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Preface

This Special Issue presents 13 noteworthy articles on the economic and societal losses due

to environmental impacts on for-estry productivity after restoration. The aim of this issue is to

provide a comprehensive overview of recent advances in forest conservation, forest engineering,

disaster sociology, and forest policy in various fields. The papers featured in this issue aim to

promote a discussion in disaster-resilient forestry between the natural and social sciences. The

stark contrast between the four articles from China and the nine articles from Japan is worthy of

note. The articles from China focus mainly on the successful reforestation efforts since the 1990s,

the relationship between forests and economic development, and the public perception of forests as

portrayed in the media. Meanwhile, the papers from Japan focus on the forest management issues

that arise during the utilization phase of the forest plantations and on the challenges of managing

these plantations. Extensive research has been conducted on forestry operations, optimization of

forest resources, and the transformation of mountain communities in re-sponse to climate change

and more frequent torrential rain disasters. These disasters need to be analyzed to understand the full

scope of their impacts. The economic and social impacts of these disasters are dependent on natural

factors such as climate and topography, as well as social structures. As urban areas continue to grow

economically, rural areas suffer from depopulation and aging, resulting in significant societal changes

that exacerbate the impact of natural disasters. Although they may appear to be two extreme cases,

the editorial situates the papers on China and Japan within East Asia, highlighting one country in the

early stages of successful government-led afforestation projects and the other country in the mature

stage of plantation forests. This provides insight into the forest management challenges facing East

Asia, where forest cover has increased.

We would like to thank the authors for their valuable contributions to this Special Issue and all

the reviewers for their con-structive comments and suggestions on the submitted manuscripts.

Noriko Sato and Tetsuhiko Yoshimura

Editors
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Editorial

Post-Restoration Forest Management Issues in East Asia under
Climate Change: Based on the Special Issue “Economic and
Societal Losses Due to Environmental Impacts on
Forestry Productivity”

Noriko Sato 1,* and Tetsuhiko Yoshimura 2

1 Faculty of Agriculture, Kyushu University, Fukuoka 819-0395, Japan
2 Faculty of Life and Environmental Sciences, Shimane University, Matsue 690-8504, Japan;

t_yoshimura@life.shimane-u.ac.jp
* Correspondence: sato.noriko.842@m.kyushu-u.ac.jp

Abstract: Forests provide diverse ecosystem services to people. Consequently, initiatives have
been undertaken to restore deforested areas. In East Asian countries, particularly those within the
Asian Monsoon region, deforestation has contributed to natural disasters such as sediment run-off,
landslides, and flooding, which are exacerbated by torrential rainfall. Restoring forest cover is a critical
aspect of national land conservation. To achieve this goal, state-led afforestation initiatives have
been launched. Successful afforestation efforts have also been considered an indicator of economic
development. However, Japan, which implemented afforestation projects successfully in the 1950s
and 1970s, has experienced the under-utilization of its forests due to significant changes in economic
and societal conditions since afforestation took place. During the 2010s, the Japanese government
promoted the industrialization of forestry, encouraging final felling and reforestation. However, there
have been issues with immature forest operation methods and low forestry productivity. Furthermore,
in the context of intensifying climate change, heavy rainfall-induced disasters have become more
intense, with an increased threat to human safety. Research efforts from the natural and social
science fields in Japan have helped identify issues that need to be addressed concerning forests where
plantation trees are now utilizable. There is a need to identify improved methods of forestry practice
that reduce the risk of climate change-related disasters and establish related forest policies.

Keywords: afforestation; under-utilization; forestry operation; clearcutting; economic losses; societal
losses; rural community; disaster-resilient forestry; East Asia

1. Introduction

The Food and Agricultural Organization’s (FAO’s) Forest Resources Survey shows
that global deforestation has continued but at a slower rate than that in the 1990s. Although
deforestation has continued in Africa and South America, recent increases in forest cover in
Asia have attracted increasing attention. Among Asian countries, China [1] and Vietnam [2]
have experienced significant increases in forest cover since the 1990s. The change from
deforestation to recovery efforts is correlated with economic development and an increase
in gross domestic product (GDP). Both countries have initiated government-led efforts to
promote natural forest conservation and plantation afforestation. Furthermore, although
their political systems and timing of afforestation projects differ, Japan [3] and South
Korea [4] have both implemented state-led afforestation projects during their economic
growth periods to increase their forest cover. Afforestation projects were implemented in
Japan between the 1950s and 1970s and in South Korea between the 1970s and 1990s.

East Asian countries have been successful in restoring forest cover as their economies
have grown and are in a region where the Environmental Kuznets Curve (EKC) is applica-
ble [5,6]. These countries fall into two groups: China and Vietnam, where forest cover is still

Forests 2023, 14, 1845. https://doi.org/10.3390/f14091845 https://www.mdpi.com/journal/forests
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recovering, and Japan and South Korea, where forest cover is above 60% and planted forests
have reached the utilization stage. Historically, the implementation of afforestation projects
was triggered by severe forest degradation and consequent extensive human and material
damage caused by heavy rainfall and extensive flooding, such as during Typhoon Kathleen
(1947) in Japan [7] and the Yangtze River flooding in China (1998) [8]. The importance of
forest restoration from a land conservation perspective has been widely recognized. In
addition, the abundance of labor available for afforestation and forestry in rural villages
during the early stages of economic development has been identified as a factor in the
success of afforestation projects [9].

Despite these government-led afforestation projects and successful forest restoration in
East Asian countries, various challenges in the context of climate change remain, and solu-
tions are being sought to achieve sustainable forest management. With these considerations
in mind, we wrote this article about the Special Issue titled “Economic and Societal Losses
Due to Environmental Impacts on Forestry Productivity”. This Special Issue comprised
13 noteworthy papers; four of which focused on China and nine on Japan, highlighting
a striking contrast. Therefore, the purpose of this paper is to provide a summary of the
post-reconstruction challenges in East Asia by reviewing the literature published in the
Special Issue, along with some additional references.

2. Literature Review on Current Forestry Issues in China and Japan

Although forest cover is rapidly increasing in China (i.e., from 9% in 1990 to 23.3% in
2020) and the total area of plantation forests is expanding, there are areas where afforestation
projects have failed. In addition, different regions of China are at different stages of
economic development. For this reason, attempts have been made to apply the EKC theory,
which has been used to make comparisons between countries and regions within China.
For example, Zhang, Q. et al. [10] analyzed the relationship between regional GDP and
forest cover in 41 cities in the Yangtze River Basin and showed that the EKC is valid within
China. They concluded that economic development allows alternative income generation
and forest cover recovery, which can reciprocally contribute to the economic development
of the region. Forestry eco-efficiency (FECO) has been developed as an integrated indicator
of resource, economic, and environmental strength. A literature review comparing China
as a whole, by provinces and cities, found that there is a positive relationship between
economic development and FECO in the economically developed eastern region; however,
this relationship is not significant elsewhere [11].

In China, forests are owned by the state, while forest management units are divided
into state-owned forests and collective forests. In a case study of Heilongjiang Province,
China, where there are many state-owned forest areas, the correlation between the conserva-
tion of natural forest resources in state-owned forest areas and local economic development
was significant until the early 2010s; however, coordinated environmental and economic
development was limited after 2015 [12]. The authors also found that the free exercise
of forest rights under the collective forest rights reform, which was implemented in 2003
and transferred the right to manage and control forests to local people, had a generally
positive impact on management incentives [13]. A significant issue for the future will be
comparing forest conservation and the promotion of forestry in China, specifically focusing
on state-owned forests directly managed by state-led organizations and collective forests
where management is decentralized to the local people. Determining whether successful
afforestation can be linked to appropriate utilization in the area is important for the evalua-
tion of afforestation projects and forest resource management. In addition, researchers have
begun analyzing how the disclosure of these topics by forest companies and governments
(i.e., CSR reports) to their stakeholders (i.e., shareholders, customers, and employees) is
being evaluated on social media to make environmental investments in the forest sector
more favorable [14].

In Japan, afforestation progressed from the 1950s to the 1970s, mainly in coniferous
cedar and cypress plantations. By 1980, the forest cover had reached 68%, with planted
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forests accounting for 40% of the forested area. As a result, there are no studies comparing
forest cover and economic development across regions. It has been noted that the success
of afforestation projects in Japan led to a gradual increase in forest accumulation, resulting
in a significant reduction in the high incidence of land cover loss throughout the country
in the 1950s [15]. However, resource under-utilization has become a major forest policy
issue in Japan, as more than 50 years have passed since the afforestation projects were
implemented. Forest stocks have increased to a stage where they can be harvested and
utilized; however, economic and social factors have prevented the harvesting and utilization
of these resources [16]. Although the problem of over-exploitation due to deforestation
has been resolved by successful afforestation projects, these projects have now created
under-utilization issues.

Economic factors contributing to these under-utilization issues include the high cost
of forestry due to the rising cost of labor associated with economic development and
Japan’s steep topography, and in particular, the strong exchange rate of the Yen resulting
from the Plaza Accord of 1985. This puts the country at a disadvantage when competing
in the market against overseas forest products. In addition, social factors including the
small-scale ownership of private forests and the depopulation and aging of mountainous
areas are barriers to utilization. In Japan, approximately 55% of forests are privately
owned, and the micro-dispersed ownership structure hinders efficient resource use. A
previous study [17] revealed that as the generation involved in afforestation ages and
retires, management succession fails, forest management and boundaries become unclear,
and the level of forest management declines, particularly in micro-owned areas. Even
in many forest producers’ cooperatives and authorized neighborhood associations that
were established by reorganizing the remaining historical forest commons (Iriai Forest),
management is becoming increasingly difficult owing to low timber prices, a decreased
number of members, and tax burdens [18]. Ota also emphasized that the members had
maintained an attachment to and responsibility for the forests of Iriai origin and a sense of
public contribution.

In response to these socio-economic challenges, the Japanese government has worked
to overcome under-utilization by clarifying ownership boundaries that had become unclear,
creating forest plans by grouping small private forests into estates, promoting forestry
mechanization by outsourcing to large forestry companies, and reducing production costs.
The government has also been zoning environmental and production forests and promoting
final felling through clear cutting in production forests [19]. To promote these plans, a forest
environment tax was introduced in 2018 [20]. Despite these initiatives, a recent report [21]
highlighted that the road networks in forests, which are an essential production base
for increasing forestry productivity, are inadequate, implying that more timber removal
processes are required in Japan than in Central European countries with the same sloping
forestry, and therefore, no immediate economic benefits can be expected.

In addition, biomass power plants are being built through a feed-in tariff for renewable
energy to promote resource use (i.e., to utilize construction and sawmill waste, as well as
materials generated from thinning) and CO2 reduction as renewable energy. However, a
previous study [22] conducted an inter-industry analysis of the economic and environmen-
tal effects of a forest biomass power plant. The study revealed that the economic effects
were estimated in terms of investment and job creation; however, the plant may not be
effective in contributing to the global environment in terms of CO2 reduction, as stated in
the forest policy.

In recent years, climate change has caused frequent heavy torrential rainfall disasters
during the typhoon and the rainy season in Japan, with an increasing number of days where
the hourly rainfall level exceeds 50 mm [15]. Landslides and floods caused by heavy rains
have damaged mountain villages, leading to the rapid depopulation of aging villages [23].
In addition, many forest roads have been damaged in various regions, and research on
how to rebuild forest roads and make them more disaster-resistant is urgently needed [24].
Suzuki, Y. et al. [25] suggest that, in Japan, where the terrain is steep and the geology is
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complex, special precautions, such as extensively excavating the soil beneath the roadbed
on the cut slope side before compacting the roadbed, are needed while constructing spur
roads to ensure that they have sufficient strength.

These issues related to under-utilization, such as low resource utilization and inad-
equate infrastructure, along with problems associated with the monocultural structure
of conifer plantations are highlighted. The spread of cedar pollinosis, intensification of
driftwood catastrophes caused by landslides, and forest damage caused by wildlife are
becoming more serious, especially in reforested areas [26]. In short, Japan, which was one
of the first countries to successfully restore its forests, needs to develop resilient forests
that can withstand disaster risks. While torrential rain disasters have the potential to
cause the disappearance of mountain villages, some villages are seeking to recover from
disasters through activities to create new forest landscapes, with the cooperation of exter-
nal organizations and former residents. The recovery of these communities will require
residents to form their own initiatives. A previous study [23] has meticulously described
the recovery process and presented the nature of resident-led recovery in communities
affected by disasters.

3. Future Research Issues for Sustainable Forest Management and Disaster-Resilient
Forestry in East Asia

The above discussion shows that the pertinent issues for forest science research differ
in China and Japan, which are at different stages of forest restoration. Due to differences in
land area and political systems, it is unlikely that the challenges faced in Japan will manifest
themselves in other countries. However, East Asia has a high population density, and there
are similarities in the transformation of the social structure: the shift of the population
from rural to urban areas (creating a working population that supported rapid industrial
development), agriculture and forestry becoming comparatively minor industries and East
Asia becoming a major importer of round wood and forest products, and the declining
birthrate and increasingly aging population [27]. There are also similarities in the natural
environment, such as the Asian monsoon climate and the high rates of plant growth during
the summer, which necessitate intensive weeding work to preserve the success of artificial
afforestation and natural regeneration. Therefore, the forestry challenges that arose in Japan
after the success of its early afforestation projects may spread to other East Asian countries
in the future. Comparative research is needed not only between China and Japan but also
with other East Asian countries.

