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Climate Change and Optimal Rotation in a Flammable Forest

Abstract

This paper builds a Fausmann-based mode! to investigate the effects of increased climate-
induced fire risk on the optimd rotation period in acommercid forest. Simulationsusing species of
trees prevdent in North American forests indicate that both the commercid and socidly optimal
rotation ages decline asthe risk increases. This occurs despite the fact that the inclusion of carbon
sequedtration benefits in society’ s maximand means that the socialy optimal rotation length exceeds the
length that is commercidly profiteble.

The increased fire risk as the climate warms aso has important implications for the ability of
forests to act as absorbers of carbon.  The arguments of the *Umbrella Group’ of countries who desire
to use their forests carbon-absorbing ability to offset their need for fossl fud emission reductions will
have increasingly lessforce asthe climate warms.  Because the heightened fire risk dramaticaly
reduces the ability of living foreststo act as carbon sinks, dternative proposals for storing carbon by
‘pickling’ wood in cold lakes|ook incressingly dtractive.

Keywords:  amospheric carbon, boredl forests, carbon storage, climate change, Faustmann,
forest fires, forests, globa warming



Climate Change and Optimal Rotation in a Flammable For est

1. Introduction

From December 1 to 10, 1997, ministers and other high-leve officias from 160 countries met
in Kyoto, Japan, for the Third Conference of Partiesto the United Nations.  Under the Kyoto
Protocol thet resulted from this conference, industridized countries must reduce their collective
emissions of greenhouse gases by 5.2 percent below 1990 levels by the period 2008 to 2012. While
thisisamodest target in that carbon dioxide levels have increased about thirty percent since the
indudtria revolution, its accomplishment by means of reductions in the use of fossl fuels gppears more
and more unlikely. Because forests and other plant matter absorb carbon dioxide, an dternative to
reducing anthropogenic emissons might beto increase the biomass of global forests, the use of new
carbon sinks being specificaly permitted under Article 3 of the Kyoto Protocol. This possbility has
been the mgor sumbling block to agreement on the implementation of the Kyoto Accords, the so-
cdled Umbrela Group of countries arguing thet their forests dlow them to forego fossl fud emisson
reductions.! Proposds for creating new carbon sinks include reducing the rate of deforestation,
replanting fast-growing forests (van Kooten (1999), or switching from fossil to biofuels (Sedjo and
Solomon (1989); Dixon et al. (1993); Binkley et al., (1997)). Economic research has so far focussed
on the rlative codts of sequestering carbon with the different options (Moulton and Richards (1990),
Nordhaus, (1991)).

A problem with this possible solution to globa warming is that forests themselves periodicaly
emit large amounts of carbon as the consequence of fires. For example, from 1850 to 1980, an

estimated 90 to 120 hillion metric tons of carbon dioxide were released into the atmosphere from

! The Umbrella Group comprises Austrdia, Canada, Japan, New Zeadland, and the United
States.



tropical forest fires, compared to the 165 billion metric tons added to the amaosphere through the
burning of cod, ail, and gas. Wildfires are now a dominant ecological

disturbance, and their size and frequency appear to be increasing.2 Today the burning of tropica
forests aone contributes about thirty percent of the total carbon emissions®. Thereis much recent
research on carbon uptake and emissions within the forest sector, and on the complex interactions
between warming, carbon absorption and forest fires. Important positive feedback effects appear to be
in operation. It iswidely expected that warming with increase the likelihood of forest fires, which will
then increase the forest carbon emissions, as indicated by anumber of smulation studies ( Kurtz and
Apps (1994), (1995); Peng and Apps (1999) and earlier studies reviewed by Harrington (1987)).
Many of these studies dso indicate that the greatest warming engendered by increasing CO, will occur
at higher latitudes (45 to 65 degrees N) with the most marked effects within the continentd interiors
(Stocks, Leeand Martell, (1996)). The doubled CO, experiment by Mitchell (1983), for example,
produced differences of between three and ten degreesin the mean winter surface temperature for
much of the land surface area of the bored zone, and other studies have indicated that there may be
ggnificant warming and drying in the summer months in the same region, increasing  the fire frequency.
However, a possible long-term negative feedback effect may be more rapid forest growth due to the
warming itself, absorbing more carbon and eventudly dowing the warming.

