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Abstract

In anticipation of the utilization of logging residues and small-diameter trees after the comple-
tion of the Feed-in Tariff Scheme for Renewable Energy (FIT) in Japan, this study (i) calcu-
lated the available amount of unutilized forest biomass resources over a long term by using
the developed »regional forestry operations management model« and (ii) estimated the period
and the ratio of the generation of small-diameter trees during cleaning and pre-commercial
thinning operations to the whole biomass resources. These analyses revealed that in the first
60 years, the clearcut and reforestation of 763 ha of planted forests (average age 66 years) with
the labor input of approx. 2000 man-days per year were promoted, and thus 71% of the whole
area was returned to the reqular harvesting cycle. During that period, the average amounts
of log production and biomass generation were 7184 m’ly and 875.6 Mgly on a dry-weight
basis, respectively. During the next 60 years, when the clearcut of older, high-accumulation
forests and the subsequent reforestation were stabilized, the average amounts of log production
and biomass generation under sustainable forest management were 5239 m’/y and 774.8 Mgly
on a dry—weight basis, respectively, exhibiting lower amounts than those of the first 60 years.
Small-diameter trees were generated by cleaning and pre-commercial thinning operations
stably from 16 years after the beginning of clearcut and reforestation. Especially after 61 years,
the average annual amount of small-diameter trees generation accounted for around 10% of
that of the whole biomass resources and more than 50% of that of unutilized thinnings.

Keywords: regional forestry operations management model, labor-input constraint, logging

residue, small-diameter tree, unutilized thinnings

1. Introduction

The Feed-in Tariff Scheme for Renewable Energy (FIT)
was launched in Japan in 2012, and the implementa-
tion of this scheme has increased the energy utilization
of Japan forest biomass. Electric utilities have commit-
ted to buying the electricity derived from the forest
biomass at a higher price rather than the normal retail
biomass for 20 years (Yoshioka 2021); the price of for-
est biomass for electricity production is lower than
that of pulp chips without the support of the FIT. Thus,
power-generation plants that accept »unused forest
biomass« defined within the framework of the FIT
scheme (e.g., thinnings and logging residues rather
than wood-based waste materials such as mill residues

and imported woods) have been built and the initia-
tion of plant operations are progressing, in part due to
the scheme purchase price incentive. As a result, 4.52
teragrams (Tg) of wood chips on a dry-weight basis
derived from thinnings and logging residues were
used as energy in Japan in 2022 (Ministry of Agricul-
ture, Forestry and Fisheries 2023). In practice, how-
ever, thinnings are the main source of this utilization
(rather than logging residues), and the use of logging
residues has not progressed much. If this situation
continues, there may be a risk that the amount of forest
biomass used will decline sharply with the end of the
FIT scheme, which is expected to occur in 15-20 years.
To avoid this decline, a system must be put in place to
allow the use of logging residues (as the original un-
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utilized resource) before thinnings become unusable
as »unused forest biomass« (since trees will grow in
15-20 years and the amount of thinnings generation is
expected to decrease in Japan).

The use of small-diameter trees is also promising.
The area of Japan covered by planted forests that
have undergone final cutting and subsequent refor-
estation is now gradually increasing. A cleaning op-
eration in young planted forests will therefore be
necessary when the FIT expires. The development of
an efficient harvesting technology for small-diameter
trees can thus be expected to contribute not only to
securing a source of forest biomass for power-gener-
ation plants but also to the continuous tending of
young planted forests after regeneration.

In anticipation of the utilization of logging resi-
dues and small-diameter trees after the completion
of the FIT scheme in Japan, this study calculated the
available amount of unutilized forest biomass re-
sources generated in the process of promoting final
cutting and a subsequent reforestation of planted
forests that have a relatively high proportion of older
growth, by using the developed »regional forestry
operations management model« (Kaneko et al. 2023).
The period and the ratio of the generation of small-
diameter trees during cleaning and pre-commercial
thinning operations to the whole biomass resources
were also estimated.

