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Abstract. We describe the development of a simulation based on neighbor 
relationships between small stands forming many sub compartments in a 
forested area. We used a Geographic Information System (GIS) to simu-
late local forest management plans. The distribution and intensity of dif-
ferent silvicultural practices were visualized. We also determined whether, 
at specified rates, the implementation of forestry operations was optimum 
for the desired outcomes in specific compartments. Based on the results, we 
discuss the tradeoff between two silvicultural strategies. First, the rational 
economic strategy, which generally focuses on implementing silvicultur-
al prescriptions in some compartments. Second, the environmental strat-
egy, which generally focuses on implementing silvicultural prescriptions 
in all compartments, taking account of environmental forestry practices. 
The difference between profits under the two strategies at the study site 
was approximately 20 %, and this economic difference could be consid-
ered to represent “opportunity costs” of a commitment to environmental-
ly conscious management. We created the simulation to map the strategies 
based on the location of existing forest roads and any special constraints. 
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Introduction

Maximizing profit has a significant influence 
on forestry rationale and timber productivity 
(Clutter et al. 1983). However, forest man-
agement plans should also consider environ-
mental aspects, such as landscape, aesthetics, 
biodiversity and carbon sequestration (Puk-
kala 2002). In the context of global carbon 
emissions, it is important for Japanese forest-
ry policy to extend the political incentive for 
appropriate forest management via an activi-
ty-based approach (UNFCCC 2012). In Japan, 
about 60 % of plantation forests are privately 
owned. The many small scale planted forest 
stands managed by numerous independent 
private forest owners make it difficult to have 
a coherent management strategy. Statistics re-
veal that the forest area owned by more than 
70 % of non-industrial private forest owners 
(NIPFs) is generally less than 5 ha (Forestry 
Agency 2007).  This fact means that the plan-
tation forests are finely divided, with numer-
ous private owners. If each small-scale stand 
is managed independently, it is difficult to 
establish broad-scale management plans and 
long term strategies. Therefore, it would be 
useful for forestry actors, such as forestry co-
operatives, to develop a model to predict lo-
cal-scale activities in the numerous planted 
stands. Additionally, under current Japanese 
economic conditions, the financial merits of 
forestry activity are relatively low as a result 
of falling timber prices since the import liber-
alization of timber in 1964. According to pre-
vious work (Hiroshima & Nakajima 2006), the 
extent of the forestry area in which no forestry 
management has been implemented for a long 
time (10 years or more) is increasing in the 
Japanese plantation forest. Therefore, ration-
al forest management strategies are required, 
along with a decision-making system to assist 
in predicting forestry profitability according to 
planned actions.
 The Ministry of Agriculture, Forestry and 
Fisheries (Japan) is trying to increase self-suf-

ficiency in timber. For Japanese national 
government policy, it is also important to es-
tablish a management system to plan timber 
production. Previous studies have generally 
shown that small-scale stands could be used 
to maintain the environmental value of Japan’s 
forests. Although some studies have addressed 
the merits of broader-scale forest management 
plans (Nakajima et al. 2009a, Kittredge 2005), 
little work has focused on the analysis and vis-
ualization of the relationships between small 
stands in local forest areas. The current study, 
therefore, was intended to develop such a vis-
ualization system by combining an existing 
forest profitability model with a Geographic 
Information System (GIS), and quantifying the 
opportunity costs as a trade-off between envi-
ronmental and economic strategies in forestry.
Because forest owners are increasingly less 
motivated to undertake forestry operations 
(Nakajima et al. 2009b), silvicultural activ-
ities,  including commercial cutting, are not 
being implemented on a large scale. This fact 
means that Japanese carbon sequestration is 
likely to be underestimated because the car-
bon stock of the forest sector is calculated on 
the basis that active management is occurring 
(UNFCCC 2002). Regarding environmental 
functions - aesthetics, biodiversity and carbon 
sequestration - the spatial distribution of vari-
ous activities is strongly related to the tradeoff 
between economic rationalistic ideas and envi-
ronmental value. These tradeoffs can be quan-
tified as “opportunity costs”, which are helpful 
for forest managers and policy makers when 
considering the financial support required to 
balance environmental values against econom-
ic rationalistic aims (Pukkala 2002).
 Many previous studies of forest manage-
ment have estimated the opportunity costs. 
Generally, they showed the trade-off between 
certain benefits (economic, for example) and 
environmental functions, or forestry against 
another industry. Fox et al. (1989) estimated 
the opportunity costs between agriculture and 
forestry.  Lowell et al. (2008) analyzed the 
tradeoff between wood production and protec-
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tion from wildfire. Anitha et al. (2008) evaluat-
ed the market sustainability and production for 
traditional bamboo, and included an analysis 
of the opportunity costs. Layton and Siikam-
aki (2009) developed models for estimating 
opportunity costs of conservation in transition-
al landscapes. However, few studies show the 
opportunity costs by considering the spatial 
and rational patterns of forestry harvesting as 
an economic activity. This study, therefore, 
aimed to develop a simulation of harvesting 
distribution to be optimized for maximizing 
forestry profits based on existing models, and 
to estimate the trade-off between econom-
ic harvesting and environmental harvesting 
based on spatial simulations using a GIS. 