These possible ecologicd interactions are under intense study by forest biologists and
ecologids, but there has been relatively little research on the effects of human adaptation to warming
within the forest sector. This adaptation may include increased fire suppression expenditures or
changes in harvest rotation age on the part of forest managers. While the former is possible, it is not
likely in the face of increasing budget pressure on the part of most governments, who are the de facto

2 One of the largest fires in the recent past destroyed more than twelve million acres of bored
forest in Russia and the Peopl€’ s Republic of Chinaduring May, 1987.

3 Smith et al. (1993) estimate annua carbon emissions from fossil fue  burning of about 6
billion tonnes. Deforestation implicitly adds another 2 billion tonnes through reduced absorption.



managers of many of the world' sforests. This paper instead focusses on the rotation length decision,

building on the standard Faustmann mode of optima rotation.

If an increased forest biomass dows globa warming, it creetes a positive externdity for the rest
of society, and afew papers within the resource economics literature have consdered thisin agenera
way, building on the origind Hartman mode (Hartman, (1976); Calish, Fight and Teeguarden,

(1978)). Haynes, Alig and Moore (1994) tried to estimate this effect usng smulationsfor U.S. forest
gpecies. Englin and Calloway (1993) and Martin (1998) compare commercidly optimal rotations and
the socialy optima rotation lengths resulting when carbon sequestration benefits are included.

Within the forestry literature, a number of papers have studied the effect of a parametricaly
increased fire risk on rotation age. Martdll (1980) used a smple mode to determine the optimum
rotation of aforest stand that is threatened by fire, and similar models were used by Reed (1984),
Martdl (1994) and Englin, Boxdl and Hauer (2000). In these modds, an increasein the risk of fire
actsin asmilar way to an increase in the discount rate, tending to reduce the (constant) planned age of
rotation. However, these models did not dlow the firerisk to change over time as the climate warms.
Such inter-tempora effects are amilar to the effects of time-changing forest prices or costs studied by
McConndll, Daberkow and Hardie (1983) and Newman, Gilbert and Hyde (1985). This paper
essentidly generdizes the Reed modd by dlowing the fire risk to change over time. We will show that
increased risk results in areduction in both the commercialy and socialy optimal forest rotation
periods.

The plan of the paper isasfollows. The subsequent section outlines the modd of optimal
rotation for acommercia forest in the presence of increasing firerisk. This modd reduces to the Reed
mode when risk is congtant, and to the Newman, Gilbert and Hyde model when thereis no fire risk but
an exogenous trend in forest rents. A smulation of this model with three forest speciesis performed in
section threg, illugtrating the changes in the commercialy optima rotation periods for goproximeately



two hundred and fifty yearsinto the future. The next section adds carbon sequestration benefits to the
model, and shows that the socidly optima rotation length also declines with dimate warming. The find
section discusses the implications of climate warming for the possibility of using forests as carbon snks.

2. A generalized Faustmann mode with an increasing risk of fire

We assume aforest manager determining the optima sequence of rotation ages on agiven
forest sand. The stock of trees on thisstand is subject to random disturbances, the mgjor ones being
fire and insect infestation. In conformity with most fire risk models and with empirical studies of fire
risk, we assume that a Poisson process governs the number of years until afire, so that the time
between forest fires follows the exponential distribution function (1 &:€%8%) which has a probability
density function 8e%8*. 8 isthe conditiond risk given surviva to date, which in this caseis the
inverse of the mean time between fires. Thusif 8=1/60, there is on average 60 years between fires,

Unlike previous modes, we will specify 8 asafunction of time.