The authors’ research group has studied technol-
ogies and systems for harvesting, transporting, and
chipping logging residues on steep terrain in Japan
(Yoshioka et al. 2000, 2002, 2005a, 2005b, 2005c, 2006a,
2006b, and 2011). In the case of logging residues, the
calculation of procurement costs begins from the har-
vesting operation at a logging site where limbing and
bucking processes are carried out. Felling and accu-
mulating processes must also be considered to calcu-
late the procurement cost of small-diameter trees. In
the Biomass Nippon Strategy, the forest biomass
from small-diameter trees in Japan is thus considered
a resource that is secondary to the resource from log-
ging residues (Anon. 2005).

1.1 Literature Review

Harvesting technologies for small-diameter trees
have been developed and examined in North Amer-
ica (Han et al. 2004, Pan et al. 2008a and 2008b, Hiesl
and Benjamin 2013, de Souza et al. 2016) and Europe
(Spinelli et al. 2007, Spinelli and Maganotti 2010, Ex-
ber et al. 2016). In Nordic countries, the accumulative
function of feller-bunchers and harvesters is used in
the harvesting of small-diameter trees for bioenergy
use (Kdrha et al. 2005, Laitila et al. 2010, Bergstrom et
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al. 2012, Nuutinen et al. 2016). For example, Belbo
(2010) compared two working methods for small-tree
harvesting with a multi-tree felling head mounted on
a farm tractor, and Laitila et al. (2007) examined the
forwarding of whole trees after manual and mecha-
nized felling and bunching in pre-commercial thin-
ning. In the efforts to clarify the optimal method(s)
of harvesting small-diameter trees as unutilized for-
est biomass appropriate for Japan, the authors’ re-
search group has assumed a simplified model forest
and conducted experiments and time studies of the
harvesting of small-diameter trees with a truck-
mounted multi-tree felling head (Yoshioka et al.
2021).

It is necessary to consider the background of the
development of the »regional forestry operation
management model« described by Kaneko et al.
(2023). Labor productivity must be increased in order
to compensate for the declining number of forestry
workers in Japan, and the numbers and areas of for-
ests that have reached the period of final cutting are
increasing. It is therefore desirable to establish an ef-
ficient operation system using large forestry ma-
chines. In the operation of such large and efficient
forestry machines, it is necessary to set up intensive
forestry management sites to ensure that the work-
load is commensurate with the machine costs (Aruga
et al. 2013, Goérriz-Mifsud et al. 2019). However, the
labor input is a constraint on operational planning
because there is a quantitative limit to the amount of
work that operators can perform. When a forest man-
agement plan is being designed, it is important to
predict the future amount of operations and balance
it with a feasible labor input from the point of view
of sustainability.

Forests are dynamic biological systems that re-
quire an accurate understanding of the relationships
between forest biomass changes and forestry opera-
tions when making operational decisions (Peng
2000). Modeling methods such as statistical and sim-
ulation models are a means of quantifying these re-
lationships. The harvesting volume has been esti-
mated mainly using the Gentan probability to predict
both the amount of operations and the changes in a
forest biomass. The Gentan probability method is
used to statistically predict the amount of harvesting
operations by applying the probability of harvesting
for each forest age or age class (Hiroshima 2011, Ya-
mada 2018). In general, a statistical model requires
sufficient data so that the application of the model is
limited to specifically localized conditions. The estab-
lishment of a nationwide model would thus require
a high level of effort.
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Mathematical programming is also used to quan-
tify forestry business scenarios. Mathematical pro-
gramming is a method of maximizing objective func-
tions such as the harvesting volume or profits by
imposing constraints on resources (Kaya et al. 2016).
Troncoso and Garrido (2005) and Suzuki et al. (2018)
predicted the amount of log production under certain
constraints, and Buongiorno (1996) applied both
mathematical programming and system dynamics
(SD) to optimize forestry supply chains. Although it is
possible to derive a solution by formulating the objec-
tive function and constraints, such a formulation re-
quires a high degree of specialization. It is thus desir-
able to establish a feasible and quantified method of
operational planning for a wide range of practitioners.