Materials and methods

Study site 

We selected Morotsuka village, located in Mi-
yazaki Prefecture, Japan (Fig. 1) as the study 
site for this research. The timber productivi-
ty of this site is amongst the highest in Japan 
(Miyazaki Prefecture Government 2015). The 
climate is warm temperate, with a mean annual 
temperature of 14 °C, and mean annual rainfall 
of  2445 mm. Of the 17 785 ha of forest, about 

71 % (12 541 ha) is plantation. We selected ar-
eas that had a bell-shaped tree age distribution, 
which is standard in Japanese planted forests 
of Cryptomeria japonica (Forestry Agency 
2007). As shown in figure 2, Cryptomeria 
japonica in the target area is mostly between 
30 and 50 years old. In 2004, this study site 
was certificated by the Forest Stewardship 
Council (FSC).  Therefore, it must be not only 
economically sustainable, but also deliver en-
vironmental forestry functions defined by the 
independent organization (Gulbrandsen 2005).

Data analysis

Modelling joint implementation of harvesting

We introduced the models to a previous opti-
mization (Nakajima et al. 2016) for joint im-
plementation of harvesting in order to visual-
ize spatial intensity of forest management as 
follows.
 For this model, the first input is the table 
showing adjacency relationships between 
the sub-compartments. In this study, we re-
fer to this table as the “adjacency table”. This 
adjacency table shows the connections be-
tween sub-compartments. Before any analy-
sis, all connections were determined for each 
sub-compartment. Next, the data set including 
silvicultural prescriptions (Helms 1998) was 

input; these are any deliberate 
courses of action to manipulate 
forestry vegetation to achieve 
specific management objec-
tives for each sub-compartment. 
These prescriptions include short  
(<76 years) and long (>75 years) 
rotation prescriptions. Based on 
the prediction models of harvest-
ing profitability, depending on 
the rotation prescription, the fol-
lowing categories of stand plans 
were defined: plans based on op-
timum short rotations of periods 
up to 75 years; and plans based 

Location of Morotsuka village, showing the elevation of 
the study site. The blue line indicates the forest boundary 
line for the village

Figure 1 
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on optimum rotations for long periods, from 
76 years. We optimized the combinations of 
prescriptions for each stand by selecting suit-
able options from these prescription categories 
or “abandonment”, in which no forestry activ-
ities are implemented. The total profits derived 
from the selected plans for each stand were es-
timated by summarizing the profits calculated 
for each stand under a discount rate of 3 %, 
as used in previous studies (Nakajima et al. 
2011a, Oka 2006). The lengths of the rotations 
were estimated by maximizing NPV (Davis & 
Johanson 1987) according to these previous 
studies. 
Based on the input data and information pro-
vided by local forestry workers, including the 
forestry cooperative, some rules were applied, 
as follows. 
 (1) Because the trees are harvested by forest-
ry vehicles at the study site, only sub-compart-
ments with forest roads can be harvested. 
 (2) A forest road can be established in a 
sub-compartment in which the trees were har-
vested by thinning or final cutting operations.
 (3) Some sub-compartments do not include 
a forest road. These sub-compartments can be 
harvested at the same time as a neighboring 
sub-compartment that does have a forest road, 
and a road into them established at that time. 
Based on information from forestry workers, 
it was assumed that the forest road density 
for harvesting per sub-compartment would be 
50m/ha.  
 (4) After the establishment of a forest road, 

