied to the responsive region. The excess
demand curve was then related to the supply conditions (production and cost functions) of the
22 land classes of the responsive regions to generate the supply curve for the responsive
I'EngIZ]S‘

The Pulpwood Supply Model {PSM)

The PSM is derived from the TSM and the formal mathematics appear in Appendix A, As
with the TSM, the PSM divides the world info eight supply regions, seven of which are
"responsive” to market forces and are explicitly modeled, and one "non-responsive" region,
which is defined as the "rest of the world." The responsive regions are further subdivided
inte 22 timber land cases, each with unique timber growing (production function) and
locational characteristics. In the PSM each land ciass is also given an initial mix between
pulpwood and solidwooed uses.

 We assume that technology is progressing at an initial rate of 0.5 percent annually decrsasing linearly
1o zero in vear 50. The rate is embodied in the cirrent year's yield function and introduced through the
regeneralion mpat. If o forest iz whally neturally repencrated no technoloey s introduced. (€ there s £300
of regeneration per ha, the entire 0.5 percent is captured by that year's age class. Regeneratiop between zaro
and 3300 iz prorated proportionally. See chapter 6 and appendix L of The Long-Term Adeguacy (1990).

" The mte of growth of world demand for industrial wood from 1970 tv 1991 reperted by the FAQ was
1.0 percent.  Alse, no attempt 15 made in this model fo forecast the business cycle and the profects shouid be
interprated as long-term tremds,

I For tractability, the trends in the model converge to zero in year 50. Therefore the mora usefir!
projections accur in the sarly part of the pedod, roughly the first three decades.
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Model Modifications

As noted, the PSM was developed by modifying the criginal TSM. These modifications
consist of two basic types. First the TSM was updated to reflect current conditions. An
adjustment is made to update the initial conditions of the TSM to reflect the simiation
applicable to the PSM. These modifications are:

i} Changes in tlmber inventory base used in the original TSM to reflect the passage of
time and harvests which have occurred during the intervening period between the completion
of the TSM several years ago and the current development of the PSM. The initial timber
inventories were adjusted to reflect the 10 years difference in the be,tf-imling conditions, i.e.,
the TSM's initial year was 1985 while that for the PSM was 1995.%

i) An adjustment of the land base 1o reflact changes in the timber available for harvest
that have occurred as the result of policy. The forest inventory bases in the Pacific
Northwest and British Columbia have been reduced by one-third and fifteen percent
respactively.

iii) The initial conditions were adjusted to correct for the more rapid than anticipated
establishment of plantations -in the Emerging region. Thus the area in plantations and the
vintage of the plantations was adjusted to reflect the higher establishment rates that occurred
in the 1980s and early 1990s."

iv)  Adjustment of other initial conditions of the mode] to reflect the 1993 siation were
undertaken. For example, although a precise comparison of the initial year of the projections
of the PSM with the actual pulpwood production in 1993 (Wood Resources International Lid.
1995} is difficulf because the regional breakdowns in the data are somewhat different and the
1993 data are not strictly comparable to our 1995 initial year, the initial barvests of the PSM
are nevertheless reasonably comparable to those which were estimated by WRI for that period
(Table 1). This is, of course, partly due to crude calibrations of the PSM initial conditions
to the WRI data-of 1993 . :

v} Anincrease in the base case rate of plantation establishment reflecting increased actual
establishment rates.'* In addition, the average yield rates of the plantation region were
adjusted" so as to more accurately reflect average performance and to calibrate the indtial

! The updating of inventories is achieved simply by running the model o the year desired and making
some modest adjustments to provide crude eompatibility with the results of Hagler's (1993) report. [n the
contrel theory process the medel keeps track of the decreases in inventories that resylt trom harvesting as
well as the increascs in inventories due to growth, management and new plantations.

¥ The bage case of the TSM assumed 200,000 ha established annually. The revised model increazes
this to an average of about 300,000 ha established annuaily through the late 1580s and early 1990s, which
appears to be the best estimate of plantation establishment in reeent years.

" Owr best estitmates of current anoual rates of industrial plantation establishment from nontraditional
regions are 200,000 ha for South America, 130,000 ha for Southeast Asia including Indonesia, and about
150,000 ha for Qceania. En addition, China is undertaking teee planting at a substantial, but difficult to '
quantify rate, and other regions also have positive rate of plantation establishment. In the base case we
assume that plantations in nontraditiona) regions will be added at 600,000 ha per year declining gradually to
Zero i year . :

'* To accoinplish this the yield function of the emerging plantation region was reduced from an average
of 20 cubic meters per ha per year to 17.5 cubic meters. This adjustment alse reficets the well recognized
phenomenono that the actual rates of prowth in emerging region plantations, while high, are on the average
sornewhat lower thao the better growth rates often cited. ‘This reflects the fact the cited growth mtes are
commonly taken from experimental plots which typicaily have better than average growth rates,
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base case plantation harvest levels of the PSM with the information on pulpwood supplies in
1993 as provided by Wood Resources International Lid.'s

vi} Also, some modest changes were made in the harvesting costs for land class 7, the
more inaccessible areas of western Canada. Specifically, the harvest cost for the land class
were reduced from $19.00 to $13.00 per cubic meter and the domestic transport costs from
$12.35 to $9.00 per cubic meter to be more reflective of the actual role this region plays in
production. !’

Table I. World Pulpwood Produection in 1993 (million cubic meters)

Asija 38
Africa 11
Oceania 14
United Siates and Canada 355
Other, North America 1
South/Central America 30
Western Enrope 119
Eastern Europe 9
Former Soviet Union 33
Total 618

Soures; Wood Resources Internationsl Lid. 1993, p. 8.

The second change from the conditions of the earlier TSM is to make appropriate
medifications and disaggregations in elements of the TSM so as to generate the PSM. Two
types of modifications of the TSM were taken to convert the model into the PSM. These are
a} on the demand side, and b) on the supply side. ' .

Demand

The demand function lor the PSM expands on the single ouiput of the TSM. The pulpwood
demand is added to the model as a subsct of industrial wood demand. Implicitly, the
solidwood demand function is the residual of the industrial wood demand filnetion less the
pulpwood demand function. Thus, changes in solidwood demand are determined by the
change of total industrial wood demand less the change of pulpwood demand,'®

'* Na attempt was made to preciscly relats the 1993 figures of the PSM with the estimates for 1993
obtained by Weod Resonrce Infernational {WRI). Peside the differences in the year, the figures reflect
cyclical phenomena which is not intended to be captured in the PSM.

"' The location of major pulp mills in parts of northern Canadly and the introduction of activities with
scale economics, has reduced harvest and transport costs for many locations.

" The implication of this structure is that, for any given rate of srowth of total industrial wood demnand,
the more rapid the growth rate of pulpwood demand, the less rapid the prowth of solidwood demand. A
result of this formulation is that for a sufficiently rapidly growing pulpwood denand, solidwood demand
would need to be declining. This is perhaps not as unlikely a real world cvent as it may seert. For
cxample, during the period 1200-1985 total industrial wood growth in the US was only 0.81 percent
annually.
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On the demand side, the initial rate of growth in the industrial wood demand function was
maintained in 1995 at the 1.0 percent annual increase rate that was apphied the initial year of
the TSM, 1985, This change reflecls the reality that the actual growth of the industrial wood
d::*émarlx;i curve over the period 1985-1995 was somewhat more rapid than anticipated in the
Ts#.