In the presence of fire risk, the value of one rotation, terminated by fire or harves, isthe
random variable B(x,a), which isafunction of X, the random waiting time between fires or harvest, and
the planned rotation age, a Given revenue at harvest R(a) and a planting cost ¢, (compounded to the
end of the rotation period at discount rater), the net return at age x is:

&ce™ if x < a,

B(x,a) "
() R@) &ce'? if x " a.

Each rotation period ends ether a the planned harvest period or with afire, in which case x < a and
no revenue is obtained. For smplicity, no additiona Site preparation cost is assumed in the case of
replanting after afire.  With the given digtribution for the probakility of afire, the chance that the stand
is destroyed before the planned harvest time a is 1 - €82, and the probabiility of harvest is e®2.
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Denating by E the expectation operator, the expected present value of the series of rotations of
harvests and burnsis the summation

E(e&”an) - E(e&”n&l)E(e&fX B,)

CTRES

4
®m PV
n*1

"1

>

In this equation, t, isthe time at the end of the nth rotation. Ast, =t + X, (with x #4a) the expresson
can be factored as shown. However, the waiting times between harvests are not necessarily
independent, and the planned harvest interva is not necessarily constant when 8 varies with time, S0
that the last term is not constant and able to be factored out of the summation asin Reed (1984) or
Englin, Boxal and Hauer (2000). Let us designate by D,, the expected discount factor E(e*''), and
define D(a,8) " E(e**) asthe expected discount factor over one rotation. Although we cannot

evaduate D, explictly, with our given digtribution

8 % re&(r%B)a_
r% 8

e D(a8) * E@E*) *

withdD, /d8 >0 and dD, /da< 0. The expected discount factor then evolves over timeasD,, =D, ;

* D,. The expected rents over one rotation are defined as

a

@A) V,(@,8) " E€**B,) " R@e* ™ & [e*®* % m8 &8 dx] = R@)et™8)a g
0

so that anincrease in therisk  has the same effect on the expected rents over one rotation as an

increase in the discount rate. We shdl modd the effects of climate change on the forest as an increase
over time in the conditiond risk, 8. Specificaly, we modd 8, the risk of firein the current rotation, as
adeclining function 8(D,,_,) of the discount factor in the previous rotation, so that 8 increases asD
declines over time*  Including the congtraint, to maximize expected forest rents the forest manager

then chooses a sequence of planned rotation ages g, to maximize the Lagrangian:

* For the empirica Smulaion, thisis specified as8 = 8, - ** In(D,,;) so that, if D were non-
stochastic and equal to €™, 8 would be alinear function of time.
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@ PV " i, D Va(@:8) % (D, & D,D,(a,.8)],
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where (, is the shadow price associated with changesin the expected discount factor.

Thefirst-order conditions for this maximization are:

dv dD
dpPv . Dn&1{ N & x) " 0

da, da "da
5
© PV .y oyp Moy echpwp, P
&1 &1 &1 N |-
an&l " " dD n&l " " § " an&l

In these equations the derivatives dV/d(D,,.;) and dD,/d D) fallow from the implicit functions V(8(D,,
1)) and D(8(D,,1)). Combining them, the rotation age g, is determined implicitly from the following

recurrence rdation:;
[ vav i) W0y | [ WV Vi |
©) "&lD MD_Ma | MD "1 VDM XMDM ’ '
[ n&1 Ma J MD g, Mg, Ma,

One can amplify this by using the fact that increasing the planned rotation age indirectly
increases the expected discount factor between rotations, D,. Subgtituting dv/dD, for (MV/Ma)/(MD,
IMa) etc. we can rewrite (6) in terms of the capita gain or loss from waiting and dlowing D,,; to
increase over time, (V plusthe first term in the square bracket) and the returns from indirectly
changing the expected discount factor:

(6') Dn&l

| MD
WV g AV ok Mg gD WNVia b % v - 0
WDy D, WD, | | D, o

X



Thefirgt bracketed term of this reationship results from the changein 8 over time, while the
last three terms aone determine the (Stationary) rotation age in the Reed mode with a constant fire
rik. Tordaeit to the more familiar Faustmann formulawe will show that our relationship
encompasses both the Reed case of constant 8 and the case employed by McConnel et al. and

Newman et al., in which returns are non-stochastic but there is a change in profits over time.

