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Introudction: The current CO, levels are higher than ever in the past two million
years. Forests, as one of the climate change mitigation solutions, are becoming
increasingly technically feasible and cost-effective. However, limited research
comprehensively considers thinning in the context of optimizing the rotation
period for carbon sequestration.

Methods: This study utilizes stand-level growth models and diameter distribution
models to simulate the carbon balance dynamics of Larch (Larix olgensis)
plantations under various thinning scenarios. The effects of differentinitial planting
densities (NO€{2,500, 3,333, 4,444} tree ha™) and site class index (SCle[14-20] m)
on the optimal forest management measures are also quantified.

Results: The results reveal that the overall trend of carbon balance gradually
increases and then decreases over time under the baseline scenario (3,333 tree ha™
of NO, 16 m of SCI, 5% of discount rate, 100 CNY ton= C of carbon price); the
carbon balances of all thinning forests were less than that of the unthinned forest
before until 56th year. The optimal rotation period and net present value (NPV)
increase with increasing thinning frequency and intensity. The sensitivity of NPV to
thinning frequency increases with higher thinning intensities, SCI, and carbon prices.

Discussion: This study further expands the scope of forest management
strategies, providing optimal forest management plans for all 21 combinations of
different SCls and NO. The optimal forest management strategy in the baseline
scenario is 3 thinnings, with the first thinning at 20% intensity in the 15th year,
the second thinning at 30% intensity in the 18th year, and the third thinning at
30% intensity at 21 years, with a rotation period of 26 years, resulting in an NPV
of 37,180 CNY ha.

KEYWORDS

carbon balance, thinning, planted forests, rotation length, forest management

1 Introduction

The IPCC has found that current CO, levels are higher than ever in the past 2 million years.
As one of the climate change mitigation solutions, forests are technically feasible and
increasingly cost-effective, garnering widespread public support and the potential for expanded
deployment in many regions (IPCC, 2023). Forestland owners need to consider climate
adaptation measures in the context of providing various goods and ecological services to meet
the diverse needs of stakeholders (Goodarzi, 2017). Forests play a crucial role in global carbon
sequestration, with an estimated 296 gigatons of carbon in above- and below-ground biomass,
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and by 2050, forests could sequester 870 billion tons C (Sohngen and
Mendelsohn, 2003). However, it is essential to note that forests act as
by absorbing CO, through
photosynthesis and serve as carbon sources by releasing CO, (Asante

carbon sequestration systems
and Armstrong, 2012). Therefore, addressing how forest management
practices can balance landowner benefits while maximizing the carbon
sequestration potential of planted forests is a critical consideration.

Regarding the economic aspect of forestry, harvesting decisions
represent the most critical and primary management choices made by
forestland owners, with the rotation period directly influencing the
monetary value of the forest (Koirala et al., 2022). Previous scholars
have converted the ecological value of forest carbon absorption into
economic value using carbon prices, combined with the Faustmann
model, to construct the net present value (NPV) model for forests.
They found that considering the carbon sequestration value can
extend the rotation period of forests (Asante et al., 2011; West et al.,
2019). Through comparative statics analysis, Asante and Armstrong
(2012) found that including dead organic matter and forest product
carbon pools has an uncertain impact on the rotation period. They
can extend the rotation period when the initial carbon stock in these
two carbon pools is high. Further research by Dong et al. (2022)
revealed that the optimal rotation period significantly decreases with
an improved site class index (SCI), increased initial planting density
(NO), and higher discount rates. While Gong et al. (2019) argued that
including carbon sequestration does not extend the optimal rotation
period of forests, they also found that the optimal rotation period
increases with higher carbon prices. In addition, thinning also directly
impacts forest volume and carbon stock. It is the most suitable path
for improving tree health, increasing timber production, and
enhancing the forest’s carbon sequestration capacity (Dong et al.,
2019a). Lietal. (2017) found that thinning significantly reduces stand
carbon density and slightly increases dead organic matter pool carbon
density. Intensive thinning can even transform the forest from carbon
sequestrations to carbon sources. Sabatia et al. (2009) discovered that
thinning reduces aboveground biomass, stem biomass, and bark
biomass but increases branch biomass. However, the reduction in this
biomass becomes consistent over time as net growth rates increase
and mortality rates decrease, converging with unthinned stands.
Nevertheless, they overlooked the carbon stock in thinned timber,
which forms a new stable carbon pool through commercial products,
reducing carbon emissions from dead trees within the forest (Li et al.,
2017). For young stands, thinning can increase their carbon
sequestration rate but reduce carbon stock. For stands with more
extended rotation periods, moderate thinning can enhance their
carbon sequestration capacity (Lin et al, 2018). However, some
scholars hold a different view. Saunders et al. (2012) believe that
thinning has no significant impact on forest carbon stock and carbon
sequestration, with the effect of forest thinning largely dependent on
climate. Currently, there is limited comprehensive research on the
effects of thinning (frequency and intensity) on the optimal rotation
period of carbon-sequestering forests.

Larch (Larix olgensis) is one of the most economically and
ecologically relevant tree species in northeast China. It accounts for
6.77% of the total forest volume in China (State Forestry
Administration, 2014; Cao et al., 2010) and plays a crucial role in
providing high-quality timber products, maintaining forest ecological
functions, and mitigating climate change (Dong et al, 2020).
Compared to natural forests, plantation forests have strong commercial
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production and carbon sequestration capabilities. However, these
capabilities often decline rapidly with age and are highly dependent on
forest management practices. Therefore, for larch plantation forests,
precise forest management measures are essential for increasing timber
yields and maximizing ecological benefits. This study simulates the
growth of Larch plantations under various thinning scenarios
employing undergrowth tending from 10a to 100a. Based on the
simulation, considering various carbon pools, the research explores
optimal forest management measures based on different NO and SCI
and analyses the changes in the optimal rotation period and thinning
frequency over different thinning intensities, N0, SCI, and carbon
prices. The aim was to provide a scientific basis for optimizing stand
management in Larch plantations under different stand conditions.

