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Abstract: Forest carbon offset programs have suffered from low landowner uptake, in large part to
their long duration. A recent innovation in forest carbon offsets is the use of short period delays to
harvest, which extend the rotation age of the stand beyond what is optimal for timber alone and
increase sequestered carbon. Here, we assess the economic value of a short period delay “option
pricing” in forest harvest with price uncertainty using a binomial option approach, accounting both
for timber and carbon. Results from an option pricing model showed that landowners can generate
considerably higher revenue with managerial flexibility along with the additional revenue from
carbon offset programs. These results can help forest landowners make proper ownership decisions
to withstand the risk and uncertainty associated with stumpage prices, while benefiting from carbon
offset revenues.
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1. Introduction

Forest management decisions typically involve a long planning horizon that can
span several decades. This starts from initial site preparation to the final harvest over a
single rotation and usually follows the same cycle again with the start of the next forest
stand rotation. However, with the completion of each rotation, management decisions
can be made based on the expectation of certain future outcomes. Given the long-time
horizon, this involves making present investment decisions based on sometimes highly
uncertain future returns, leading to a very complex valuation task. As such, the proper
understanding of the economic value of the forest is crucial for forest landowners and
managers to make effective decisions. The use of traditional deterministic analysis methods
such as discounted cash flow techniques assumes that future decisions are made with
perfect foresight. These approaches provide estimate values that can be used to inform the
selection of an optimal land management decision and possess a varying level of usefulness
depending on management objectives and capital constraints.

Using deterministic biological and economic parameters, these methods help forest
managers evaluate the financial implication of different management decisions and allow
for comparison with other possible alternatives. While these generally accepted methods
are widely applied, they are very limited in certain regards [1]. One important limitation is
that they fail to account for managerial flexibility to dynamically address the challenges (e.g.,
disturbance risks) and opportunities (e.g., stumpage price increases) associated with forest
production in a system that is in constant flux [2]. Forest management choices are long-
term decisions that face various uncertainties such as timber prices, interest rates, natural
hazards, and insect attacks that can change the preferred forest management decisions. To
address this issue, several methods have been developed and applied in natural resource
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management contexts; these methods include stochastic dominance analysis, downside
risk models, mean-variance analysis, reservation price strategy, robust optimization, and
option pricing model [3–7].

In terms of the economic sustainability of the forest enterprise, the forest harvesting
decision is perhaps the most important and major management choices made by forest
landowners [8]. Determination of when to harvest and subsequently regenerate the forest
directly influences the economic value of forest products derived from the forest stand.
With price uncertainty, making these decisions should be adaptive, allowing landowners
to adjust as new information is available [9]. As revenue from the final harvest usually
represents the major proportion of the total revenue (e.g., versus revenues from thinning),
price-responsive harvesting decisions can considerably increase the revenue generated
during the rotation. However, by lengthening the rotation age, the landowners need to
consider the higher risk of fire, storm, and pests [10]. This increased value of production
due to the availability of managerial flexibility to delay harvest is referred to as the option
value. This option value represents the production value added due to the avoidance of
unprofitable and irreversible investments [2].

The more limited, traditional discounted cash flow methods do not account for dy-
namic management choices that landowners can make to increase the economic value
of forest production; hence, they lead to underestimates of forest production value. The
real options pricing model is one such model that can incorporate managerial flexibility
and capture the economic value of this flexibility. In this model, forest landowners can
defer their management decision at any point in time based on the currently available
information [11,12]. The additional value derived from this managerial flexibility means
that real option values are always greater than or equal to value estimates from traditional
discounted methods [11], with the estimates diverging more as uncertainty increases and as
the predicted future departs from realized outcomes. Likewise, the convergence of values
happens under two conditions; the absence of uncertainty and the real option (to exercise
managerial flexibility) has expired [12]. In the absence of price uncertainty, there is no
advantage of deferring harvest. Likewise, when forest landowners can no longer delay
harvest, the real option has reached its expiration date.