the sub-compartment could be harvested inde-
pendently.
 (5) The cost of establishment and mainte-
nance of forest roads was assumed to be 2000 
yen/ha and 100 yen/m・year, respectively.
 Based on these rules, two rates of estab-
lishment of forest plans were assumed, tak-
ing into account the adjacency relationships: 
The “connector rate” and the “prescription 
rate” can have any value between 0 and 1. If 
the connector rate is changed between 0 and 
1, the starting year for harvest can be changed 
for harvest synchronization.  These two rates 
can have a value between these two extreme 
ratios from 0 to 1 as mentioned below. The 
general framework of the algorithm is shown 
in the figure 3. One connector rate and one 
prescription ratio are given for one connection 
and one sub-compartment, respectively. The 
connector rate was determined, assuming the 
following case. There are three sub-compart-
ments: the first, second and third, respectively. 
The first sub-compartment has a forest road, 
the second and third sub-compartments do not. 
We explain about the harvests in two adjoining 
compartments being synchronized as follows. 
The first and second sub-compartments are 
connected by a single connection. The second 
and third sub-compartments are connected 
by a single connection. In this situation, we 
considered the case that the first and second 
sub-compartments were harvested simultane-
ously. The year when the second sub-compart-
ment had a forest road constructed is called the 
“starting year for harvest”.  The starting year 
for harvest in the second sub-compartment 
would depend on the year of harvesting being 
synchronized with the year of harvest in the 
first sub-compartment. So, there is a range of 
options regarding the starting year for harvest. 
When the second sub-compartment is harvest-
ed in a given year (y), it is necessary to clarify 
whether “y” is the starting year for harvest or 
not. Determining whether “y” is the starting 
year for harvest depends on the year in which 
the second sub-compartment is harvested, this 

The area of the target planted stand, by 
age, in Morotsuka village

Figure 2 
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must be at the same time as first sub-compart-
ment which has the forest road.
 Within the possible range of starting years 
for harvest, a connector rate of 0 indicates the 
earliest starting year for harvest, whilst a con-
nector rate of 1 indicates the latest starting year 
for harvest. If the connector rate is changed be-
tween 0 and 1, the starting year for harvest can 
be changed by harvest synchronization.
 A connector rate of “-1” indicates that the 
harvests in two adjoining compartments being 
synchronized cannot be successfully defined. 
In the second and third sub-compartments, 
there is also a relationship between connection 
and the connector rate. As mentioned above, 
there are connector rates associated with the 

connections between all neigh-
boring sub-compartments. Har-
vest synchronization is controlled 
in the model by changing these 
connector rates between 0 and 1. 
 In some sub-compartments, 
a number of prescriptions could 
fulfill all the conditions con-
trolled by connector rates. To 
elucidate, we consider the fol-
lowing example.  We assume two 
prescriptions with a difference in 
their rotation periods. Howev-
er, there is no difference in the 
commercial thinning age for the 
two prescriptions. In this situ-
ation, we assume the case that 
the starting year for harvest was 
chosen in order to synchronize 
commercial thinning based on 
the connector rate, as mentioned 
above. If there is no difference 
in the commercial thinning ages 
in future years between the two 
prescriptions, they could fulfill 
all the conditions controlled by 
connector rates. In this case, it is 
necessary to select one prescrip-
tion for each sub-compartment. 
Where there is a choice, the pre-
scription is selected based on the 
“prescription rate”. All the pre-

scriptions that could fulfill all the conditions 
controlled by connector rates, were arranged 
in order according to final cutting age. A pre-
scription rate of 0 indicates the earliest final 
cutting age, whilst a prescription rate of 1 in-
dicates the latest final cutting age. In this case, 
the prescription rate is selected that maximizes 
the NPV for the youngest possible final cutting 
age. For a quantitative simulation at the local 
scale, however, it is necessary to select one 
prescription for each sub-compartment. There-
fore, the prescription rates for each sub-com-
partment were decided over the total target 
area.
 Based on the above, one prescription for 

3 
 

 
Fig. 3 The general framework for decision of prescription in each sub-compartment 

 
 
The slope of the direct function is the sum of the solutions of all the successful optimizations from the last 100 
calculated, divided by the number of these. 
 