2 Materials and method
2.1 Forest dynamics simulation

The study area is located in Heilongjiang Province, Northeast
China (121°11'-135°05E, 43° 26" -53°33'N), with a temperate
continental monsoon climate. The annual average temperature is
2.4°C, and the highest and lowest temperatures are 34°C and —40°C,
respectively. The annual accumulated temperature (> 10°C) is 1,600°C
to 2,800°C, and the annual average precipitation is 370 mm to
670 mm. The vegetation growth period is less than 170 days. The soils
are mainly nutrient-rich, acidic, and dark brown.

This study utilizes forest yield tables of Heilongjiang Province
(DB23/T 1377, 2010), which include models of stand average height
(TH), stand tree density per hectare (N), average diameter at breast
height (DBH), and basal area (BAS), as well as stand volume per
hectare (VOL). These calculations are carried out annually from 10a
to 100a. Using a diameter distribution model for larch plantations in
the northeastern region (Li et al., 1998), the study calculates the
number of trees in each diameter class per hectare for each year in
10-100 years. Since different wood assortments have different usage
scenarios and carbon emissions, calculations were also conducted
based on wood assortments and their respective yield rates, using
wood specifications and yield rates for various wood assortments in
county-level commercial forests (DB23/T 870, 2004), which include
commercial products (large, medium, small) and commercial
material (useless wood, firewood, tiny wood, bark). If thinning is
simulated in a particular year, the number of trees is adjusted starting
from the smaller diameter classes and gradually reduced to zero until
the basal area aligns with the thinning intensity (lower strata
management). Notably, stand thinning also generates revenue from
thinned timber, so the pre-thinning and post-thinning volumes of
various wood assortment need to be subtracted to determine the
thinning volume for each wood assortment (Figure 1).

2.2 Carbon balance calculation

Affected by the discount rate, carbon sequestration income is
discounted based on the forestland’s annual net carbon balance.
Therefore, we calculate the carbon balance of the forest stand by year,
which is the difference between the current year’s net carbon stock and
the previous year’s net carbon stock. The net carbon stock is calculated
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FIGURE 1
Forest simulation process of stands with thinning.
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by subtracting the negative carbon release pool from the positive
carbon stock pool (Equations 1, 2).

G (1) =(Cp (1) =Ca (1) = (Cp (£ =1) = Cu(e-1)) M
Cp(t)=Cpp(1)+Cye(2) (2)

where Cp (t) is the annual carbon balance at Year ¢ (ton C
ha™' yr.™), C,, () is carbon stock of positive income carbon pool
(Pukkala, 2014) at Year ¢ (ton C ha™), C)p, (t - 1) is carbon stock of
positive income carbon pool at Year t—1 (ton C ha™), C, (7) is total
carbon releases of negative income carbon pool at Year ¢ (ton Cha™),
and C,, (¢ —1) is carbon releases of negative income carbon pool at
Year t—1 (ton C ha™), Cpp, (t) is carbon stock of biomass pool at Year
t (ton Cha™') and Cy, (t) is the substitution effects of wood products.

The biomass carbon pool is calculated through different organ
carbon stock models (Dong, 2015; Dong et al., 2019b) for branches,
stems, leaves, and roots. In addition, carbon sequestration should also
consider the carbon emissions due to substitution effects when
commercial products and commercial materials can replace resources,
such as steel and fossil fuels. When these substitutes are used, they reduce
the production of alternative resources and decrease CO, emissions
during their production process (Pulkkala, 2011; Knauf et al,, 2016).
When products replace steel or concrete in construction, their production
stage usually consumes less fossil energy. For example, the energy
consumption of wood processing is significantly lower than that of high-
temperature calcination technology in cement production (Hurmekoski
et al,, 2022). Wood processing facilities often utilize renewable energy
from wood residues such as sawdust, further reducing dependence on
fossil fuels (Leskinen et al., 2018). The cascading use of wood (repeatedly
recycled into low-value products before final disposal) extends its service
life and reduces the demand for raw materials (Brunet-Navarro et al.,
2021). Different products have varying substitution rates (Knauf et al.,
2016). Before the first thinning or harvesting, carbon emissions are
primarily from forest litter. After the first thinning or harvesting, carbon
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emissions include the release of harvest residues, annual litter carbon
release, forest product carbon emissions (commercial product carbon
emissions and commercial material carbon emissions), and biofuels
emissions (assuming that forest owners use 20% of the leaves and
branches from harvest residues as biofuels to generate income) (Figure 2;
Bagkent and Kaspar, 2023). Although the role of biofuels in mitigating
climate change has been a subject of debate (Searchinger et al., 2009, 2018;
McKechnie et al,, 2011), some studies suggest that increased demand for
biofuels can also improve forest carbon stocks, and expanding the use of
wood-based bioenergy can lead to a net carbon benefit (Favero et al,,
2020). Different carbon pool release mechanisms vary, including gradual
release and immediate release, with different values of life cycle () and
decomposition rate (k) (Table 1; Pukkala, 2011, 2014; Dong et al., 2022).
The carbon emissions are calculated as follows (Equation 3):

Cr(1)=Cr (0)e™ 3

where C,.(¢) is the dry mass remaining after t years (ton C ha™');
C, (O) is the initial dry mass (ton C ha™); ¢ is the time that has passed
(a); and k is an annual decomposition rate.

The CO, generated during manufacturing, harvesting, and
transportation processes by using fossil fuels should also be considered
(Pukkala, 20115 Knauf et al,, 2016; Dong et al., 2022). Manufacturing
releases were assumed to be a certain proportion of the carbon content
of the processed wood (Pulkkala, 2014). By combining volume with
wood fresh weight density (Lee and Choi, 2016), truckload capacity,
and fuel consumption, assuming a total transportation distance of
200 km, carbon emissions during the transportation process are
calculated based on fuel consumption. Harvesting emissions were
calculated as follows (Equation 4):

3.0-0.05% D,
Ry =" "2 4100% (4)
100

where Ry, is the percentage of harvesting release to total carbon
stock (%) and Dy, is the average diameter of the stand (cm).
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FIGURE 2
Carbon pool occurrence period.