The Congant 8 Case

If 8 is congtant, dV/dD,,; and dD,/dD,,, are zero, S0 &, is determined in equation (6) a the
point where V plusthe last term in brackets equas zero. Inthiscase, the waiting times between
harvests are independent, and the expected discount factor and expected vaue per rotation are both
constant, so a, will dso be congant.  Equetion (6') above then becomes smply
V% [1&D/](dv/dD) = O. Thisistheresult of maximizing PV with D, inter-temporally constant,”

or

4
(7) PV - j {kD

Subgtituting for V, etc., the optimum condition in thiscaseis equivaent to the stlandard Faustmann
formula with a risk-adjusted discount rate, becoming

@8 R,%(%8)Ra@ % rPV " 0
which is equivalent to Reed' s equation (16), p. 184. With 8 congtart, it is easy to show that aslong as

R’ (a) < 0 aparametric increase in the fire risk will shorten the (inter-temporally congtant) planned
rotation age. Totdly differentiating (8) above and noting that dPV/da = 0,

®D, isnow afunction only of g,, so a, and D, are equivaent choice varidblesin maximizing
PV.
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The Modd without Risk but B Evalving over Time

If the returns are nonrandom, X then equas a, the planned rotation age. Aswell, the expected
and actud discount rates are equa, with E(e*''") = e“" and D, = €™ Although time affects rents in
the mode only through thetrend in 8, (and 8 is zero when rents are non-stochastic), for comparison
with previous papers on trending forest prices let us Smply alow harvest revenues to depend on the
date of the previous rotation, so that the rents at the end of the nth rotation period equa B(a,, t..; )=
R(@, t..1) - c,€ ?and the beginning of period net returnis V = €@ B(a,, t,1) = €™R(a,, 1) - C,. Now,
dv/dD,=V/D,, = - (B,- rB)/rand dV/dD,,; = -€" B,/

(r Dnay.® Substituting into equation (6) with dD,/dD,,, = 0 and smplifying, &, is determined from the
following implicit difference equation:
(100 B, &B, % [Ban&l &rB \e™ " o

Thissaysthat g, ischosen at the point where Ban, the margind return from an additiond
year's growth, equalsthe exogenousincrease in profits over time plus the compounded net returnin
the previousrotation. Thisrelation is equivaent to the result in Newman, Gilbert and Hyde (1985).
Aswdl, when B, = 0 and both the rotation age and B, are constant, (10) reducesto the norma
Faustmann formula B_ (1 & e%@) & rB " 0. When profits change over timeitisnot possibleto
determine the shape of the time path for g,, from rotation to rotetion, without assuming particular
functiona formsin solving this nonlinear difference equation.  Finding the path for the rotation agein
the genera model thus must be found by smulation, which is done in the next section.

6 D, ,/dt,, = -r Dy, S0 dt, ,/dD,; = -1/(r D,.,)



3. Simulation of the model of section two with parameters from Canada’sboreal and

subarctic forests

In this section, the modd is smulated with the growth rates for the tree species Douglas fir,
white spruce and jack pine. Douglasfir isthe dominant species on the west coasts of Canada and the
U.S. White spruceis prevaent in the Western Canada interior boreal and subarctic forests, where the
predicted warming is greatest, while jack pineis typica in Northern Quebec and Ontario forests.

Forests occupy about 400 million hectaresin Canada, or roughly haf of the land area, and
represent gpproximately 10% of globa forests. The boreal zoneis about 290 million hectares. Most
of Canada's forest land is publicly owned. Only 6 per cent belongs to private interests, while 71 per
cent comes under provincid jurisdiction and 23 per cent is the respongbility of the federa and territorid
governments. Of thisforest land, 56 per cent (236.7 million hectares) is classified as ‘commercid,’ being
leased by the Crown to private forest companies, but only 119 million hectares of this commercia
forest is currently used for timber production, because of the high access and transport costsin the
Canadian north.  Canadian commercid forests are ill managed indirectly by the Crown inthat many
decisons are made by Government officids, not grictly on commercid grounds.  Since 1992,
sustainable development, however defined, has been the ostensibly guiding principle of the Nationa
Forest Strategy, and the provinces of British Columbia, Saskatchewan and Quebec have dl
established legidation based on sustainability principles.  Thus we cannot predict the Canadian forest
indugtry’ s response to climate change from amodified Faustmann formula. Despite this, it is useful to
characterize the nature of a manager’ s response based solely on commercia considerations, because