Based on recent output levels, an initial pulpwood demand growth of 2.25 percent.” In all
cases the growth of the demand function was linearly reduced to zero by the end of the
period.  Under these conditions, over the period the pulpwood share of industrial wood
demand is allow to grow from about 35 percent in 1995 to about 60 percent in 2045. This
changing share reflects the anticipated long-term increase of pulpwood in total industrial wood
demand.

Since the pulpwood demand function is a component of the total industrial wood demand
function, the more rapid growth of the pulpwood demand function implies a reduced demand
fanction growlh rate for solidwood. This implication shows up strongly as slow and/or
negative solidwood growth in many of our projeciions.

Supply

The PSM views pulpwood supply as coming from two sources. These are: a} timber harvests
which are undertaken explicitly to generate pulpwood and b} as by-preducts of indusirial
solidwood production in the form of sawmill restdues. The timber resources of each the 22
land classes are allocated between solidwood and pulpwood. The initial division is based on
the nature of the forest, e.g., typical log size, species, usual rotation age. In the PSM
solidwood and pulpwood can be substituted for one another, within limits.

In principle, all solidwood can be converted to pulpwood, but not all pulpwoed can be
converted to solidwood. For each land class an initial solidwood/pulpwood -mix is given
based on the nature of the timber in a land class. The actual proportions are allow. (o vary
within a range on either side of the initial proportions depending upon the relative price of
solidwood and pulpwood.”

With these modifications the TSM now has additional initial conditions. In addition to land
area for each land class, inventory age and volume by age, and yield funclion by land class,
it also has as parl of the initial conditions the mix between pulpwood and selidwood, by land
glass, including provision for mill residucs becoming pulpwood. Also, included is a
substitution function whereby the mix between pulpwood and solidwood can change within
some limits as a function of the relative prices of pulpwood and solidwood.

" Iyata on world praduction of forest products iz notoriously fagped in its compilation and release. In
mid 1995 the latest data available by the FAQ is for 1993, However, given the uptem in worldwide
eCOnOMIc activity in late 1994 and 1993, it ig likely that the 1995 data, when released, wiil reflect the current
rizing business cycls.

* Worldwide demand for pulpwood grew at an annual rate of 2.53 percent between 1964 and 1985,
However, for the sub period 1970-85 worldwide growth rate was only |4 percent. The FAQ warld
pulpwood growth reported for the most recent period, 1980-1991 was 1.8 percent annually.

» From the nitial sawowood/pulpwood proportion, the ameunt of sofidwood can increase a maximum
of 5%. However, pulpwood can increase to consume the eatire log. The initial {reference) proportions and
those of the base case and extreme high demand scenario are presented in Appendix B.
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The Solution

The PSM is a sub-component of the TSM. The TSM is solved given the known initial
conditions, which now include both initial total indusirial wood demand and pulpwood
demand levels, as well as the rates of change of these demands over the total period, The
model is then solved for the steady state™ sohition of both outpuis by land class and price.
Next, one of the set of feasible time paths, e.g., that which traces the path from the initial
conditions to the steady state, is identified, Finall}r the oplimal time path, which maximizes
the sum of producers and consumers swrplus, was identified from among the feasible paths.

Since the pulpwm:-d solution is generated within the overall context of the TSM, pulpwood
production is constrained to be equal or be less than industrial wood pmduc:tmn for each
region. Soldwood production for each region is caleulated as the difference between total
ndusirial wood produciion and pelpwood production.

Base Case

The base casc presented in this report 13 in many regards an extension of the base case of the
TSM as it appeared in our 1990 bock, The Long-Term Adequacy of Global Timber Suppiy.
This is viewed by the authors as the most likely outcome and it 1s against this case that the
various scenarios are compared. The assumptions used in the PSM for the base-case forecast
are as foilows:

1. World demand for industrial wood inftially increases at an annual rate of 1.0 pf:rceﬂt,
faliing linearly in successive years to zero after fifty years. _

2. World demand for puipwood initially increases at an annual rate of 2.25 perccnt
falling lineariy in successive years to zero after fifty years.

ER The production of the non-responsive région increases al a rate of 0.5 parccnt
annually, falling linearly to zero after fifty years.

4. Bio-technological change is assumed (o shift the yield functions wpward to a
maximum of 0.5 percent annually, falling linearly to zero after filty years.
Technological change is introduced via investments in regeneration. The rate for any
specific Jand class is a function of the amount of regeneration investment varying
between a maximum of 0.5 percent for regenecration investments of $3500 per ha or
more, falling to no technological change for zero investment in regeneration.

5. New foresl plantations are esiablished in the emerping region at a annual level of
600,000 ha, falling linearly to zere at year 50.

6. The doilar exchange rate is assumed to remain at the current level thmughcrut the
period of analysis.

% The steady state sohunion is tha equilibriom 1o which the global indostrial system adfass after which
it provides a continuous given output over time,

¥ Tar a discussion of exchange rates used see The fong Terar Adeguacy of World Timber Supply, pages
204 and 205,



A Global i 58

Overall global pulpwood production (figure 1.1) increases from about 700 mullion cubic
melers in 1993 to about 1.325 billion in 2045.* Thus there is almost a doubling of the
production of pulpwood over the 50 year period. Although the almost doubling of output is
not a huge increase for the five decade period, it does appear to be reasonable in the context
of the expanding production from newly developed plantations over the period, the wood
saving technological change that iz occurring in pulping, such as new technologies that
increass wood pulping yields, e.g., thermo-mechanical or groundweod pulping approaches,
the modest ingreasc in tree yields due to lechnology and the worldwide increase in the use
of recycled paper as a substitute for virgin fiber.

Additional insights into the nature of the base case and indeed the PSM can be gained be
viewing pulpwood production as a part of the larger global indusirial wood production.
Figure 1.3 presents the total world industrial wood base case production by the eight regions
for the 50 year period 1995-2045. Over that period total industrial wood production increases
from about 1.7 billion cubic meters to 2.3 billion cubic meters, an increase of about 33
percent over a five decade period. However, as noted in Figure 1.1, total pulpwood
production essentially doubles over that period. This large shift in the composition of
industrial wood production away from solidwood to pulpweod is necessary to accommodate
the more rapidly rising demand for pulpwood. Te accomplish this change in composition of
output all or most the individual regions must change their mix of outputs away from
solidwood and toward pulpwood. This shift also occurs in the non-responsive region.

The implication of the above is that, worldwide, total solidwood production must. decline to
allow such a large shift in the composition of production without even larger increases in total
output. This, in fact, is projected on figure 1.4 as tolal world solidwood production falls from
almost 1.1 billicn cubic meters in 1995 to about 980 million in 2043,

_ Finally, figure 1.5 shows the real price trends of pulpwood and solidwood over the. 50 year
period. Pulpwood price shows a fairly substantial incrcase throughout the first one-third of
the period, a more modest increase over the second third, and a slight decline during the last
third. Solidwood prices are almost the inverse of pulpwood, declining over the fitst third of
the decade, increasing slightly over the next third and increasing in the last third of the
decade. Over the whole of the 50 year period overall price increases are rather modest being
about 30 percent for pulpwood and enly about 8 percent for solidwood. The rise in pulpwood
prices in the early period reflects the rapid rate al which pulpwood demand is expanding
relative to solidwood. Thus, the pulpwood price must increase to attract wood from
sotidwood to pulpwood uses.