TABLE 1 The type of release, organ and its proportion of the organ, decomposition rate (k), life cycle (t) carbon content and density of different carbon
release pools.

Carbon pool  Release Organ/wood Decomposition rate  Life cycle Carbon Density
method assortment (%) (k) (t) content
Natural litter Release by year Leaf (100) 0.2 100 0.47 -
Harvest residues Release by year/ Leaf (80) 0.2 100 0.47 -
immediate release Branch (80) 0.1 0.47 _
Root (100) 0.1 0.46 -
Biofuels Immediate release Leaf (20) - - 0.47 -
Branch (20) - 0.47 -
Commercial Release by year/ Large (100) 0.014 100 - 0.62
products immediate release Mid (100) 0.014 _ 0.62
Small (100) 0.014 - 0.62
Commercial Immediate release Useless (100) - - - 0.62
materials Fire (100) - - 0.62
Tiny (100) - - 0.62
Bark (100) - - 0.55

- indicates it is nonnegligible in the carbon pool item; commercial materials include mechanical mass and chemical mass, which have a shorter service life; commercial products include sawn

wood and plywood, which have a longer service life.

2.3 Scenario analysis

This study simulated eight scenarios to study the impact of

different carbon pools on overall forest management measures.
Scenario 1 only includes revenues from commercial products,
materials, and biofuels. Scenario 2 includes revenue from both
commercial and commercial material, biofuel revenue, and revenue
from living biomass carbon pools. The remaining six scenarios are built
upon Scenario 2 by sequentially adding new carbon pools (Table 2).

2.4 Forest management model

Based on the Faustmann model, integrated with the Hartman
model, and incorporating additional forest management strategies into
the forest simulation process based on the rotation period, this study
explores stand management measures by combining timber revenue,
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biofuel revenue, and carbon sequestration revenue as the total stand
income (Equation 5) (Creedy and Wurzbacher, 2001; Hoel et al., 2014;
Dong et al., 2020). Although the collection of biofuels reduces the
carbon storage of harvested residues in forest stands, the positive effects
of biofuel on carbon balance would increase through substitution effect
iflonger periods (more than 30 years) were considered (Puldkala, 2014).

NPV (t)= BV (t)+ P°Cy (t)+ P/ M ¢ (1) (5)

where NPV (t) is the net present value at year £ (CNY ha™); B"
is the price of different wood assortments (CNY m™), including
commercial products and commercial material (i means different
wood assortments; Table 1); V; (t) is the volume of different wood
assortments at year t (m* ha™'); P¢is the carbon price (CNY ton™! C);
P/ is the biofuel price (CNY ton™" or CNY m™); and M (t) is the
weight or volume of biofuels at year ¢ (ton or m™). M (t) is
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TABLE 2 The carbon pools considered for S1-S8.

10.3389/ffgc.2024.1342538

Scenarios  Biomass = Commercial Commercial Biofuel Harvest Natural Operations Substitution
material products residues litters effects

s1

s2 v

@ v % v v

S4 v V- V' V' v

s v Vr Vr v Vr %

S6 v NG NG vV VA Vi Vv

7 v NG NG V! VA Vi V v

S8 v VA Ve NG NG NG V Vv

\/ means the carbon pool exists in the scenario; A means the carbon pool is released immediately when it is harvested; *means the carbon pool releases gradually within 100 years.

calculated through the living biomass of leaves and branches in year
t (Equation 6):

Cleaf (t) N Chranch (t)j (6)

M#(t)=0.2x
f( ) ( Clleaf Clbranch

where Ceqf (t) is the carbon stock of leaves in year ¢ (ton C ha™');
Chranch (t) is the carbon stock of branches in year t (ton C ha™); ctjeqr
is the carbon content of leaves (ton C ton™"); and ctp,qnc is the carbon
content of branches (ton C ton™).

The NPV (S8) is calculated annually from the 10th year to the
100th year for various combinations of NO (2,500 tree ha™', 3,333 tree
ha', 4,444 tree ha™!) and SCI (14 m-20 m), for a total of 21
combinations, with different thinning conditions including thinning
frequency (0-3), the first thinning intensity at 20% and subsequent
thinning intensity at 10-40%, covering a period from the 10th to
100th year. For all these combinations, the one that maximizes the
NPV is selected. At this point, the year corresponds to the optimal
rotation period for the stand, and the thinning intensity and
frequency represent the optimal thinning strategy.

2.5 Sensitivity analysis

Using an NO of 3,333 tree ha™', SCI of 16 m, a carbon price of 100
CNY ton™' C (Carbon Emissions Trading Network, n.d.), thinning
intensity of 10%, and an interest rate of 5% as the baseline scenario,
variations in NO, SCI, and carbon price (Table 3) were explored to
investigate their impact on stand management strategies and NPV.

3 Result

3.1 Development of carbon and volume
under the baseline scenario

3.1.1 Effects of thinning on stand volume

The total volume gradually increases over time, rising with a
greater frequency of thinning under the baseline scenario, as shown
in Figure 3A. Each thinning operation causes a rapid increment in
volume. However, the rate of increase slows, and thinning becomes
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TABLE 3 Different sensitivity analysis methods.

Factor Baseline Sensitivity Unit
analysis value
Thinning intensity* 10 10, 20, 30, 40 %
Initial density 3,333 2,500, 3,333, 4,444 tree ha™
Site class index 16 14,16, 18, 20 m
Carbon price 100 500, 1,000, 1,500, CNY ton™' C
2,000, 2,500, 3,000

*Only the intensity of the 2nd and 3rd thinning operations is modified when years of
sensitivity analysis of thinning intensity are conducted. In contrast, the intensity of the 1st
thinning operation remains unchanged but differs from the baseline scenario, which is set at
20% (1Y/T 1646, 2005).

less effective in countering this decline over time. As the thinning
frequency increases, the total volumes growth rate decreases
gradually. Without thinning, the volume nears its maximum around
the 68th year, reaching 482 m® ha™', with an annual growth rate below
2 m® ha ' yr.”". By the end of 100 years, the volume reaches 511 m’
ha™', with a yearly growth of 0.04 m® ha™" yr.”". Total volumes for
thinning frequencies of 1-3 times surpass the unthinned scenario in
the 55th year, achieving final volumes of 636 m? ha™', 702 m’® ha™’,
and 761 m® ha™, respectively.