In the »regional forestry operation management
model«, SD was proposed as a forecasting and for-
estry management method to overcome these prob-
lems. System dynamics has been applied to future
predictions and scenario analyses at various scales
and in various fields (Machado et al. 2015). A charac-
teristic of SD is that the structure of the model can be
explicitly described. For this reason, various forecasts
can be described by arbitrarily changing the variables
in the model or by adding appropriate sub-models
according to the actual conditions or desirable sce-
narios. In addition, SD can be applied to solving op-
timization problems since it is relatively effortless to
formulate objective functions in the SD model.

2. Materials and Methods

2.1 Development of Regional Forestry
Operations Management Model

2.1.1 System Dynamics Model

System dynamics predicts future changes by describ-
ing the attributes and behavior of the target system
using mathematical equations, and it is possible to
deal with multiple real-world problems since SD can
handle non-linear state changes. System dynamics-
based models have various applications in forestry.
On a macro-scale, e.g., the scope of an entire wood-
related industry, Schwarzbauer and Stern (2010) re-
vealed the impacts of increased wood energy use on
the upstream forestry and the downstream wood
industry. On a micro-scale, Visser et al. (2004) con-
ducted a productivity analysis of harvesting systems
at forestry operation sites. The forest-stand-changes
model (Vanclay 2014) and single-tree-growth model
(Lonnstedt and Randers 1979) were also constructed,
but there are no previous models in which forestry
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operations were formulated for regional forest man-
agement.

In order to understand the dynamics of regional
forests, the authors’ research group thus created a
model that represents changes in forest resources due
to an operational system in which the sustainability
of log production and forest biomass generation can
be secured by optimization. The SD modeling tool
Stella® was used to construct the simulation model.

2.1.2 Forestry Operations Management System

The company in this study model was assumed to
perform planting, weeding, cleaning, pre-commer-
cial thinning, commercial thinning, final cutting, and
long-term cutting. The targeted stand age and effi-
ciency of each operation, which are based on a typical
forest management system in Japan (Nakajima et al.
2018), are listed in Table 1. Planting was carried out
at a density of 3000 trees/ha at 1 year after clearcut-
ting. There is a 3-10% probability of spontaneous
death every year in young forest stands that are 2-10
years old (Fukumoto et al. 2017). Cleaning was con-
ducted at a tree density of 20% at 15 years of age.

Table 1 Targeted stand age and efficiency of each operation

: Targeted stand age Operational
Operation * -
year efficiency *
Planting 1 0.06 ha/man-day
\Weeding 2-6 0.14 ha/man-day
Cleaning 15 0.08 ha/man-day
Pre-commercial thinning ** 20 3 m*/man-day
Commercial thinning ** 40 4 m*/man-day
Final cutting 50-99 7 m¥man-day
Long-term cutting ** 100-200 5 m%/man-day

* Manual operation was the assumed system for planting, weeding, and cleaning, while
the operation system for pre-commercial and commercial thinning, final cutting, and
long-term cutting was assumed to be partly mechanized, i.e., chainsaw felling, cable
yarding, processor limbing and bucking, and forwarder hauling. Listed operational
efficiency was based on Nakajima et al. (2018)

** The operational efficiency of thinning increases in the order of pre-commercial,

commercial, and long-term cutting stages since the productivity increases in propor-
tion to the stem volume of a tree

With respect to thinning, 25% of the 20-year-old
trees were thinned at a pre-commercial stage and 30%
of the 40-year-old trees were thinned at the commer-
cial stage. Clearcutting was assumed for the final cut-
ting, targeting stands aged 50-99 years old. For long-
term cutting, either thinning or clearcutting was
supposed to be carried out in the long-rotation man-
agement; that is, stands aged 100-200 years old were
targeted. The ages of the final and long-term cuttings
were not fixed but were adjusted annually during the
simulation period.
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2.1.3 Formulation of System Dynamics-Based
Optimization

The amount of operations in the i" year, Wi (man-
day/y), was calculated by summing the amount of
work required for planting, weeding, cleaning, pre-
commercial thinning, commercial thinning, final cut-
ting, and long-term cutting. For the decision regarding
forest stands to be in operation in each year, the mod-
el considered the age, locational advantage class, and
distance from a forest road of each stand. The loca-
tional advantage class is an index that comprehen-
sively quantifies the ease of logging based on natural
conditions such as topography, slope, and the distanc-
es from forest roads.