¥ This increasc is penerated from both the responsive and non-responsive regions. The responsive
region increases come as the result of increases in technology, management and new plantations, as well as
the addition of increased harvests from the marginal land classes that, in the PSM, are induced into
production by higher prices. The output from the non-responsive region increases on the basis of historical
rend and may well involve inclusion of the harvests from additional forest lands,

% Ip the various scendrios examined only the base case and the integrated supply constraingd have the
very large differsnce between the rake of growth of pulpwood demand and that of total woeod demand. This
difference implies that solidwood demand is growing very stowly, if at all. In this case the price of
pulpwood rapidly approaches that of solidwond as, through the earty part of the period, the pulpwood market
mmust bid wood away from solidwood market. A comparison of the prices of the base case and those of
scenario 5 (Figure 6.5) is instructive. :
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Figure 1.1 and figure 1.2 present the base case projections of total world pulpwood for the
seven responsive regions and the aggregate non-responsive region. Tolal world pulpwood
production is projected to increase from about 700 billion eubic meters in 19935 {0 about 1,323
billion cubic meters in 2045, The contribution of the various regions can be read in greater
detail from figure 1.2, which focuses on the outputs of the seven responsive regions. The
Tegions aceounting for most of the presemt and projecied incremental outpat are the Emerging
region followed by the US South. Production of the emerging region grows to almost twice
that of the South after 30 years. In addition castern Canada iz a substantial pulpwood
producer throughout the fifty year period, with some increase in the last one and one-half
decades. The PNW and western Canada remain significant but modest producers of
pulpwood.  Although experiencing some fluctuations over time in production, the MNondic
region continues as a major producer of pulpwood throughout the pertod. Finally, throughout
the entire period ithe Awsa-PacHic region is only a very modest producer of pulpwood. The
projections of the Asia-Pacific, however, do not incorporate the substantial expan:-mns m
pulpwood plantations and pulp "mills that are cnvisaged in some Asia-Pacific countries.”

The dominant producing regions in 1995 are the Emerging region and the US South, The
Emerging region experiences roughly a doubling of pulpwood harvests, while the South
increases production roughly by about one-third over the 50 year period in the base casc
projection. In addftion, the Nordic and Easlern Canada regions maintain their production over
the 50 year period, with Eastern Canada showing an modest increase. The ihree regions with
modest puipwood production, the US Pacific Northwest, western Canada and the ﬁsm—Pa{:ﬂ" ¢
region, show only mimmal harvest changes over the 50 years.

The base case PSNI projections show the scven tesponsive regions increasing their pulpmﬂd
production from about 560 million cubic meters in 1995 to 875 nullion cubic meters in 2045,
ot from roughly 80 percent of 1995 world total pulpwood produciion about 66 percent of
world projected pulpwood preduction in 2045, The extent of the dechine in the poriion of
pulpwood provided by the scven responsive regions over the five decade period, however,
miay be in part an anomaly of the unique situation exisiing in the early 1990s and . builtto
some degree into the initial conditions of the PSM. The 1993 data reflected the fact that
sawnwood production in the former Soviet Unton, was well below is historical trend, due to
the disruptions generated by the political changes that occurred in the early 1990s. Thus the
dramatic decline in the share of (otal pulpwood from the responsive regions reflects this
abnormality of the eatly 1980s,

Scenarios

In this section we undertake a number of sceparios that explore the Implications of
hypothesized changes in the conditiens applicable to the pulpwood industry, These include:

Precreasing Demand

Moderately High Demand (based on FAQ forecasts)
Very High Demand

Integrated Supply Constraints with Base Case Demand
Integrated Supply Constraints with Low Demand

Very High Demand with High Plantation Estahlishment,

ARl el

# For exampie, seme early Indonesiz plans anticipated having seme 32 pulpmills by the year 2020,
compared to the 14 mills currently in operation. However, our projections assume plantations being
established at about the curment rate of 125,000 agnually and are captured in the output of the emerging
pegion.
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Secnario ing Demand

This scenario examines the 1mphcatmns of an absolute decline in demand for pulpwood and
industrial wood over the next 50 years?” Total industrial wood demand is posited to decline
at an rate of 1.0 percent in the initial year, linearly moving fo zerc percent demand change
in year 50. Pulpwooed demand is posited to decline at a rate of 1.5 percent in the initial years
linearly moving to a zero percent demand change in year 50.

The projections from the decrcasing demand scenario appear in figures 2.1 though 2.5, World
pulpwood production declines from abuut 620 million cubic melers in 1995 (year 0) to 570
million cubic meters in 2045 (year 50).%° All of the responsive regions except the Emerging
regions experience pulpwood output declines over the 50 years (figure 2.2). Eastern and
western Canada as well as the Asia-Pacific preduce essentially no pulpwood in year 50. The
US South and the Nordic region both produce significant, but reduced, volumes in year 50.
The Pacific Northwest pulpwooed production is modest throughout the period, but lower in
year 30,

Total worldwide indusinal wood production (figare 2.3) aisce declines in this scenario, from
about 1.7 billicn cubic meters in 1995 to ronghly 1.5 billien in 2045. Total solidwood
production changes littie over the 50 year period (figure 2.4), rising from 320 million to 360
million cubic meters over the 50 years, with the highest production level, roughly 400 million,
being reached after about 30 years.

Finally, both solidwood and pulpwood prices decline throughout most of the period.
Solidwood prices fall from an inilial level of about $55 to $42 after 30 years terminating at
about $44 in 2045. Pulpwood prices fall from $38 in year 0 to about $18 in year 50.

Scenario 2, Moderately High Demand (baged on FAQ forecasts)

This scenaric examines the implications of a scenario which is loosely based on recent FAG
forecasts. The FAO forecasts (he demand of total industrial wood to increase by 1.8 percent
annually and pulpwood 10 1ncrease at a rate of 2.5 percent annually to the year 2010. In this
scenario the growth period is extended to 2020, with the growth of demand declining linearly
to zero in the year 2045, or after 30 years.

The results are ‘presented in Figures 3.1 to Figures 3.5. Tigures 3.1 and 3.2 present the
model's projeciions of world and region pulpwood production for the hlgh demand SCEnario.
In this case 1995 pulpwood production is at 600 million cubic meters,” rising to 1.375
million cubic meters by 2045,

T in order to get the system to solve for output from the responsive reglons, the production of the nen-
responsive region was decressed by 0.5 percent annually the decline declining linearly to zero percent in year
50. In the ahsence of this adjustment, most of the production was penerated by the non-responsive reglon.

B Ty a standard nature resource model, e.2., fisheries, 2 reduction in demand would result in a draw
down of the initial stock to the new lower equoilibrium level. In the TSM, however, demand is decreasing
through tinze, but supply is also decreasing as several (11} of the land classes fall out of production duc to
the low prices. Thus, the stock has been adjust dowaward, largely through the reduetion in price, which
makes much af the original timber stock financially submarginal,

~* pt will be noted that the various seenarjos give different initial 1993 production fipures. This reflects
the different expectations regarding future prices. I futiee prices are high, this expectation is reflected in
lower curtent harvests levels as some of the harvest s postponed into the fumre when prices will be higher.
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Although the pu];gwnod output total in 2045 is only about 50 million cubic meters above that
of the base case,”™ overall industrial wood production approaches 2.6 billion ¢ubic meters in
2045, about 300 mitlion cubic meters above the output level of the base case. Figure 3.3
shows the behavior of relative prices. Both solidwood and pulpwood prices rise substantially
throtighout the 50 year period. Pulpwood prices almost double from the low $40 to the low
$80. Solidwood prices more than double from about $60 to around $135.