The general framework for decision of prescription in 
each sub-compartment

Figure 3 
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each sub-compartment could be selected by 
considering the adjacency relationships. The 
simulation was run for 200 years. A long sim-
ulation was undertaken because, over long pe-
riods, the sum of NPV is almost equivalent to 
the SEV (soil expectation value) (Davis et al. 
2001). 
 Using the data obtained from simulations 
to act as input data to generate estimates un-
der the following procedure, the combinations 
of silvicultural practices for all sub-compart-
ments were optimized. The genetic algorithm 
employed (Holland 1975) has been used in 
various forest management optimizations 
(Bettinger et al. 2002, Pukkala 2002). Based 
on a previous study that used the genetic algo-
rithm (Yousefpour and Hanewinkel 2014), 50 
random initial solutions were selected in order 
to set the values for the following optimiza-
tion. The probabilities of cross-over and muta-
tion, which could be from 0.01 to 1, were set to 
the mean value (0.5). Based on previous stud-
ies (Falcão & Borges 2001), these probabilities 
were kept constant throughout the prediction 
periods in this study.
 When checking the validity of solutions de-
rived from this optimization, the condition for 
stopping the optimization was as follows. We 
estimated the slope of the direct function (e.g. 
y = ax + b) as the sum of the solutions of all 
the successful optimizations divided by the 
number of these, i.e. the average solution (Fig. 
3). Assuming that this slope can be expected to 
be less than 0.01, we decided to stop the opti-
mization when the slope fell below this thresh-
old; we then selected the best solution from the 
optimizations with slopes above this value.
 The following formulae show the optimiza-
tion process.
 First, the compartment level optimizations 
were generated as follows.

                                   (1)

Subject to xi,j = 1 or 0, where P - profitability 

(yen) derived from forestry prescriptions in a 
compartment, pi,j- profitability (yen) derived 
from forestry prescription j in stand i, I - the 
maximum number of stands in the target com-
partment, J - the maximum number of optional 
forestry prescriptions at the stand level and xi,j, 
which is a function of the connector ratio (rc) 
and the prescription ratio (rp) as mentioned 
above is 1 or 0. If forestry prescription j is se-
lected in stand i, xi,j is 1, otherwise xi,j is 0. 
 After the compartment level optimization, 
optimization based on the following formula 
for total target area was carried out.

                                         (2)

where Pk,l - profitability (yen) derived from for-
estry prescription k conducted in compartment 
l, K - the maximum number of compartments 
included in the total target area, L - the maxi-
mum number of possible forestry prescriptions 
for compartments, Z - the profitability (yen) of 
the total target area and yk,l is 0 or 1. If forestry 
prescription k is selected in compartment l, yk,l 
is 1, otherwise yk,l is 0. 
 After the optimization based on the previous 
restrictions (Nakajima et al. 2016), the ratios 
of short and long rotation forestry prescrip-
tions were estimated for selected solutions as 
follows.

                                                         (5)

                                                         (6)

where Rs and Rl are the ratios of short and long 
rotation forestry prescriptions, respectively. Al 
and As represent the total areas of sub-compart-
ments chosen for a long and short rotation for-
estry prescriptions, respectively.
 AIl and AIs are, respectively, the area where 
the long rotation is being practiced and the area 
where the short rotation is being practiced.
 Based on labor requirements outlined by 
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local forestry workers, three possible plans 
were identified, as follows. In Plan1, Plan2 
and Plan3, the average ratios of short to long 
rotations were approximately 0.4, 0.55 and 
0.7, respectively. After the optimization, if 
the short and long rotation prescriptions ratios 
combined accounted for less than half the area, 
the following constraints were applied. The 
rates of (1) short or (2) long rotation prescrip-
tions in a compartment should be more than 
0.5. However, the average total ratios (0.4, 
0.55 and 0.7) for conducting prescriptions in 
all compartments were maintained as follows. 
To adjust upwards to more than 0.5, the aver-
age total ratios for undertaking prescriptions in 
all compartments were maintained by reducing 
the ratios in compartments in which the ratio 
is initially more than 0.5. This concept evens 
out the distribution of prescriptions for envi-
ronmental functions, as mentioned in the intro-
duction. Plan1, Plan2 and Plan3 were modified 
accordingly and then referred to as Plan 1’, 
Plan 2’ and Plan 3’, respectively.