We found that a deeper understanding of current forest problems, which are exac-
erbated by climate change, can be gained by reviewing not only empirical social science
research on Japan (based on field studies) but also natural science research on mountain
disasters and forestry operations. To promote disaster-resilient forestry in the future and
successfully revitalize rural villages through diverse forest use (not just for timber produc-
tion), it is necessary to move from a monocultural forest plantation structure (“far from
natural forests”) to “closer-to-nature forests” [28] suitable for East Asia. This points to the
need to consider the creation of “close-to-nature forests” that incorporate research findings
related to silviculture and forest management theory. Our paper is limited in its discus-
sion of these theories. The EU Commission’s Forest Strategy 2030 indicated in 2021 [29]
that production forests also need to explore close-to-nature forestry, with an emphasis on
biodiversity conservation, to prevent the consequences of climate change.

4. Conclusions

This paper discusses forest management issues that have arisen after successful af-
forestation efforts in East Asia, using case studies from China and Japan. While sustainable
forest management issues have been discussed in Europe based on comparative studies of
forests and forestry in different countries, there has been little comprehensive forest science
research based on the similarities and differences between East Asian countries. In Asia,
where torrential rain damage occurs yearly (and is exacerbated by climate change), there
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is a need for collaborative research and discussion on measures to address nature-based
forest conservation and resource use issues.
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Abstract: With the data of 41 cities, including urban and rural areas in the Yangtze River Delta (YRD)
region from 2007 to 2019, this paper mainly uses the spatial econometric method to analyze the impact
of forest resource abundance in the YRD region on economic development under the background of
carbon neutrality. Direct effects, indirect effects, and total effects are further decomposed. The main
conclusions are as follows. (1) The abundance of forest resources in the YRD has a U-shaped non-linear
effect on economic development, and the curse of forest resources will gradually form forest resource
welfare with economic improvement. (2) The phenomenon of economic convergence exists in the YRD
region. (3) The spatial effect of forest resource abundance on economic development is non-linear, and
the increase in greenery and carbon reduction should be moderately reasonable. (4) The abundance
of forest resources can also promote the development of green total factor productivity. The research
in this paper complements the existing literature and provides a reference for policymakers.

Keywords: Yangtze River Delta; forest resources abundance; economic development

1. Introduction

Forestry development is related to the sustainable development of China’s social
economy. Forest resources are pivotal in building ecosystems and improving carbon sink
capacity. The role of forest resources in sustainable economic development has attracted
more attention from scholars and policymakers. Forest growth plays a very important
role in climate regulation [1]. In 2017, the State Forestry Administration issued the “13th
Five-Year Plan for Forestry Development” to promote the modernization of China’s forestry.
In 2021, the “14th Five-Year Plan for Forestry and Grassland Protection and Development
Plan” was released. By 2025, China’s forest coverage rate will be increased to 24.1%,
and the forest stock volume will be increased to 19 billion m3. The Yangtze River Delta
(YRD) region is the hub of China’s economic development and has an important strategic
position in the overall regional development pattern. In June 2016, the “Yangtze River Delta
Urban Agglomeration Development Plan” was promulgated. Boosting the construction
of a green and low-carbon ecological city has become one of the important goals of the
integrated development of the YRD. In 2018, the integrated development of the YRD was
officially elevated to a national strategy. From 2000 to 2018, the forest coverage rate in
the YRD region increased from 22.29% to 29.33%, much higher than the national average.
However, the distribution of forest resources is uneven, and the structure is unreasonable.
During the same period, the economic development of the YRD region was higher than
the national average level and showed obvious regional differences. In December 2019, an
Outline of the Yangtze River Delta Regional Integrated Development Plan was issued to
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prioritize ecological protection and strive to build a beautiful Yangtze River Delta. In the
14th Five-Year Plan of each province and city, increasing forest coverage has become one of
the common goals for all the cities in the YRD. The YRD region is a cluster of 41 cities in
1 municipality (Shanghai) and 3 Provinces (Jiangsu, Zhejiang, and Anhui) [2,3]. Figure 1
shows the location of the YRD region.

Figure 1. Location of the YRD region [4]. Reproduced from [4], with permission from Scientific
Research Publishing, 2020.

There may be a phenomenon of “tragedy of the commons” for forest resources. One
of the reasons for this phenomenon is that the beneficiaries of the use of resources and
services do not need to pay for it. The costs and benefits are not equal. Unfair allocation
of resource property rights will affect the fairness and efficiency of resources and social
benefits and may lead to resource rent-seeking and corruption [5]. The resource curse can
be turned into welfare if resources are effectively managed [6].

Some scholars have studied whether the environmental Kuznets curve (EKC) exists
between forest resources and economic development, but the conclusion is also controver-
sial [7–9]. The EKC assumes an inverted U-shaped relationship between economic growth
and environmental quality, which means a country or region’s environmental quality will
decrease with economic development. Still, when the economy develops to a certain level,
the environmental quality will gradually improve [9]. Therefore, this paper’s motivation
is to empirically explore the impact on the economy at different stages of forest resource
development in the YRD region.
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This paper mainly studies the following questions: (1) Does the abundance of forest
resources in the YRD promote economic development at the city (city in this paper includes
urban and rural areas) level? (2) Is there any non-linear relationship between the two?
(3) Is there any evidence of the spatial spillover effect? (4) Can the abundance of forest
resources improve green total factor productivity? (5) Does economic development affect
forest growth, and does the Environmental Kuznets Curve exist? The possible academic
contributions of this paper include: (1) Based on the resource curse hypothesis, the impact of
natural resources on economic development is discussed from the perspective of renewable
resources. (2) Both the quantity and quality of economic development are considered. GDP
per capita (although GDP is national and gross regional product (GRP) is regional, GRP
is conceptually equivalent to GDP [10]. For readers to understand easily, the term “GDP”
is still used in this paper instead of “GRP”) and the green total factor productivity are
analyzed further to comprehensively measure the economic development level of the YRD
region. (3) This paper adopts a spatial econometric model, which not only considers general
economic and social factors but also takes the spatial factors into account. The research in
this paper complements the existing literature and provides a reference for policymakers.

The paper is structured as follows. Section 2 presents the literature review. Section 3
presents the econometric models, data collection, and categories of the variables. In
Section 4, we describe the model estimation’s main results, including direct effects, spatial
spillover effects, the robustness check, and reverse causation. In Sections 5 and 6, we
discuss the results and then draw the main conclusions.

2. Literature Review

2.1. Impacts of Forest Resources on Economic Growth

There are many studies on forest resources and economic development. Whether forest
resources can promote economic development is still inconclusive. Some scholars believe
that abundant forest resources will promote economic development. The importance of
natural capital to economic growth is increasingly recognized, and natural forest capital
positively affects national economic growth [11]. Forest resources will contribute to the
total economic value through direct use value, option value, existence value, negative exter-
nality, etc. [12]. The richer the forest resources, the better the forestry sector, and the more
income from harvesting non-precious wood [13]. In addition, forest-rich areas can posi-
tively impact the national economy through employment and increased labor income [14].
Rents from forest resources, mineral resources, and oil extraction contribute significantly
to economic growth. At the same time, it is necessary to consider the limited availability
of natural resources and stimulate the economy by developing policies and utilizing the
rents of natural resources to promote development of the business environment [15]. The
existence of forest resources is closely related to poverty alleviation. Forest resources and
tree systems maintain welfare levels mainly by helping households increase their income
and provide food, health, and humanistic values [16]. Based on SWOT and AHP analysis
methods, it was found that the rise and development of the Forest Recreation Industry have
expanded the regional brand effect, increased income, and enhanced the competitiveness
of the industry [17]. The benefits of forest tourism will benefit residents by more than
40%, but urban residents benefit more than rural residents. The infrastructure construction
brought by forest resources can also optimize industrial and investment structures [18].
Rural communities that depend on forests experience population decline and economic
prosperity often. Van Kooten et al. (2019) explored how communities with rich forest
resources as their main economic source stimulate economic development by examining
the potential of different forest management regimes to create more jobs and wealth [19].

There is a synergy between forests and sustainable development [20], and forests have
a potential role in reducing carbon emissions and poverty [21,22]. There are two main
modes in which forest resources can reduce poverty. First, good management patterns
can improve the quality of forest resources, thereby improving local economic conditions.
Second, increasing forest resources can effectively increase natural capital and ultimately
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produce economical capital outcomes [23]. However, a review of 242 documents found
that although the evidence of forest resource-based poverty reduction is increasing, the
results are biased. More comprehensive and robust evidence is also needed to demonstrate
and understand differences in outcomes across social backgrounds, social groups, and
management objectives [24].

Some scholars believe that abundant forest resources will inhibit economic develop-
ment. Dependence on forest resources will bring about an obvious resource curse effect [25],
mainly because the forestry industry is inefficient and the industrial advantages are not
obvious [26]. Another important reason is the existence of the Dutch disease effect. Areas
with abundant forest resources mainly rely on the export of forest products to obtain in-
come. However, when the international trade situation is not good, the income of exporting
countries will be reduced. For countries with a single source of income, the economy
will be greatly affected negatively [27]. Combining the data from 1980 to 2018, using the
panel vector autoregression (PVAR) method, it was found that natural resources have an
inhibitory effect on economic development in African countries. Economic growth is no
longer driven solely by natural resource rents [28].

2.2. Debate of Environmental Kuznets Curve

The EKC between the exploitation and utilization of forests and economic development
has always been one of the unsolved problems of environmental economics. Economies
make full use of their environmental resources during initial growth. However, when
the economy grows beyond a certain level, the environmental recession reaches a tipping
point [29]. Hao et al. (2019) tested the relationship between forest resources and economic
growth based on the assumption of the EKC using panel data from 30 provinces in China
from 2002 to 2015 and the GMM model. The empirical results show that if the economy
continues to grow, wood production and afforestation areas will first increase and then
decrease after reaching the corresponding inflection point. It proves the existence of EKC
between forest resources and economic development [30]. Based on panel data and GMM
measurement methods, the empirical test verifies an environmental Kuznets curve between
China’s provincial-level forest coverage and GDP per capita. Forest resources are already
vital to the sustainable development of the economy. The development of urbanization
and industrialization has a greater impact on China’s forest ecological footprint, while
abundant natural resources inhibit economic development. The interaction of urbanization
and human capital can alleviate the deterioration of the environment, and human capital
has a regulating effect on the sustainable development of the economy [31]. Based on
the panel data of 28 provinces in China from 1996 to 2012, the GMM model and the
autoregressive distributed lag (ARDL) model were used to confirm the existence of the
EKC [32]. However, based on the method of spatial measurement and first-order difference,
it was empirically found that there was a U-shaped relationship between the forest coverage
rate and GDP per capita in Sichuan, China. Still, there is no evidence to prove the existence
of EKC [33].

At the international level, EKC conclusions on forest resources also differ. Combined
with the pooled regression model and empirical evidence, it is proved that there is no in-
verted U-shaped EKC between GDP per capita and forest area in Canada [8]. Furthermore,
changes in forest resources have multiple social and economic impacts. Based on the panel
data of 111 countries from 1992 to 2015, the cointegration technique was used to analyze
the long-term dynamic equilibrium relationship between forest coverage, economic devel-
opment, agricultural area, and rural population density. Empirical results show that EKC
exists in high-income countries and countries in the later stages of forest transition but not
in low- and middle-income countries [34]. In addition, many scholars have discussed the
EKC of deforestation to observe the impact of deforestation on economic growth [29,35–39].
Among them, through the non-causal investigation of the African heterogeneous panel,
it was found that the rational implementation of land policy and trade policy to organize
deforestation does not drag down economic growth [38].
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2.3. Management of Forest Resources

Economic development will also counteract the development of forest resources. Com-
bining the forest resource input-output model and the forest resource metabolism network
model, the forest resources are rationally integrated into the social and economic system.
The empirical results show that the primary manufacturing industry consumes more direct
wood, and the advanced manufacturing and service industries use wood indirectly. This
helps reduce competition between forest industries and sectors. Meanwhile, it is conducive
to resource allocation and coordinated development of the economy and ecology [40].
However, increased agricultural productivity and rising wages do not increase local forest
cover [41]. The analysis results of the integrated ecological economic model found an
N-shaped curve between forest restoration level and economic development, and the forest
quality and quantity increase in middle-income countries was the smallest [42]. China’s
policy interventions in the forest sector have improved environmental and ecological
conditions. However, whether forest resources increase depends on issues such as land
planning, land practice, and land use rights [43]. China’s economic development has driven
forest transformation, and economic and population growth has increased demand for
forest products and deforestation. However, the government’s forest protection program
eventually increased forest cover [44].

Regarding forest resource management, China’s forest resources have been developing
rapidly but still face a very serious situation. For the excessive consumption of forest
resources, forest resources have always emphasized efficient management to improve the
economy and the effectiveness of forest resource utilization further [32,33]. The continuous
increase in forest area and density in China is due to the national afforestation plan and the
promotion of forest resources by environmental development [45]. The carrying capacity of
forest resources is also affected by urbanization and over-harvesting of forests, especially in
Jiangsu and Anhui, where the carrying capacity of forest resources is generally overloaded.
Generally, afforestation, energy conservation, and emission reduction measures reduce
external pressure on forests [46] by converting forest resource flow into forest resource
stock, studying how to reduce dependence on foreign forest resources, adjusting industrial
structure, and ultimately improving forest resource utilization structures and efficiency [47].