thisis an important factor in forest decisons.
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As dsewhere, Canadian forests are subject to increasing rates of disturbance dueto fire and
pests. Over the past ten years, an average 9,600 wildfires have burned 2.9 million hectares annualy
(0.6% of the total forested area), and the area burned has increased substantialy since 1960. For
example, the number of fires recorded between 1960 and 1995 was 60% higher than the total for
1920-1960. From 1920-1969 the average areadisturbed by fire and pests was 1.7 million
hectares/yr, and this doubled to 3.6 million halyr in the 1970-1989 period. However, the 1920-1969
fire rate was actudly unusudly low in Canada, and consequently the average age of the bored forest
increased from 60.9 yearsin 1920 to 82.5 yearsin 1970, before declining to 76.4 in 1989 (Kurtz and
Apps (1999)). Figure 1, from the Canadian Forest Service, shows the annua variability in Canadian
forest fires. The increased disturbance rate is the reason for a recent drameatic reduction in net carbon
absorption within Canadian forests.

The globa warming trend has dso been evident in the Canadian north. Summer temperatures
in the Canadian bored forest have increased an average one degree Celsius over the last century; .57 in
the east, 1.4" in the western boreal, and 1.7 in the northern Mackenzie river digtrict, and there has
been alot of research on the relaionship between climate change and increased wildfires. To predict
the forest burn rate, foresters use a weighted average of temperature, moisture and other data called the
fire weather index (Hirsch, (1993); Stocks (1993), Stocks and Kaufmann, (1997). Using three
commonly used generd circulation climate models, Flannigan and Van Wagner, (1991) predicted that

atwice CO, climate would increase the seasona severity of Canadian forest fires by 46 percent.

To dmulate the mode in the previous section, we firgt specify harvest revenue R(a) asthe
stumpage price p times tree harvest volume v(a).  We then require estimates of growth functions for
the tree species, aswell asthe red discount rate, r, the cost/ priceratio c/p, theinitid burn rate, 8,
and estimate of itstimetrend. Thered discount rate was set a 2 %, at the middle of the 1% - 3%
higtoricd range for the real government borrowing rate (Lind (1990)). The stumpage price for
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Douglas fir logs has been approximately p = $1200 per 1000 cu. ft. (or $42.40 per n?) inthe last
decade, and a reasonable Douglas fir planting and site preparation cost value of ¢ = $300 per acre or
$741.30 per hectare was obtained via Martin(1998) from aU.S. Forest Service study of U.S. Pacific
coast tree plantations (Moulton and Richards (1992)). Thus, the cost-priceratio for Douglasfir in
metric unitsis gpproximately 17.5. While information was obtainable on spruce and pine sumpage
prices, there was none on Site preparation costs in the other regions. Consequently, the cost-price
ratios for these species were st at levels that gave single-rotation expected pre-tax rates of return per
hectare at the congtant fire-risk rotation age that were approximately equd to the 39.1% return for
Douglasfir. Thisoccurred at c¢/p = 7 for jack pine and only ¢/p = .1 for white spruce’.

The growth function parameters for the three typical tree species were obtained from various
sources. The equation for Douglas fir was obtained from Martin(1998), who estimated Douglas fir
volume by age for U.S. Pacific Northwest site index 160 based on data obtained from the U.S.D.A.
Forest Service. The equation for northern Ontario jack pine was obtained from from Martell (1980)
and the volume growth rationship for white oruce on the Ardia site of north-centrd British Columbia
was derived from a paper by Craigdalie and Smmons (1982). These growth function equations,
converted to cubic volume per hectare (), are shown in Table 1 and illustrated in Figure 2.