Results 

Figure 4 shows the spatiotemporal simulation 
derived from the optimization. This figure 

shows the harvested sub-compartments based 
on the allocation of adjacency relationships 
and forest roads.  It appears that the harvested 
sub-compartments expanded from sub-com-
partments adjacent to forest roads to sub-com-
partments away from the original forest roads. 
Eventually, almost all of the sub-compartments 
were harvested in the compartment (Fig. 4d).
 It was confirmed that the optimization ena-
bled us to establish a forest management plan 
by allocating the harvest area and considering 
the adjacency relationships. Figure 5 shows 
the results for the total area derived from the 
compartment optimizations. The figures show 
the ratios (Rs and Rl in equation (5) and (6)) 
of prescriptions undertaken for the short and 
long rotation periods. These ratios refer to the 
proportion of the sub compartments where 
there was forestry activity or harvesting. In 
this study, three plans, based on the total ratios, 
were calculated for short and long rotation 
periods.  The ratios of prescriptions in some 
compartments were always low because the 
economic value of these compartments was 
relatively low.
 We were able to examine, visually, the inten-
sity of forestry activity associated with short 
and long rotations. Prescriptions were not 
evenly distributed, with high ratios in some 

The spatiotemporal simulation derived from the optimization. The cobalt shading shows the area 
of the planted forest and the pale blue lines show the harvested forest. The navy-blue color line 
shows the initial forest road. a), b), c) and d) represent the situation after 20 years, 40 years, 60 
years and 80 years, respectively.

Figure 4 

a) b) c) d)
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compartments (more than 0.9) and very low 
ratios (less than 0.3) in others. 
 Figure 6 shows histograms of the ratios for 
conducting forestry operations under short and 
long rotation periods. The total average ratios 
of the compartment when conducting short 
and long rotation prescriptions under plans 1 
(Fig. 6a1 and 6b1), 2 (Fig. 6a2 and 6b2) and 
3 (Fig. 6a3 and 6b3) are 0.39, 0.57 and 0.72, 
respectively. The average ratio when conduct-
ing short rotations under plans 1 (Fig. 6a1), 2 
(Fig. 6a2) and 3 (Fig. 6a3) are 0.41, 0.59 and 
0.75, respectively. The standard deviations of 
the ratios when conducting short rotations un-
der plans 1 (Fig. 6a1), 2 (Fig. 6a2) and 3 (Fig. 
6a3) are 0.38, 0.29 and 0.23, respectively. The 
average ratio when conducting long rotations 
under plans 1 (Fig. 6a1), 2 (Fig. 6a2) and 3 
(Fig. 6a3) are 0.37, 0.56 and 0.69, respective-
ly. The standard deviations of the ratios when 
conducting long rotations under plans 1 (Fig. 

6b1), 2 (Fig. 6b2) and 3 (Fig. 6b3) are 0.28, 
0.26 and 0.2, respectively. These figures show 
that the ratios associated with undertaking the 
various prescriptions are not distributed even-
ly. In particular, there is a tendency for the ra-
tios associated with short rotation periods to be 
either high (0.8-1) or low (0-0.3), rather than to 
have intermediate values. 
 In particular, there is a tendency for the dis-
tribution of ratios for short rotation periods 
(Fig. 6) to be uneven. The distribution present-
ed in Fig.6 is not bell-shaped, i.e. a normal dis-
tribution. Indeed, it appears to have two peaks. 
In figure a2, the proportion of each compart-
ment that is harvested/actively managed peaks 
in the ranges 0.8-1 and 0-0.3. In figure a3, the 
proportion of each compartment that is har-
vested/actively managed peaks in the ranges 
0.8–1 and 0.3–0.5.
 Referring to the relationships between the 
ratios for conducting prescriptions under long 
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In this figure, a1-b1, a2-b2 and a3-b3 represent Plan1, Plan2 and Plan3, respectively.
Fig. 5 The spatial distribution of the proportion of sub-compartment area where forestry operations were undertaken, for 
short (a1-a3) and long (b1-b3) rotation periods
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The ratio when conducting short rotations (Rs in equation (5))
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1 

The spatial distribution of the proportion of sub-compartment area where forestry operations were 
undertaken, for short (a1-a3) and long (b1-b3) rotation periods. In this figure, a1-b1, a2-b2 and a3-b3 
represent Plan1, Plan2 and Plan3, respectively.