In Figure 3B, the living standing volume gradually increases
under the baseline scenario. Each thinning operation, results in a
rapid reduction in living standing volume. However, the growth
rate in living standing volume improves as the thinning frequency
increases. For 1-3 thinnings, living standing volumes
(475.62 m’® ha™" at 65th year, 499 m® ha™" at 76th year, and 504 m’
ha™' at 82nd year) exceed those of the unthinned scenario
(475 m*ha™', 495 m* ha™', 503 m’ ha™') and maintain higher levels
through to the 100th year. By then, living standing volumes for 1-3
thinnings reach 614 m® ha™', 602 m’ ha™', and 588 m® ha’!,
respectively, compared to 511 m® ha™' for the unthinned scenario.
Volumes with thinning consistently surpass the unthinned
scenario, with a single thinning yielding the highest living
standing volume.

3.1.2 Effects of thinning on carbon balance

The total carbon stock increases over time under the baseline
scenario. By the end of 100 years, as shown in Figure 4A, the total
carbon stock with thinning was significantly higher than without
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with thinning under the baseline scenario.

thinning. Although there are slight differences based on the frequency
of thinning and more frequent thinning results in slightly higher
carbon stock, these differences are not substantial. After the first
thinning, the total carbon stock reaches 54 ton C ha™, slightly below
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the unthinned stock of 55 ton C ha™', and carbon sequestration also
remains lower at this stage (Figure 4B). However, with thinning, the
annual rate of decrease in carbon sequestration gradually declines
each year, while it continues to rise in the unthinned scenario.
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Consequently, carbon sequestration with thinning surpasses that
without thinning by the 39th year. When thinning occurs 1-3 times,
total carbon stock surpasses the unthinned scenario by the 71st year,
68th year, and 66th year, with values reaching 180, 179, and 178 ton C
ha™!, respectively, compared to the unthinned values of 180, 178and
177 ton Cha™.

Compared to total carbon stock, thinning frequency has a more
pronounced impact on living standing carbon stock under the
baseline scenario (Figure 4C). After the first thinning, the living
standing carbon stock is noticeably lower than that without thinning.
However, with thinning, the rate of decrease in carbon sequestration
slows each year, while it continues to rise in the unthinned scenario
(Figure 4C). By the 40th year, living standing carbon sequestration
with thinning surpassed the unthinned levels (Figure 4D). Following
1-3 thinnings, living standing carbon stock exceeds the unthinned
scenario by the 76th, 86th, and 93rd year, with values of 182, 185, and
185 ton C ha™, respectively, compared to the unthinned values of
182, 184 and 184 ton C ha™'.

The overall trend of the carbon balance gradually increases and
then decreases over time under the baseline scenario. However, the
rate of decrease slows starting from the 20th year. Between the 10th
year and the 100th year, the carbon balance remains positive under
all thinning conditions. The carbon balance peaks at 4.03 ton C
ha' yr.”" in the 12th year. Before the 56th year, the carbon balances
of all thinning treatments were lower than that of the unthinned
forest stands. The carbon balances for 1-3 thinnings exceed that of
the unthinned forest stands in the 60th year (1.06 ton C ha™' yr.™"),
58th year (1.10 ton Cha™' yr.™"), and 57th year (1.12 ton Cha™' yr.™").
After the 60th year, the carbon balance of all thinning forest stands
exceeded that of unthinned stands (1.06 ton C ha™" yr.”™"). By the end
of 100 years, the carbon balance for the unthinned, 1 thinning, 2
thinnings, and 3 thinnings are 0.62, 0.62, 0.62, and 0.60 ton C
ha™' yr.”!, respectively (see Figure 5).

10.3389/ffgc.2024.1342538

3.2 Carbon sequestration and timber
composite operation

3.2.1 Effect of different carbon pools on the
optimal rotation

The introduction of thinning significantly influences the optimal
rotation period for forest stands when carbon income is considered
under the baseline scene. The optimal rotation period is 27 years
without thinning, while a single thinning extends it by 15 to 42 years.
Furthermore, increasing the thinning frequency will further lengthen
the optimal rotation period; as the thinning frequency rises from 1 to
3, the optimal rotation period increases by an additional 5 years.
However, thinning reduces the NPV of the total carbon stock, unlike
the rotation period. With one thinning, the NPV of the total carbon
stock is 6,267 CNY ha™!, which is 664 CNY ha~' lower than the NPV
without thinning. As the thinning frequency increases, the NPV of the
total carbon stock gradually rises, but the increment is relatively small.
With three thinnings, the NPV of the total carbon stock is 6,320 CNY
ha!, which is 51 CNY ha™' more than that with one thinning.
Thinning reduces the NPV of biomass carbon stock and substitution
effects. The increase in thinning frequency leads to decreased
commercial products and increased commercial materials, but they
have different substitution effects (Knauf et al., 2016). Therefore, as the
thinning frequency increases, substitution effects decrease. With one
thinning, the NPV of the biomass carbon stock decreases by 466 CNY
ha™!, and the substitution effect decreases by 1,485 CNY ha™'.
Although thinning increases the NPV of the carbon release pool, with
one thinning, the NPV of the carbon release pool is —1,642 CNY ha™',
representing a 1,288 CNY ha™' increase relative to unthinned, but this
increase does not offset the reduction in substitution effects and
biomass carbon stock. Increasing thinning frequency results in a
reduction in the NPV of substitution effects. The NPV of substitution
effects with three thinnings decreases by 263 CNY ha™' compared to
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one thinning, which is less than the combined increment in biomass
carbon stock (65 CNY ha™') and NPV of carbon release (249 CNY
ha™') (see Table 4).