3. Ver i mand

This scenario posits a growth rate of demand twice thal of the FAQ scenario (scenario 2)
above. In this case total industrial wood demand will initially growth at 3.6 percent and
puipwood demand at 5.0 percent to the year 2020, Thereafter both will decline linearly to
zero at the end of fifty years in year 2045,

The results are presented in Figures 4.1 through 4.5, In this scenario initial annual production
of pulpwoed is very low, about 320 millien cubic meters. This is becanse in our rational
gxpectations model initial harvests are postponed in anticipation of higher future prices.
Pulpwood production increases to a very high 2.2 billion cubic meters in year 50. Total
world industrial wood preduction, figure 4.3, increases from an initial 1.1 to 2.9 billion cubic
meters in year 50. The rale of growth of pulpwood demand outdislances that of solidwood
so that total solidwood production (figure 4.4) declines from 780 to about 750 million cubic
meters over the period. Finally, prices of both solidwood and pulpwood rise substantially
throughout the 50 years peried. Selidwood price rises from about $80 to around $310, “hﬂe
pulpwood prices rise from $60 to §310.

Regiunally, mest of the responsive regions postpone both pulpwooed and solidwood pmductinn
in the first two decades thereby allowing outputs to increase substantially in decades three and
four. In decade five output growth flattens. Again, the major pulpwood producets are the
US South and the Emerging region. However, all of the regions, including Eastern Canada
and the Nordic region increase output substantially over the 50 year pericd. Western Canada,
the Asia-Pacific and the Pacific Northwest show the lowest pulpwood production thmughoui.
the period but still expand. production during the later years when prices are high. 5

Inteprat v Constrai ith Decreasing Des

The objcctive of this scenario is 10 examine the effects on output and prices of a highly
constrained wood production system. In this scenario the following constraints will apply.

- 10 percent set-aside from all lands

- harvest costs increase by 20 percent

- no new plantation establishment

- no yield increases

- Eastern Canada has a harvest ceiling of 120 miilion cubic meters.
- US South has a harvest ceiling of 300 miilion cubic meters.

Scenario 4 applies the decreasing demand conditions of scenario 1 to the constrained supply
side. The combined effects of the series of supply side constraints fogether with the

' The modest inerease in pulpwood outpat reflects the relatively smaller inereass in pulpwoocd demand
compared to the more rapid rate of overall demand. This is reflected in the decline of the pulpwood price
relative to solidwood over the period.
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decreasing demand conditions severely limit wood production levels and also depress wood
Prices.

The demand growth in this scenario is the same as Scenario 1, Decreasing Demand. In this
scenario total mdustrial wood demand i3 posited to decline at an rate of 1.0 percent in the
initial year, lincarly moving to zero perceni demend change in year 50. Pulpwood demand
is posited to decline at a rate of 1.5 percent in the initial years linearly moving to a zero
percent demand change in year 3{.

The results of this scenario, titled on the figures as the "Set Aside” scenario, appear in figure
5.1 through lignre 5.5. World pulpwood production begins initially at about 570 million
cubic meters falling over the 50 year peried to 420 million cubic meters. Regionally,
production is essentially stablc or falling slighily for each region. The exception is the
Emerging region in which the absence of new plantations and very modest investments in
regeneration leads to sharper decline in pulpwood production. Overall world industrial wood
production (figure 5.3) also declines, falling from 1.6 billion in year | to about 1.25 in year
50. As with pulpwood, warld solidwood experiences a substantial decline (figure 5.4).
Figure 5.5 presents the price projections and shows solidwood prices remaining essentially
constant over the period at $58, while pulpwood prices declined from $435 to about $33.

Scenari ted Su : mis with Base nid

The objective of this scenario is to examine the effects on output and prices of the same
highly constrained wood production system as examined in Scenario 4 combined with the
demand -growth posited in the base case. -

Scenario 5 applies the modestly expansive demand conditions of the- base. casc to. a highly
constrained- supply side. The combined effects of the series of supply side constraints
together with the modestly expansive demand conditions are to severely himit wood
production levels even as demand. continues to be expansive.

Figure 6.1 shows total global pulpwood expanding from 480 million cubic meters to 1.0
hillion cubic meters at the end of 50 years. under these conditions the Emerging region and
the US South are the major pulpwood supplying regions (Figure 6.2). QOutput continues to
be mainiained from the Emerging region due to the high priccs which promote regeneration
investment. In addition, the relatively high prices generate pulpwood output from all the
regions except Asia-Pacific in the latter years.

World industrial wood {figure 6.3 increases from 1.3 billion in year 0 to L.65 billion in year
50, while solidwood (figure 6.4) decreases modestly. Under the constrained supply conditions
prices for puipwood rises from $60 to $8¢ over the period and for solidwood from $77 (o $87
{(figure 6.5).

Scenario 6. Verv High Demand with High Plantation Establishment

This scenario combines the very high demand conditions of Scepario 3, with a very high level
of plantation establishment. A trial and error method was used to determine the level of
plantation establishment required to stabilize pulpwood prices. It was conclude from’ this
analvsis that an annua! plantation establishment level in the order of 6.5 million hectares
would be needed for the first 25 years, thereafter declining linearly to zero by year 30.

The results are reported in figures 7.1 through 7.5. Total world pulpwood production
increases dramatically from about 700 million cubic meters m year 0 to 4.3 billion in year
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Q. The dominant source of increase is the Emerging region, which swamps the other
regions. The US South, Eastern Canada and the Nordic regions continue to be producers,
with small volumes coming from some of the other regions. Total world industrial wood
{figure 7.3} rises to almost 6,9 billion cubic meters and solidwood (figure 7.4) to about 2.5
billion in year 50 under this seenario.

Finally, pulpwood prices are relatively stable rising from $40 in the initial year to $53 in year
50, wath the maximum price spprogching $70 about year 40 (figure 7.5). Bolidwood prices
rise from $60 in the initial year io about $80 in year 50. Although not strictly constant, the
prices are relatively stable, especially in light of the dramatic increases in production and
consumption. .

Conclusions

The above scenarios show that very large differences in output and prices are associated with
large differences in the rate of demand growth and with farge differences in the poteniial to
produce and expand available supply. A sumroary of some aspects of the base casc and
various scenatrios appears in Table 2,

Table 2. Summary of production and prices for the Base Case and Scenarios

Production in year 50 Prices in vears 1 and 3§ :
{Million m3) {US$ per m3)
Scenario - Pulpwood Tﬂt% Im;‘liustri_al Pulpwood  Solidwood
oo

Base Case 1,325 2,300 31 - 40 52°- 57
Decreasing Demand 370 930 I8 -18 55 — 44
Moderately High Demand 1375 ' 2,600 40 - 80 60 - 135
Very High Demand 2,200 2,900 6 - 310 80 - 310
Supply Constraints w/
Decreasing Demand ' 430 1,250 45 - 35 58 - 58
Supply Constrairds w/
Base Case Demand 1,000 1,650 60 - 80 77 - 87
Very High Demand w/
High Planlation Estab. 4,300 6,900 40 - 33 60 - 80

The output of the base case suggest that modest increases in demand can probably be handled
reasonably well by the existing market system of supply without requiring dramatically higher
prices. However, as Scenario 5, the Integrated Supply Constraint scenario suggests, large
constraints on supply potential are likely to result in both lower outpuis and substantially
higher prices. Finally, Scenario 6 suggests that really dramatic increases in demand can, in
principle, be handled by incrcasing the rate of plantation establishment. However, for the
demand increases posied, an order of magnitude increase, to over 6 million ha annually, in
plantalion establishment would be required.  Nevertheless, such an increase is probably
possible in principle as large areas of land seem to be available in parts of the tropics (see
Grainger 1988) and also mn semi-tropical regions of South America and Asia.

Some of the outputs of this model may be difficult to accepl in the "real world" context.

