% UNIVERSITY OF HELSINKI

https://helda.helsinki.fi
Helda

Optimal carbon storage in even-and uneven-aged forestry

Assmuth, Aino

Elsevier B.V.
2018-02

Assmuth, A & Tahvonen, O 2018, 'Optimal carbon storage in even-and uneven-aged
forestry', Forest Policy and Economics, vol. 87, pp. 93-100. https://doi.org/10.1016/j.forpol.2017.09.004

http://hdl.handle.net/10138/310805
10.1016/j.forpol.2017.09.004

cc_by nc_nd
acceptedVersion

Downloaded from Helda, University of Helsinki institutional repository.
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Please cite the original version.



10

11

12

13

14

15

Optimal carbon storage in even- and uneven-aged forestry

Abstract

We study the effects of forest carbon storage on optimal stand management by applying a model
where optimal harvests are partial cuttings, implying uneven-aged forestry, or both partial cuttings
and clearcuts, implying even-aged forestry. Optimal carbon storage postpones partial cuttings and
increases stand volume along the rotation. Carbon pricing may shorten or lengthen the rotation period
depending on interest rate and speed of carbon release from wood products. If the carbon price is
high, the shadow value of forest biomass is negative, implying that a higher interest rate leads to
higher stand density. In empirically realistic examples, carbon pricing causes a switch from clearcuts

to continuous cover management rather than vice versa.

Keywords: carbon sequestration, continuous cover forestry, Faustmann model, optimal rotation,

uneven-aged forestry
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1. Introduction

Forest ecosystems hold more than double the amount of carbon in the atmosphere (FAO 2006).
Carbon storage can be enhanced by reducing deforestation and increasing afforestation, but also by
changing forest management in existing forests. The latter option may help prevent price increases of
agricultural land and products. As the present stand-level literature mostly deals with changing the
rotation period, a wider set of management adaptation options has remained unexplored. Our study
applies a generalized stand-level model, where optimal harvests are solely partial cuttings, or both
partial cuttings and clearcuts. This model allows the joint optimization of wood production and carbon
storage in uneven-aged and even-aged forestry. We show that, in addition to the rotation period,
economically efficient carbon storage also changes stand density along the rotation and, in many
cases, the optimal management regime from even-aged to uneven-aged management.

An extensive body of literature exists on carbon storage and afforestation potential on a national
level (e.g. Lubowski et al. 2006, Mason and Plantinga 2013). At the stand level, a seminal paper by
van Kooten et al. (1995) examines the effect of carbon taxes and subsidies on optimal rotation age.
Their numerical results suggest that internalizing carbon benefits tends to increase rotation ages only
moderately. The numerical study by Stainback and Alavalapati (2002) on slash pine forests in the
southern U.S. suggests that carbon storage increases sawtimber yields but decreases pulpwood yields,
and considerably increases the value of forestland. Guthrie and Kumareswaran (2009) study the effect
of carbon credit schemes on the length of rotation period under stochastic timber prices. Olschewski
and Benitez (2010) show that carbon storage increases optimal rotation length considerably in tropical
fast-growing stands. Akao (2011) shows using an extended Faustmann model that carbon storage
may shorten or lengthen the optimal rotation. Hoel et al. (2014) develop the approach in van Kooten
et al. (1995) by including forests” multiple carbon pools and the use of wood for bioenergy.

These studies (as well as many others) apply the generic Faustmann rotation model (Samuelson

1976), where forests can be harvested by clearcutting only. As such, this model is best suited for
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forest plantations, which, however, account for only 7% of global forest area (Payn et al. 2015). How
well this model is suited for more natural forests is questionable. Moreover, risks induced by climate
change may favor more diverse management practices in semi-natural forests and even in areas
currently dominated by the rotation regime (Gauthier et al. 2015). The main alternative is uneven-
aged or continuous cover forestry, which applies partial cuttings (i.e. thinnings) and relies on
continuous natural regeneration. Compared to even-aged forestry, this regime is likely to be more
favorable to many forest-dwelling species (Calladine et al. 2015) and more resilient against the many
threats of climate change (Thompson et al. 2009). Thus, clear interest exists in exploring whether
carbon storage favors uneven-aged forestry compared to even-aged forestry or vice versa.