3.2.2 Composite operation with different carbon
pools

Without thinning, carbon pools do not significantly impact the
optimal rotation under the baseline scenario. However, when thinning
is introduced, increasing the number of carbon pools delays the
optimal rotation period by 3 to 6 years. However, including
substitution effects and delayed release returns the optimal rotation
period to around the same as Scenario 1, weakening or eliminating
the influence of carbon pool addition on the optimal rotation period.
Except for Scenario 7, the optimal rotation period either increases or
remains unchanged with an increase in thinning frequency. In
Scenarios 1, 2, and 8, the optimal rotation period is identical for 1
thinning and unthinned, both 27 years. In Scenario 7, the optimal
rotation period is most extended for 2 thinnings (30 years), followed
by 3 thinnings (29 years), 1 thinning (28 years), and unthinned
(27 years).

The addition of carbon sequestration increases the NPV of each
scenario while adding a carbon emission decreases the NPV of each
scenario. Among all scenarios, NPV with 1 thinning is the lowest,
while 3 thinnings has the highest NPV. The NPV of S8 is 22,856 CNY
ha™' for 1 thinning, while for the other thinning conditions: 3
thinnings (28,425 CNY ha™')>2 thinnings (25,862 CNY
ha™") > unthinned (23,787 CNY ha™"). The difference in NPV among
different scenarios decreases with the increase of thinning frequency,
and the sensitivity of NPV to carbon pool decreases with the increase
of thinning frequency. The standard deviation of NPV among different
scenarios is 2,377 CNY ha™' when thinning is not carried out, and
2,059 CNY ha™' when thinning is carried out three times. The increase
of thinning frequency reduces it by 318 CNY ha™'. NPV changes of
scenarios 3, 4, 5, and 6 are small, with a standard deviation of about
30% relative to the standard deviation of all scenarios. Among them,
the standard deviation of NPV for three thinning cycles is only 537
CNY ha™!, which is 26.06% of the standard deviation of all scenarios.
The impact of harvesting residue carbon pool, annual litter carbon
pool, and operations on NPV is insignificant. With the increase of
thinning frequency, the sensitivity of NPV to these three carbon pools
decreases more than other carbon pools (see Figure 6).

10.3389/ffgc.2024.1342538

3.2.3 Composite operation under different
combinations of site class index and initial
planting density

By comparing the NPV of S8, forest managers can determine the
best management strategy based on various combinations of N0 and
SCL In all combinations, thinning occurs three times. When NO is
2,500 tree ha™', the optimal rotation period initially increases and then
decreases as SCI rises. Surprisingly, the rotation period does not
shorten with the improvement of SCI, which is different from other
NO. The optimal thinning intensity remains unchanged, but the NPV
increases with a higher SCI. When the SCI is 15 m, the thinning
intensity is at its lowest (30%), and the optimal rotation period is
26 years, resulting in an NPV of 23,217 CNY ha™'. When the SCI is
17 m, the optimal rotation period reaches its maximum of 29 years,
and the optimal thinning plan involves 3 thinnings, with 40% intensity
for the second and third thinnings, resulting in an NPV of 36,521
CNY ha™". When the SCI is 20 m, the NPV peaks at 49,681 CNY ha™',
and the optimal management plan is a rotation period of 23 years with
3 thinnings, where the first thinning is at 20% intensity, and both the
second and third thinning are at 40% intensity.

When NO is 3,333 tree ha™', the optimal rotation period increases
as SCI rises. The optimal thinning intensity initially decreases and
then increases with higher SCI, and the NPV increases with higher
SCIL. The optimal rotation period for SCI between 14 m and 16 m
remains the same as for NO of 2,500 tree ha™" at 26 years. For instance,
at an SCI of 14 m, the optimal thinning plan involves 3 thinnings: the
first at 20% intensity and the second and third thinning at 40%
intensity, resulting in an NPV of 27,215 CNY ha™". For SCI values
between 15 m and 17 m, the optimal thinning intensity is lowest at
30%. At an SCI of 17 m, the optimal management plan includes a
23-year rotation period with 3 thinnings, where the first thinning is at
20% intensity, and the second and third thinnings are at 30% intensity,
resulting in an NPV of 41,749 CNY ha™'. When SCI reaches 20 m, the
NPV peaks at 61,108 CNY ha™', with the optimal management plan
being 3 thinnings: the first thinning at 20% intensity, and the second
and third thinning at 40% intensity, with a rotation period of 20 years.

When NO is 4,444 tree ha™', the optimal rotation period increases
as SCI rises. The optimal thinning intensity initially decreases and
then increases with a higher SCI, and the NPV also increases with a
higher SCI. For SCI values between 17 m and 20 m, the optimal
rotation period is the same as for NO of 3,333 tree ha™'. At an SCI of

TABLE 4 The optimal rotation period and the net present value (NPV) of different carbon pools with different thinning frequencies considering the
benefits of carbon only.

Thinning frequency Unthinned 1 thinning 2 thinnings 3 thinnings
The optimal rotation (year) 27 42 44 47

NPV of biomass carbon pool (CNY ha™) 6,556 6,090 6,121 6,155
NPV of substitution effects (CNY ha™') 3,306 1,821 1,714 1,559
NPV of operations (CNY ha™) —460 —266 —238 —207
NPV of harvest residues carbon pool (CNY ha™) -1,189 —647 —609 —553
NPV of natural litter carbon pool (CNY ha™) —-190 -97 -91 —81

NPV of commercial-product and materials carbon pool (CNY ha™) -2,515 —1,545 —1,536 —1,457
NPV of gradual release® (CNY ha™) 1,425 913 926 905

NPV of total carbon pool (CNY ha™") 6,933 6,269 6,288 6,320

*NPV of carbon emissions reduced by annual release relative to immediate release.
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The optimal rotation period and the net present value (NPV) of S1-S8 with different thinning frequencies.