The company in the model was assumed to have
10 workers working 200 days annually, which were
typical numbers of workers and working days for a
business unit in Japan; that is, a total workforce of 2000
man-days per year was optimized. The model adjust-
ed the operation content, i.e, the number of forest
stands or the size of the forest area where the opera-
tions were carried out, so that Wi was balanced with
the workforce. The simulation period used in this
study was set as 60 years. The parameter sets were
repeatedly selected and optimized so that the differ-
ence was within approx. 10% (200 man-day/y) for all
years.

The optimization was divided into two stages in
the order of final cutting and long-term cutting be-
cause the rotation of the final cutting was the basis of
log production, and the shortage was supposed to be
supplemented by long-term cutting. In other words,
to prioritize the securing of the amount of final cut-
ting, the first stage was to fix the operation amount of
the final cutting each year by optimizing the param-
eters concerning that operation, and the second stage
was to adjust the amount of the long-term cutting op-
eration. For the parameter search, a grid search imple-
mented in the Stella® optimization function was used.
The grid search is an algorithm that is used mainly for
optimizing nonlinear functions by determining the
optimal parameters. Since a grid search can pass
through all possible values in the parameter space, it
is less likely to fall into a local optimum. Optimization
was performed using the age and rate of cutting as the
model parameters.

First, the amount of final cutting operations was
optimized. The final cutting amount varied depend-
ing on the final cutting age in each year, while the
target forest stand for the final cutting was selected
according to geographical conditions. Above all, when
the final cutting age changed, the year of subsequent
reforestation also changed. Thus, the operation con-
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tent of final cutting was derived so that the sum of the
squared difference between the total amount of op-
eration, Wi, and the workforce, 2000 man-day/y, was
minimized during the simulation period. The objec-
tive function is expressed as:

minimize Y2 (W, - 2000)* )

In the second stage of optimization, the age and the
thinning rate of long-term cutting were adjusted. As
shown in Table 1, the long-term cutting was carried
out in forest stands between 100 and 200 years old.
However, clearcutting is not always performed during
long-term cutting but the thinning rate can be deter-
mined as 0-100%. When the value of the objective
function of Eq. (1) cannot be further minimized be-
cause of the optimization of the final cutting in the
previous stage, long-term cutting will not occur for a
few years. The operation content of long-term cutting
was derived with the same objective function as that
used in the first step.

2.1.4 Target Area and Dataset

The study site for the constructed model was located
at the central part of Japan, and the data used in this
study covered a total area of 20,147 ha and 34,059
stands. Forest registers and a geographic information
system (GIS) were used to obtain the data. The age,
tree density, and volume of each stand were obtained
from the forest registers, and the stand area was cal-
culated using a GIS function. Thus, the area, age, tree
density, and volume of forest stands were used as geo-
graphic data.

This study selected three candidate sites, i.e., Site
S (small), Site M (medium), and Site L (large), in order
to use different total areas in the model and to evalu-
ate the various scenarios (Table 2). The sites were
located along a watershed, and intensive forest man-
agement was considered (Fig. 1). As an example, the
age-class distribution of Site M at the beginning of
simulation is shown in Fig. 2. The average stand age
for Site M was 66 years old, and the area of forest
stands of which the age-class was 11" or more (i.e.,
>50 years old and subject to final cutting) was 681 ha,
occupying nearly 90% of the total forest area.

To calculate the operation amount of log produc-
tion, this study determined the single-tree volume
using the volume equation for Japanese cedar (Cryp-
tomeria japonica D. Don) (Inoue 2006) with reference
to tree height and diameter at breast height (Ko-
bayashi et al. 2021). These parameters were based on
the stand age.