Goetz et al. (2010) study uneven-aged forestry and carbon storage, but do not analyze the choice
between management regimes. Pukkala et al. (2011) study the regime choice, but apply a model
without sound economic basis. Gutrich and Howarth (2007) raise the question of management
regimes with carbon storage, but the choice is analyzed without optimization. Thus, the question of
whether carbon storage favors continuous cover or clearcut forestry is completely open. Our objective
IS to answer this question analytically using a model with sound economic basis and that covers both
management alternatives simultaneously.

The economics of uneven-aged management have been studied since Adams and Ek (1974).
While most models attempt to circumvent the dynamic complexities of optimizing uneven-aged
management?, Haight (1985) and Haight and Getz (1987) specify and numerically compute a
theoretically sound dynamic optimization model for uneven-aged management. In another line of
research, Chang (1981) and Chang and Gadow (2010) study optimal partial cutting cycles and
growing stocks in uneven-aged stands, while Parajuli and Chang (2012) extend the model with carbon

sequestration. Recently it has been shown that both clearcut and continuous cover management can

1 Various lines of research have been discussed in e.g. Getz and Haight (1989) and Ram6 and Tahvonen (2014).
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be covered by a single framework (Tahvonen 2015, 2016). In Tahvonen (2016), the Clark (1976, p.
263-269)? assumptions on forest aging are revised to account for natural regeneration. This leads to
an analytically solvable model that includes both forest management regimes and their optimal
choice. In the present paper, the model is further extended to include carbon storage.

Unlike all previous studies, our study analyzes optimal carbon storage without restrictions on
the management system. This allows us to show that the set of economically efficient methods for
enhancing carbon storage in forests is much wider than previously thought. We show analytically that
carbon pricing may either increase or decrease the optimal rotation age, depending on assumptions
on interest rate and carbon release from wood products. When carbon pricing increases rotation
length, it tends to cause a switch from clearcuts to continuous cover forestry. This regime shift follows
when the model is computed using empirically realistic parameter values. Additionally, we show that
carbon storage postpones the beginning of thinning and increases stand volume before the possible
clearcut. If the carbon price is very high relative to wood price, the shadow price of stand volume is
negative, as the scarce resource is not wood but the remaining capacity for carbon sequestration.
These effects have remained unnoticed in both studies based on the generic Faustmann model and
studies that include thinning in numerically computed frameworks. All these results are new and
reveal that carbon storage implies major changes in the established understanding of managing forest
resources.

We continue by introducing the model and deriving the optimality conditions. This is followed
by an analysis of optimal thinning, after which we present results on optimal rotation and management
regime choice. Empirical and numerical examples are given alongside with analytical results. The

proofs can be found in the appendix.

2 Recall that Faustmann (1849) included thinning in his bare land formula, but remained silent about the possibilities of
harvesting trees by thinnings only. A similar route is followed by Clark (1976), while Samuelson (1976) neglects thinning
altogether. Halbritter and Deegen (2015) extend the continuous-time thinning and rotation model with a focus on
optimized artificial regeneration.

4
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2. An economic model for wood production and carbon storage with endogenous management
regimes

Let x(t) denote the stand volume (m®ha™) and h(t) the rate of harvested volume (m® a* ha™) in
thinning. Regeneration cost is w, annual interest rate &, and stumpage price p. At the initial moment
t, the stand volume is X, . Stand volume develops as a product of aging g (t) and density-dependent
growth f (x):

x=g(t) f(x(t))-h(t), x(t,)=x,. (1)
Clark (1976, p. 264) assumes that  is single-peaked and that growth of old stands finally ceases
independently of volume, i.e. g'(t)<0and g(t) >0 as t —oo. These assumptions on aging may

be suitable if the model describes the growth of trees planted at t, and no natural regeneration occurs,