Figure 5 
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and short rotations, the coefficients of deter-
mination for fig. 7a, 7b, 7c are 0.78, 0.70 and 
0.43, respectively, confirming the strong rela-
tionships between the two ratios. The slopes of 
the fitted lines in the figures are 0.80, 0.74 and 
0.56, respectively. 
 Figure 8 shows the distribution of the ratios 
when conducting prescriptions for short and 
long rotation periods. If we compare this figure 
with Fig. 5, we can see that the ratios are more 
evenly distributed.
 The difference in distributions when the fo-

cus is on economic forestry (Fig. 5) compared 
to distributing the forestry prescriptions more 
evenly (Fig. 8) can be seen by examining the 
two figures.
 In this simulation (Figs 8 and 9), there are 
not strong relationships between the rates for 
short and long rotation prescriptions because 
these ratios are concentrated over a narrower 
range than those presented in Figs 5 and 6. 
 Fig 10 shows the differences in total profits 
between models for  economic optimization 
and economic optimization with the prescrip-
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Histograms showing the of the number of compartments with each prescription activity ratio, for 
short (a1-a3) and long (b1-b3) rotation periods. In this figure, a1-b1, a2-b2 and a3-b3 represent Plan1, 
Plan2 and Plan3, respectively. The plots a1...3: the ratio when conducting short rotations (Rs in equa-
tion 5), while the plots b1...3: the ratio when conducting long rotations (Rl in equation 6).

Figure 6 

The relationships between the ratios when conducting prescriptions under long and short rotations 
under Plan 1(a), 2(b) and 3(c)

Figure 7 
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tion implementation evened-out. 
 The total profits in Plan 1, Plan 2 and Plan 3 
(Fig. 5) are 179 hundred million yen, 331 hun-
dred million yen and 443 hundred million yen, 
respectively. The total profits in Plan 1’, Plan 
2’ and Plan 3’ (Fig 8) are 143 hundred million 
yen, 268 hundred million yen and 417 hundred 
million yen, respectively. The differences be-
tween the two are 36 (Plan 1 minus Plan 1’) 
hundred million yen, 62 (Plan 2 minus Plan 
2’) hundred million yen and 25 (Plan 3 minus 
Plan 3’) hundred million yen, respectively. The 
ratios of differences between the two simula-
tions are 20.3 % (Plan 1 versus Plan 1’), 18.8 
% (Plan 2 versus Plan 2’) and 5.8 % (Plan 3 
versus Plan 3’), respectively. The average dif-
ferences in profits per year are 1820 million 
yen, 3108 million yen and 1273 million yen, 
respectively. The profit difference between 
Plan3 and Plan 3’ is relatively small because 

the prescription rates in the short and long ro-
tations in almost all of the compartments are 
more than 0.5. 
 The total average ratios under plans 1’ (Fig. 
9a1 and 9b1), 2’ (Fig. 9a2 and 9b2) and 3’ (Fig. 
9a3 and 9b3) are 0.46, 0.60, 0.72, respectively. 
By comparing these average ratios for plans 
1’ (Fig. 9a1 and 9b1), 2’ (Fig. 9a2 and 9b2) 
and 3’ (Fig. 9a3 and 9b3) with those of plans 1 
(Fig. 9a1), 2 (Fig. 9a2) and 3 (Fig. 9a3), it ap-
pears that these ratios are almost the same. The 
standard deviations of the short rotation ratio 
under plans 1’ (Fig. 9a1), 2’ (Fig. 9a2) and 3’ 
(Fig. 9a3) are 0.17, 0.17 and 0.23, respective-
ly. The standard deviations of the long rotation 
ratio under plans 1’ (Fig. 9b1), 2’ (Fig. 9b2) 
and 3’ (Fig. 9b3) are 0.17, 0.10 and 0.20, re-
spectively. The unevenness of the ratios when 
conducting prescriptions under the short and 
long rotations changed when the focus moved 

The spatial distribution of ratios when conducting prescriptions for the short (a1-a3) 
and long (b1-b3) rotation periods. In this figure, a1-b1, a2-b2 and a3-b3 represent Plan1’, 
Plan2’ and Plan3’, respectively.

Figure 8
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from economic management planning to en-
vironmental management planning based on 
additional constraints for the prescription dis-
tribution.