These can better be viewed as lessons or implications as to the type of logical consistencies
required.
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l. One of the important lessons of the analysis relates to the relation between pulpwood
demand and total industrial wood demand. If pulpweod demand grows at a
significantly bigher rate for a long period of time, solidwood consumption will
stagnate and uifimately decline. Upon reflection, this is infuitively obvious but easy
to overlook. The model reinforces the logical implications of the underlying trends.

.E*J

If supply is constrained in some regions the result will be increased harvest pressures
on other regions and harvest levels beyond what might normally be censidered
realistic.

3. In scenarios that involve substantially higher future demand the initial harvest is Hkely
to be substantially reduced in order to provide more harvest in the future, when prices
are high. In essence, harvests are shifted from periods of low demand to periods of
high demand in order to maximize returns. This adjustment also tends fo flatien the
price irend lines.

Discussion by Region
US Sonth

The US South is 2 major industrial wood producer, including importantly pulpwood. The
South produces both conifer and hardwoed pulpwood from planiations, managed natural
regencrated forests and un-managed naturally regenerated forests. The capacity for increased
future harvests comes from more intensive mapagement and increased harvests from the
surplus of hardwood fimber, the utilization of lower quality and less accessible forests, as well
as the possibility of increased forest from croplands that revert or are converted to forestry.

The base case projections show that the US South is the major pulpwood producer today, at
the beginning of the 50 year period, and the projections mdicate that the US South will
continue to be an important and an expanding producer. of pulpwood. This projected
performance is consistent with the large areas of available land, good tree growing conditions
including accessible terrain, an accessible and well developed transpert infrastructure, and the
large ongoing investmenls in tree growing that are being made and have been made over the
past three decades. The South is also in a strong position to shift production betwecn
pulpwood and solidwood since by extending the rotations 5-10 years, many pulpwooed stands
can be converted into solidwood. Similarly, by reducing rotations Iengths, more wood can
he shified into pulpwood.

The scenario analysis indicates that the South will be a major producer of puipwood under
almost all of the proposed scemarios. However, a large increase in Emerging region
plantations would have a damping impact on the expansion of the South's production, as
shown in Scenario 6. The lower prices associated with high plantation production would
discourage investment and production in the South.

]S Pacific Northwest

The original projections of the TSM reported in the Scdjo and Lyon book of 1990 anticipated
a major timber production role for the PNW. However, policy changes that involved large
reductions in harvests from public lands were caplured in the modified reassessment
undertaken in 1994 (Sedjo et al) In that assessment adjustments were made in harvestable
inventories in the PNW to accounted for the public lands set-asides. The PSM incorporate
those 1904 changes in the TSM. Thus, pulpwood production in the PNW is expected to be
relatively modest in the future due to the US policy which has severely restricted timber
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harvests from public lands, especially in the PNW, The resuits of the scenario analysis ars
generaliy consisient with this outlook, except for the extreme scenaries.

Pulpwood preduction in the PNW has been largely the result of residues that are created in
the sawmilling process and reduced harvests, other things equal, imply reduced residues for
pulpwood production. In the future these residues are expected to be supplemented by
thinnings. However, the scenario analysis indicates that pulpwood production falis when
pulpwood prices are low relative fo solidwood as in the high plantation and low demand
scenarios. This outcome reflects, in part, the region's ability to moodify its sawmilling
technigue to produce more solidwood and fess pulpwood.

Canada, west

Maost of the pulpwood in western Canada comes from harvests of original forests. Aleng the
coast the trees are relatively larpe. However, in the intertor regions the irees are smaller and,
in the northern areas, are useful largely only for pulpwoid. :

In the future, pulpwoed production in the Canadian west is projected to be modest, in part
due to the proposed reduction in harvests In British Columbia. As wiih the policy changes
in the LIS PNW, the changes in BC policy were incorporated into the 1994 TSM model as
a reduction in accessible timber. These modifications are also used in the development of the
PSM. However, Lhere is likely to be some offsetting of the reduction in BC by mcreased
harvests in other western pmvm%s guctl as Alberla. _

In our scenarios the role of western Canada as a pulpwmd producer on a world scalé'- is
always modest. Under decreasing demand conditions pulpwood output may fall to veryismall,
almost negligible, levels.

Capada, east

As with western Canada, most pulpwouod in eastern Canada comes from harvests of ﬂrigiﬁal
old growth forests. The resource basc involves vast tracls of native species. The trees ire
relatively small, and a large portion are mainly suitable for pulpwood.

Pulpwood production in the Canadian east is significant in the bage case. Under most
situations of expanding demand and higher prices the role of Eastern Canada as a pulp
preducer continues to be subsiantial, However, pulpwood production in castern Caneda is
quite sensitive to pulpwood prices. Under conditions of falling prices, as in the decreasing
demand scepario, the role of the Canadian east as 2 pulpwood producer can deciine greatly.

Emerging Region

The emerging region consists of a host of countries that have not traditionally been major
industrial wood producers. The emerging regions couniries tend to be Jocated in the tropics
or semi-tropics, utilize non-indigenous species in a plantation mode, and tave short-rotation
fast tree-growing conditions. These countrics include Australbia, New Zealand, Chile, Brazil,
Spain, Portugal, South Africa, Indonesia and others, The focus on short rotations and fast
growth suggesis that the output of this region will be predominantly in pulpwood rather than
solidwood.

The emerging repion is 2 substantial producer of pulpwood today, with much of the growth
coming within the last 15 years (Sedjo 19935)." Over that period this region has increased its
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exports of pulp from seven (o 20 percent of the world export market. During this time the
total market expanded by 43 percent. :

The base case projects substantial production increases over the next five decades, essentially
doubling iis total pulpwood production. however, the scenarios show that this expansion
could be substantially greater than projected in our base case if plantation establishment
progceeded at a more rapid rate than assumed. In Scenario & the rate of plantation
establishment was increased by a factor of 10 over the base case in the face of a very rapid
prowth in demand for industrial wood and pulpwood. In this scenatio the output of the
emerging region dominates world production.

Nordic Region

The Nordic region consists of Fintand, Sweden and Norway, with the first two being large
producers of pulpwood. The majority of the pulpwood harvested in the Nordic region is
conifer from managed naturally regenerated stands, with lesser amounts from managed
plantation forests (WRI). Finland and Sweden supplement their domestic production of
pulpwood with significant additions from imports. The majer fereign suppliers are countries
of the former Soviet Union.

The Nordic region is a significant producer of pulpwood and our projections indicated that
this will continue fo be the case under all of the scenarios. Our projections indicate that
Nordie production is relatively insensitive to the various scenario conditions, unless they are
extreme. Under most scenarios Nordic pulpwood production is significant throughout the 50
year period under examination.

Asia-Pacific

The Asia-Pacific is only a very modest producer of pulpwood, currenily less than 3 million
cubic meters, and our projections see this situation continuing. The pulpwood source today
consists of some planiation wood but mostly mixed tropical hardwood species. Our
projections of the Asia-Pacific in the TSM and the PSM are based almost exclusively on
harvests from the native forest and do not assume that large areas of new plantations will be
established nor that there will be large increases in the use of mixed tropic timber pulpwood.

However, it should be noted that Indonesia does have very ambitious plans for the future
creation of seme 32 pulp mills by 2020. However, in our analysis the plantations that would
be required to provide the pulpwood feed stock for these mills are incorporated in the
Emercing region.

Rest of the World

The "rest of the world" consists of all pulpwood producers not covered by the seven
responsive Tegions and includes most of Europe (except the Nordic countries), the former
Soviet Union, China, Japan and othcr major producers. Substantial changes have occurred
in some of these regions since the development of the TSM, especially in eastern Europe and
the former Sovict Union. In the former Soviet Union, for example, industrial wood harvests
are reported to have declined as much as 50 percent during the earlier part of the 1990s,
although some recovery has subsequently taken place.