i.e. a pure planted forest. Given this assumption, the outcome is a finite optimal rotation. However, if

new saplings can emerge into the stand without planting, density-dependent growth may occur even

in an “old” stand. To include natural regeneration, assume that g(t) f (x) may remain strictly

positive as t —oo. Suppose further that the aging function g and the growth function f are

continuous and twice differentiable and

f(0)>0, f(x)=0, f"(x)<0, f'(X)=0, 0<X<x (A1)
9(0)>0, g'(t)<0, g"(t)>0, !Lrpog(t):Q>0, (A2)
gf’(o)>5, (A3)

where x is the carrying capacity of the site, and X denotes the growth-maximizing stand volume.
Assumption (A3) restricts the analysis to outcomes where continuous cover solutions are not a priori
ruled out. Figure 1a) shows the original Clark (1976) growth function and 1b) a modified function

that satisfies assumptions (Al) and (A2).
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[Figure 1 here]

Let p, =0 denote the economic value of one CO2 unit, x>0 the amount of CO2 per one unit

of wood, and p.uoa the value of released CO2 per one unit of harvested wood. If wood is burned

immediately we set « =1, as implicitly assumed in the current New Zealand carbon credit system

(Manley and Maclaren 2010, Adams and Turner 2012). If carbon storage in wood products is

permanent, it may be possible to assume « =0. If CO> is instead gradually released as each wood

product decomposes according to its specific qualities and usage, we set 0 <« <1 (See Appendix 1).
The optimization problem takes the form

—W+.T|. e [(p— poua ) (t)+ poug(t) f (x(t))]dtwte“’T [ (P—posc)x(T)]

max V = 9 2
{h(t), T, x(T)=0} 1-e" @

subject to (1) and
hel0h,.], ©)
and where T [0, ) . Notice that the integral term in (2) yields the thinning revenues net of the value

of released carbon. Choosing a finite rotation period implies a clearcut and even-aged forestry, while
infinite rotation allows maintaining continuous forest cover and thinning without clearcut. Problem
(2) can be solved in two steps (cf. Clark 1976, p. 265-269). Thus, we first solve optimal thinning
while taking the rotation period as fixed, and given optimal thinning we solve for the optimal rotation
period T.

The Hamiltonian function for the problem of optimizing thinning reads as
H =(p—p.ua)h(t)+p.ug(t) f (x)+o(t) g(t) f (x)=h(t)]. (4)
The Hamiltonian is linear in h(t) and the necessary optimality conditions take the form (Seierstad

and Sydseter 1987, p. 178-182: theorem 1 and 3)
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if p—pua—p<0, h=0, (5a)

if p—p,ua—p=0, hel[0,h.,] (5b)
if p—pua—p>0, h=h_, (5¢)
¢p=p5-H,=p5-g(t) t'(x)(ps+9), (6)
o(T)~(p~pouacr)20, x(T)20, [¢(T)~(p~p.ua)]x(T)=0. (7)

To analyze the sufficiency of the necessary conditions, note that

H., =0, Hy=g(t) f"(x)(pu+9), Hy, =0, H H, —H,*=0.

Itis not possible to rule out p .+¢@ <0 and H,, >0 apriori. Thus, Hamiltonian may not be concave
in h and x. However, by the sufficiency theorem of Arrow (Sydsater et al. 2008, p. 332), the necessary
conditions are sufficient if maximized Hamiltonian is concave in x. By (5a, b) it follows that if optimal

h remains either in the singular solution or h =0 regime, the condition O< p< p ua+@ < p.u+¢

holds true (a <1), implying that necessary optimality conditions are sufficient when T is taken as
fixed.