The purpose of this paper is to construct a spatial econometric model based on the
theoretical analysis framework of the impact of forest resource abundance on economic
development, and to empirically test the impact of forest resource abundance on economic
development at the city level in the YRD region. Finally, this paper puts forward coun-
termeasures and suggestions to promote the high-quality economic development of the
YRD region.

3. Methodology

3.1. Theoretical Basis

According to the theory of economic development, in the initial stage, more consider-
ation will be given to allocating limited resources to the industrial sectors with the most
productive potential, that is, the greatest linkage effect. Priority is given to developing
these sectors while overcoming the bottleneck of economic development. This drives the
development of other industries and sectors, and the economic development at this time
is unbalanced. However, when the economy enters an advanced stage, from the perspec-
tive of industrialization and speeding up economic development, various departments
and industries should maintain a certain proportional relationship and development in
coordination. The economic development at this time is balanced. The ultimate goal of
short-term unbalanced growth is to achieve long-term balanced development. In economic
decision-making, resource protection and sustainable resources utilization must be highly
valued and considered comprehensively. Improving resource utilization efficiency and
economic development are inseparable. For economic development, the excessive use
and development of natural resources have caused problems such as resource abuse and
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environmental pollution, destroying the environment on which people rely, causing further
poverty, and ultimately affecting economic development.

The theoretical basis of this paper is mainly analyzed from the perspective of supply
and demand. In the early stage of economic development, people’s goal was survival.
Transportation was inconvenient in places with abundant forest resources, and the indus-
trial structure was single. Farmers mainly lived on cultivated land, and people had more
need for basic material life. At the same time, population increase has brought enormous
pressure on agricultural land, and the quality of agricultural land is getting lower and lower.
This change also gradually reduces the marginal product of labor and lowers incomes [48].
Economic development is inhibited. But with the economic development to a certain
extent, the rapid development of industrialization and urbanization has provided many
non-agricultural employment opportunities and higher wages [49]. People’s lives have
improved, and they have begun to pursue a better living environment. The economy has
begun to seek green and low-carbon development. A place with abundant forest resources
can promote high-quality economic development. The continuous development of science
and technology makes the sustainable management of forest resources more efficient. In
addition, the public health and environmental functions brought by forest resources also
generates corresponding economic value [50].

In Figure 2, in the early stage of economic development, when the forest coverage rate
increases from D1 to D2, economic growth will decrease from Y2 to Y1. Forest resources will
affect the allocation of land resources, which may bring about poverty and ultimately affect
economic development. Forests have the potential to encroach on agricultural land, and
agricultural land change is often used as a proxy for forest cover loss. The increased forest
resources have brought about a single industrial structure and inconvenient transportation.
Initially, people could only rely on the natural forests or land converted from them for
their livelihoods [29]. However, according to the elasticity of demand theory in economics,
when the economy expands, people’s income levels will increase, and economic prosperity
will increase people’s demand for green resources. With the advancement of technology,
people’s incomes are no longer limited to arable land. Abundant forest resources have
spawned tourism, led to the gathering of people, and increased employment. Increasing
green supply also meets the needs of low-carbon economic development. If the forest
cover rises from D3 to D4, the level of economic development will rise from Y3 to Y4.
The curve to the right of the dotted line DE reflects people’s demand for forest resources
with economic development. Figure 2 reflects the impact of increasing forest resources on
economic growth.

Based on the above analysis, this paper proposes four hypotheses:

Hypothesis 1: The impact of forest resource abundance on the level of economic develop-
ment in the YRD region has a U-shaped non-linear characteristic.

Hypothesis 2: The impact of forest resource abundance on economic development has
spatial spillover effects in YRD.

Hypothesis 3: The abundance of forest resources in the YRD region promotes green total
factor productivity improvement.

Hypothesis 4: The impact of economic development on the abundance of forest resources
presents an environmental Kuznets curve in YRD.
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Figure 2. Theoretical framework.

3.2. Spatial Econometric Model

Spatial econometric models usually include the spatial autoregressive model (SAR),
spatial error model (SEM), and spatial Durbin model (SDM). Spatial econometric models
are gradually being used to verify the relationship between environmental economics
studies such as carbon dioxide emissions and economic growth and to demonstrate spatial
spillover effects [51].

The steps of regression analysis in this paper are as follows. First, determine whether
there is a spatial correlation, and then determine whether a spatial measurement model
is available. On the premise of determining the available spatial econometric model, the
POLS regression is firstly performed, and the Lagrange multiplier (LM) test of the SAR and
SEM models is performed simultaneously. The LM method is applied to test the spatial
interaction of the data, specifically the spatial lag and spatial error autocorrelation [52].
The LM test is based on the residuals of non-spatial models with spatial fixed effects,
temporal fixed effects, and spatial and temporal double fixed effects, and obeys a chi-square
distribution with 1 degree of freedom. If the results reject POLS in favor of the SAR or
SEM model, SDM should be selected because SDM model includes both spatially lagged
explanatory variables (WY) and spatially lagged explanatory variables (WX). The spatial
lag explained variable WY represents the interaction effect between the explained variable
and adjacent spatial units. The SDM model can produce better fitting results [53]. The
spatial benchmark regression model is constructed as follows.

Yit = ρWiYt + βXit + θWiXit + μi + ξt + εit (1)

WiYt =
n

∑
j=1

WijYjt (2)

εit = λMεt + uit (3)

13



Forests 2022, 13, 1605 8 of 23

where Y and X denote the explained variable and explanatory variable, respectively. Wi
is the ith row of the spatial weight matrix W. μi and ξt represent the optional individual
effect and time effect, respectively. ε represents the disturbance term. i = 1, 2, . . . , N.
t = 1, 2 . . . , T. W represents the spatial weighting matrix of the dependent variable, and M
is the disturbance term. Wij represents the spatial weight matrices of city i and city j. ρ is the
coefficient of the spatial lag term of the explained variable. θ is the spatial autocorrelation
coefficient of the explanatory variable. β and θ represent the parameter vector. β reflects
the influence of explanatory variables on the explained variables. λ is the coefficient of the
error term. Here are two hypotheses: H0: θ = 0; H0: θ + ρβ = 0;

If θ = 0, SDM will transform into SAR,

Yit = ρWiYt + Xitβ + εit (4)

If θ = −ρβ, SDM will transform into SEM,

Yit = Xitβ + εit (5)

If ρ = 0, λ = 0, the model will degenerate into POLS.
All the data are normalized to minimize the absolute difference and avoid the influ-

ence of extreme values. In order to prevent the bias and endogeneity problems caused
by model estimation, this paper constructs SDM, SAR, and a non-spatial panel data
model, respectively.

GDPPCit = ρ
n

∑
j=1

WijGDPPCjt + β′COREit + θ
n

∑
j=1

WijCOREijt + β”CONTit + θ
n

∑
j=1

WijCONTijt + μi + ξt + εit (6)

GDPPCit = ρ
n

∑
j=1

WijGDPPCjt + β′COREit + β”CONTit + μi + ξt + εit (7)

GDPPCit = β′COREit + β”CONTit + μi + ξt + εit (8)

where Equations (6)–(8) are SDM, SAR, and POLS models, respectively. GDPPC is the
explained variable GDP per capita, CORE is the core explanatory variable, CONT represents
the control variables, β′ and β” are the coefficients of the variables, respectively. Other
variables and symbols are consistent with the base model.

3.3. Spatial Autocorrelation

This paper constructs the spatial panel data of 41 cities in the YRD region from
2007 to 2019. It uses the spatial panel econometric analysis method to test the impact of
forest resource abundance on the economic development level of the YRD region. This
paper constructs geospatial weights based on latitude and longitude. The variables are
re-estimated based on the spatial distances of all local points in the sample set to the target
analysis point. The economic geospatial weighting matrix was not used, mainly because
economic conditions change yearly. The distance between two points based on the latitude
and longitude distance formula is expressed as follows. The element calculation of the
spatial weight matrix is determined by three factors: spatial bandwidth, kernel function,
and distance calculation formula. The spatial weight matrix is expressed as follows.

W{i} =

⎡⎢⎣W{1}h→i · · · 0
...

. . .
...

0 · · · W{i}h→i

⎤⎥⎦ (9)

The calculation formula is: W{i}h→i = f
(

D{i}h→i, Bandwidth
)

. Where D{i}h→i is the
distance from all data in the sample set to the local point i. f(·) is the kernel function.
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Bandwidth is the spatial bandwidth. One of the commonly used functions is the Gaussian
function [54]. The specific representation is as follows.

Wij = exp
[
−1

2
(
dij/b

)2
]

(10)

where Dij represents the distance between the centroids of region i and region j. B represents
bandwidth. The formula for calculating the distance between two points based on the
latitude and longitude distance formula is as follows.

D{i}h→i = re × arccos
[
sin(viϑ) sin

(
v{i}h

ϑ
)
+ cos(viϑ) cos

(
v{i}h

ϑ
)

cos
(

uiϑ − u{i}h
ϑ
)]

(11)

where ϑ represents an empirical constant and ϑ = π/180. re represents the radius of the
earth. re = 6378.1km.

Therefore, this paper uses the latitude and longitude data of 41 cities to generate a
geospatial weight matrix calculated based on the Gaussian kernel function. According to
the distance weight matrix, the first judgment is the spatial autocorrelation of the explained
variables. Table 1 provides Moran’s Index and Geary’s C value of the explained variables
from 2007 to 2019. The Moran indices were all significantly greater than 0 and significant at
the 1% level. Geary’s C is less than 1, proving a positive spatial autocorrelation relationship.

Table 1. Moran’s I and Geary’s C based on the distance weighting matrix.

Year
Moran’s I Geary’s C

I Z Value p Value C Z Value p Value

2007 0.431 4.460 0.000 0.547 −3.738 0.000
2008 0.423 4.382 0.000 0.537 −3.829 0.000
2009 0.395 4.100 0.000 0.569 −3.581 0.000
2010 0.355 3.695 0.000 0.596 −3.438 0.001
2011 0.388 4.026 0.000 0.581 −3.559 0.000
2012 0.404 4.185 0.000 0.593 −3.430 0.001
2013 0.383 3.970 0.000 0.602 −3.379 0.001
2014 0.381 3.953 0.000 0.598 −3.402 0.001
2015 0.389 4.032 0.000 0.589 −3.495 0.000
2016 0.423 4.367 0.000 0.535 −3.921 0.000
2017 0.416 4.292 0.000 0.572 −3.613 0.000
2018 0.415 4.280 0.000 0.552 −3.810 0.000
2019 0.401 4.144 0.000 0.568 −3.674 0.000

3.4. Data Sources

This paper constructs an index system from the perspectives of resources, environment,
society, economy, and system to verify the influence of the abundance of forest resources in
the YRD on economic development (More details in Table 2). The indicators that involve
price, such as GDP, per capita consumption level, etc., are deducted from the impact
of price.

The raw data are from 2005–2019. Some missing data were filled up by interpolation.
There are two main methods for dealing with missing data. One is to use the mean method,
which is to take the average value of two adjacent years, such as the CONPC values of
Jiaxing in 2014 and 2016; the other is to use the linear interpolation method, that is, the
ARIMA imputation method. This method is mainly for the lack of forest resource coverage
data in 2019. We then estimate the forest area data and divide it by the land area to calculate
the forest cover rate. Missing data is less than 5%. In order to investigate the economic
convergence effect and time lag effect of the research city, this paper uses the real GDP per
capita data from 2005 to 2019 to generate the first-order difference lag variable of the real
GDP per capita. Therefore, this paper uses the 2007–2019 data as the research sample. The
descriptive statistics of the data are shown in Table 3.
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Table 2. Data source and variables.

Variable Definition Measurement Data source

Dependent variable

GDPPC Real GDP per capita Real GDP divided by the total resident
population of each city SYB

Core independent
variable

FT Forest cover rate Forest area divided by land area SYB, JFB, ZFRMC
FT2 Square of forest cover rate Square of (forest area divided by land area) SYB, JFB, ZFRMC

Control variable

L.GDPPC Time lag effect of the level of
economic development

The first-order difference lag variable of the
GDP per capita SYB

CSGDP Carbon sequestration per GDP Carbon sequestration divided by real GDP CEADS

ISO2GDP Industrial sulfur dioxide emissions
per GDP Industrial SO2 emissions divided by GDP CNKI, CUSY, DEEA

WLI Water resources carrying capacity Ratio of per capita domestic water use to
total per capita water resources SYB, WRB

EUGDP Electricity consumption per capita
per GDP

The per capita electricity consumption of
the whole society divided by GDP IFIND

URB Urbanization rate Urban population of each city divided by
the total permanent population SYB, SB

SECGDP Industrial structure The growth value of the secondary
industry as a proportion of GDP CNKI, SYB

KJ Science and technology
education level

Proportion of education and science and
technology expenditures in local budgets

to total expenditures
IFIND

GI Government intervention

The local budget expenditures deduct the
remaining expenditures on education and

science and technology as a percentage
of GDP

IFIND

FDIGDP Level of foreign investment The proportion of foreign capital actually
utilized by cities in GDP CNKI, SYB

CONPC Consumption per capita
The total retail sales of consumer goods in

the region divided by the resident
population of the region

IFIND

Note: SYB: Statistical yearbooks of provinces and cities over the years; JFB: Jiangsu Forestry Bureau; ZFRMC:
Zhejiang Forest Resources Monitoring Center; CEADS: Carbon Emission Accounts & Datasets; CNKI: Platform
of China National Knowledge Infrastructure; CUSY: China Urban Statistical Yearbook; DEEA: Department of
Ecology and Environment of Anhui Province; WRB: Water Resources Bulletin; IFIND: Financial Data Center; SB:
Statistical Bulletins of National Economic and Social Development of All Cities.