Orverall, our base-case projections have the rest of the world pulpweod production being about
20 percent of the total in 1995 rising to about 33 percent in 2045. The rise n the share of
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the rest of the world is atiributed o the resSwgence of pulpwood production over the period
by the former Soviel Union, especially Russia.”

Comparative Advaniage

Comparative advantage is a sitnation in which a region's endowment of resources or factors
of production give it a sufficient cost advantage m production so that it becomes a net
exporter of the product. For pulpwood a comparative advantage wonid be reflected by the
net export of pulpwood or the net cxport of wood pulp that is produced using domestic
pulpwood. Commonly, a region with abundant pulpwood resources will also process the
pulpwood mto pulp and often into paper.

All of the seven responsive regions are known to be major producers and exporters of
industrial wood, pulpwood or puip. This fact is evidence that the regions have a comparative
advantage in industrial wood production,

An examination of the base case weveals that six of these regions - the US South, the US
Pacific Norihwest, the Emerging region, eastern Canady, western Canada, and the Nordic
region - all show substantial regiona! net exports of pulpwood, pulp and/or paper.

However, some of these regions show declining production aud a fall share of pulpwood
production in the facc of decline prices. For example, both eastern and western Canada see
a decline in their share of the werld's pulpwood market in the face of decreasing pulpwood
prices as in scenario 1, Also, the Asia-Pacific's modest role and to some extent that of the
Pacific Northwest decline in the face of lower prices. This suggests that they are fikely:to
experience an ¢rosion of their comparative advantage should pulpwood real prices experience
long-term declines,

By contrast, in an environmental of declining prices the market share of the Emerging region
appears to increase. Similarly, both the US South and the Nordic region maintain theu' sharc
indicaling an ability to continue io maintain a comparative advantage.

Internati ications

This section examines the international trade Implications of some of the projections of the
PSM.  Qur PSM has treated world demand as being one of three huge markets: the
noriheastern TS and eastern Canada in North America; western and central Evrope; and East
Asia. As noted in the section on "comparative advantage," we expect that at least five of the
sevefl responsive regions will continue 1o be the major exporters of pulpwood or regionally
pracessed. pulpwoaod andfor products.

Pulpwood products are iraded internationally in threc forms, These are raw wood, ie.,
puipwood logs and chips, pulp, and paper products including newsprint, Major international
flows of raw pulpwood have been largely confined fo flows into Tapan from the PNW and
western Canada in North America and from Auvstralia. Recently there have been some flows
of pulpwood from the Guif Coast in the US South to Japan. In addition, there have been
continuing pulpwood flows from the former Sovict Union to Finland.

I future pulpwood demand increases more rapidly than solidwond demand, we would expect that
most if not all regions would increase their relative production of pulpwosd.
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The second form of international flows is in the form of market pulp from pulp mills,
typically located near the source of pulpwood, to paper mills, located througheut the world.
These trade flows are common of (he emerging region where the pulp is exported to paper
mills located near large markets, Traditiopally pulp flows from the Nordic countries fo
Europe; from eastern and western Canada to Europe, Easi Asia and the U3, gnd from the
western TS 10 Asia and eastern North America. In recent decades Japan has imported large
volumes of pulp for domestic paper mills.

A third international flow is in the form of paper products. An example would be the
increasing porfion of paper product exports from the Nordic region to western and central
Furopean markets. An interregional example would be the paper products flow from pulp-
paper mill complexes in the US South to various other regions of the TS including the
Northeast-North Central region.

In seneral, we expect to see most of the existing trade flows persist through the first hall of
our fifty year projcction in the absence of the occurrence of radically altered conditions, such
as thosc of scenarios one and six. In all likelihood, Europe will continue to-import pulp and
paper from the Nordic countries as well as from Canada and (he emerging region. Increased
pulpwood supplies might be expected from eastern Europe. At some future time it would be
expected that Russia may become a major wood supplier, perhaps initially through pulpwood
and later through pulp. However, it 1s currently impossible lo place a time dimension on
these activities

Historically, North Amecrica has been 2 large net exporter of pulpwood and pulp. However,
with the conservation set-asides already in place that will restrain future production in the
western 1JS and western Canada, a greater share of North American production is likely to
be required to meet domestic demand. Wood chip exports lo East Asia from westers Canada
and the PNW are likely to decline. Furthermore, the role of the US South and eastern Canada
in supplying north American pulp requirements is likely to increase to fill voids that result
from decreased harvests in the west.

An important trade change that we anticipate is the increasing export of pulp from the
Emerging region as it expands over the fifty year period. Much of the plantation activity has
been 1n species that have potential for pulp and pulp mills are invariably part of the Jong-term
planning associated with plantation establishment. Thus we would expect, and indeed are
witnessing increased market pulp flows from countries in the Emerging region including
Chile, South Africa, Braxil and others. The markets for this increased [low of pulp are likely
to be Asian markets, as well as Burope and, to a lesser extent North America.

Additionally, we expect to see some decrcase in the flows of puipwooed and chips from North
Amnetica to Fast Asia and especially Japan. This anticipated decrease would be the result of
two trends: First, North American pulpwood surpluses are likely to be reduced due to
environmental constraints. Second, Japan is likely to shilt from producing its own pulp to
relying increasingly on imporled pulp and paper.

Finally, it should be noted that the increased recycling of waste paper is a substitute for virgin
wood fiber in the pulping process. Thus, increased use of recycled paper is a direct substitute
for wood pulp in many uses. Thus, waste paper flows can be a substitute for pulpwood or
chip flows.
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APPENDIX A
TIMBER SUFPPLY MODEL WITH SOLIDWOOD AND PULPWOOD

Description of the Model

The mode] is an exiension of our Timbter Supply Model presented in The Long-Tem
Adequacy of World Timber Supply (1990). The objective function for the model is the
discounted present value of the time stream of net surplus (consumers’ plus producers’)
resulting from the harvests, where in some land classes the harvests are of both solidwood
and pulpwood. This functzon is maximized subject to the initial conditions and the rules
governing the evolution (laws of motion) of the system.

We include demand curves for both solidwaoed and pulpwood, and define net surphus
in year f as the area under the year /s demand curve for solidwood from zero to the volume
of solidwood harvested plus the area under the year s demand eurve for pulpwoed from
zero to the volume of pulpwood harvested minus harvesting, transporiing, and regeneration
costs for year f, where the costs are the sum of costs over the 22 land classes. The volume of
merchantable timber is divided between solidwood and pulpwood using variable proportions
which are determined endogenonsly as a function of the price of solidwood relative to the
price of pulpwood. These ratios also vary by land elass. In addition, each fand class has its
own cost function which is determined by specific features such as harvesting terrain, log
size, acaessing terrain, distance to the mill and to the international market. The costs for a
land class in year j will depend upon ¢he cost function, the volume harvested, and the
heetares of land harvested and regenerated in the fand class in year J.

The volume harvested for each land class depends upon the yield function for thie land
class and ihe hectares of irees harvested from each age proup . The yield function for a land
class is determined by characteristics such as climate, terrain, and soil quality, with the yield”
per hectare a function of the age of trees (years since the trees were regenerated) and the
intensity of management practices used on that hectare during this rotation,

The initial conditions are the relevant items from history and they include such items
as hectares of forest by age group and land class. They also include the level of the
composite regeneration input for each of the hectares. This composite input is the present
value of all planting and silvicultural operations including precommercial thinning. We refer
to this as the level of the regeneration input or as the infensity of forest management.