To obtain the optimality condition for the rotation period we differentiate (2) w.r.t. to T.
Rearranging and utilizing (1) yields

v _ e

— =1_:_éT {{p+(1-a)pu]a(T) F(x(T))=5[(p—poa)x(T)+V ]}, (8a)

Since e™" /(1—e“§T ) >0, for any finite T and & >0 we obtain the necessary optimality condition

for finite rotations as

y(T)=[ p+(1-a) pu |9(T) f (X(T))-5[(p— poucr) x(T)+V |=0. (8h)
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3. Results and discussion

3.1 Optimal thinning

The switching function for (4) is o= p—p,ua—¢,and o =—¢@=0. By (6) and (5b),
(p—popar)5—g(t) f'(x)[p+A-e)pu]=0. ©

Rearrange (9) into

£(x)g(t)= %5. (10)

By (10), f"<0 and f’()?) =0 in (A1), the singular solution satisfies the properties

if p>pua, F'(x)>0=x<X, (11a)
if p=p.ua, f'(x)=0=x=X, (11b)
if p<p.pua, f'(x)<0=x>X. (11c)

Hence the optimal stand volume on the singular path will be below (above) the growth-maximizing
stand density if stumpage price exceeds (is smaller than) the value of released CO,. Differentiating

(9) with respect to time and utilizing (1) yields:

g'(t)s

h(t): g(t) f (X)+(p— pcﬂa) [p+(1_a) pcﬂ]gz(t) f”(X) '

(12)

where the sign of the quotient is positive. Thus, if p> p ua, the rate of thinning exceeds stand
growth, and stand volume decreases on the singular path (Figure 2). If p < p ua , the harvest rate is
lower than stand growth, and stand volume increases, but harvest rate decreases on the singular path.
The special case p= p.ua implies g(t)f’(ﬁ) =0, i.e. thinning maximizes stand growth.

Given X, =0, there exists an initial time interval t<[0,t,] and a regime where h(t) =0, i.e.

the stand is initially left to grow undisturbed. The correct choice of (/)(O) implies that
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¢(t)= p—p.ua atthe moment when the solution for X=g(t) f (x), x, =0 intersects the singular

solution in x,t plane, and h jumps to the singular-solution level defined by (12).
If carbon storage is omitted by setting p, =0, equation (10) reduces to f'(x)g(t)=5 as in
Clark (1976, p. 265). Note that in (10), p, >0 implies (p—p ua)/[p+(@1—a)p 1] <1. Hence it

follows by the concavity of f that given a positive interest rate, the higher the carbon price, the

higher the stand density at any stand age along the singular solution. Additionally, this implies that

thinning must begin later under optimal carbon storage, i.e.

A o, (13)

Independently of carbon price, zero interest rate implies that optimal thinning maintains the

stand density at the growth-maximizing level (Equation 10). The same result is obtained in the
theoretical case with no CO release from harvested trees (« =0) and given p, — oo. This is a natural
outcome when only the maximization of carbon sequestration matters. If 0 <« <1, the RHS of (10)
approaches —ad/(1—a) <0 fromabove as p, = . Given « <1 this value is finite, implying that
thinning may be optimal even with very high carbon price. If all CO: is released immediately (a =1),
we obtain f'(x)g(t)=(p—pu)6/p—>—0 as p,—>o, implying that thinning becomes
suboptimal.

By implicit differentiation, ox / da >0 showing that the faster CO; is released from harvested
wood, the higher is the optimal stand volume along the singular solution. If p> p.u«, it follows by

(10) that ox/ 05 <0, i.e. with a higher interest rate it is optimal to begin thinning earlier and keep the
biomass level lower. However, given p < p.ua, we obtain ox/ 046 >0 and that a higher interest rate

postpones thinning and implies a higher biomass level along the singular solution. It becomes optimal

to utilize the initial high-growth regime and carbon sequestration benefits longer, and to begin
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thinning only once the high stand volume begins decreasing stand growth and the immediate benefits

from carbon sequestration.
When p < p.ua , we obtain by (5b) that ¢ <0, i.e. if the value of released CO2 per harvested