The application of the real options pricing model to estimate the economic valuation
of forest production is not entirely new. Most of the early research in this area focused
on developing a real options model to estimate the optimal rotation age under stochastic
timber prices [3,13,14]. These studies used two main models for their analysis: the time-
continuous Black-Scholes model [7], where timber prices follow a Geometric Brownian
motion process, and the time-discrete binomial model [15], where timber prices follow a
binomial process. Additional studies extended the modeling application domain to include
harvesting cost [16], risk of natural hazards [5,17], stationarity of price process [5], stochas-
tic dynamic programming [1], mean-reverting price process [18,19], a two-option approach
with constraints of cost over time delay [20], and time-continuous harvest decisions [21].
Apart from using the real options model to estimate the optimal rotation age, this model
has also been used to develop optimal thinning strategies [22], valuation of delaying regen-
eration and timber processing plant expansion [10], assessment of forest concessions [23],
and understanding timber market conditions for evaluating timberland investment and
management opportunities [24].

The expected stumpage prices help forest landowners evaluate the returns that can
be obtained from the final harvests in the future. As timber prices are always changing,
determining future stumpage, and using them to make investment decisions requires
proper decision-making tools. Real option models provide landowners the opportunity
to use timber price volatility in the forest valuation analysis to help maximize their net
returns by incorporating the flexibility to harvest when the timber prices are higher and
delaying harvest when the prices are lower.

Of increasing importance is the ability to model the value of forest carbon offsets.
Together with timber benefits, forest landowners can also increase their revenue through
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enrollment in voluntary carbon offset programs. Increase in carbon sequestration programs–
such as Verra, American Carbon Registry, and Climate Action Reserve in the US has
provided an opportunity to landowners to generate additional revenue by deferral in
harvest and retention of forest growth relative to the harvest at deterministic rotation
age [25]. Through these programs, forest landowners can engage in improved forest man-
agement activities that include deferred harvesting to achieve emission reductions that
exceed the baseline. This baseline can be represented as the harvesting scenario to maxi-
mize the deterministic expected returns. This represents the additionality that is required
by offset programs to show that the reduction of carbon emissions from improved for-
est management activity is higher than the reduction of carbon emissions without the
implementation of such activities [26].

Several studies used integrated approach to evaluate the influence of carbon valuation
in conjunction with timber value for forest production over the last two decades [27–32].
However, these studies reflect the programmatic realities of the day in terms of carbon offset
program rules and features (e.g., very long contracts—100 years in some cases). Several
studies have applied the real option model to the financial performance of managing forests
with carbon payments. Ref. [33] was the first to use real options to evaluate the optimal
rotation age under different carbon payment schemes using stochastic timber and carbon
prices; and others have used real options to evaluate the impact of carbon credit payment
schemes on forest management decisions [34–37]. All these studies valued carbon based on
the carbon sequestration in the forest from plantation up to the final harvest.

Here, we contribute to the real options literature by examining the option value of
delaying harvesting and regeneration of southern pine forests and include carbon offsets
for short period delays in harvest. Over 57% of the timberland area in the southern United
States is owned by non-industrial private forest owners [38]. Although profit maximization
is not the main goal for these private landowners [39], an increase in the estimated net
returns from forest production can influence land-use decisions. For example, a rise in net
returns from forest production can be effective encourage forest landowners to retain their
existing forest lands [40,41] and not convert to alternative uses such as cropland. Ref. [42]
showed through their land-use change model of the South-Central United States that a
continued increase in stumpage prices can increase the private timberland acreage in the
region by 2020. Thus, using real options analysis for their forest valuation will suit their
objectives. Furthermore, there is a potential for generating additional revenue through
enrollment into carbon offset programs for delaying harvest and regeneration. Additionally,
carbon incentive can help reduce the economic risk of natural disturbances from longer
rotation age [10].

In this study, we evaluate the added value of southern pine forests by accounting
for carbon benefits, given the managerial flexibility of delaying harvest, under the option
pricing method. In contrast to the previous studies that evaluated the impact of carbon
valuation on forest management decisions, this study will evaluate the carbon valuation
under a short period delay carbon offset scheme. In our model, forest landowners only earn
carbon benefits for the period of delayed harvest rather than for the carbon sequestered from
plantation up to the final harvest. This is consistent with the additionality requirement
of an emerging current carbon offset program available in the US run by the Natural
Capital Exchange (NCX) that incentivizes short-term harvest deferral [43]. We employ the
Faustmann formula [44] as a benchmark to determine the land expectation value and the
optimal rotation ages of a stand of slash pine under multiple management scenarios. Slash
pine (Pinus elliottii) was chosen given its status as a dominant commercial pine species
in the south. We then employ the binomial option pricing model to evaluate the added
value of delaying harvest and regeneration for each scenario, considering the potential
carbon payments from voluntary carbon offset programs. Harvest delays of up to 15 years
are assessed.
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2. Materials and Methods
2.1. Binomial Option Model