4
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Table 2 Description of small (S), medium (M), and large (L) candi-
date sites

[tem Site S Site M Site L
Planted forest area, ha 616 763 932
No. of stands 1058 1351 1724
Rate of planted forest area to the 91 94 93
total area, %

2.2 Estimation of Amounts of Log Production
and Unutilized Forest Biomass Generation

The amounts of log production and unutilized forest
biomass generation were estimated from the area, S
(ha), or the harvested stem volume, V (m’), of the
stands targeted for cleaning, pre-commercial thinning,
commercial thinning, final cutting, and long-term cut-
ting. In this study, unutilized forest biomass was con-
sidered to consist of small-diameter trees, unutilized
thinnings, and logging residues. The equations used
for these estimations are given in Table 3. These equa-
tions were established based on the local forest-man-
agement master plan. Trees felled during a cleaning
operation were considered small-diameter trees. In the
pre-commercial thinning stage, 10 m’ per ha of opera-
tion area was harvested as unutilized thinnings, and
the remaining felled trees were considered small-di-

T. Yoshioka et al.
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Fig. 2 Age-class distribution of planted forests at Site M at the
beginning of the simulation

ameter trees. Here, the unutilized thinnings are not
essentially different from small-diameter trees, but in
the FIT scheme the harvested thinnings are assumed
to qualify as »unused forest biomass«.

Fig. 1 Three sites (S [small], M [medium], and L [large]) located along a watershed, with consideration of intensive forest management
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Table 3 Equations used for estimating the amounts of log production and unutilized forest biomass generation

Operation Resource

Equation *

Cleaning

Small-diameter trees

V' x 157 x 0.314, Mg

Pre-commercial thinning

Unutilized thinnings

S % 10 x 0.314, Mg

Small-diameter trees

V' x 157 x 0.314-8 x 10 x 0.314, Mg

Commerecial thinning Logging residues

V< 0.25 x 0.314, Mg

Unutilized thinnings

V% 0.98 x 0.4 x 0.314, Mg

Log V< 0.98 x 0.6, m*
Final cutting and long-term cutting Logging residues V% 0.30 x 0.314, Mg
Log V% 0.93, m®

* The mass values of forest biomass resources are expressed on a dry-weight basis (Mg: megagram)

S —area, ha
V- harvested stem volume, m®

Mass of 1 m® of Japanese cedar is 0.314 Mg/m® on a dry basis. The percentage of branches to stem volume for the cleaning and pre-commercial thinning stages and that for the com-
mercial thinning and final and long-term cutting stages are 57% and 23%, respectively, while the percentage of tree tops and others (e.g., bent or butt logs) to stem volume for the
commercial thinning and final and long-term cutting stages are 2% and 5%, respectively (Forest and Forest Products Research Institute n.a.).

In the case of commercial thinning, the model as-
sumed that tree tops (2% to stem volume) and
branches (23%) generated during limbing and buck-
ing would become logging residues (25%), while the
remaining portion (98%) would be unutilized thin-
nings (40% of the remaining portion) and logs (60%
of the remaining portion), based on an interview
with a company that produced wood chips for pow-
er-generation plants. In the final and long-term cut-
ting operations, the tree tops (2% to stem volume),
branches (23%), and others (e.g., bent or butt logs; 5%)
generated during limbing and bucking were consid-
ered logging residues (30%), and the other parts (93%)
were considered logs.

3. Results

3.1 Appropriate Planted Forest Area for
Sustainable Forest Management

As a result of the optimization, the annual operation
amount for each year was balanced against the con-
strained labor input at all three sites. The average
amounts of operation at Sites S, M, and L were
1984+103.6, 2013+89.49, and 1983+93.84 man-day/y,
respectively. Fig. 3 shows the details of the operation
amounts at Site M. In the first half of the 60-year pe-
riod, final cutting was the main business, and long-
term cutting gradually increased. After the 50" year,
the final cutting increased again.