unit exceeds the stumpage price, the shadow price of the stand volume is negative. This is because
any increase in stand volume decreases stand growth and thus the valuable sequestration of carbon.
Further, an increase in stand volume provides no additional benefit, as the direct net revenues from
harvesting are negative. In this case, the scarce resource is not wood but the remaining capacity for
carbon sequestration. The negative shadow price explains the seemingly counterintuitive finding that
the optimal harvest rate can be positive even when the direct net revenues from thinning are negative:
stand volume is controlled to maintain a sufficient rate of stand growth and carbon sequestration. As

stand growth exceeds the harvest rate, and the value of released CO> cannot be larger than the value
of sequestered CO2 (0 <« <1 implies p,ua < p,ue), the combined net revenues from harvesting and

carbon storage will actually be positive.
To present empirical examples, we apply a growth function specification calibrated using the

growth model in Bollandsas et al. (2008), estimated for Norway spruce (average productivity site)*:

g(t)f[x(t)]{%

B X(t) +8 3
0,042 +1J0.065[x(t) +8] [1 —} X, =0. (14)

378
Given (14), the differential equation X =g(t) f[x(t)], X, =0 can be solved analytically, and the

solution shows the development of stand volume without harvesting (solid line in Figure 2). If left
undisturbed, the stand will approach a volume of 370 m® ha (= x). Stand growth is maximized at a
volume of 181 m* ha' (= &, dash-dotted line in Figure 2). The long-run maximum sustained thinning

yield is approximately 6.2 m® a*ha® (= § f (X)). Singular solutions with various carbon prices are

3 Our growth function specification yields similar long-run maximum sustained thinning yield, maximum volume, and
maximum growth as the Bollandsas et al. (2008) model.

10
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shown in Figure 2 (dotted line and dashed lines). We set the CO> mass per wood volume unit as u =

0.7 tCO,m™ following Niinimaki et al. (2013). Additionally, we set o = 0.7, reflecting an assumption
that half of the carbon content of harvested wood is released back to the atmosphere after 10 years

(see Appendix 1).

[Figure 2 here]

The interceptions of the undisturbed growth path and the singular solutions show the switching
moment where it is optimal to begin thinning (circle symbols in Figure 2). As shown analytically, a
higher carbon price postpones the switch to thinning and increases the stand volume along the solution

for optimal thinning. If the carbon price is sufficiently large to imply that ¢ = p— p,ua is negative,

stand volume exceeds the growth-maximizing level and continues to increase while the stand is
thinned.

The effect of carbon storage on optimal thinnings has not been studied analytically in the
previous literature. Thinnings have been included in the numerical analysis of the even-aged problem
by e.g. Pohjola and Valsta (2007), Daigneault et al. (2010), and Niiniméki et al. (2013). According
to these studies, carbon pricing postpones thinnings and increases stand volume along the rotation.
We have derived this result analytically in addition to showing how optimal thinning depends on
model parameters.

Numerical studies have not explicitly analyzed the situation where stumpage price is lower than
the value of released CO». Our analysis reveals that in this case, optimal stand density increases with
interest rate, and the shadow value of stand volume is negative. Moreover, while thinnings cause a
direct cost, they are optimal as this optimizes the development of forest biomass as a carbon sink and
a source of income from carbon storage. Given average stumpage prices in Nordic countries (around

€40m) and assuming instant release of CO- at harvest, such a situation occurs if the carbon price

11
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exceeds €60 tCO21. However, stumpage price approaches zero when the distance from the site to the
nearest road and wood-processing plant increases toward the extensive margin. In contrast, the
economic value of the carbon storage service is independent of site location. Hence, the value of

released CO2 may dominate the value of wood even with realistic carbon prices.

3.2 Optimal rotation age
The question of whether a clearcut regime is economically preferable to continuous cover
management is ultimately a question of optimal rotation age. Finite optimal rotation implies clearcuts,
while infinite rotation implies the optimality of continuous forest cover.

The necessary condition for a finite optimal rotation period is given by Equation (8b). To

exclude the case where the stand is clearcut before the singular path is reached (cf. Clark 1976, p.