Binomial option approach is the simplest form of option pricing analysis as it re-
quires less rigorous mathematical background and skill to use [11]. Cox et al. (1979) and
Rendleman (1979) independently developed a two-state discrete-time model to estimate the
numerical analysis of option values [15,45]. This model introduces stochastic prices through
discrete time steps, where it moves into upstate and downstate [11]. This allows this model
to estimate the American call option, where the option can be exercised at any time of
investment maturity. This means that investor will have option to sell the underlying asset
when the price moves favorably any time before or including the expiration date.

In the binomial options model, the price of the underlying commodity can move in
two directions: the price can either go up with the probability π or go down with the
probability (1 − π). The price moves in two directions continuously over the life of the
option. The up and down movement of the binomial process can be represented as follows:

u = expσ
√

∆t (1)

d =
1
u

(2)

π =
exp(r∆t) − d

u− d
(3)

where u is the upward multiplicative factor, d is the downward multiplicative factor, π is
the probability of upward movement, σ is the volatility of stochastic prices, ∆t is the time
interval or the step size, and r is the risk-free interest rate [15]. The upward and downward
movements are used to develop a binomial tree as seen in Figure 1, where V is the value of
the investment.
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Figure 1. Two discrete time steps binomial process tree.

Using the binomial process tree, the price of an option is estimated by going back-
ward, where the option value is estimated for each binomial price node one step at a
time. The option value is estimated using a recursive backward estimation which can be
represented as:

Vot =

{
max{Vt − I, 0},

π × uVo(t+1) + (1− π)× dVo(t+1)

1 + r∆t

}
(4)

where Vt is the investment value at time t, I is the investment cost, and Vot is the value of
the option at time t [11]. The option value of the investment is estimated by solving the
Equation (4) recursively until t = 0.
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2.2. Model Application

From a forestry perspective, we can use the Faustmann formula to model the land
expectation value (LEV) of a forest stand considering timber benefits from both harvest
and thinnings, and assuming constant timber prices and silvicultural costs. LEV is the
value of bare land in perpetual timber production [46]. The land expectation value (LEV)
over an infinite rotation horizon was estimated as [44]:

LEV =
PQ(T)e−rT + PtQ(t)e−rt − c

1− e−rT , T > t (5)

where, P is the deterministic stumpage price, Q(T) is the merchantable timber volume at
time T, Pt is the deterministic net price of thinned wood, Q(t) is the amount of thinned
wood, c is the production cost, and r is the real discount rate.

The modified Faustmann model that incorporates carbon benefit can be represented
as [47]:

LEV =
PQ(T)e−rT + PtQ(t)e−rt − c

1− e−rT +
Ac(T)

(erT − 1)
, T > t (6)

where, Ac(t) represents the economic benefits of carbon sequestration from delayed harvest.
This benefit can be estimated as:

Ac(t) = PcCs(t)− d (7)

where, Pc is the price of carbon, and Cs(t) is the annual increase of net carbon stock in
the stand, which represents total carbon in situ (slash pine + understory + forest floor
+ standing dead trees) plus total C ex situ (carbon in woody products sawtimber, chip-
and-saw and pulpwood) minus total carbon lost from silvicultural activities (including
transport) [48], and d represents the cost associated with enrollment into carbon offset
program such as aggregator’s fee, verification fee and transaction fee [32].

Under the stochastic prices, expected LEV using the binomial option values can be
estimated using Equation (4) as:

E(LEV) =

[
π × LEV(uPT , QT) + (1− π) × LEV(dPT , QT)− C

(erT − 1)

]
(8)

where, π represents the probability of price moving up, u is the upward multiplicative
factor and d is the downward multiplicative factor.

This equation can be further modified to estimate the expected LEV with the additional
economic benefit from carbon offset from delayed harvest can be represented as:

E
(

LEVwith carbon payments

)
= [E(LEV)] +

Ac(T)
(erT − 1)

(9)

where, the first part represents the expected LEV estimated using the binomial option values
and second part represents the payment for annual carbon increment from delayed harvest.