3000
Legend: I Pre-commercial thinning
2500 B Planting 1 Commercial thinning
[ Weeding Final cutting
I Cleaning  E=sssss | ong-term cutting
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o
o
o

Operation amount, man-day/y
2 )
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Fig. 3 Details of operation amounts at Site M
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Fig. 4 Changes in growing stock of three sites

The changes in the growing stock, i.e., the total stem
volume of standing trees, of the three sites are depicted
in Fig. 4. From the beginning of the simulation, the Site
M growing stock gradually decreased due to the
clearcutting of older planted forests, but it began to sta-
bilize around the 40" year, thus suggesting that approx.
760 ha of planted forest could be an appropriate size of
the area for sustainable forest management with a labor
input of roughly 2000 man-day/y.
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Fig. 5 Site M age-class distribution at the 60" year
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The results derived from the above calculations can
be interpreted as follows: Mature forest stands belong-
ing to the 21* class or more (>100 years old) are subject
to long-term cutting and serve as backup forests when
the amount of operation is insufficient in the first stage
of optimization. Site M has a certain amount of backup
forest so that business can continue sustainably with-
out a shortage of forest resources.

Fig. 5illustrates the age-class distribution of Site M
at the 60" year (the end of the simulation). After 60
years, compared to Fig. 2, the clearcutting in the forest
stands from the 11" to the 20™ age class was almost
completed, and only 2% (15 ha) of the total area of the
planted forest remained for a final cutting operation,
while 27% (207 ha) was transferred to the forest stands
for long-rotation management.

3.2 Amounts of Log Production and Unutilized
Forest Biomass Generation

The changes in the annual amounts of log production
and unutilized forest biomass generation at Site M are
shown in Fig. 6. During the simulation, 7184+1474
m’/y of logs was produced, and 875.6+152.4 Mg/y of
unutilized forest biomass (56.50+40.87 Mg/y for small-
diameter trees, 82.69+81.80 Mg/y for unutilized thin-
nings, and 736.5+145.4 Mg/y for logging residues on a
dry-weight basis) was generated. These amounts can
be interpreted as the log production and unutilized
forest biomass generation in the process of promoting
the clearcutting of 763 ha of planted forest with the
average age of 66 years, ~2000 man-day/y of labor in-
put and 71% of the whole area returning to the regular
harvesting cycle.

4. Discussion

The results obtained above can be interpreted as the
amounts of log production and unutilized forest bio-
mass generation during the process of clearcutting of
older, high-accumulation planted forests and the re-
turn of many forests to the regular harvesting cycle
over a 60-year period. This study thus extended the
Site M simulation by using the »regional forestry op-
eration management model« to the 120" year, and
calculated the amounts of logs and forest biomass re-
sources generated under sustainable forest manage-
ment as well.

Fig. 7 lays out the changes in the growing stock
over a 120-year period, and the age-class distribution
at the 120™ year is shown in Fig. 8. The growing stock
increased slowly during the next 60 years, and after
120 years, 19 ha of the forest area was subject to final
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Fig. 6 Changes in annual amounts of log production and unutilized forest biomass generation

cutting and 125 ha of the forest area was subject to
long-term cutting, with 78 ha newly returned to the
regular harvesting cycle. From 61 to 120 years,
5239+1149 m’/y of logs was produced and 774.8+125.0
Mg/y of unutilized forest biomass (79.55+27.06 Mg/y
for small-diameter trees, 147.4+55.86 Mg/y for unuti-
lized thinnings, and 547.8+115.3 Mg/y for logging
residues on a dry-weight basis) was generated (Fig. 9).
These amounts can be interpreted as the established
log production and unutilized forest biomass genera-
tion under sustainable forest management under the
coexistence of the circulation of planted forest and the
long-rotation forest management, while maintaining
the growing stock of local forest resources. Both the
log production and the biomass generation from 61 to
120 years decreased compared to those of the original
60-year period, probably due to the fact that the
clearcutting of older, high-accumulation planted for-
ests had settled down by the 60" year, resulting in a
decrease in log production and the resulting genera-
tion of logging residues over the 60-year period up to
the 120" year.