20 m, the optimal management plan includes 3 thinnings: the first
thinning at 20% intensity, and the second and third thinning at 40%
intensity, with a rotation period of 20 years. This results in the
maximum NPV of 81,388 CNY ha~'. When the SCI is 17 m, the
optimal thinning intensity is minimized at 30%, and the optimal
management plan involves 3 thinnings: the first thinning at 20%
intensity, and the second and third thinning at 30% intensity, with a
23-year rotation period, resulting in an NPV of 54,372 CNY ha™".
When the SCI is 14 m, the NPV is minimized at 36,369 CNY ha™},
with an optimal management plan of 3 thinnings: the first thinning at
20% intensity, and the second and third thinning at 40% intensity,
with a 26-year rotation period (see Table 5).

3.3 Sensitivity analysis

3.3.1 Sensitivity of thinning intensities

As thinning intensity increases, the optimal rotation period is
delayed. For unthinned and a single thinning, the optimal rotation
periods remain unchanged at 27 years and 28 years, respectively,
because the thinning intensity only changes during the second and
third thinnings. With two thinnings, the optimal rotation period
gradually increases with higher thinning intensity. When the thinning
intensity reaches 30%, the optimal rotation period reaches 32 years,
but it decreases to 28 years at 40% intensity. With 3 thinnings, the
optimal rotation period is delayed to 35years at 30% thinning
intensity and remains the same.

In all cases, the NPV increases with higher thinning intensities
and frequency. Because the thinning intensity only changes during
the second and third thinning, the NPV of the forest without thinning
and the NPV of the forest after thinning remain unchanged, at 24,018
CNY ha™' and 25,878 CNY ha™' for each thinning intensity. For 2
thinnings, the maximum NPV is 33,692 CNY ha™' at 40%, while the
minimum is 28,446 CNY ha™" at 10%. For 3 thinnings, the maximum
NPV is 41,738 CNY ha~! at 40%, while the minimum is 31,285 CNY
ha™' at 10%. The NPV demonstrates greater sensitivity to thinning
frequency as thinning intensity increases. When the thinning
frequency increases from two to three, the NPV rises by 8,046 CNY
ha™, representing a 23.89% increase at a 40% thinning intensity. Ata
thinning intensity of 30%, the increase is 6,035 CNY ha™' or 18.68%.
Similarly, at 20% intensity, the NPV increases by 4,815 CNY ha™,

Frontiers in Forests and Global Change

TABLE 5 The optimal management strategy with different combinations
of initial planting density and site class index.

[\[¢} SClI  Thinning Thinning Rotation =@ NPV
(tree  (m) frequency intensity @ period = (CNY
ha?) (times) (%) (year) ha™?)
2,500 14 3 40 26 19,537
15 3 30 26 23,217
16 3 40 26 29,244
17 3 40 29 36,522
18 3 40 26 40,482
19 3 40 26 46,220
20 3 40 23 49,681
3,333 14 3 40 26 27,215
15 3 30 26 31,416
16 3 30 26 37,180
17 3 30 23 41,749
18 3 40 20 46,780
19 3 40 20 54,009
20 3 40 20 61,108
4,444 14 3 40 26 36,369
15 3 40 23 41,533
16 3 40 23 49,306
17 3 30 23 54,372
18 3 40 20 62,397
19 3 40 20 71,808
20 3 40 20 81,388

corresponding to a 15.81% rise, while at 10% intensity, the increase
is 2,839 CNY ha™, reflecting a 9.98% change (see Figure 7).

3.3.2 Sensitivity of initial planting densities

The optimal rotation period decreases as NO increases. When NO
is 2,500 tree ha™, the optimal rotation period increases with thinning
frequency, reaching 27, 29, 30, and 32 years, respectively. The optimal
rotation period for NO of 3,333 tree ha™ is 3-4 years longer than for
NO of 3,333 tree ha™'. For NO of 3,333 and 4,444 tree ha™', the longest
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optimal rotation periods are 29 and 26 years, respectively, with 3
thinnings. The NPV increases as NO rises. For NO of 2,500 tree ha™’,
the NPV increases with rising thinning frequency, reaching 17,653
CNY ha™', 17,758 CNY ha™}, 19,938 CNY ha™!, and 22,176 CNY ha™!
for 0, 1, 2, and 3 thinnings, respectively. However, for NO of 3,333 and
4,444 tree ha™', the NPVs of unthinned are 958 CNY ha™! and 976
CNY ha™ higher than for 1 thinning (see Figure 8).

3.3.3 Sensitivity of site class indexes

The optimal rotation period decreases as SCI increases, and the
effect of thinning frequency on the optimal rotation period varies with
SCI. When SCI is 14 m, the optimal rotation period, from highest to
lowest, is 33 years (2 thinnings), 32 years (3 thinnings), 29 years
(unthinned), and 28 years (1 thinning). However, when SCI exceeds

Frontiers in Forests and Global Change

14 m, the optimal rotation period increases with more thinning. At an
SCI of 16 m, the longest optimal rotation period is 29 years with
3 thinnings.

The NPV increases as SCI rises. For 3 thinnings, the maximum
NPV occurs at an SCI of 20 m, reaching 49,490 CNY ha™". This is 2.44,
1.73, and 1.29 times NPV at SCI of 14 m, 16 m, and 18 m, respectively.
As SCl increases, the NPV from 1 thinning also increases, surpassing
the NPV from unthinned at an SCI of 18 m. At this SCI, the NPV
from 1 thinning is 31,298 CNY ha™', which is 49 CNY ha-1 higher
than for unthinned. As SCI increases, the sensitivity of the NPV to
thinning also gradually increases. For all SCI values, the increase in
NPV compared to 1 thinning, from highest to lowest, is as follows:
8,541 CNY ha™' (20 m), 7,179 CNY ha™' (18 m), 5,563 CNY ha™
(16 m), and 4,281 CNY ha™' (14 m) (see Figure 9).
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3.3.4 Sensitivity of carbon prices

The optimal rotation period is delayed as carbon prices and
thinning frequency increase. Without thinning, the optimal rotation
period remains unchanged. With 1 thinning, the minimum carbon
price required to delay the optimal rotation period by 1 year is 1,500
CNY ton™" C, resulting in an optimal rotation period of 29 years.
When 2 thinnings, the optimal rotation period remains 30 years. For
3 thinnings, as the carbon price increases from 500 to 1,000 CNY
ton™" C, the optimal rotation period extends from 29 to 32 years, a
delay of 3 years.