For the smulation, the fire risk was specified asthe function 8 =8, - ** In(D,, ;) of the expected
discount factor in the previous rotation. This relationship impliesthat if D, ; were non-stochastic and
equa to €™, then 8 would equal 8, + *'rt, asimple linear function of time. We however need the
parameters 8, and **. Theinitid burn rate 8, was set a .014, the inverse of the seventy-year average
disturbance cycle in the Canadian boredl forest in the early 1990s.  Estimating the parameter ',
representing the trend in the fire disturbance rate, is of course much more problematic. One possible
source is the paper by Johnson and Larsen (1991), which undertakes an historica analysis of climate-
related changes in fire frequency in Canada' s Southern Rocky Mountains during the last 380 years.

” The expected single-rotation rate of return on sesis V(a)/R(a) = [v(a) - c/p]e*®2/(v(a)).
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According to these forest scientists, the change from the warmer and drier climate prior to 1730 to
the cooler and wetter one post-1730 increased the fire cycle from 50 to 90 years, or equivaently
reduced the disturbance rate from .02 to .011 in thisregion. Thiswould imply ** equal to ) 8/r)t =
1.48*1073, and adisturbance rate in 400 years of 2.5% instead of the current 1.4%. Alternatively,
smply using the change in the overdl age of the Canadian bored forest in the 1970-95 period resultsin
ahigher " at 2.42*10° and a predicted 8(400)=3.6%, while a regression of the burn rates against
time for the 1970-95 period gives ' = 9.88* 10 and a very high future disturbance rate of 6.9%.°
From these three estimates, we have used an intermediate rate of ** = 2.0*103 for the Smulation,
implying the future disturbance rate 8(400) of gpproximately 3%.

To begin the smulation exercise, we first calculated the steady-state Faustmann rotation age for
each species with adiscount rate of r = 2 %, the cost/price ratio as calibrated, and 8 equal to zero.
At these base-case parameter values, the Faustmann optimal rotation ages were 51.4, 41.0 and 58.3
years for Douglasfir, jack pine and white spruce respectively, as shown in the first row of Tablel..
Next, the model was smulated for a congtant disturbance probability, with 8 equd to its current rate of
1.4% and ** zero (equation (8) of the previous section). These results are shown in the second row of
the table. Within this constant-risk modd the effects of parametric changesin the discount and
disturbance rates were then investigated. As expected, increasing the red discount rate reduces the
rotation age, asdoesdoubling therisk from 8 =.014 to .028, these effects shown in the last two
rows of thetable. To illustrate the equivaence of a congtant fire risk to an increased rate of discount,

the discount rate increase isto 3.4%, the sum of the origind discount rate and the 1.4% fire risk.

Introducing a climate trend into the model no longer generates afixed rotation age but a
sequence of ages for different rotations.  Equation (6.1) of the previous section isan implicit nonlinear

functionf(a, &.4, D1, Di2) =0 of 8 and &, the ages of the current and previous rotations, and the

8 Datafrom 1918 to 1969 were not used for the estimation, despite its availability in Canada,
because this period is regarded as one of unusuadly low disturbance.
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lagged expected discount factorsD;_; and D;., The expected discount factor D; aso adjust from
rotation to rotation according to D; = D;_; timesD(&, D;.,), the expected discount factor over asingle
rotation. These two Smultaneous equationsin g and D; were repeatedly solved using the numericd
equation solver in the Mathcad programming language as functions of the lagged vdues .4, D;.;, and D;.
» Thesmulation was begun with D, equd to unity, a, equa to the constant risk rotation age above,

and D; = D,(a, Dy), the expected fird-iteration discount factor. Simulations were run for twenty
rotations, and stopped when expected rents per rotation became zero, which occurred at less than 10
rotations, or between 250 and 300 yearsfor each species.  Figure 3 shows that the resulting rotation
ages for each of the three forest species unambiguoudy decline (becoming zero when expected rents
arezero). This pattern is not sengitive to parameter changes, such as changesin discount rates,
planting costs and the rate of increase in the disturbance risk, within reasonable limits. It thus appears
that increased risk actsin asimilar way to a discount rate that increases over time, inducing a reduction
in the profit-maximizing rotation period. The burn rate, 8, increased from 014 to .023 over the
aoproximately 250 year Smulations.