2.3. Forest Management Scenarios and Economic Data

Slash pine production under four management scenarios was evaluated in this study
(Table 1). These scenarios represent typical production practices in the US South (M. Dooner,
personal communication, 15 December 2017). They were developed based on direct com-
munication with forest stakeholders in the region. These stakeholders included forest
landowners, forest consultants, regional forestry professionals, representatives from forestry
agencies, and forest academics. Scenario 1 and 2 represented plantations with lower plant-
ing density, no fertilization, no thinning, and managed with prescribed burns. Similarly,
scenarios 3 and 4 represented forest produced with higher planting density and managed
with multiple fertilization and thinning. These management systems represent practices
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that are typically practiced by private forest landowners for pine plantations and represent
the two-opposite approaches to forest management.

Table 1. Scenarios for the study.

Scenarios TPA Management Practices

Scenario 1 400 No thinning; initial weed control; prescribed fire every 5 years starting age 10

Scenario 2 600 No thinning; initial weed control; prescribed fire every 5 years starting age 10

Scenario 3 700 Artificial regeneration; thinning at age 12, 20; fertilization at age 3, 13, 21;
initial weed control only

Scenario 4 900 Artificial regeneration; thinning at age 10, 15, 20; fertilization at age 3, 11, 16,
21; initial weed control only

Pine growth and yield models were used to estimate the volume of timber for each of
the pine and its management systems [48]. Nominal historical average annual stumpage
prices for pines (1981–2016) from Timber Mart South [49], were deflated using the Lumber
Producer Price Index with the base year 2017. Then, the estimated real stumpage price
was used to determine the stochastic value of production. The real stumpage prices are
assumed to follow the mean reversion process, which previous studies have shown to
perform better than using the general geometric Brownian motion (GBM) [18,19]. Schwartz
(1997) has shown that commercial commodity prices strong mean reversion trend [50].
Following this concept, a mean-reversion process is also applicable for timber prices, as
short-term increases and decreases in timber spot prices are not permanent and market
prices tends to revert towards the long-run marginal cost of production in the long-run [34].

The stochastic value of production was used to estimate the volatility parameter using
the Hull-White/Vasicek model [51]. This is a mean-reverting price process that can be
represented as [51]:

dVt = S(t)[L(t)− Pt]dt + σ(t)dWt (10)

where Vt represents the stochastic value of production, S(t) represents the rate of mean
reversion, L represents the long-run mean, σ represents the volatility, and dWt represents
the Brownian motion. This model was run using the stochastic value of production to
estimate the volatility of investment value.

The enterprise budget for pine production was used to derive the present value
of the total management cost (Table 2). The enterprise budget was developed based on
interviews with forest stakeholders in the US South [52]. Investment cost was estimated as
the difference between total production cost and intermediate revenues such as thinning.
As thinning revenue was not considered to be stochastic in this study, it was incorporated
within the investment cost in the model. The risk-free rate of return and the real discount
rate were both set to four percent, which represented an average of 3%–5% range commonly
utilized for forest products in the US South [29,53].

The initial optimal rotation age for production under four management systems was
determined using maximum LEV considering timber benefits only (i.e., Ac(t) = 0). The
present value of timber sales at the rotation age was used as the investment value for
the binomial estimation. The difference between the production cost and revenue from
thinning was used as the investment cost. Using Equation (4), option values were estimated
for each pine forest, where the landowner had an option to delay their harvest after the
estimated deterministic rotation age to harvest the forest and start a new production cycle.
Carbon values were estimated for the years of delayed harvest based on the year with the
highest option value. Finally, Equation (7) was used to estimate LEV for production with
the option to delay harvest and include of carbon revenue.
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Table 2. Summary of costs and revenues associated with managing slash pine.