Table 3. Descriptive statistics of variables.

Variables Obs Mean Std. Dev. Min Max Unit

GDPPC 533 5.8579 3.6554 0.5515 18.0044 CNY 10,000
L.GDPPC 533 0.4886 0.5572 −3.7511 4.5163 CNY 10,000

FT 533 33.2510 20.3320 3.1700 83.2500 %
CSGDP 533 0.0051 0.0055 0.0002 0.0422 kg/CNY

ISO2GDP 533 2.7067 3.5777 0.0212 34.7532 kg/CNY
WLI 533 0.1069 0.1095 0.0040 1.1268 %

EUGDP 533 0.0877 0.0271 0.0429 0.2099 kWh/CNY
URB 533 58.1388 12.8491 29.0000 89.6000 %

SECGDP 533 48.7669 8.1090 26.9928 74.7346 %
KJ 533 21.0422 3.9938 1.9916 36.9996 %
GI 533 13.5148 5.5856 4.8154 32.1284 %

FDIGDP 533 3.3144 2.1926 0.2114 13.0430 %
CONPC 533 2.2246 1.6116 0.1881 19.4993 CNY 10,000
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This paper uses the methods of variance inflation factor (VIF) and tolerance (TOL) to
verify the multicollinearity of independent variables. The larger the VIF, the more severe
the multicollinearity. Serious multicollinearity exists if the VIF is larger than 10. Tolerance
is the inverse of VIF. A collinearity problem exists if TOL is less than 0.1. The VIF of the
variables selected in this paper are below 5, and the average is 1.99 (Please see Table 4). In
addition, the TOL of each indicator is above 0.1, indicating no multicollinearity.

Table 4. Multicollinearity test of variables.

Variable VIF TOL

URB 3.32 0.30
CSGDP 2.56 0.39

SECGDP 2.36 0.42
CONPC 2.30 0.43
EUGDP 2.00 0.50

WLI 1.90 0.53
FT 1.80 0.56

ISO2GDP 1.68 0.59
GI 1.68 0.59
KJ 1.65 0.61

FDIGDP 1.45 0.69
L.GDPPC 1.17 0.85
Average 1.99 0.54

4. Results

4.1. Direct Effects

Table 5 shows the forest resource abundance has a U-shaped non-linear effect on
regional economic development. The impact of forest resource abundance on the level of
economic development is negative and significant at the 10% level. Still, the relationship
between the square of forest coverage and per capita GDP is positive and significant at
the 1% level. It shows that in the initial stage of economic development, the abundance of
forest resources negatively impacts economic growth. The main reason is that in the early
stage of economic development, cities with rich forest resources often have inconvenient
transportation and a single industry. The more abundant forest resources, the greater the
impact on transportation and arable land. Therefore, the abundance of forest resources
will inhibit economic development. However, when the economy develops to a certain
extent, abundant forest resources can promote economic level improvement. This is mainly
because with technology advancement, improving living standards, and people’s changing
ideologies, developing the advanced service industry will be faster. Forest resources
can provide better spiritual, cultural, and related products and services and improve the
ecological environment. The impact of forest resources on economic development mainly
includes direct, indirect, and induced effects. The direct effect is reflected in the jobs created
by the forest sector, which produces indirect and induced economic added value in other
sectors [14].

The first-order lag term of the explained variable is significantly negative, indicating
that the phenomenon of economic convergence exists in the YRD region. If the initial state
of the economy is relatively underdeveloped, there will be more room for improvement in
economic development [55]. This aspect is particularly evident in Anhui Province, which is
relatively underdeveloped in the YRD region. Moreover, with the Nanjing metropolitan
area’s development strategy, Anhui’s economic development is relatively fast.
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Table 5. Spatial econometric estimation results.

Dependent Variable: GDP Per Capita

Spatial Model Non-Spatial Model

Variable SAR SAR SDM POLS

L.GDPPC 0.0048 *** −0.0044 ** −0.0051 ** −0.0043 ***
(−2.8360) (−2.5635) (−2.1521) (−2.7093)

FT −0.8339 * −0.7737 * −0.9200 * −0.7556 *
(−1.9476) (−1.8489) (−1.6540) (−1.9437)

FT2 0.1049 *** 0.1049 *** 0.1142 *** 0.1020 ***
(9.8163) (9.8842) (8.3547) (10.5339)

CSGDP −0.0239 * −0.0289 ** −0.0421 ** −0.0290 **
(−1.6717) (−1.9894) (−2.1489) (−2.1510)

ISO2GDP 0.0031 0.0044 0.0160 0.0048
(0.3231) (0.4612) (1.2394) (0.5342)

WLI −0.0017 −0.0012 −0.0016 −0.0011
(−0.7948) (−0.5624) (−0.5204) (−0.5702)

EUGDP −0.0564 *** −0.0541 *** −0.0585 *** −0.0524 ***
(−3.8978) (−3.6940) (−2.7759) (−3.8625)

URB 0.0055 * 0.0059 * 0.0079 * 0.0055 *
(1.6815) (1.8217) (1.7462) (1.8503)

SECGDP 0.0001 0.0001 0.0001 0.0001
(−0.6343) (−0.4708) (−0.5026) (−0.4946)

KJ 0.2607 *** 0.2380 *** 0.2282 * 0.2256 ***
(3.1056) (2.6675) (1.7747) (2.7295)

GI −0.0081 −0.0062 −0.0166 −0.0062
(−0.8508) (−0.6629) (−1.2419) (−0.7113)

FDIGDP 0.0001 0.0001 0.0001 0.0001
(−0.4809) (−0.2191) (−0.1173) (−0.2292)

CONPC 0.0106 0.0103 0.0109 0.0098
(1.4022) (1.3795) (1.0295) (1.4085)

R2 0.5224 0.5912 0.5696 0.5442
Obs 533 533 533 533

Note: *** significant at 1% level; ** significant at 5% level; * significant at 10% level; T statistic in brackets.

In terms of carbon sequestration, the impact of carbon sequestration per GDP on the
level of economic development is negative and significant. Moreover, carbon sequestration
has a certain social cost [56]. Economic development needs to consume a lot of resources
and energy, and the production process will cause more carbon dioxide emissions. How-
ever, carbon dioxide can be absorbed through carbon sinks such as vegetation and land. The
more carbon emissions, the more pollution it brings, which may ultimately inhibit regional
economic development. Especially in the Anhui area, it is necessary to do a good job in
the strategic layout of the low-carbon economy and circular economy development while
undertaking the industrial transfer. In addition, in terms of carbon sequestration methods,
there are generally two ways to increase carbon sequestration, one is by technology, and
the other is by afforestation. Presently, carbon sequestration through scientific and techno-
logical means is costly. However, carbon sequestration through afforestation is currently
the most economical and reliable method. Notwithstanding, large-scale afforestation may
generate a lot of opportunity costs, such as land use and forestry industry development.

In terms of resources and the environment, the impact of industrial sulfur dioxide
emissions per GDP on the level of economic development is positive, but the results are
not significant. In addition, the impact of water resource carrying capacity on the level of
economic development is negative. The more developed the economic level is, the greater
the demand for resources will be and the weaker the resource-carrying capacity will be.

The impact of electricity consumption per GDP on economic development is signif-
icantly negative. Electricity consumption can reflect the economic development level of
a region. However, electricity consumption and industrial structure are closely related.
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Generally, the demand for electricity consumption in primary and tertiary industries is
not as large as that of the secondary industry. Although Jiangsu is a large manufacturing
province, other industries such as finance, technology, and services are also very developed.
In 2020, Shanghai’s GDP ranked among the top ten in the country, although Shanghai’s
economy is relatively developed. Electricity consumption in Shanghai ranks low due to
the developed tertiary industry, especially the financial industry. Industrial structure often
determines electricity use, but high-tech industries typically generate much more GDP with
less energy than low-end manufacturing. Especially after the implementation of power
integration development, cities in the YRD gradually developed a mode of sharing and
interoperability. The efficiency of energy utilization in economic development is getting
higher and higher.

The YRD region is committed to industrial restructuring, optimization, and upgrad-
ing. The industry shows a trend of cluster development and can realize the integrated
development of modern service and advanced manufacturing industries.

The impact of urbanization on economic development is significantly positive. Im-
proving the urbanization level will help to improve the level of economic development.
Urbanization is essentially a process of agglomeration of manpower, capital, and resources.
It is also one of the important driving forces for upgrading and transforming the economic
structure. The first step is the transformation of the population; that is, the rural population
is transformed into an urban population and participates in non-agricultural production
activities. The spatial transformation of the population residence was gradually realized
after the population transformation. The transfer of rural surplus labor and the construction
of cities and towns will gradually promote the development of local enterprises, thereby
promoting the continuous improvement of the local economy. However, the way that
accompanies economic growth is often extensive. With the continuous improvement of
urbanization, higher requirements are put forward on land, culture, society, and other
aspects. Ultimately, urbanization will gradually achieve coordinated development with
the economy, and economic growth will gradually transit from an extensive development
model to an intensive growth model.

Investment in scientific research and education has an obvious role in promoting
economic development, and the estimated coefficient of the model is above 0.2. It shows
that scientific and technological innovation is very important to realize the economic
development of the YRD region.

Government intervention has suppressed the economic development in YRD, but
the results are not significant. China’s economy has adopted a “government-led market
economy” for a long time. The government intervenes deeply in the process of regional
economic growth. It suppresses the role of the regional market mechanism, which may
lead to imbalances in the economic structure and cannot be adjusted in time. In addition,
government intervention may also bring about mistakes in decision-making and improper
resources allocation. This will make the economic micro-subjects lose the initiative and
vitality of economic activities. Moreover, excessive government intervention can easily
lead to rent-seeking. Under modern economic conditions, the government’s main role
should carry out reasonable macro-intervention and moderate guidance on economic
activities through laws and regulations. However, excessive intervention may inhibit
economic development.

Foreign direct investment positively impacts economic development. The more foreign
direct investment, the higher the level of economic development. First, foreign investment
has brought about the application and promotion of advanced green technologies and
improved the production efficiency of enterprises. Second, foreign investment will also
relatively impact the overall corporate environment positively through production scale
expansion, industrial structure adjustment, and talent introduction. Third, by absorbing
FDI, the YRD region can accelerate the accumulation of regional capital, accelerate capital
formation, and further improve investment level. Meanwhile, it can promote the level of
employment in the region.
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In terms of consumption, the model results show that the per capita total retail sales
of consumer goods positively impact economic development. The average retail sales of
social consumption are generally affected by income level, price level, and consumption
environment. Only with economic development, continuous improvement of residents’
income level, stable price level, and the good consumption environment can the growth
of total retail sales of social consumer goods be stimulated. Conversely, the growth of
consumer demand will also play a direct and final decisive role in economic growth.
Investment demand and aggregate demand depend on consumption demand to some
extent. From a medium and long-term perspective, only investment supported by consumer
demand is effective, and effective investment and consumption make a greater contribution
to economic growth.

4.2. Effects of Decomposition

The effects of spatial econometric models can be divided into direct effects, indirect
effects (spatial effects), total effects, and feedback effects. The direct effect is the impact
of an independent variable in a certain region on the dependent variable. The feedback
effect is the direct effect coefficient minus the regression coefficient of the estimated result.
The feedback effect means that the explanatory variables in a certain area will impact the
explained variables in the surrounding area, which will affect the explained variables in
the local area. Indirect effects are the effects of an explanatory variable on other regions,
which is the influence of an explanatory variable in a neighboring area on the explained
variable in the local area. The total effect is the sum of the direct and indirect effects.

Table 6 is calculated according to the spatial Durbin model of GDP per capita as the
explained variable. The results show that the magnitude and significance of the coefficients
of the direct effect are almost consistent with the coefficients and significance of the model
estimates. The relationship between forest resource abundance and economic growth
always maintains a U-shaped non-linear relationship. Forest resources can inhibit the initial
stage of economic development. However, when the economy develops to a certain level,
the abundance of forest resources and economic growth will develop together. Moreover, it
has a positive pulling effect on the economic development of the YRD region.

Table 6 shows that the spatial effect exists. The impact of the abundance of forest
resources in neighboring cities on the region’s economic development presents a non-
linear inverted U-shaped trend. In the initial state, the more abundant forest resources
are in neighboring cities, the more the level of economic development in the region will
be promoted. When it reaches a certain level, the excessively abundant forest resources
in neighboring regions will inhibit the level of economic development in the region. One
reason is that the growth of trees requires material conditions such as land. Efforts to
massively increase vegetation cover are increasing to alleviate climate conditions and
achieve the grand vision of carbon neutrality. Excessive expansion of forest areas may
seriously damage biodiversity. Cutting down old forests and planting new ones may break
the original ecological balance. This will eventually crowd out the production and living
resources of the region and affect economic development.