The NPV increases with higher carbon prices. At different carbon
prices, the trend in the NPV remains consistent. Taking a carbon price
0f 3,000 CNY ton™' C as an example, the NPV's from highest to lowest
are as follows: unthinned, 3 thinnings, 2 thinnings, and 1 thinning. As
carbon prices rise, the sensitivity of the NPV to thinning frequency
increases. Comparing the unthinned stands with the thinned forest
stands, it can be observed that the difference in NPV has increased
from 4,668 CNY ha™' at a carbon price of 500 CNY ton™"' C to 27,669
CNY ha™' at a carbon price of 3,000 CNY ton™" C (see Figure 10).

3.3.5 Sensitivity of interest rates

The optimal rotation age of a forest stand decreases as the interest
rate increases. Taking the scenario of three thinnings as an example,
the optimal rotation age is 68 years when the interest rate is 1%, but it
decreases to 22 years when the interest rate rises to 9%. The impact of
thinning frequency on the optimal rotation age varies under different
interest rates. At a 1% interest rate, a higher thinning frequency leads
to a longer optimal rotation age, with the shortest rotation age of
60 years observed for stands without thinning. However, at a 3%
interest rate, stands with 1 thinning have an optimal rotation age of
36 years, 2 years longer than those with 2 thinnings. As the interest
rate increases, the reduction rate in the optimal rotation age
diminishes. For instance, with three thinnings, an increase in the
interest rate from 1 to 3% shortens the rotation age from 68 to 38 years
(a reduction of 30 years). However, when the interest rate rises from
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7 to 9%, the rotation age decreases from 23 to 22 years, representing
only a one-year reduction.

The NPV of the forest stand decreases with increasing interest
rates. For stands thinned three times, the NPV drops from 369,052
CNY ha!ata 1% interest rate to 5,718 CNY ha~! at a 9% interest rate,
marking a reduction of 363,334 CNY ha™". At interest rates of 1, 3, and
9%, the NPV increases with the number of thinnings, with stands
without thinning showing the lowest NPVs of 242,739 CNY ha™},
59,906 CNY ha™', and 4,079 CNY ha™', respectively. In contrast, at 5
and 7% interest rates, stands with 1 thinning have the lowest NPV,
with values of 23,060 CNY ha™' and 10,268 CNY ha™', respectively. As
the interest rate increases, the rate of NPV reduction also slows. For
example, in stands thinned three times, an increase in the interest rate
from 1 to 3% reduces the NPV by 295,010 CNY ha™' (a 79.94%
decrease). However, when the interest rate rises from 7 to 9%, the
NPV decreases by only 7,381DB23/T 870CNY ha™' (a 56.35%
decrease) (see Figure 11).

4 Discussion

Due to the difficulty of finding forest stands with SCI and NO
exactly matching and with varying levels of harvesting from 0-3
times and 10-40% complete coverage, and given that process models
involve numerous parameters that are difficult to measure (Xue,
2022), the growth and harvest model of forest stands is widely used
and widely applied in production practice (Zhang, 2012). This study
simulates stand growth using forest yield tables of Heilongjiang
Province (DB23/T 1377, 2010). It explores the optimal forest
management measures, enabling more accessible extension to
different tree species and regions and facilitating the expansion of
other tree species and regions. Similar to Dong et al. (2022), this
research considers eight carbon pools, including substitution effects
and operations, comprehensively modeling forest carbon dynamics.
This study further expands the scope of forest management
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The optimal rotation period and the net present value (NPV) with different thinning frequencies for five different interest rates.

strategies, providing optimal forest management plans for all 21
combinations of different SCIs and NO. Since this study is based on
the generalized Faustmann framework, assuming an infinite rotation
period, the initial carbon pool does not impact the optimal rotation
period for forests (Holtsmark et al., 2013). Holtsmark only
considered the impact of the initial carbon pool on the optimal
rotation period; however, a large initial stock of dead organic matter
draws in the direction of earlier harvest, and therefore, the initial
carbon pool has no influence on forest management plans and
is disregarded.

The impact of SCI and NO on stands subject to selective
harvesting is consistent with previous research (Dong et al., 2022).
However, the influence of carbon prices on stands differs from earlier
studies. When the SCI is approximately 14 m, and NO is 3,333 tree
ha™', a carbon price of 420 CNY ton™"' C will change the optimal
rotation period for stands without selective harvesting. When SCI is

-1

approximately 18 m, and NO is approximately 2,500 tree ha™’, a
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carbon price of 1,000 CNY ton™" C will increase the optimal rotation
period for stands. In contrast, this study found that even with a
carbon price of 3,000 CNY ton™' C, the optimal rotation period for
stands without thinning cannot be changed. Only when thinning is
applied to stands does the optimal rotation period become postponed
with increasing carbon prices. This difference may be related to
variations in the combinations of NO and SCI. For NPV, when the