4. The socially optimal rotation length when carbon sequestration benefits are added

Adding the socid carbon-absorbing benefits of standing timber to the maximand in equation
(4) will change the optima planned rotation age. Thetotal carbon stored in atypica stand follows a
similar pattern to wood volume, with the rate of carbon sequestration d(a) increasing and then dedlining
asthetreesage. Thisisillugrated by the Douglas fir carbon absorption function derived by Englin and
Cdloway (1993), shown in Figure 4 as tons of carbon stored per hectare per year. The maximum
absorption rate according to thisfunction is at 48.4 years, compared with as the commercialy optima
43.8 year rotation period for a Douglas fir stand given the current 1.4% fire risk. Because fire instantly
rel eases the stored carbon back into the atmosphere, however, the relevant concept when firerisk is
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present isthe expected present value of sequestered carbon.  To derive this, we must weight the

vaues of the various transfers given fire and harvest.

Suppose P, isthe socid value of aton of sequestered carbon.  Given harvest age aand
absorption rate &(a), the value of carbon absorbed by a hectare stand, compounded to the harvest
date a is Pce’ar:e&’z é@dz At harvest, aproportion d of this carbon is quickly transferred back to the
atmosphere throough products such as chips, sawdust, paper and fuelwood that are either burned or
quickly decompose. The remainder of the carbon goes into long-term product storage. If this
decomposes at rate *, the total value of the lost carbon as of date ais[d + *(1-d)/(r+*)]P.C(a), where
C(a) isthe carbon stock in the trees, so the net sequestered carbon vaue given harvest is.

a

(12) C, " Pe fam e d(dz & P_C( )[
0

rdA) ].

If the stand burns at time x < &, all the carbon is released, so the corresponding G, is equation
(12) with d=1and* =0. Waeighting C, and C,, by the burn rate, 8, the overal expected value of

sequestered carbon for asinglerotation is.

a X a
VC(@8) * P, {ms e&BXme &r2d(7)dzdx & m8e&<r%8> XC(a)dx}
(12) 0 0 0

&(8)a) qra o&r rd %*
% P_e e e ‘d(2)dz & .=.C( a)f.
) % *

To cdculate thisvaue for Douglas fir, we need vaues for the additiond parameters P, d, and
*. Weshdl employ the carbon value calculated by Nordhaus(1993), who estimated a shadow price
of carbon to promote climate sabilization of P, = $100 per ton. Harmon, Ferrell and Franklin (1990)
aso estimated that approximately 40 percent of merchantable timber (net of breakage and defects)
goes into long term storage, so d=.4. |If thiswood decomposes at 1%, then *=.004 is appropriate.

Given these parameter vaues, Figure 5 shows the relationship of the expected sequestered carbon
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vaue with the burn rate, aswell as with the planned harvest age.  From the figure it is apparent that at
the current rate of 8=.014 thereis no planned rotation age maximizing the VVC function, whileat 8 =
.028 it ismaximized with aplanned rotation age of approximatdly fifty years® At alow fire
probability it is better to dlow the carbon to accumulate in living trees, while if the chance of aburnis
high, then storage in wood products results in alower expected rate of atmospheric transfer. The
increased risk aso sgnificantly reduces the function’s value a any harvest age. With a 50 year rotation,
ahectare of forest sequesters over its lifetime an amount of carbon with an expected present vaue of
$67,200 if 8=.014, whileif the burn rate risesto 8 = .028 this expectation declines to $29,300 in

present value.