From the perspective of the feedback effect, the relationship between the abundance
of forest resources of the surrounding areas and the region’s economic development again
shows a non-linear U-shaped trend. It means that the direct consumption of forest resources
has different impacts at different stages of economic development. With the continuous
economic improvement, the sustainable development of forest resources has gradually
been paid attention to. The ecological, economic, and social values of the forest have been
continuously excavated. For example, after the Three Plenary Sessions of the Eleventh
Session, Zhejiang entered a period of revitalization and restoration of forestry, which has
been vigorously developed. While striving to develop the economy, efforts should be made
to realize the sustainable utilization of forest resources. The YRD region gradually realizes
the coordinated development of the environment and economy and finally promotes the
sustainable development of the economy.
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Table 6. Decomposition of direct effects, indirect effects, and total effects.

Dependent Variable: GDP Per Capita

Direct Effect Indirect Effect Total Effect Feedback Effect

L.GDPPC −0.0048 *** 0.0010 ** −0.0039 *** 0.0001
(−2.7387) (2.0410) (−2.7268)

FT −0.8623 ** 0.1709 * −0.6914 * −0.0284
(−2.0103) (1.6379) (−2.0121)

FT2 0.1062 *** −0.0209 *** 0.0853 *** 0.0013
(9.4994) (−3.0773) (8.9238)

CSGDP −0.0242 * 0.0048 −0.0195 * −0.0003
(−1.7010) (1.4741) (−1.6918)

ISO2GDP 0.0039 −0.0008 0.0031 0.0009
(0.4115) (−0.3999) (0.4084)

WLI −0.0017 0.0003 −0.0013 0.0001
(−0.7504) (0.7133) (−0.7466)

EUGDP −0.0572 *** 0.0112 ** −0.0459 *** −0.0008
(−3.7210) (2.3800) (−3.6831)

URB 0.0056 * −0.0011 0.0045 * 0.0002
(1.6479) (−1.4040) (1.6441)

SECGDP 0.0001 0.0001 0.0002 0.0001
(−0.6463) (0.6184) (−0.6423)

KJ 0.2617 *** −0.0513 ** 0.2104 *** 0.0010
(2.9847) (−2.1614) (2.9407)

GI −0.0083 0.0016 −0.0066 −0.0002
(−0.8289) (0.7771) (−0.8276)

FDIGDP 0.0001 0.0001 0.0002 0.0001
(−0.4266) (0.4011) (−0.4267)

CONPC 0.0108 −0.0021 0.0087 0.0002
(1.4097) (−1.2702) (1.4002)

Note: *** significant at the 1% level; ** significant at the 5% level; * significant at the 10% level; T statistics
in parentheses.

4.3. Robustness Check
4.3.1. Replacing the Spatial Weight Matrix

This paper adopts the spatial weight matrix of queen contiguity to verify the robustness
of the estimation results. If there is a common boundary or a common contact point between
two places, these two places are considered adjacent. Then we set the weight 1, otherwise
0 [57]. When performing the spatial measurement, this paper performs row normalization
on the adjacent spatial weight matrix, that is, divides each element in the matrix (denoted
as w̃ij) by the sum of the elements in its row to ensure the sum of the elements in each
row is 1, that is, wij = w̃ij/ ∑

j
w̃ij. Row normalization yields the average of each region’s

neighbors. In order to verify the true spatial autocorrelation relationship, the GDP per
capita of the explained variable is selected to calculate Moran’s index. The significance is
tested by the Monte Carlo simulation method. Moran’s index is greater than 0, and the
Z value is greater than 1.96. After performing up to 99,999 permutations, the p value is
always close to 0, indicating the existence of spatial autocorrelation.

After the spatial autocorrelation relationship is verified, the adjacent spatial weight
matrix is used to construct a spatial econometric model. In this paper, SDM, SAR, and
POLS models are set as follows:

GDPPCit = ρ
n

∑
j=1

W ′
ijGDPPCjt + β”COREit + θ

n

∑
j=1

W ′
ijCOREijt + β”CONTit + θ

n

∑
j=1

W ′
ijCONTijt + μi + ξt + εit (12)

GDPPCit = ρ
n

∑
j=1

W ′
ijGDPPCjt + β”COREit + β”CONTit + μi + ξt + εit (13)

GDPPCit = β”COREit + β”CONTit + μi + ξt + εit (14)
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where Equations (12)–(14) are the SDM, SAR, and POLS models, respectively. The explained
variable GDP per capita, core explanatory variables, control variables, and other variables
are consistent with the base model, but W ′

ij is replaced by the queen contiguity weighting
matrix and normalized. The model results are shown in Table 7.

Table 7. Results of robustness check.

Dependent Variable: GDP Per Capita

Variable SAR SAR SDM

L.GDPPC −0.0046 *** −0.0043 *** −0.0062 ***
(−2.9053) (−2.5937) (−3.6498)

FT −0.7828 * −0.7665 * −0.6810 *
(−1.9554) (−1.8866) (−1.7427)

FT2 0.0991 *** 0.1016 *** 0.1013 ***
(9.8301) (9.7626) (9.2241)

CSGDP −0.0239 * −0.0286 ** −0.0289 **
(−1.7610) (−2.0085) (−1.9654)

ISO2GDP 0.0031 *** 0.0047 0.0036
(0.3543) (0.5082) (0.4049)

WLI −0.0016 −0.0011 −0.0029
(−0.7919) (−0.5279) (−1.3508)

EUGDP −0.0524 *** −0.0526 *** −0.0518 ***
(−3.8967) (−3.7191) (−3.7152)

URB 0.0048 0.0054 * 0.0078 **
(1.5648) (1.7179) (2.3585)

SECGDP 0.0001 0.0001 0.0001
(−0.6400) (−0.4969) (−0.1923)

KJ 0.2312 *** 0.2232 *** 0.1446
(2.9572) (2.5833) (1.6013)

GI −0.0076 −0.0061 −0.0075
(−0.8504) (−0.6715) (−0.8437)

FDIGDP 0.0001 0.0001 0.0001
(−0.4924) (−0.2024) (0.2674)

CONPC 0.0095 0.0097 0.0110
(1.3533) (1.3396) (1.5560)

R2 0.5854 0.6175 0.6341
Obs 533 533 533

Note: *** significant at the 1% level; ** significant at the 5% level; * significant at the 10% level; T statistics
in parentheses.

4.3.2. Adjusted Sample Period

In 2018, President Xi Jinping announced the integrated development of the YRD
region and raised it as a national strategy. From a regional perspective, the integrated
development of the YRD solves the problem of unbalanced regional development, and
the integration of the YRD can play a guiding and exemplary role. Shanghai, Jiangsu, and
Zhejiang are all developed regions, while Anhui is underdeveloped. The integration of the
YRD needs to drive the neighboring regions with poor conditions through the regions with
good conditions so that the elements flow and gather in Anhui. The YRD region should
strengthen cooperation in infrastructure construction, technological innovation, industrial
development, and ecological environment construction to achieve collaborative innovation
and development. Therefore, the article adopts the method of reducing the sample period
to avoid the impact of the policy, that is, to exclude data from 2018 and 2019. The model
sample period focuses on 2007–2017, and other explained variables, explanatory variables,
and control variables remain unchanged. The article also reports the results of the SAR and
SDM models to reduce the bias of the model results. The results are shown in Table 8.
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Table 8. Results of robustness checks from 2007–2017.

Dependent Variable: GDP Per Capita

Spatial Model Non-Spatial Model

Variable SAR SAR SDM OLS

L.GDPPC −0.0043 *** −0.0039 ** −0.0017 −0.0042 **
(−2.6701) (−2.3535) (−0.7280) (−2.4758)

FT −0.9632 ** −0.9393 ** −0.9477 ** −0.9698 **
(−2.2326) (−2.0669) (−1.7653) (−2.0963)

FT2 0.0852 *** 0.0876 *** 0.0643 *** 0.0958 ***
(6.8397) (6.6826) (3.2157) (7.3667)

CSGDP −0.0197 −0.0231 0.0068 −0.0276 *
(−1.3633) (−1.5413) (0.3264) (−1.8157)

ISO2GDP 0.0023 0.0034 0.0078 0.0037
(0.2929) (0.4047) (0.6696) (0.4296)

WLI −0.0021 −0.0016 0.0025 −0.0018
(−1.1307) (−0.8612) (0.9360) (−0.9445)

EUGDP −0.0432 *** −0.0429 *** −0.0367 ** −0.0447 ***
(−3.2563) (−3.0546) (−2.0033) (−3.1328)

URB 0.0014 0.0027 0.0001 0.0037
(0.4392) (0.7919) (0.0020) (1.0781)

SECGDP 0.0001 0.0001 0.0001 0.0001
(−0.7393) (−0.7308) (−2.5473) (−0.5204)

KJ 0.2253 *** 0.2198 *** 0.0832 0.2460 ***
(2.9960) (2.7051) (0.7572) (2.9855)

GI −0.0114 −0.0127 −0.0264** −0.0137
(−1.2976) (−1.3367) (−2.0907) (−1.4166)

FDIGDP 0.0001 0.0001 0.0001 0.0001
(−0.8932) (−0.6854) (1.5175) (−0.8663)

CONPC 0.0074 0.0082 0.0162 * 0.0078
(1.0692) (1.1208) (1.7552) (1.0480)

R2 0.5613 0.5930 0.5618 0.4636
Obs 451 451 451 451

Note: *** significant at the 1% level; ** significant at the 5% level; * significant at the 10% level; T statistics
in parentheses.

4.3.3. Replace the Dependent Variable

In 2017, President Xi Jinping proposed five development goals of “innovation, coordi-
nation, greenness, openness, and contribution” while considering economic development,
achieving resource conservation, and environmental protection. This paper adopts the
method of replacing the explained variables to verify further the impact of forest resource
abundance on economic development. This section replaces GDP per capita with green
total factor productivity (GTFP), which is essentially one of the ways to measure green
economic growth [58]. Meanwhile, to examine the linear and non-linear effects of forest
resource abundance on green total factor productivity, the core explanatory variable CORE
first considers the forest coverage rate FT alone. It then simultaneously considers the
forest coverage rate FT and its square. In order to stabilize the results and alleviate the
endogeneity problem, the static and dynamic SAR and SDM are constructed as follows.
The results are shown in Table 8.

GTFPit = ρ
n

∑
j=1

W ′
ijGTFPjt + β”COREit + β′′ CONTit + θ

n

∑
j=1

W ′
ijCONTijt + μi + ξt + εit (15)

GTFPit = ρ
n

∑
j=1

W ′
ijGTFPjt + β”COREit + θ

n

∑
j=1

W ′
ijCOREijt + β”CONTit + θ

n

∑
j=1

W ′
ijCONTijt + μi + ξt + εit (16)
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GTFPit = τGTFPi,t−1 + ρ′
n
∑

j=1
WijGTFPj,t−1 + ρ

n
∑

j=1
W ′

ijGTFPjt + β”COREit + θ
n
∑

j=1
W ′

ijCOREijt

+β”CONTit + θ
n
∑

j=1
W ′

ijCONTijt + μi + ξt + εit

(17)

where Equations (15)–(17) represent the static SAR, the static SDM, and the dynamic SDM,
respectively. The explained variable GTFP is green total factor productivity. The core
explanatory variables, control variables, other variables, and symbols are consistent with
the benchmark model, and the spatial weight matrix adopts the Gaussian kernel function
distance weight matrix.

As shown in Tables 7 and 8, the signs of all variables are basically unchanged. The
phenomenon of economic convergence exists at the city level in the YRD region, and
there is a lot of room for improvement in areas with relatively backward economies. The
impact of forest resource abundance on the level of economic development has always
maintained a U-shaped trend. Forest resources at the urban level in the YRD will play
different roles in different stages of economic development, especially under the goal of
low-carbon economic development. Resources play a pivotal role in carbon sequestration.
This proves that the results of the model argument are robust. After the optimization and
upgrading of the industrial structure, the energy utilization rate is high, and the investment
in urbanization and science and technology education can effectively promote the economic
level of the YRD region.

Table 9 shows the results of the influence of forest resource abundance on the green
total factor productivity. SAR (1) and SAR (2) examine the linear and non-linear relationship
between the abundance of forest resources and the level of green economic development.
SDM (1) and SDM (2) represent the static and dynamic models, respectively. The results
of the models show inertia in developing a green economy in the YRD region. The U-
shaped characteristics of the impact of forest resource abundance on green economic
development have not been verified. However, the impact of forest resource abundance
on the development of the green economy is always positive. It shows that increasing the
abundance of forest resources in the YRD will help improve its green economic development
level and contribute to sustainable economic development. Greening is conducive to
solving the trade-off dilemma of “economic growth, environmental friendliness, and
resource conservation” in economic development. This is also in line with China’s current
“14th Five-Year Plan” and the strategic need for sustainable economic development. All
results prove that the influence of forest resource abundance on economic development in
the YRD region presents a U-shaped feature, and forest resource abundance is conducive
to improving green total factor productivity.

Table 9. Estimation results of effects of forest resource abundance on GTFP.

Dependent Variable: GTFP

Variable SAR (1) SAR (2) SDM (3) SDM (4)

L.GTFP 0.4277 *** 0.4261 *** 0.4515 *** 0.5420 ***
(0.0318) (0.0318) (0.0391) (0.0441)

FT 0.3878 * 0.8019 ** 0.7673 * 0.9644 *
(0.0381) (0.3924) (0.2998) (0.5759)

FT2 −0.6917 −0.9728
(0.5206) (0.7812)

Control variables Yes Yes Yes Yes
R2 0.3527 0.3539 0.3697 0.4279

Obs 533 533 533 492
Note: *** significant at the 1% level; ** significant at the 5% level; * significant at the 10% level; standard errors are
in parentheses.
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4.4. Reverse Causation

In order to verify the impact of economic development on forest resource abundance,
this paper constructs the dynamic SDM model, where the dependent variable is the Forest
Resource Abundance (FT), and the core explanatory variables are the economic develop-
ment, namely GDP per capita (GDPPC) and its square to adopt the environmental Kuznets
curve. Other control variables are kept consistent with the baseline model. The spatial
weight matrix adopts the queen adjacent weight matrix. Furthermore, this paper also exam-
ines the linear relationship between economic development and forest resource abundance.
All variables are standardized. The estimation results of the SAR model are also shown to
check the robustness of the results.