The laws of motion for the system are the rules that govern the system. These include
the rules for ageing and regenerating the forest. They redefine hectares of trees in age group
i in time period j to be hectares of trees in age group i+ in time period j-+ 7, and regenerate
each harvested hectare in the time period that it Is harvested. To simplify the discussion we
call age group / trees { years old. Note, however, that this may not be descriptively accurate
because of regeneration fag which depends apon the land class involved and the level of the
regeneration input applied to these hectares. The rules also redefine the Ievel of the
regeneration input associated with age group i in time period f as the level agsociated with
age group i-+7 in time period j+7 in order to keep each hectare of trees and their associated
level of the regeneration input fogether.

The choice, control, variables are for each year the hectares harvesied by age group
and land class, and the level of the regeneration input for each land class. Selection of these
determine the rotation age by land class, the volumes harvested and costs in each year. In
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addition, with the laws of motion and the initial conditions they determine the structure of the
forest, hectares of forest and regeneration input by age group and land class, in each year.

We structure the problem so that it evolves to the stationary state, which is a state
where the same flows occur and the same stockes exist each year, This is sometimes called
the regulate forest. The computer program of optimization, therefore, first solves for the
stationary state solution values of the control and state variables. The state variables are the
stock variables discussed above, hectares of trees by age group and land class, and the
associated Ievels of the regeneration input. It solves for the optimal fength of the rotation
period, the stumpage (net) price of timber, the volume of timber harvested by land ¢lass in
the statiopary state. Then the optimal time profiles of these same variables are calculated for
the transition period. This is dene by solving the difference equation problem identified by
the laws of motion, the first order conditions, the initial conditions, and the terminal
conditions, where the &erminal conditions are determined by the solution stationary state.

The role of discrete optimal control theory lies in the identification of the laws of
motion and the equations and equalities for the necessary conditions. These are used to
identify the equations that are iferatively solved to numericzlty solve the probiem,

Formal Model
The net surplus in year.j can be written as
5 = fﬂfﬂj‘(njdn + f"q,“m)dn -

where (J; is the quantity or volume of timber for solidwood harvested in year j; D’(Q;) is the
inverse f{}mt of the demand function for indusirial wood for solidwood in year j; @ is the
volume of timber for pulp harvested in year j; Df(@,) is the demand function for mdustrlal
wood for pulp; and C, is the total cost (expenditures) in year j.

The total costs are the sum of harvest, access, domestic and internationat
transporiation cost (CH)), and regeneration costs (CR), Harvesting and transportztion costs in
year j depend on the total voiumes harvested by Iand class and regeneration expenditures
depend upon hectares harvested (regenerated} and level of the input used.

Define x,; to be a vector of hectares of trees by age group for land class 4 in year j
with elements x,,. The subscripts %, { and j are for land class, age group, and year,
respectively; thus x,, gives for land class A the number of hectares of age group { trees in
year j. Let z,, be the vector of state variables for the regeneration input, with z,, the level of
the regeneration input associated with age group i in year j for land class A.

Define u,; to be the control vector of portions of hectares harvested. The elements Uy
denote for land class h the portion of the hectares of age group i trees harvested in year j,
Let wy, be the level of the regeneration input per hectare for those hectares regenerated in
year j, and p,, be the price of the regeneration input for Iand class A.

The merchantable volume of timber per hectare for land class 4 in time period j for a
stand regenerated i time perieds ago depends upon { and upon the magnitude of the
regeneration input used on this stand (z,;). We denote this merchantable volume:
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Gy = Jalhs Ty (1)
This velume is divided between solidwood and pulpwood using variable proportions which
vary by land class, with ¢, the portion going to solidwood and (I - ¢,} the portion going 1o
pulpwood. The proportion ¢, s a constant elasticity function of the price of solidwood

relative to the price of pulpwood (77 / p%). When this refative price is greater than or equal fo
1.05, it is given by

by = A0 / BS
where g° and P are solidwood and pulpwood price, respectively, ¢ is the elasticity of ¢ with
respect to refative price, which is the same for 2ll land classes, and A, is a scaling factor that

varies by land class. When, however, the relative price is between I and 1.05 we use the
function

by = {(p / p}) - 1P

where €2k is selected so that these two functions for ¢,, give the same value at a relative
price of 1.05. Note that the value of this function approaches zero as relative price
approaches one. For the base case and scenarios we used an elasticity, e, of 0,6 and selected
the scaling factors so that the reference percents solid given in Appendix D would exist at a
relative price of 1.3,

With these definitions, the volume of commercial Smber harvested for solidwood and
pulpwood from langd class  in year j, Q,;, and @, are given by

Oy = Sty Xty ' . @)

@y (1 - S Xdy (2b)
and

Q;=EhQ;,;, @J:Eh@;f

where X, is a diagonal matrix using the elements of x,, and the total volume harvested in the
responsive regions, those that we are modeling, {s the sum of these over all land classes.

Harvest, access, and transportation costs for land class & are a function of the volume
harvested inn that land class

and regeneration cost for land class h in time peded j is given by
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CRy = (upky + Vlpywy )

where the inner product in parentheses gives the hectares harvested in land class 7, v, is the

exogenously determined number of hectares of new forest land in land class & (v, is nonzero

only in the Emerging Region), and the product of last two terms gives expmduurf: per
hectare. This yields total costs as

G =), (CHy + CRy .

‘We write the objective function, the present value of the net surplus stream, as:

SolXe Zp U, W =55 o5y + - + 675, + 0S5 2 ()
where p is the discount factor, exp(-7}, with r the real rate of interest, u is any admissible set
of control vectors, ug, 4y, . . ., Uy, (including all Jand classes), w is any set of admissible

contrel scalars wy, wy, . . ., Wy, (also covering all land classes), and 5,°f) the optimal
terminal value function.

Equation (3) is maximized subject to the laws of motion and the constraints on the
vaiues of the contro] variables. The portions of hectares harvested are constrained to be
nonnegative and less than or equal to one, and the repeneration inputs are constrained to be
nonnegative;

O u; <1 forall &, i, j : {(6a)

0< w, for all 7, j _ | | (6b)

The Jaws of motion for the system are piven by:

Fpjer = A + BUJxy, + vy e forall &, § (7a)

Ter = Az + Wy € for all &, {70)

where
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A, B, and U are M-square matrices U, is a diagonal matrix using the elements of by
and e is an M-vector, where M is equal to or greater than the index number of the oldest age
group in the problem.

The produgts Ax,, moves X, 10 X, ,.;,4,- Each year each age group becomes older by
one year. The product BU, x,, subtracts from the redefined quantities the hectares harvested
and places them in the one-year-old catepory {newly regenerated r.:atcgary) ¥y is the
exogenously determined hectares of new forest plantation in time period f, and v,e adds these
hectares to the one-year-old age group in time period j+I. These can be expressed as:

Xyrger = Uiy T vy for all &, f (8a)

Lirrgrt = Xag = Yoy Xog (i = 1,2,...M-1} {8b)

In the law of motion for z, the product Az MOVes z; 10 Z, 15y, ;. This parallel
redefining of x and z keeps the regenerated hectares and the level of their regeneration input
in the same refative position in their respective state vectors. The scalar product w,e places
W, in location z,; .. Thus,

Zujer = Wy for all &, § (9a)

Lnperjer = Ly ( = 12,....M-I) {%b)

Necessary Conditions



The discrete time optimal control literature contains extensive general discussions of
the discrete time maximum principle (Abadie 1970, Butkovskii 1963, Dyer and McReynolds
1970, Jackson and Homn 1964, Katz, 1962, and Pelak 1971). In this section the maximum
. principle for this forestry problem is stated and the necessary conditions examined. in the
next section this information is linked to the shooting (binary search) method which is used
in the solution algorithm. This procedure identifies the margins on which the equations hold
and also the specific difference equations that are used to solve the problem numerically.