 
Discussion

Imposing a different planning policy, for ex-
ample a rational economic plan (Fig. 5), name-
ly the concentrated scenario in this study, com-

pared to an environmental plan that gives a 
more even geographical spread to the prescrip-
tions (Fig. 8), namely the distributed scenario 
in this study, produced different results. How-
ever, the differences under Plan 3 were rela-
tively small between the short rotation (Fig. 
5a3 and Fig. 8a3) and long rotation (Fig. 5b3 
and Fig. 8b3). Because the ratios for the pre-
scriptions associated with the short and long 
rotations under Plan 3 were already relative-
ly high in many compartments (Fig. 5a3 and 
5b3), redistribution for increased evenness had 
little effect. 
 As shown in Fig 7, the prescription ratios 
between the long and short rotations were pos-
itively correlated.
 One of the main reasons for this strong cor-
relation is the constraint of the adjacency rela-
tionships. In order to expand the harvest area, it 
is necessary to operate short rotation prescrip-
tions simultaneously with other sub-compart-
ments, and these would also be included in the 
long rotation prescriptions. Thus, it would be 
difficult to select between exclusively short or 
long rotation prescriptions in real forest man-
agement at the local scale. In practice, man-
agement should be considered by combining 
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a1)                  a2)                            a3)

b1)                  b2)                            b3)

Histograms showing the of the number of compartments with each prescription activity ratio, for 
short (a1-a3) and long (b1-b3) rotation periods. In this figure, a1-b1, a2-b2 and a3-b3 represent Plan1, 
Plan2 and Plan3, respectively. The plots a1...3: the ratio when conducting short rotations (Rs in equa-
tion 5), while the plots b1...3: the ratio when conducting long rotations (Rl in equation 6).

Figure 9 

The differences in total profit comparing 
economic optimization and economic 
optimization with evening-out prescrip-
tions. The black bars represent the ra-
tional economic plan (Fig. 5). The white 
bars show the total profit with a wider 
spread of prescriptions (Fig. 8).

Figure 10 
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short and long rotations across a larger area. 
Generally, the higher the total average ratio for 
prescription implementation, the lower the co-
efficient of determination in Figure 7. In par-
ticular, the coefficient of determination for the 
relationship between short and long rotation 
prescriptions is relatively low in Fig. 6c. This 
is, at least in part, because with the higher total 
average ratio of prescription implementation 
(e.g. Fig. 6c), the range of ratios for both rota-
tion periods is relatively narrow. Similarly, the 
absence of a relationship between the ratios for 
short and long rotation prescriptions in Fig. 7 
is because of the small variation in ratios. 
 The proportion of each compartment that 
was harvested/actively managed under short 
rotation had a higher occurrence of high ratios 
(0.8 to 1.0) than the proportion of each com-
partment that was harvested/actively managed 
under the long rotation (Fig. 5). Eventually, 
this would mean that short rotation prescrip-
tions would have a stronger positive effect 
on forestry economics than long rotation pre-
scriptions. According to previous studies (e.g. 
Vankooten et al. 2000), short rotation periods 
are usually selected as optimum for stands in 
which site indices and profitability are rela-
tively high. It would be reasonable, therefore, 
for short rotations to be associated with higher 
ratios than long rotations. In addition, in com-
partments where the short rotation had a ratio 
of prescription implementation less than 0.3 
and the ratio for the long rotation period was 
more than 0.5, there would not be a large dif-
ference in profits derived from short and long 
rotation prescriptions, because the ratios of 
both are relatively low (Figs 6, 9 and 10).
 Spatially, the prescription implementation 
ratios under the short and long rotations were 
more evenly distributed as figure 7 shows. 
Thus, the unevenness of the ratios under the 
long rotation period was obviously different 
between the rational economic management 
approach and management for environmental 
benefits.
 We also demonstrated that the implemen-
tation ratios under the short and long rota-