As shown in Table 10, although there is a U-shaped curve between the level of eco-
nomic development and the abundance of forest resources, the results are not stable.
However, the level of economic development inhibits the abundance of forest resources.
There are two main reasons. First, the cost of land-use is high in YRD. This region con-
tributes a lot to the national economy and is one of the important urban agglomerations
in China. The total economic volume accounts for 25% of the country’s total. In addition,
the two most powerful harbors in the world, Shanghai and Zhoushan, are located here.
Among the top 20 cities in terms of GDP, cities in the YRD region account for one-third at
least. However, the area of such an economically developed region is only 358,000 km2,
accounting for about 4% of the country’s total. Second, forest resources are limited by land
and depend largely on territorial planning, which is difficult to change in the short term.
The growth of forest resources has always been a key concern of forestry. However, from
the perspective of economic development and forest land use, large, continuous forests
have the potential to be transformed into smaller, isolated fragmentation processes, which
exacerbate the degree of forest fragmentation [59].

Table 10. Estimation results of effects of economic development on forest resource abundance.

Dependent Variable: Forest Cover Rate

Variable SDM (1) SAR (2) SDM (3) SAR (4)

GDPPC −0.0680 ** −0.0578 *** −0.1268 * −0.0987
(0.0277) (0.0279) (0.0749) (0.0733)

Square of GDPPC 0.0388 0.0271
(0.0468) (0.0459)

Control variables Yes Yes Yes Yes
R2 0.9906 0.9905 0.9906 0.9904

Obs 492 492 492 492
Note: *** significant at the 1% level; ** significant at the 5% level; * significant at the 10% level; standard errors are
in parentheses.

5. Discussions

This paper mainly uses the method of spatial econometrics, based on the data of
41 cities in the YRD region from 2007 to 2019, to analyze the influence and spatial effects of
the abundance of forest resources in the YRD region on the level of economic development.
The robustness check of the results is carried out by changing the spatial weight matrix,
adjusting the sample period, and changing the explained variables. The results of the model
estimates are proven to be robust. The main results about our hypotheses are as follows.

Hypothesis 1 was verified. The influence of the abundance of forest resources on the
economic development level in the YRD has a U-shaped non-linear characteristic [60]. At
the city level in the YRD, forest resources will play different roles in different stages of
economic development. The curse of forest resources will gradually evolve into welfare
with economic development. In the initial stage of economic development, the abundance
of forest resources has a certain inhibitory effect on the level of economic development.
When the economy develops to a certain level, abundant forest resources can promote the
level of economic development [15].
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Hypothesis 2 was verified. Spatial spillover effects of forest resources exist [61].
Spatial factors play an important role in economic growth and convergence. The spatial
autocorrelation relationship of economic development level exists. Ignoring spatial factors
may lead to biased estimation results. The spatial effects of forest resource abundance on
local and surrounding areas are non-linear. However, when we implement the policy of
increasing forests and reducing carbon emissions, it must be within a reasonable range.
Excessive forest resources may have social costs [56]. It may eventually crowd out the
production and living resources of the region and affect economic development.

Hypothesis 3 was verified. The abundance of forest resources can also promote the
development of green total factor productivity. This aligns with the great vision of carbon
peaking and carbon neutrality. In the long run, the abundance of forest resources will help
improve the quantity and quality of economic development, which is consistent with the
strategic goals of China’s “14th Five-Year Plan” [62].

Hypothesis 4 was not verified. The impact of economic development on the abun-
dance of forest resources does not show any evidence of an EKC curve in the YRD region.
Furthermore, the level of economic development inhibits the forest growth. This is mainly
due to the expensive land cost in the YRD region and the government’s land-use planning.
Generally, competing land-use values can lead to changes in land use, which in turn affect
increases or decreases in forest cover [63]. In addition, economic and population growth
will increase the demand for forest products and may reduce forest resources [44].

6. Conclusions

Based on the theoretical basis of the resource curse and economic growth, this article
attempts to verify the impact of urban forest resource abundance on economic development
in the YRD region from the perspective of renewable resources. The research results of this
paper provide a reference for the coordinated development of resources and the economy.

The influence of forest resource abundance on economic development in YRD region
presents a U-shaped non-linear relationship, and the phenomenon of the resource curse will
evolve into resource welfare with the development of society. In addition, the abundance
of forest resources can directly promote the improvement of green total factor productivity.
However, economic development may inhibit the forest growth, mainly because of the
high cost of land in the YRD region. Therefore, there is only a one-way causal relationship
between forest resources and economic performance, while economic performance has no
feedback effect on forest resources [64].

The impact of forest resource abundance on economic development is affected by
many factors, including the initial level of the economy, carbon sequestration potential,
energy consumption, urbanization level, science and technology, education level, and other
factors. All act together on economic growth.

Although forest resources play a very important role in the critical period of economic
transformation and development, we cannot achieve green growth and carbon reduction
at the expense of economic development. Economic development and urbanization can
go hand in hand with forest development but requires sound management models and
additional measures [65].

The YRD region should further adjust and optimize their industrial structure. Each
region should implement the industrial dislocation development strategy according to
its advantages, give full play to the agglomeration effect and scale effect, and realize the
integrated development of modern service and advanced manufacturing industries. Much
more attention should be paid to the agglomeration of high-quality talents, capital, and
resources. Urbanization is still regarded as a driving force for the upgrading and trans-
formation of the economic structure. Urbanization should gradually realize coordinated
development with the economy and gradually transform the extensive development mode
into the intensive economic growth mode. In addition, technological innovation is very
important to realize the economic development of the YRD region. Especially in the era of
the digital economy, increasing investment in scientific research can effectively improve
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the level of economic development [66]. Meanwhile, the government should moderately
intervene in economic development.

However, the article does have certain flaws. For example, the measure of forest
resource abundance is relatively simple on how to manage forest resources efficiently. This
is mainly due to the lack of statistical data and methods of forest resources and technology.
In future research, forest resources should be refined and classified to analyze better the
impact of forest resource abundance on the economy and specific paths and then provide
useful suggestions for policymakers.
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Abstract: This paper adopts the super-efficient DEA (data envelopment analysis) model to measure
the forestry eco-efficiency (FECO) of 30 Chinese provinces and cities from 2008 to 2021, and then
introduces the Tobit model to explore the influencing factors of FECO to better understand the
sustainable development level of forestry. It draws the following conclusions: (1) The average value
of FECO in China is 0.504, which is still at a low level, and the FECO of each region has significant
regional heterogeneity; the provinces with higher FECO are mainly concentrated in the eastern
region, while the FECO of the central and western regions is lower; (2) In terms of the main factors
affecting FECO in China, the regression coefficients of market-based environmental regulations are
significantly positive in the national, eastern and central regions, while they are significantly negative
in the western region. The coefficient of impact of scientific research funding investment on forestry
industry eco-efficiency is negative and shows a significant promotion effect in the eastern region, but
the elasticity coefficient in the central and western regions is negative but not significant. Economic
development has a positive but insignificant effect on FECO, with the eastern region showing a
positive correlation, while the central and western regions are insignificant. Industrial structure has
a significant negative effect on FECO in the national, eastern and central regions, but the effect of
industrial structure on FECO in the western region is not significant. The effect of foreign direct
investment on FECO was negative for the national, central and western regions, but the central region
did not pass the significance test, while the eastern region reflected a significant promotion effect.

Keywords: forestry; eco-efficiency; sustainable development; forestry resources

1. Introduction

From a worldwide perspective, energy, resource and ecological emergencies have be-
come serious challenges. Economist Daly [1] pointed out that man-made capital has become
relatively abundant and the constraints to human development have been transformed
into scarce natural capital. Zeb et al. [2] argued that the depletion of natural resources
and the adverse effects of environmental degradation, including desertification, drought,
land degradation, lack of freshwater resources and loss of biodiversity are increasing and
worsening the various challenges facing humanity. Forestry has multiple benefits and can
provide practical solutions to address these issues. The green development of forestry
and the improvement of forestry eco-efficiency have become the focus of attention of the
international community [3,4].

As an important basic industry of the national economy, forestry plays a pivotal role
in human societal development. For a long time, China’s forestry economic growth mode
has been characterized by a large number of factor inputs; this is a crude economic growth
mode relying on the massive consumption of resources to promote [5] it. Under the current
conditions of resource scarcity in China, this type of crude forestry economic growth will
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encounter a “limit”; when growth approaches its “limit” or people are aware of this “limit”,
economic growth needs to improve the use efficiency of input factors of production to
break through this “limit”, that is, to increase the share of the total factor productivity
contribution to forestry economic growth. According to relevant economic theories, the
growth of output can depend on factor inputs as well as technological progress [6,7].
The development of China’s forestry industry is so rapid that it is obvious to measure it
numerically, but the question remains: what is the real quality of this forestry development?
In today’s increasingly prominent resource and environmental problems, ensuring rapid
economic development while reducing environmental pollution and resource waste is not
only a sizable challenge for social development, but also one of the urgent tasks facing
the future development of forestry. Therefore, a scientific and objective discussion of the
quality of forestry development is conducive to a better understanding of what will be the
sustainable development level of forestry in the future [8–10]. Schaltegger and Sturm [11]
proposed an eco-efficiency concept, which has been widely recognized by scholars in
various fields. Specifically in the field of forestry, eco-efficiency is a measure of the level of
sustainable development of forestry, and its objective is to measure whether forestry can
minimize environmental pollution and resource consumption while achieving multifaceted
value in a comprehensive manner, with the premise of ensuring the quality of forest
products [12]. Focusing on FECO improvement is conducive to advocating for modern
forestry development through the concept of coordinated and sustainable development of
society, economy and ecology [13,14].

The following are this paper’s main contributions: (1) Existing studies mainly study
productivity and explore its efficiency from the perspective of production, while the issue
of forest efficiency from an ecological perspective has rarely been addressed; this paper
considers the inputs and undesired outputs and measures regional forest eco-efficiency in
China, which is a useful supplement to the existing studies; (2) Existing studies mainly
focus on specific regions and lack comparative studies between regions; this paper provides
theoretical support by comparing the east, central and west regions; (3) Exploring forest
eco-efficiency in the context of sustainable development and proposing corresponding
policies can provide a reference for regional green development. Therefore, this paper
adopts the super-efficient DEA model to measure the forestry eco-efficiency of 30 Chinese
provinces and cities (except Hong Kong, Macao, Taiwan and Tibet) for 14 years from 2008
to 2021, and then introduces the Tobit model to analyze the influencing factors for forestry
eco-efficiency in order to better understand the sustainable development level of forestry
and provide some theoretical support for the sustainable development of modern forestry
in the future.

2. Literature Review

2.1. Connotation of Eco-Efficiency in Forestry

Eco-efficiency is the ratio of the value of economic and social development (GDP)
to the physical amount of resource and environmental consumption, which creatively
connects three indicators: resources, economy and environment. It emphasizes the unity of
environmental and economic benefits, establishes a connection between the best economic
and environmental goals and provides a link between regions; it provides an important
evaluation tool for the sustainable development of regions and industries, and becomes
an important reference for policy makers [15,16]. This concept is generally accepted and
widely used in the evaluation and research of the forest industry by domestic and foreign
scholars, such as Wu and Zhang [17]. They considered that the eco-efficiency of the
forest industry refers to the direct impact on the forest’s ecological environment caused
by the inputs of technological improvement and environmental management, such as
air quality improvement and wastewater treatment, in order to ameliorate the ecological
impact brought by the forestry industry, i.e., industrial efficiency in the forestry industry.
According to Chen et al. [18], FECO is a measure of the sustainable development of forestry,
and its objective is to measure whether forestry can minimize environmental pollution
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and resource consumption while ensuring the quantity and quality of forest products and
achieving its multifaceted value in a comprehensive manner. Hong et al. [19] pointed out
that for forestry to be sustainable, coordination between input and output factors should
be ensured. Zheng and Yin [20] argued that FECO facilitates a win-win input and output
relationship between economic and social benefits.

2.2. Measurement of FECO

Academics have analyzed FECO from different perspectives, and the differences are
mainly reflected in the research methods and regional selection. In the process of measuring
FECO, the stochastic frontier approach (SFA), the ratio method and the DEA evaluation
model are mainly used in China. For example, Can et al. [21] used the SFA method to
measure the ecological efficiency of plain forestry and analyzed the degree of ecological
contribution of farmland forest networks and small forests to total agricultural output value,
plantation output value and livestock output value. Weerawat et al. [22] used the ratio
method to analyze several rubber plantation areas in Thailand and made recommendations.
Most studies using the DEA evaluation, such as Li et al. [23], measured the forestry input-
output efficiency using the DEA model, but the output indicators they selected did not
reflect the social benefits of forestry; in addition, the only reflected the situation in 2006.
Tian and Xu [24] measured the forestry input-output efficiency from 1993 to 2010 in China.
At the local level, Lai and Zhang [25] used the super-efficient DEA model to measure
the forestry input-output efficiency of 21 cities in Guangdong province and ranked and
classified them; Zang et al. [26] measured the technical efficiency of forestry production and
its influencing factors from the perspective of forestry production in Chongqing. Zhang
and Kang [27] selected the super-efficient DEA-Tobit model to measure forestry production
efficiency in 30 Chinese provinces from 2000 to 2014, and pointed out that its efficiency
is lower, with significant spatial divergence. Luo et al. [28] also used the DEA model to
measure the forestry efficiency of each province and further analyzed the spatial differences
using the Gini coefficient and Moran index and concluded that forestry efficiency increased
year by year but was still low in general. Tian et al. [29] used the C2R-DEA model (DEA
model without considering returns to scale) and the SE-DEA model to measure forestry
production efficiency in China. In 2012, Tian et al. [29] analyzed and measured the input-
output efficiency of forestry using the super-efficient DEA model.