From society’ s point of view, the planner should add V C, the expected carbon vaue, to the
expected commercia vaue of theforest (V). With agiven burn rate, the socidly optima planned
rotetion length over an infinite horizon is now the one maximizing (V(a8) + VC(a8))

I(1- D(&,8)), where D, isthe expected rotation length. Compared with the commercid optimum of
43.8 years, at the current 1.4% burn rate it is never socialy optima to harvest the trees, while at 8 =
028, thereisasocidly optima harvest a 47.1 years, still exceeding the 37.5 year commercidly
optimd rotation age given that burn rate. Thus, with alow risk of fire, it isoptima both from the
commercid and socid standpoint to store carbon in living trees, but thisis no longer the case when the
firerisk increases as the dlimate warms. With ahigh fire risk it is more prudent to store the carbon in
forest products.  Although the inclusion of carbon benefits means that society should rotate the forest
less frequently than the commercia rent-maximizing rotation age,'° both the commerciadly and socidly
optima rotation lengths decline as thefire risk increases.

® The derivative dv C/dais proportiond to (rd + *) + (1-d)[dInC(a) -8 ], s0itisdways
positive if the absorption rate dC(a)/C(a) exceeds the burn rate.

1% Thisis confirmed by the fact that dVC/dais positive a the smulated rent-maximizing rotation
ages of the previous section.
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5. Conclusions

This paper has built a Faustmann-based mode to investigate the effects of increased climate-
induced fire and pest disturbancerisk on the optima rotation period in acommercid forest.
Simulaionsusing species of trees prevaent in North American forestsindicate that aslong as forestry
is profitable both the commercid and socid optimum rotation ages decline asthe risk increases. This
occurs despite the fact that the inclusion of carbon sequestration benefits in society’ s maximand means
that the socidly optima  rotation length exceeds the length that is  commercidly profitable.

The increased fire risk as the climate warms aso has important implications for the ability of
foreststo act as absorbers of carbon.  The arguments of the *Umbrella Group’ of countries who desire
to use their forests carbon-absorbing ability to offset their need for fossil fuel emission reductions will
have increasingly less force as the dimate warms !  Because the heightened fire risk significantly
reduces the ability of living forests to act as carbon sinks, aternative proposas for storing carbon by
‘pickling’ wood in cold lakeslook increasingly attractive.

11 Canadais amember of the Umbrella Group of countries. Until recently, Canadas forests
created a net carbon sink, sequestering about 200 million tonnes of carbon per year, enough to offset
her high anthropogenic emissonsof 128 million tonnesin 1987 (Van Kooten et al., 1992).

However, the net ecosystem productivity of Canadian forests has declined in recent decades, actudly
cregting net carbon emissonsin the forest sector done of gpproximately 75 million tonnesin 1990
(Kurtz and Apps (1995). Thetota Canadian net flux of gpproximately 200 million m.t. isnearly 7 per
cent of the estimated annud world atmospheric carbon increase of 2,900 million m.t.



Tablel: Growth Functionsfor Selected Tree Species
DouglasFir, Northern Jack Pine, and White Spruce
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Species Growth Equation Age of
Maximum
MAI (v/a)
Douglasfir v(a) = exp(6.874 - 75.744/3) 75.7
Jack pine v(a) = 397.49 - 1865.5a"5 49.6
White spruce V(&) = 483 [exp(-.4181 In(a) +.15529In(a)*-.0088 In(&)°) - 1] 130.0

Tablell: Calibration Smulationsfor Selected Tree Specieswith **=0 ( no warming)

Simulation DouglasFr | Jack Pine | White Spruce
Faustmann case: no firerisk (8=0) and r=.02 51.4 41.0 58.3
Constant firerisk (8=.014; ' =0) 43.8 375 495
Constant firerisk with r = .034 43.8 375 49.5
Constant firerisk withr=.02, 8=.028, "'=0 39.1 35.2 44.7

Simulations assumer =.02, and ¢/p = 17.49, 7, and .1, for Douglasfir, jack pine and white spruce

respectively.
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Forest Fires in Canada
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Figure 1: Forest fire statistics from the Canadian National Forest
Service
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