267), assume that y(t1) > 0. Differentiating y(T) and applying (10) and V'(T) =0 yields

y’(T)‘y(T):O:[p+(l—a) p.x]gf <O. (15)

Thus, given any finite T satisfying (8b), the necessary conditions are sufficient for an optimal unique
rotation age. The simplicity of this uniqueness result follows from the properties of the singular
solution and it can be contrasted with the uniqueness result for the rotation model without thinning

(Akao 2011, Gong and Lofgren 2016).

If limg(t)=§ is very low and (p— p,ue)x(T)+V >0, then y(T) will become negative

t—oo
when T is high enough. Thus, the optimal rotation is finite if the long-term yield from thinning is

low enough and the sum of clearcut net revenues and bare land value is positive. However, in (8b)
[p+(1-a)p.u]g(T) F(x(T))—5[(p— peua)x(T)]>0 by (10) and the concavity of f. Thus, if
the bare land value is negative or sufficiently small albeit positive, theny(T) >0 forT e [tl,oo) and

the optimal rotation will be infinite. In these cases, it is optimal to continue thinning forever without

clearcuts, i.e. to apply continuous cover forestry.

12
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For interpretation, write (8b) as
[p+(1-a)pu|[N(T)+X(T)]=5[(p— pua)x(T)+V ]. (16)
Thus, at the moment of clearcut, the rate of wood and carbon revenues net of their decrease equals
the interest on the sum of clearcut net revenues and the value of bare land. Conversely, an infinite

rotation and continuous cover management is optimal if y(T)ZO forall T e[O,oo) in (8b). Let us

denote thinning satisfying (12) by !im h(t) = gf (X) =h . By the uniqueness result (6), the condition

[p+(1-a)pu]h=5(p—pua)X+V (17)
implies that no solutions for finite rotation periods for (8b) exist, implying that the remaining optimal
solution is to apply continuous cover forestry instead of clearcuts. Thus, continuous cover
management is optimal, if the steady-state wood and net carbon storage revenues from thinning

exceed the interest earnings for the values of clearcut net revenues and bare land.

3.3 The effect of carbon price on rotation age and choice of management regime
Factors implying a longer optimal rotation period favor continuous cover forestry and vice versa.
Taking into account that the solution satisfies the singular condition (7), the derivative of (8b) with

respect to carbon price can be given in the form

D) _ 1-a)ug (M) () + an(T) -5 (18)
p P

c c

The first term (1—-a)ug(T) f (x(T)) >0 is the increase in net carbon storage revenues at T as carbon
price increases. The second term SuaX(T) >0 is the decrease in the interest cost from postponing
the clearcut, because a higher carbon price translates to a higher value of released CO, when the stand
is clearcut. The third term —6 6V / 0p, <0 reflects the increase in interest cost through increased bare

land value. As carbon storage revenues are an additional source of income, they can only increase the

bare land value.

13
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Proposition 1. Given that |p— pC,ua| is low enough, a close enough to one, and & > 0, an increase

in carbon price lengthens optimal finite rotation periods. Proof, Appendix 2.

The conditions specified in Proposition 1 are sufficient, but not necessary for the outcome that the
rotation period increases with carbon price. Thus, at least under the given conditions, carbon storage
and a higher carbon price support longer rotations and continuous cover forestry. Numerical
examples, assuming the growth specification (14) and a 3% interest rate, show that optimal rotation
length increases with carbon price regardless of the speed of CO. release from harvested wood (Figure
3). However, the magnitude of the effect varies substantially. Given « =1, i.e. assuming that all of

the CO is released immediately, a carbon price above €30 tCO,™ leads to a shift from clearcuts to

continuous cover management. With slower CO; release from wood products (« =0.7), carbon

pricing implies continuous cover management when carbon price exceeds €45 tCO. Given the case
of no CO> release (« =0), carbon pricing does not reduce clearcut net revenues and increases bare

land value considerably, implying that the incentive to postpone clearcutting is weak.

[Figure 3 here]

However, a higher carbon price does not always imply longer rotation:

Proposition 2: Given a¢=6=0 and w>0, an increase in carbon price shortens optimal finite
rotation periods. Proof, Appendix 3.