2.3. Influencing Factors of FECO

In recent years, many scholars have used DEA measurements to evaluate regional
FECO and constructed an index system to study the key factors affecting FECO in the
region. For example, Zheng et al. [30] examined the impact of industrial agglomeration on
FECO through an econometric model and found that the level of industrial agglomeration
and eco-efficiency in provinces with high levels of forestry industry development in China
showed different degrees of increase during the study period. Chen and Geng [31] pointed
out that the economy of scale efficiency of the forestry industry would be affected by
property rights factors, local government intervention behavior, market concentration,
market entry barriers and externalities. Jiang et al. [32] argued that the industrialization
of forestry is an objective requirement, an inevitable result of the market economy and
an effective way to improve efficiency in modern forestry. Hou [33] believed that the
economic productivity or environmental productivity of forestry can be improved through
the division of labor and specialization. Li and Tang [34] considered that the rationalization
of the industrial structure is an effective means to improve the efficiency of forestry. Tian
and Xu [24] measured the input-output efficiency of forestry in China from 1993 to 2010
and analyzed its influencing factors in depth. Zang et al. [26] measured the technical
efficiency of forestry production and its influencing factors from the perspective of forestry
production of Chongqing foresters. Zhang and Xiong [35] concluded that forestry ecological
construction and protection, forest ecological compensation and forestry prevention and
control inputs have negative and significant effects on the comprehensive FECO.
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The studies that have been conducted lack an analysis of forestry eco-efficiency, and
in the field of forestry in China, a unified definition of forestry eco-efficiency has not been
clearly established. This is mainly because, although the development of forestry has the
dual attributes of economic value and ecological value, there are problems such as long
investment recovery cycles and economic externalities, which, together with the emergence
of natural and man-made disasters, do not guarantee that forestry development can meet
people’s expectations. In the process of pursuing the economic value of forestry, people
gradually ignore the ecological benefits. Therefore, this paper measures the forestry eco-
efficiency of 30 provinces in China from the provincial panel data of 30 provinces from
2008–2021 (due to limited data sources, Hong Kong, Macao, Taiwan and Tibetan areas are
not considered for the time being), and further explores the regional differences and spatial
and temporal characteristics of forestry eco-efficiency. On this basis, the factors affecting
forestry eco-efficiency are explored to better protect the diversity of forestry ecosystems.
While the forestry ecological economy is developing continuously, we should also pay
attention to the protection of forestry ecology, so as to realize people’s expectations for a
better ecological environment in the near future.

3. Methods

The main methods currently used for eco-efficiency evaluation are the single ratio
method, the indicator system method and the model analysis (DEA) method. Although
the single ratio method is relatively simple, it cannot distinguish the impact of different
environments, give the optimal set of ratios or give decision makers flexibility in their
choices. The indicator system method can reflect the level of development and coordination
of social, economic and natural subsystems, but it requires artificial weighting, so there is
often subjective interference. The use of the model analysis method can better compensate
for the above shortcomings, so the data envelopment analysis method is widely used in the
empirical study of eco-efficiency.

3.1. FECO Measurement Method
3.1.1. Super-Efficient DEA

Data envelopment analysis is a typical class of nonparametric analysis, referred to as
DEA analysis, which was proposed by Charnes et al. [36]. They studied the optimization of
resource allocation in the production process by evaluating the relative efficiency ratio of in-
puts and outputs within each decision unit. In the production process, the ratio between the
input quantity of resource consumption and the output quantity of the product determines
the production efficiency value within the decision unit, and the weighting of the input and
output values can be used to analyze multiple input and output problems. For the study of
green issues, in the process of constructing the DEA model, pollution factor indicators and
negative ecological indicators can be classified as non-desired outputs, and the DEA model
will be based on the “asymmetric” curve measurement of each type of output to accurately
estimate the eco-economic efficiency value. The DEA model will accurately estimate the
eco-economic efficiency values based on “asymmetric” curve measures for each type of
output, and through projection analysis, ensure sufficient output and appropriate inputs
while strictly controlling the amount of undesired output [37]. The estimation of desired
and undesired outputs in the production process is achieved by means of the radial measure
of the curve and the inverse of the curve measure, respectively. The DEA is the curve radial
measure, without function expressions and without hypothesis testing [38].

1. Introduction of CCR-DEA model

The CCR-DEA model was proposed by Charnes et al. [39]; it is an input-oriented DEA
model. The CCR model is the most basic DEA model with n DMU (i = 1, 2, . . . , n), which
satisfies the assumption of homogeneity and are all comparable. Each DMU has the same t
inputs, and the input vector is:

xi = (x1i, x2i, . . . , xti)
T , i = 1, 2, . . . , n . (1)
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Each DMU has the same s outputs, then there is an output vector of

yi = (y1i, y2i, . . . , ysi)
T , i = 1, 2, . . . , n, (2)

i.e., each DMU has the same t inputs and s output types. Where xji denotes the input
quantity of the i-th DMU to the j-th DMU, and yji denotes the output quantity of the i-th
DMU to the j-th DMU. In order to integrate all the DMUs in a uniform way, each input and
output needs to be assigned a value, so that the weight vectors of the input and output are

v =
(
v1, v2, . . . , vj

)T , (3)

u = (u1, u2, . . . , ur)
T , (4)

where vj denotes the j-th type of input weight and ur denotes the rth type of output weight.
At this point, the combined value of the i-th decision unit input is ∑t

j=1 vjxji, and the
combined value of the output is ∑s

r=1 uryri, so the efficiency evaluation index of each DMUi
is defined as

hi =
∑s

r=1 uryri

∑t
j=1 vjxji

, (5)

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

maxhi0 = ∑s
r=1 uryri0

∑t
j=1 vjxji0

∑s
r=1 uryri

∑t
j=1 vjxji

≤ 1, i = 1, 2, . . . , n

v =
(
v1, v2, . . . , vj

)T ≥ 0
u = (u1, u2, . . . , ur)

T ≥ 0

. (6)

2. Introduction to the BCC-DEA model

The CCR-DEA model based on the premise of constant returns to scale is slightly
different from reality; the returns to scale are not constant in actual economic production
activities, so Banker et al. [39] proposed an extension of the DEA analysis with the variable
returns to scale model, namely the BBC-DEA model analysis method.

The assumptions in the BBC-DEA model are variable payoffs of scale, and also a de-
composition of technical efficiency into two components. The BBC-DEA model incorporates
convexity constraints, and its input-oriented model is:⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

max
(
uTy0 + μ0

)
s.t.ωTxi − μTyi ≥ 0

ωTx0 = 0

ω ≥ 0, μ ≥ 0, i = 1, 2, . . . n

, (7)

where μ0 denotes the payoff of scale; ω is the portfolio ratio of effective decision units

3. Introduction of the super-efficient DEA analysis method

In the analysis results of the traditional DEA model, there will be multiple effective
decision units at the same time, i.e., there are multiple efficiency values of 1, and thus
the individual decision units cannot be ranked according to their high efficiency values.
For this situation, then some scholars proposed Super-efficient DEA [40,41]. The Super-
Efficiency DEA analysis method allows the simultaneous efficient decision units to be
further analyzed and all DMUs reordered. With variable payoffs to scale, the super-efficient
DEA is as follows: ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

min
[
θ − ε

(
êTS− + eTS+

)]
s.t. ∑n

i=1 λixi + S− = θx0

∑n
i=1 λiyi + S+ = y0

S− ≥ 0, S+ ≥ 0, λi ≥ 0, i = 1, 2, . . . n

, (8)
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where λ represents the slack variable, and the next step introduces the slack variable S+

and the residual variable S−; θ is the efficiency value required in the paper.

3.1.2. Variable Selection and Data Sources

1. Input variables

One of the most critical aspects of the super-efficient DEA evaluation model is the
selection of input-output indicators and samples because they have a great impact on
the final evaluation results. According to Pedraja—Chaparro and Salinas-Jimenez [42],
for ensuring the credibility of the model’s results, the inputs and outputs must be highly
correlated. Forestry inputs should be the various factors of production that are invested to
promote forestry development. In this paper, we study the ecological efficiency of forestry,
therefore, the eco-forestry input and output index system should not only include the
resource consumption factor component, but also the environmental pollution factor.

Forestry labor input: Labor input is the first influencing factor. As in other means of
production, human capital is also a of means of production and plays an important role in
production activities. In his study of economics, Quaker pointed out that people are the
primary factor in the process of wealth creation. Labor input affects technical efficiency
through both quantity and quality. In this paper, labor input refers only to the quantity of
labor input, using the year-end number of forestry system employees to measure forestry
labor input.

Forestry capital input: This paper uses the amount of forestry fixed asset investment
in the current year as the capital input variable. Investment in forestry fixed assets refers to
the monetary sum of man-hours or costs required for the construction and acquisition of
forestry fixed assets in forestry production. Technical efficiency improvement of forestry
production by forestry fixed assets is continuous and long-term and has an important role
in forestry production. The impact of forestry fixed investment on eco-efficiency is not only
expressed in the scale of investment, but also in the stability and continuity of the sources
of forestry investment which will also improve FECO. For this reason, forestry fixed asset
investment can well reflect funds and the smoothness of funding channels impact on FECO.

Forestry ecological input: It is expressed by the forestry ecological construction input.
Forestry livelihood inputs: It is expressed by the forestry infrastructure inputs.

2. Output variables

Desired output: This is the total output value of the forestry industry in each province,
converted to constant prices in 2008 according to the CPI index, in order to exclude the
influence of price changes

Non-desired output: Considering that it is difficult to characterize the environmental
pressure by a single indicator, this paper uses “three waste” emissions from each region to
represent pollution emissions: wastewater emissions from the secondary forestry industry
in each province for wastewater, gas emissions from the secondary forestry industry in
each province for gas emissions, and solid waste emissions from the secondary forestry
industry in each province for solid waste. Specific variables and descriptive statistics are
shown as follows in Table 1.

3.2. FECO Impact Factor Analysis Method
3.2.1. DEA Two-Stage Method and Tobit Model

The DEA two-stage method is an advanced model derived to further explore the
influencing factors and their degree of influence on efficiency values. In the first stage, the
efficiency value of each DMU is calculated using the DEA method; in the second stage,
the efficiency value calculated in the first stage is used as the dependent variable, and the
factors influencing efficiency are used as the independent variables for regression analysis.
The efficiency values measured by the DEA model are between 0 and 1, and the direct use
of ordinary least squares (OLS) would cause bias and inconsistency problems. Therefore,

36



Forests 2023, 14, 300

the Tobit model is used in this paper and the maximum likelihood estimation method is
applied for regression analysis [43].

Table 1. Results of input-output indicator selection and descriptive statistics.

Indicators Category Indicator Measure Unit Mean Standard Deviation

Input Indicators

Forestry Labor Input Number of employees in forestry system at the
end of the year people 125,626.98 143,349.54

Forestry Capital Inputs Forestry fixed asset investment million yuan 67,432.332 74,093.23
Forestry Livelihood Inputs Forestry infrastructure investment million yuan 19,225.982 21,923.442
Forestry Ecological Inputs Forestry ecological construction investment million yuan 11,228.453 12,664.021

Output Indicators

Desired Output Total output value of forestry industry
by province million yuan 48,958.332 51,027.816

Non-desired Output

Forestry secondary industry
wastewater emissions million tons 44.985 29.384

Forestry secondary industry solid
waste emissions million tons 499,683.331 987,350.119

Forestry secondary industry waste gas emissions million tons 998.672 884.013

The sample data used for the analysis are obtained from the China Forestry Statistical Yearbook and the provincial
Statistical Yearbooks from 2008–2021.

The Tobit model is suitable for regressions where the dependent variable is restricted.
The standard form of Tobit model is:

Yi =

{
β0 + ∑n

t=1 βtxt + μt, i f β0 + ∑n
t=1 βtxt + μt > 0

0, i f β0 + ∑n
t=1 βtxt + μt ≤ 0

, (9)

where Yi denotes the actual dependent variable, i.e., the efficiency value of the ith DMU; xt
denotes the independent variable; β0 denotes the constant term; βt denotes the regression
coefficient of the independent variable; μt denotes the independent error disturbance term
and obeys a normal distribution of N

(
0, σ2).

3.2.2. Variable Selection and Data Sources

1. Explained variables

FECO. In this paper, the forestry eco-efficiency values of different regions in China will
be selected as the explanatory variables, the statistical data of 30 provincial administrative
regions in China will be selected as the support, and the values measured using super-
efficiency DEA will be analyzed from the national sample and different regions, respectively.