Costs/Revenues Amount Sources

Costs

Site preparation $158/acre

[52]

Planting $0.1/seedling

Initial weed control $55/acre

Fertilization at age 3 (Urea only) $37/acre

Other fertilization (Urea + DAP) $83/acre

Cruising and marking $21/acre

Prescribed burning $30/acre

Annual management costs $5/acre/year

Annual taxes $4/acre/year

Aggregator’s fee 10% of annual total carbon revenue

[32]Verification fee $0.25/tCO2e/year

Transaction fee $0.20/tCO2e/year

Revenues

Sawtimber stumpage price $31/m3

[49]Chip-n-saw stumpage price $24/m3

Pulpwood stumpage price $16/m3

Carbon price $18/tCO2e [54]

2.4. Key Parameter Estimates

The parameter estimates for the valuation options estimation for the four scenarios
are reported in Table 3. The investment value represents the present value of harvest at
the estimated rotation age. The investment cost is the present value of the total production
cost under each management system. For the two thinning scenarios, thinning revenues
were subtracted from the total production cost to estimate the investment cost. The rotation
age represents the economically optimal rotation age for each scenario when the LEV is
maximum considering timber benefits only. The risk-free rate is set to 4% and the time of
expiration of the option is 15 years. The expiration date of 15 years represented the age
when the marginal growth of volume turns negative.

Table 3. Valuation option model parameters.

Scenario 1 Scenario 2 Scenario 3 Scenario 4

Investment value $769 $823 $1122 $1548

Investment cost $327 $351 $329 $345

Risk-free rate (ρ) 4% 4% 4% 4%

Rotation age (years) 23 24 27 28

Option time (years) 15 15 15 15

3. Results

Figure 2 presents the option values for slash pine production under for management
scenarios spanning 15 years. The values show that option values for scenario 4 increased
rapidly until year 5 then almost flattened until the time expires at year 15. Year 1 option
value for scenario 4 was $1216 and it increased by $327 to $1544 when option expired.
Scenario 3 also showed similar trend with $806 option value at year 1 and increased by $300
at the expiration of the option. Meanwhile, the option values for the other scenarios showed
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lower but more consistent incremental values over time. Scenario 1 had the first-year option
value of $445 and increased by $277 up to year 15. Finally, Scenario 2 started with the
first-year option value of $486 and reached $784 at year 15.
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The rate of annual marginal change of option values for the four scenarios showed
that the option value declined over time with a higher rate of decline during the early years
(Figure 3). Scenario 4, scenario 3 and scenario 2 showed a higher rate of decline in option
values up to year 5, followed by a consistent decline until the expiration of option at year
15. Whereas scenario 1 had a consistent rate of decline from the early period up to the
expiration year.
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Figure 4 presents the maximum LEVs for the four scenarios based on three different
estimation methods: Faustmann only, binomial option, and binomial option with carbon
payment for delayed harvest. As expected, the inclusion of stochastic stumpage prices
through the binomial option resulted in higher LEVs for all scenarios. LEV for scenario 1
increased by $226 (31%) for the binomial option model compared to the Faustmann only
model and $675 (92%) for the binomial option with the carbon payment model. Scenario 2
had similar increment with $247 (32%) and $675 (89%) for the binomial option and binomial
option with carbon payment model, respectively. Comparatively, scenario 3 had the lowest
increment in LEV under the binomial option model with $118 (9%). Scenario 4 had the
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highest increment in LEV under both binomial option and binomial option with the carbon
payment model with a $252 (14%) and $1103 (62%) increase, respectively.
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Figure 5 presents the optimal rotation age for the four scenarios under three estimation
models. The rotation age was higher in all scenarios under the binomial option with carbon
payment model compared to just the binomial option model. The rotation age was highest
for scenario 4 with 38 years for the binomial option with the carbon payment model. While
rotation age was lowest for scenario 1 with 32 years under the binomial option model and
34 years under the binomial option with the carbon payment model.
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4. Discussion and Conclusions

This study evaluated the option value of delaying harvest and regeneration in slash
pine plantation under four management scenarios. Using the traditional discounting cash
flow method, binomial option price model and binomial option price with carbon payment
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model, this study evaluated the option price of delaying harvest and regeneration by up to
15 years after the economically viable rotation age.

The results from this study show that incorporating flexibility in forest management
decisions can help improve the production value and help landowners generate higher
net returns. These results are consistent with Duku-Kaakyire and Nanang (2004), which
assessed the option values of delaying reforestation in a financially mature forest [11]. Their
results showed that it will be economically desirable for forest landowners to delay their
harvest by 3 to 10 years based on their management system to achieve higher net returns
from their forest production. Here, we provide confirmatory evidence that the traditional
static methods of estimating forest production value led to conservative estimations of
forest net returns as measured by LEV. Indeed, incorporating managerial flexibility for
harvesting decisions showed the potential to increase LEVs for all the pine plantation
scenarios evaluated in this study.