Under the given assumptions, rotation age decreases with carbon price. This can be understood by
comparing economically optimal solutions to the solution that maximizes sustained yield (MSY).
Given positive regeneration cost, zero interest rate, and no carbon pricing, the optimal rotation period
is longer than the MSY rotation. When no carbon is released from harvested trees (« =0), a higher
carbon price favors the volume-maximizing solution and thus shortens the rotation period. Numerical

examples suggest that the result in Proposition 2 may also hold when interest rate is positive but low.

14
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Given 6=0.5% and « =0, rotation age decreases from 129 to 120 years as carbon price increases

from zero to €70 tCO2* (Figure 4), while the MSY rotation is 100 years.

[Figure 4 here]

According to most of the literature (e.g. van Kooten et al. 1995, Gutrich and Howarth 2007,
Pohjola and Valsta 2007, Olschewski and Benitez 2010, Pihlainen et al. 2014), valuing carbon storage
increases optimal rotation age. However, Akao (2011) shows that within the generic Faustmann
framework this is not always the case: carbon pricing may shorten finite optimal rotation periods if
no carbon is released after harvesting. Hoel et al. (2014) obtain a similar result using a model without
regeneration cost. Using a generalized framework with optimized thinning and the option of
continuous cover forestry, we show that carbon pricing may indeed either increase or decrease
optimal rotation age. However, we find that the decreasing effect requires strong assumptions: the
interest rate must be close to zero, and carbon release after harvesting must be minimal.

Given more plausible assumptions, carbon pricing lengthens rotations and in many cases leads
to infinite rotations, implying continuous cover forestry. Such regime shifts are beyond the scope of
the existing studies that are restricted to the clearcut regime only. Both van Kooten et al. (1995) and
Hoel et al. (2014) find that with a sufficiently high carbon price the clearcut is postponed indefinitely,
i.e. harvesting becomes suboptimal. We show that when restrictions on the management system are
relaxed, high carbon prices tend to imply continuous cover forestry in the form of partial cuttings,
instead of total abandonment of wood production.

We showed analytically that continuous cover management becomes optimal when bare land
value is low enough (albeit positive). Increasing the interest rate or the regeneration cost decreases
the bare land value toward zero and below. This suggests that given some regeneration cost level,

there may exist some interest rate that implies equal profitability of the continuous cover and
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clearcutting regimes. Moreover, such interest rate is the higher, the lower is the regeneration cost.
This yields break-even curves where the two management regimes are equally profitable (Figure 5).
A carbon price of €50 tCO2! widens the optimal application area of continuous cover management
compared to the case without carbon pricing. With a carbon price of €25 tCO,? this effect is less
clear: given a high interest rate, the continuous cover regime is less competitive than without carbon
pricing. Thus, the interplay between the effects of carbon price, interest rate, and other economic
parameters is far from straightforward.

Forest carbon storage is currently not included in the Emissions Trading Scheme (ETS) of the
European Union (EU). However, New Zealand has integrated forest carbon storage in its ETS (Adams
and Turner 2012), and in the future the EU may adopt a similar system to incentivize management
adaptation and afforestation by landowners. The EU is committed to a 40% reduction of domestic
greenhouse gas emissions from the 1990 level by 2030 (European Commission 2015). Depending on
policy scenario, achieving this target would translate to an EU ETS carbon price in the range of €11—
€53 tCO2 by 2030, and €85-€264 tCO2! by 2050 (European Commission 2014, p. 80-81). Based
on our results, such carbon price levels would imply a switch to continuous cover management with
high stand density.

The model used in this study can be augmented to include carbon emissions from the use of
harvesting and hauling machinery. Soil carbon dynamics is another possible extension. Given that a
clearcut exposes the forestland to sunlight and thus increases topsoil temperatures, it is likely that
including carbon fluxes to and from the soil would further improve the relative profitability of

continuous cover management under carbon pricing.