The period and the ratio to the whole biomass
resources of the generation of small-diameter trees
and unutilized thinnings were influenced by two fac-
tors:

= there were few forest stands subject to cleaning,
pre-commercial thinning, and commercial thin-
ning at the beginning of the simulation

= planting began 1 year after final cutting.

Therefore, the major generation of small-diameter
trees began in the 16" year when the cleaning opera-
tion started, and the major generation of unutilized
thinnings began in the 41* year when the commercial
thinning operation started (see Fig. 6). The average
amounts of small-diameter trees and unutilized thin-
nings generated during the original 60 years was low-
er than that of logging residues. However, small-di-
ameter trees and unutilized thinnings were generated
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Fig. 7 Changes in Site M growing stock over a 120-year period
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Fig. 8 Site M age-class distribution at the 120" year

stably from the 16" year and the 41° year, respectively,
after the beginning of clearcutting and subsequent re-
forestation. Especially after the 61* year shown in Fig.
9, the average amount of the generation of small-di-
ameter trees, 79.55 Mg/y, accounted for approx. 10%
of the amount of the whole biomass resources, i.e.,
774.8 Mgly, and >50% of the amount of unutilized
thinnings, 147.4 Mg/y, providing precise estimates of
the resource amount of small-diameter trees.

T. Yoshioka et al.

Although the developed model targeted Japanese
cedar plantation, the model could be applied to hard-
wood forests by correcting parameters and reconsider-
ing logging systems. However, it might be difficult for
the hardwood forests model to introduce the process
of harvesting small-diameter trees with a truck-
mounted multi-tree felling head studied by the au-
thors of this paper (Yoshioka et al. 2021), since the
previous study considered just the model forest for
small-diameter trees. This study found that a company
with 10 workers could sustainably manage 763 ha of
plantation forest, meaning that more than 26 compa-
nies would be needed to cover a total area of 20,147
ha, but this study has never discussed the profitability.
In the case of Japan, it is generally said that the profit-
ability of logging business must be improved to en-
courage new companies to enter the business, thus
further discussion on profitability in the studied area
would be necessary.

5. Conclusions

In anticipation of the utilization of logging residues
and small-diameter trees after the completion of the
Feed-in Tariff Scheme for Renewable Energy (FIT) in
Japan, this study calculated the available amount of
unutilized forest biomass resources over a long term
by using the developed »regional forestry operations
management model«, and estimated the period and
the ratio of the generation of small-diameter trees dur-
ing cleaning and pre-commercial thinning operations
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Fig. 9 Changes in annual amounts of log production and unutilized forest biomass generation from 61 to 120 years
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to the whole biomass resources. The following conclu-
sions have been derived from the results and discus-
sion:
= the developed model simulated that, in the first
60 years, the clearcutting and reforestation of
763 ha of planted forests (average age 66 years)
with labor input of approx. 2000 man-days per
year were promoted, and thus 71% of the whole
area was returned to the regular harvesting cy-
cle. During that period, the average amounts of
log production and biomass generation were
7184 m’/y and 875.6 Mg/y on a dry-weight basis,
respectively

= during the next 60 years, when the clearcutting
of older, high-accumulation forests and subse-
quent reforestation were stabilized, the average
amounts of log production and biomass genera-
tion under sustainable forest management were
5239 m’/y and 774.8 Mg/y on a dry-weight basis,
respectively, at lower amounts than those in the
first 60 years

= small-diameter trees and unutilized thinnings
were generated stably from the 16" year and the
41* year, respectively, after the beginning of
clearcutting and subsequent reforestation. Espe-
cially after the 61* year, the average amount of
small-diameter tree generation accounted for
approx. 10% of the amount of the whole bio-
mass resources and >50% of that of unutilized
thinnings, providing precise estimates of the
resource amount of small-diameter trees.
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