-1 stands without

carbon price reaches or exceeds 1,000 CNY ha
thinning achieve a higher value. This is likely because unthinned
stands maintain a higher living stand carbon stock by the end of the
rotation period, thereby prolonging the time of delayed carbon
sequestration release. The higher the SCI, the higher the NPV of the
forest stand, which is consistent with general research. This study
found that the NPV of thinned forest stands is more sensitive to the
increase in SCI. When the SCI is 18 m, the NPV of 1 thinning begins
to exceed that of unthinned. When the NO is low, the NPV of 1

thinning is higher than that of unthinned forest stands. When the NO
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is high, the NPV of 1 thinning is the lowest. This is because at lower
NO, the rotation period of 1 thinning is more extended than that of
unthinned forest stands. In this study, when examining the impact of
carbon prices on stands, the values for N0 and SCI were 16 m and
3,333 tree ha™', respectively. Further research is needed to
quantitatively analyze how stands with different combinations of SCI
and NO respond to changes in carbon prices. Different researchers
have reached different conclusions regarding the impact of thinning
on forest stands. Some studies are consistent with the results of this
article and show that thinning will improve tree health, wood yield,
carbon sequestration capacity (Chen and Chang, 2014), the global
aboveground biomass carbon storage of trees, understory vegetation
carbon storage, and soil organic carbon storage, but significantly
reduced litter carbon storage. And underground biomass carbon
storage remains unchanged under thinning (Zhang, 2012); others
believe that thinning will weaken the carbon sequestration capacity
of forest stands (Sacchelli and Bernetti, 2019). They believe that
thinning will increase the carbon stock of trees, and the greater the
intensity of thinning, the more significant the increase in carbon
stock. However, due to the decrease in the density of forest stands, the
stand carbon stock decreases with increasing thinning intensity (Lin
etal,, 2018). The conflict may be attributed to different thinning plans
to achieve different management goals (Zou et al., 2023). The second
reason is that they only considered the carbon stock in the stem of
the forest stand and ignored the carbon stock in other organs, such
as branches, leaves, and roots. The most important reason is that they
only considered the living biomass carbon pool in the forest stand,
while trees cut by thinning were ignored. Although trees have been
thinned, the carbon sequestration capacity of forests should include
the thinned trees, and the thinning timber can still be utilized to
produce substitution effects. NPV increases with the increase of
thinning intensity until it reaches 35% thinning intensity and then
decreases with the increase of thinning intensity. The optimal
thinning frequency is 2 thinnings (Huang, 2008). In addition, studies
have found that in low, medium, and high gradient thinning,
moderate to low-intensity thinning recovers more quickly after
thinning and makes the forest structure more complex (Liang et al.,
2023), which can promote the growth of forest volume (Shen et al.,
2019). High thinning can make the forest size structure more uniform
and obtain timber forests faster (Liang et al., 2023), but at the same
time, high thinning can also cause the forest to transform from a
carbon sequestration forest to a carbon source forest, resulting in
more excellent carbon release. The production of timber and carbon
decreased with increasing intensity and shortening frequency of
thinnings, while the provision of mushrooms and blue water
generally increased under those conditions (Simon and
Ameztegui, 2023).

The substitution effects in this study are all marginal substitution
effects, similar to most studies on forest carbon sequestration
(Hurmekoski et al., 2022). This is because marginal substitution
effects are more suitable for evaluating and comparing the carbon
reduction potential in different wood use scenarios, while absolute
substitution effects are rarely studied separately and are usually used
as a result indicator in comprehensive carbon assessments (Leskinen
etal,, 2018). This research has found that thinning three times at 40%
intensity and a rotation period of 35 years is the optimal forest
management measure. This thinning intensity is much higher than
the LY/T 1646 (2005). This finding is consistent with the results of

Frontiers in Forests and Global Change

10.3389/ffgc.2024.1342538

Pulkala (2014). Since carbon sequestrations accumulate fastest in
middle-aged and young forests, Sacchelli and Bernetti (2019) found
that shorter rotation periods benefit carbon stocks, while thinning
can reduce or even restore the decrease in the forest carbon
sequestration rate. Chen and Chang (2014) compared the growth rate
of the 11-20 age class after different thinning intensities in each
period. They found that the growth rate of the forest stand was the
largest when the thinning intensity was 40% in the first thinning
time, and in the subsequent 2nd to 4th thinning, when the thinning
intensity was 60%, the stand growth rate was at a maximum.
Buchholz et al. (2021) find that forest management optimized for
maximal financial return, which rewards short-term net cash flow
through discounting, incentivizes mid-rotation thinnings, which
provide both early cash flow from selling pulpwood or pellet
feedstock, as well as a limited amount of small diameter sawlogs
where removed trees already meet sawlog dimensions. According to
LY/T 1646 (2005), this study simulated the growth of a forest stand
with a maximum of three thinnings. However, some researchers
found that five is the optimal thinning frequency for pine trees (Cao
etal, 2010), so this study found that whether the thinning frequency
reached three times was caused by scenario setting restrictions. In
this study, the optimal rotation period for different conditions was
around 30 years. This is because the rotation period for larch
plantations varies with alternative management objectives. Compared
to the maturity age, the economic maturity age is relatively small.
According to Li et al. (1994), when the interest rate is 6% and the SCI
is 15, the rotation is around 27. As the SCI improves, the rotation
period will continue to shorten. In addition, this study only
considered the thinning method of lower layer tending, and uniform
thinning and upper layer tending are also common thinning
methods. Some studies have found that CTR (crop tree release)
benefits individual trees’ growth more than traditional thinning
methods (Zou et al., 2023). Therefore, subsequent research needs to
use goal programming or heuristic algorithms to determine the
optimal business plan under unrestricted conditions (Chen and
Chang, 2014).

5 Conclusion

In this paper, a theoretical framework based on the Faustmann
model to maximize NPV is established and used to determine the
optimal forest management plan. This study finds that the carbon
balance gradually increases and then decreases over time under the
baseline scenario. However, the optimal harvest rotation period is
delayed with an increase in thinning frequency and thinning
intensity. And the NPV increases with an increase in both thinning
frequency and thinning intensity. The sensitivity of NPV to thinning
frequency is enhanced with an increase in thinning intensity, SCI,
and carbon price. Since this study employs stand yield tables and
diameter distribution models to simulate forest growth, it obtains
optimal forest management plans for different combinations of NO
and SCI. Taking the baseline scenario (NO of 3,333 tree ha™!, SCI of
16 m, discount rate of 5%, and carbon price of 100 CNY ton™") as an
example, the optimal forest management plan consists of three
thinnings, with the first thinning intensity at 20%, the second and
third thinning at 30%, and the harvest rotation period of 26 years.
The NPV at this point is 37,180 CNY ha™".
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