[Figure 5 here]
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4. Conclusions

The global temperature target of the Paris agreement (UNFCCC 2015) is ambitious, and may not be
attainable without increased carbon storage in forests. To this end, it is highly important to understand
how the inclusion of carbon storage changes optimal stand management. Existing forest economic
models typically apply the generic Faustmann model, which is limited to harvesting forest by
clearcuts only, and thus excludes thinning and the possibility of continuous cover forestry. To adapt
management of forest resources to the threat of climate change, it is necessary to generalize the classic
forest economic models to incorporate more diverse management options. We apply a generalized
model that can still be studied analytically.

Our analysis shows that optimal carbon storage postpones thinnings and increases stand volume
along the rotation. Further, we show that carbon pricing may shorten or lengthen the rotation period,
depending on interest rate and the speed of carbon release from wood products. Our empirical
examples suggest that carbon pricing may well imply a switch from clearcuts to continuous cover
management. We also demonstrate that the shadow value of forest biomass may be negative if carbon
price is high. In such cases the economic value of a forest stand is dominated by the remaining
capacity for carbon sequestration. This may have strong effects on the value of forest stands along
the rotation, but we leave this subject to future studies. Further, as forest heterogeneity is vital for
maintaining resilience under climate change, future research should develop understanding of optimal

carbon storage in size-structured mixed-species forest stands.

Appendix 1. Emissions from wood products:

Denote the decay rate of wood products by g« and the harvested volume by Y. At moment 7, the
increase in atmospheric carbon stock equals the initial stock minus what is left at moment 7 :

A7) = pY — uYe ™,

implying that the emission level at moment 7 is
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Denote the social discount rate by r. As the economic present value of emissions occurring at =

equals p,guY e e, the present value of emissions over an infinite time horizon is

[ pouY ge @ dz = p.uy L
0 g+r

Hence, per unit of wood product, the present value of emissions due to decay can be given as

This approach has previously been used in Pihlainen et al. (2014).

Appendix 2. Proof of proposition 1:

Write (8b) in the form

y(T)=[p+(-a)pou]a(T)f [x(T)]

5T
1-¢e 0 "

Thus,

L)~ a-cyug(1) 1)+ [+ a-exula (1) X

00 [x(0)Je "ot e g (1) ()]

0
C

0 o, s
ST A€
1-e op

{(p=pessar)n () + pog (t) F [x(t)] |- mex(T)+(p- pc,mfé

C

+jTe"St {u{g(t) f [x(t)]—ah(t)}+(p— pcya)agét)+ P19 (t) f'[x(t)]a_

tl
c

Given o —1and |p—p.4— 0 and & >0 we obtain by (10) and (13) that

o e L e ] somr) o

[4

—w+ppf g (t) f [ x(t) Je de+[ e {(p— ot )N (t)+ pug (t) f [ x(t) Jhdt+(p = pouar)(T) £ =0.
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(1)

<0 it follows that or >0.Q.E.D.

y(T)=0 Pe

Because

Appendix 3. Proof of proposition 2:

When « =6 =0, equation (8b) is written as

y(T)=(p+pu)g(T)f[x(T)]

—Tl{—w+j p.ug (t) Fx(t :|dt+j{ph )+ poug (1) F [ x(t ]}+px } 0.

We obtain

L) g () [x(T)] -2 {J o 0 [x(0)] e g (0 [x(0)] .

op,
Since _f;lg(t) f[x(t)]dt=x(T) and Jjg(t) f [x(t)]dt:fh(t)dt by (10), (12)and 5 =0, y(T)

can be written as

(p+ pc,u){g(T) f [X(T)]—%D:h(t)dt+x(T)}}=—$

showing that the sign of dy(T)/dp, is negative. Thus, or <0. Q.E.D.
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536  Figures and captions
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538  Figure 1. Stand development a) without natural regeneration and b) with natural regeneration.
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Figure 2. The growth function and singular solutions, with a 3% interest rate and carbon prices €0,
€25, and €150 tCO2%. Note: p =€40 m3, & = 0.7, w = €1000 ha™.
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