The maximum principle is a theorem which states that the constrained maximization
of equation (5) can be decompased into a series of subproblems. In each time peried, the
following Hamiltonian is maximized" with respect to u,; and wy, subject to the constraints
{equations 6a, 6b, 7a, 7b).

The Hamiltonian for year J is

B = fﬂw Difnjdn + f:.Dfl’”M” G+ E,, A2 [(A + BUG, + vee] +

+ 3. Viger A2y + Do) | - (10)
where
Ny = plAS] (4, Tidy,] ¢=1..J)
Ny = pllSdG) + A+ BU N G = 1) (11a)
In addition,
by = PSR, Sz G = 1,.0)
Wy = pldsldzy) + Ay G = LoD (11b)

The derivatives with respect to vectors are gradient vectors, and 57, ,( J is the solution .
function in j+1. The solution funetion in year j+7 can be conceptualized as the result of an
application of Bellman’s optimality principle and backwards recursion. The A, and v, are
costate (adjoint) vectors, and identify the shadow values of the hectares of forest and the
fegeneration input in each age group, respectively, in year f

The necessary conditions for the constrained maximization of the Hamiltonjans in
eguation (10) are both necessary and sufficient for the constrained maximization of equation
(5). The correspondence of necessary conditions is the essence of the maximurn prineiple
(Halkin 1966). The conditions are sufficient because an equivalen{ form of the constrained

In general, the necessary conditions require only that the Hamiltonian be stationary
(Jackson and Hom 1965, p.390); however, a stationary value will be a maximum subject to
the constraints because the constraints are linear and the Hamiltonian is quasi-concave at a
stationary point, R

000

o o O

O O OO0

@

QO O

O

C

O

c oo

0 O

G

(>



D000

o U

Y

s PR C o P
f— Ry s R e R

LU

7
maximization of equation {3) can be shown to be the maximization of 2 quasi-concave
function subject to a set of linear constraints,

The Lagranpean function and the Kuha-Tucker conditions of this optimization
problem are '

Lf = H +2ﬁ o (1 -y (12)

dEfduy = [BDH0) + (1 - $DN@) - cifOy + @K Gy - TP Wy

@OLY Mg, = 0 (for all & and 7) (13b)

FLiWy = WDy t gy = 0 (for all &) {13c}

AL PBwwy = 0 (for all &) | {13d)

ALt = (1-uy = 0 (for all ) (13e)

LAty = 0 (for all # and 7} (136
Thess Kuhn-Tucker conditions, the laws of motion for the state variables {(equations 7a and
7b}, and the laws of motion for the costate variables {equations 11a and 11b) identify a
two-point boundary vatue problem that can be used to solve both theoretical and numerical
prablems. -

Analytic Solution

Equations (7a} and (7b} identify the method for cajculating the values of state
variables (hectares of forest by age group and stock of regeneration investment) in each year,
given the values for the control variables in each year. These equations move the state
variables forward through time.

Equations (11a) and (11b} identify the method for calculating the costate variables
(shadow values of the state variables) in each year, given the values of the control variables
in each year. This procedure caleulates the costate varizbles starting at year J and moving
backward through time to the present {year j = 0). Finally, equations (13a) through (13f}
identify the method of finding the values of control varizbles in each year.

We manipulate equations (13a) and (13b) into a set of difference eguations and use
the difference equations in our solution algorithm and in our theoretical discnssions of the
salution time profiles. The elements of 4L /du;; in equation (13a) can be written:

Prnihs ~ Xy + Faglharser - Msrajerd - big < 0 (for all & and 7) (i4)

where p,; is the net price or stumpage price of timber for land class /. Stumpage price is
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equal to the market price of solidwood weighted by the portion of timber in land class 4 that
is solidwood, $,D(()), plus the price of pulpwood weighted by the portion that is pulpwood,
- $,)D%(@), minus the marginal harvesting, accessing, and transportation cost of timber,
¢y (Qy + @J. This equaticn gives the marginal net surplus (net shadow value) of harvesting
hectares of {rees by age group and land class.

In equation (14} X, ;,,; is the shadow value of tregs that are one year old in year j+1,
i.e., trees regenerated in year j, Examination of equation (11a) indicates that its solution
value is the discounted value of the actual harvest of these trees in the future. The costate
variable A, ;,,; i5 the discounted vafue of age group # in land class % from next year. For
age group X in this land class it can be written

}\'h.huﬂ = F'n'*.*:.lju + Prjer Qeres = Pua Whﬁ-b’ (13)

which states that the opporturity cost of harvesting & year old trees in year j is the discounted
value of the trees that could be regenerated a year in the future plus the stumpage price of
timber next year times the merchantable volume of timber on that hectare ene year in the
future minus ihe optimal regeneration expenditures on that hectare.

Combining this last equation and equation (14) yields

Dy O - PunfWes = W) F Nogger = BN Sy oy - OPhjer@ipr: = 0 (18)

The solution to this discrete tme optimal control model is the time paths of state
variables, control variables, and costate variables, such that the Iaws of motion for state
variahles, equations (7&) and (7b), the laws of motion of costate variables, equations (11a)
and (11b), the difference equation for the net price of timber (stumpage price) given i
equation (16), and the remaining first order condition, eguations (13b) through (13f), are
simultaneously satisfied. These form a two-point boundary value difference equation
problem.

Solution Algorithm

Qur solution alporithm solves for the optimat values of the control {(choice) variables

in the transition pericd. These time paths generate ant evolution of the siate variables, e.g.
hectares of trees by age group, from their initial values to those in the stationary state. The
algorithm uses a shooting (binary search) method to solve a constrained difference equation
problem, The difference equations are the laws of motions of the state variables, equations
(72) and {7b); the laws of motions of costate variables, equations (2b) and (6b); and equation
(16) which is derived from the first two necessary conditions, equations {13a) and (13b).
These form a two-point boundary value difference equation problem, which is to be solved
subject to the remaining first order conditions, equation (13¢) through (13f). The boundary
values are determined by the initial and terminal conditions.

These difference equations with their initial conditions have a set of solutions, one for
each value of market price of timber in the first ime period. The shooting method i3 a
search for the member of this set that satisfies the terminal conditions. This search is carried
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out by starting with an arbitrary ¢lement from the set of solutions and systematically
eliminating solutions that do not satisfy the terminal conditions until a satisfactory "solution”
is found.
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APPENDIX B
SOLIDWQOLYPULPWOOD BY LAND CLASS

Land Class | Percent Solid: | Percent Solid; | Percent Solid:
Reference Year 50 of Year 50 of
: Base Scenaric | VHD Scenario

1 a0 27.1 1.1
2 55 49.6 - 15

‘ 3 55 49.6 15
4 55 49.6 15

I; 5 55 49.6 15
6 55 49.6 75
7 55 49.6 7.5
8 40 36.1 2.7
9 30 27.1 1.1
10 60 54.2 9.9
11 60 542 9.9
12 50 45.1 55
13 50 45.1 55 |
14 45 40.6 4.0
15 45 40.6 4.0

‘I 16 40 36.1 2.7 F
17 40 36.1 2.7
18 30 27.1 1.1
19 50 45.1 55
20 30 27.1 1.1

[ =21 50 45.1 5.5
22 80 72.2 248 ||
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