Slash pine plantations, which had higher planting density and incorporated fertil-
ization and thinning in our scenarios, produced the highest increment in LEVs with the
implementation of the binomial option pricing model. However, plantations with lower
planting density and without fertilization or thinning had the highest percentage increment
in LEVs with more than 30% increment under the binomial option model. This is an impor-
tant finding for those landowners engaged with more extensive forestry production (e.g.,
those managing for wildlife habitat or other non-timber ecosystem services). Overall, these
results support the conclusion that including price uncertainty and managerial flexibility
into the valuation framework can deliver higher expected returns for forest landowners
under different management systems.

Similarly, in the presence of a payment mechanism for carbon offsets, incorporating
flexibility in forest harvest decisions can help improve forest returns considerably. The
results from this study showed that landowners can increase their LEVs from 56% up to
92% by incorporating managerial flexibility and delaying harvest by 10 years. Likewise,
Nepal et al. (2012) showed that delaying harvest in loblolly by 5 to 10 years after rotation
age can increase carbon sequestered in standing tree by up to 22 tCO2e/acre [32]. Thus,
the development of a forest carbon offsets program that incorporates flexibility in har-
vesting decisions can better achieve the main goal of the program’s creators-increase the
carbon offsets from the forest, while improving the financial returns for its participants-the
landowners. This is a win-win situation that can help increase forest carbon pools while
encouraging landowners to retain the forest land rather than converting it into other land
uses. This is consistent with previous studies that have shown that higher forest net returns
can be effective in persuading landowners to retain their existing forest lands [40,41].

In conclusion, the results from this study showed that providing forest landowners
the option to delay harvest even for a brief period can help them take advantage of price
uncertainties and managerial flexibility, while increasing the carbon sequestration from
forest production. From the policymakers’ point of view, these results are relevant as
they demonstrate the importance of managerial flexibility as a highly desirable design
feature. It also bodes well for forest carbon offsets programs that already include such
flexibility (e.g., NCX). Khanal et al. (2017) surveyed Non-Industrial Private Forest (NIPF)
landowners in the US South and found that 56% of the landowners are willing to participate
in carbon sequestration-based incentive program that can generate higher returns [55].
Interestingly, our findings suggest that providing harvesting flexibility can help generate
more interest in the carbon sequestration programs than having a relatively short but fixed
5-year harvest delay requirement. Thus, developing policy programs that can provide
a monetary incentive for increased carbon sequestration through delayed harvest, while
providing the option to make flexible management decisions to maximize the returns from
forest production, can help create a higher rate of participation from forest landowners.

While we are confident in our findings and conclusions, we note that there are limita-
tions to this study. First, the assumption that forest investment values after the rotation
age only change based on the volatility of stumpage prices but do not account for an
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increase in stumpage volume with time. Thus, the option values estimated in this study
underestimate the potential revenue that can be generated by delaying harvest. While this
would not affect our core conclusions, it affects our estimates. Another limitation of the
study is the use of the static cost of production and carbon price throughout the years. We
lacked historical time series data on the forest production cost and carbon price. Significant
variation in production cost (e.g., from very high fuel costs, inflation, or labor shortages
that affect logging crews) can affect expected returns. Additionally, the magnitude of addi-
tional revenue generated through carbon offset can change depending on whether lower
or higher carbon price is used, as they tend to vary widely based on region and carbon
offset programs. Additionally, our scenarios are based on representative forest stands
and management practices for the pine-dominated Southern US. It is unclear whether our
conclusions would hold for other study sites or atypical forest stands (e.g., very low or
high site index, and environmentally sensitive or difficult to access lands). Further research
is needed to address these factors. This study also does not consider the impact of higher
risk of natural disturbances from lengthening the harvest age. Susaeta et al. (2016) found
that increasing risk of natural disturbances can have shortening or lengthening impact
on rotation age depending on increases in current or future risk [56]. Future research
could also build upon this study by incorporating the influence of changes in stumpage
volume with time on the option value of delaying harvest or the shift in the market clearing
prices due to large scale changes in timber supply or impact of changes in risk of natural
disturbances on option value.
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