tion periods were not distributed evenly. This 
suggests that the abandoned forest, where ac-
tive management was not possible, would be 
likely to remain even in a scenario driven by 
economics. This fact is consistent with pre-
vious studies, which have suggested that the 
intensity of management activity, including 
thinning and harvesting, is concentrated in 
limited sub-compartments that have relatively 
better stand conditions (Hiroshima & Nakaji-
ma 2006). This means that the forest manager 
should distinguish between favorable and un-
favorable compartments when applying inten-
sive prescriptions under the rational economic 
model. Concentrating intensive prescriptions 
in a limited area reduces forestry expenditure 
such as transportation costs of forestry ma-
chines.
 There are also sound environmental reasons 
(particularly to do with increasing biodiversi-
ty) for leaving areas undisturbed in natural for-
ests. This way deadwood stocks are increased 
– a key resource for many Red Book insect 
species in natural forests. On the other hand, 
some previous studies have shown that it is 
important to build environmental sustainabil-
ity, such as biodiversity, landscape and carbon 
sequestration, by spreading forestry operations 
under different rotation periods evenly across 
a local area in order to maintain a patch–mosa-
ic stand structure (Boyce 1995, Chabrerie et al 
2007, Greco 2013). 
 Accordingly, it would be not feasible to 
focus forestry activity in just a few compart-
ments. Because various forest operations can 
introduce a patch–mosaic stand structure, it 
would be better for environmental forest man-
agement to consider both short and long rota-
tions. However, the difference in profitability 
under Plan 3 was relatively small (Fig. 6 and 
Fig. 8).
 In contrast, profitability differed widely be-
tween the concentrated scenario (Fig. 4) and 
the distributed scenario (Fig. 7), especially un-
der plans 1 and 2. These differences represent 
opportunity costs associated with distributing 
prescription implementation more evenly un-
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der short and long rotations in order to deliver 
environmental benefits. 
 Our results indicate that the reduction of 
economic value as shown in Fig. 9 is the result 
of managing for environmental  benefits by re-
distributing forestry operations. So, it could be 
considered that the difference in profitability is 
an environmental opportunity cost, for which 
the government should provide compensation 
and consider constraints specifically with re-
spect to allocating areas.  
 This study demonstrates the possibility of es-
timating such opportunity costs through mod-
eling. If policymakers wish to limit economic 
forestry activities, economic support must be 
put in place. For example, subsidies should be 
introduced to cover opportunity costs arising 
from management for environmental benefit. 
In Japan, forestry subsidies and the carbon 
credit system were discussed with respect to 
increasing the carbon stock under the Kyoto 
Protocol by expanding areas employing spe-
cific forest management prescriptions. How-
ever, the national political frameworks need to 
be changed and their permanency is not guar-
anteed.  For sustainable forest management, it 
is important to plan over long periods of time 
and this could be helped by having long-term 
estimates of opportunity costs.
 Naidoo & Adamowicz (2006) calculated op-
portunity costs associated with landscape ecol-
ogy. In this case, landscape diversity needs to 
be increased  by ensuring variations in stand 
conditions at the local scale; this has to be 
achieved by distributing activities more even-
ly over short and long rotations. It is also im-
portant to maintain biodiversity (Lancia et al. 
1989, Barlow et al. 2007, Nortongriffiths et al. 
1995) in local forests by developing mosaics. 
For example, a mosaic of young and old forest 
maintained through short and long rotations is 
useful for increasing diversity at the local lev-
el (Boyce 1995). Previous studies have shown 
that forest mosaics help us to increase the di-
versity of mammals, insects and birds (Taboa-
da et al. 2006, Redon et al. 2014). Our data are 
useful for estimating the opportunity costs as-

sociated with such increases in environmental 
functions over long periods.
 Our simulations are relevant to deci-
sion-making with respect to multiple forest 
functions – landscape, biodiversity etc – devel-
oping information presented in previous stud-
ies showing the cost of ensuring forest land-
scape diversity. The next challenge is to add 
natural forest areas to the analysis and evaluate 
multiple forest functions affected by human 
activities including short and long rotations. 

Conclusions

We developed a simulation that accounted 
for and visualized the relationships between 
neighboring sub-compartments in a local for-
est area. Local forest management plans were 
defined, then visualized using a GIS. This sys-
tem was applied to the following scenarios. 
First, a rational economic strategy focusing on 
conducting silvicultural operations in a lim-
ited number of economically favorable com-
partments. Second, an environmental strategy, 
focused on spreading forestry activities across 
all compartments. Silvicultural practice inten-
sity was confirmed by digital mapping.
 Based on the mapping and estimates of 
forestry profitability, we note the following 
points. First, opportunity costs represent a 
trade-off between the two silvicultural strate-
gies. The opportunity costs have amounted to 
approximately 20 % at this study site. Second, 
this result was discussed in relation to previ-
ous studies showing the relationships between 
public function and economic function in 
contexts where it is possible to simulate the 
trade-off between rational economic forestry 
plans and an environmental plan with a broad-
er geographical spread to the prescriptions. 
We also demonstrated that it is possible to de-
velop a simulation system for mapping strat-
egies based on the allocation of existing for-
est roads and specific constraints. Finally, we 
confirmed that this model could be used as a 
decision-making tool for estimating the trade-
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off between the environmental and economic 
considerations in forest management.
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