2. Explanatory variables

Industrial structure (IS). With the total ban on commercial logging in state-owned
forest areas, forest areas that once had tree harvesting and wood product processing as
their main economic development model must adjust their industrial structure in order to
steadily develop their economy while ensuring sustainable forest development. At present,
different forestry bureaus in forest areas have different dominant industries, and therefore
their main mode of operation is not the same. The primary forestry industry’s main
mode of operation is the above-mentioned planting and breeding of forest products; the
secondary forestry industry’s main mode of operation is the processing of wood products;
and the tertiary forestry industry’s main mode of operation is the vigorous development
of forest tourism and the service industry in the process. In the process of development
and operation of these industries, there is bound to be spatial spillover and spatial benefit
of forestry economic development, therefore the industrial structure is also one of the
influencing factors of FECO. To make this study dynamic, this paper uses the proportion of
forest industry output value to total forestry output value to express [44].

Economic development (PGDP). This paper uses GDP per capita to reflect the sum
of the value of products in a country or region in that year, which to a certain extent
shows the degree of economic development of a region. Economic growth can promote
scientific and technological progress, and a high level of economic development will lead to
a higher demand for technology by the inhabitants of that place, which will lead to a higher
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eco-efficiency of local production through a demand-induced effect [45]. In economically
developed areas, urbanization is bound to develop rapidly, which leads to the rapid
development of the real estate and decoration markets, which provide good opportunities
for the development of the forest products market. Meanwhile, people’s demand for a
good ecological environment is increasing. Urban gardening, greening, forest tourism,
tourism forestry and other industries will develop rapidly. In summary, a good economic
environment can promote forestry industry development as well as the optimization and
upgrading of the forestry structure.

Foreign direct investment (FDI). Based on the analysis of FDI technology spillover
channels, from the perspective of the competition effect, foreign enterprises usually enter
China’s forestry field by virtue of their capital, technology, scale and other advantages. On
the one hand, they will introduce advanced technology, which is conducive to improving
forest enterprises’ ability to introduce, absorb and apply new technologies and promote
technological progress; these can be understood as improvements brought by competition,
which are positive spillover effects. On the other hand, forestry FDI generally does not
choose to invest in greenfield sites, but is more involved in competition for existing forestry
resources and markets, leading to a reduction in the market share of local enterprises, and
coupled with China’s preferential policies for foreign investors, it is easy to squeeze out
domestic capital, thus inhibiting the improvement of TFP, which is a negative spillover
effect. Whether the positive or negative effect is larger or smaller has not been determined,
but to some extent, it can explain the negative effect of FDI on total factor productivity in
Chinese forestry [46]. In this paper, the ratio of forestry FDI to total forestry output is used
to measure FDI intensity.

Investment in scientific research (TI). Forestry is one of the most special industries in
the national economic system, with very strong benefit spillovers. In addition to providing
a large number of products and services for people’s lives and social production, there are
also generally sizable ecological benefits. In addition, forestry has an important role in
ensuring the basic livelihood of forest farmers in forest areas and in rural revitalization. The
most prominent feature of forestry is the long cycle, which determines a longer scientific
research cycle, so the adequacy and stability of scientific research funding is particularly
important [47]. In the paper, the ratio of research funding to GDP is chosen to represent the
intensity of research funding.

Market-based environmental regulation (ER). Environmental regulation includes
command-and-control and market-based. The former mainly includes setting environ-
mental standards, pollutant emission standards and technical standards; the latter mainly
includes establishing an emission charging or taxation system and an emission rights
trading system [48]. In this paper, we use the proportion of the total emission fee levied by
the forestry industry to the total regional forestry output value.

Due to the constraints of the eco-efficiency index calculation formula, the eco-efficiency
values measured by the DEA method range between 0 and 2. In this case, if the traditional
ordinary least squares (OLS) method is used to analyze the actual effect of each influencing
factor on eco-efficiency, the results will be biased and inconsistent. In order to avoid the
bias, the Tobit model was selected to analyze the factors influencing forestry eco-efficiency.
Based on the above variable selection, the Tobit model was constructed as follows:

FECOit = c + β1 ISit + β2PGDPit + β3FDIit + β4TIit + β5ERit + εit, (10)

where β is the elasticity coefficient of variables; FECOit is the explanatory variable of FECO;
ISit, PGDPit, FDIit, TIit and ERit are the industrial structure, economic development,
foreign direct investment, investment in scientific research and environmental regulation,
respectively. The data are mainly obtained from the statistical yearbooks of each province.
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4. Results

4.1. Results of Regional FECO Measurement in China

This paper is based on the input-output panel data from 2008 to 2021 (Tibet is not
included in the analysis because of incomplete data), and the FECO of each province is
measured based on EMS software. Considering the existence of regional heterogeneity, this
paper divides the 30 provinces (regions and municipalities) into three major regions: east,
central and west, with 11 provinces (municipalities) in the east, 8 provinces in the central
and 11 provinces in the west. The measurement results are shown in Table 2.

Table 2. Results of forestry eco-efficiency by province in China from 2008 to 2021.

Region 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 Mean

Eastern

Beijing 0.546 0.557 0.588 0.589 0.593 0.603 0.611 0.614 0.628 0.637 0.655 0.672 0.679 0.699 0.619

Tianjin 0.446 0.458 0.468 0.473 0.487 0.499 0.513 0.522 0.546 0.578 0.611 0.624 0.633 0.664 0.537

Hebei 0.412 0.435 0.458 0.478 0.495 0.513 0.543 0.577 0.593 0.623 0.658 0.711 0.733 0.766 0.571

Liaoning 0.233 0.245 0.257 0.267 0.278 0.288 0.291 0.294 0.301 0.311 0.323 0.326 0.335 0.345 0.292

Shanghai 0.712 0.733 0.756 0.788 0.804 0.825 0.866 0.889 0.934 1.114 1.246 1.289 1.355 1.467 0.984

Jiangsu 0.678 0.698 0.716 0.775 0.812 0.866 0.894 0.911 0.928 0.945 0.968 0.977 1.112 1.213 0.892

Zhejiang 0.544 0.576 0.593 0.627 0.655 0.689 0.705 0.727 0.756 0.789 0.822 0.856 0.894 0.912 0.725

Fujian 0.711 0.722 0.746 0.768 0.789 0.844 0.868 0.898 0.843 0.889 0.945 0.978 1.117 1.232 0.882

Shandong 0.678 0.698 0.735 0.787 0.856 0.893 0.944 0.969 1.014 1.115 1.213 1.236 1.278 1.301 0.980

Guangdong 0.588 0.598 0.611 0.624 0.645 0.698 0.723 0.759 0.798 0.834 0.876 0.912 0.944 0.976 0.756

Hainan 0.445 0.457 0.466 0.483 0.496 0.523 0.546 0.569 0.597 0.611 0.635 0.657 0.689 0.788 0.569

Central

Shanxi 0.344 0.367 0.379 0.389 0.428 0.458 0.481 0.544 0.566 0.589 0.595 0.604 0.621 0.677 0.503

Jilin 0.214 0.223 0.236 0.247 0.255 0.267 0.273 0.288 0.301 0.311 0.314 0.318 0.334 0.358 0.281

Heilongjiang 0.211 0.215 0.226 0.236 0.245 0.266 0.274 0.279 0.286 0.293 0.301 0.311 0.315 0.325 0.270

Anhui 0.364 0.375 0.398 0.423 0.447 0.459 0.476 0.498 0.533 0.576 0.589 0.627 0.655 0.725 0.510

Jiangxi 0.675 0.688 0.698 0.734 0.779 0.823 0.839 0.856 0.873 0.895 0.988 1.118 1.128 1.216 0.879

Henan 0.445 0.457 0.476 0.489 0.511 0.537 0.566 0.599 0.613 0.633 0.644 0.658 0.687 0.712 0.573

Hubei 0.388 0.398 0.421 0.433 0.445 0.476 0.498 0.511 0.533 0.556 0.588 0.615 0.633 0.697 0.514

Hunan 0.387 0.391 0.398 0.412 0.425 0.452 0.487 0.513 0.539 0.546 0.568 0.59 0.644 0.662 0.501

Western

Neimenggu 0.113 0.116 0.145 0.152 0.167 0.183 0.196 0.207 0.218 0.234 0.258 0.276 0.283 0.311 0.204

Guangxi 0.168 0.178 0.199 0.216 0.236 0.256 0.289 0.318 0.334 0.357 0.387 0.399 0.416 0.498 0.304

Chongqing 0.435 0.447 0.457 0.487 0.498 0.512 0.523 0.535 0.546 0.567 0.572 0.583 0.591 0.657 0.529

Sichuan 0.301 0.311 0.319 0.326 0.334 0.347 0.358 0.366 0.378 0.399 0.411 0.417 0.424 0.446 0.367

Guizhou 0.244 0.259 0.266 0.279 0.299 0.311 0.326 0.338 0.348 0.362 0.379 0.398 0.411 0.423 0.332

Yunnan 0.211 0.223 0.236 0.247 0.268 0.287 0.295 0.311 0.325 0.346 0.357 0.377 0.398 0.443 0.309

Shanxi 0.339 0.347 0.354 0.367 0.377 0.379 0.382 0.393 0.402 0.411 0.422 0.431 0.438 0.447 0.392

Gansu 0.099 0.102 0.116 0.136 0.142 0.148 0.152 0.166 0.173 0.179 0.188 0.193 0.225 0.258 0.163

Qinghai 0.111 0.114 0.121 0.125 0.132 0.137 0.144 0.165 0.179 0.189 0.193 0.216 0.226 0.268 0.166

Ningxia 0.278 0.299 0.311 0.314 0.325 0.329 0.334 0.356 0.366 0.371 0.374 0.388 0.389 0.394 0.345

Xinjiang 0.087 0.094 0.104 0.113 0.124 0.135 0.147 0.159 0.172 0.188 0.197 0.214 0.223 0.257 0.158

National mean 0.380 0.393 0.408 0.426 0.445 0.467 0.485 0.504 0.521 0.548 0.576 0.599 0.627 0.671 0.504

From the above table, it can be seen that from 2008–2021, the integrated efficiency
of Shandong and Shanghai exceeds or approaches 1.0, and the integrated efficiency of
Jiangsu, Jiangxi and Fujian approaches 0.9. Shandong, Shanghai and Jiangsu show an
upward trend, indicating that the above regions have been effective in adjusting the balance
between forestry production output and environmental pollution. The comprehensive
efficiency of provinces such as Inner Mongolia, Heilongjiang, Jilin and Liaoning is below
0.3. Although the forestry resource stock and forestry output values of these provinces
are high, the input consumption in forestry production is too large, which makes their
comprehensive efficiency hover at a low level. The low ecological overall efficiency of
forestry in Beijing and Tianjin is due to the innate condition of their limited forestry resource
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stocks. The comprehensive ecological efficiency of forestry in western provinces such as
Xinjiang, Gansu and Qinghai is less than 0.2. These regions are constrained by topography,
resources and other factors that do not release the scale benefit; the desertification of land
is serious, which affects forestry production and leads to low comprehensive efficiency.

The average FECO values of the three major economic regions in the country in the
14-year period are, in descending order, the eastern, central and western regions. The mean
value FECO in the eastern region is significantly higher than the national average and the
rest of the provinces and cities, except Hebei, have relatively high efficiency. Hebei province
is a special case and in the preferred position to undertake the transfer of high pollution
industries from Beijing and Tianjin, resulting in its low FECO. Beijing, because of its special
location and position as a political and economic center, has a low level of FECO due to its
inherent condition of limited forestry resource stock; generally speaking, the forestry input
and output of the eastern provinces and cities are more reasonable. The FECO in the central
region is basically above 0.5, except for Jilin and Heilongjiang. Shanxi Province, with a
forest cover of 20.5% in 2016, has relatively few forestry resources and mainly focuses
on coal energy production, and pays less attention to the development and utilization of
forestry resources, resulting in a backward production technology level; this leads to a low
FECO. Hunan Province, with abundant forestry resources, has a low FECO level in the early
stage due to the model of exchanging resources for economic development, and then in the
process of undertaking industrial transformation, actively adjusts the strategic structure
for industry. In the process of undertaking industrial transformation, Hunan Province
actively adjusted its strategic structure for industrial upgrading and transformation, and
FECO reached above 0.5 after 2015. The overall FECO value in the western region is
low, but Chongqing’s FECO is much higher than other western regions due to its special
geographical location and economic level in the west.

4.2. Analysis of Factors Influencing FECO
4.2.1. Multicollinearity Test

Before establishing the model, it is necessary to judge whether there is multicollinearity
among variables. If there is multicollinearity, the partial least squares model is the best
choice, hence it is necessary to conduct the diagnosis of covariance. The higher the variance
inflation factor is, the more serious the multicollinearity is, and there is a positive correlation
between them. Usually, the largest variance inflation factor among all independent variables
is used as an indicator of multicollinearity. If the value is greater than 10, it means that
the corresponding independent variables are approximately linearly combined with other
variables in the linear regression analysis. This will affect the least squares estimation and
the accuracy and reliability of the linear regression analysis cannot be guaranteed, i.e., the
multicollinearity is serious and not suitable for linear regression analysis. Based on this,
SPSS was used to verify the results, and the results can be seen in Table 3.

Table 3. Results of multicollinearity test.

Method IS PGDP ER TI FDI

VIF 3.44 4.56 1.47 3.55 2.47

1/VIF 0.291 0.219 0.680 0.282 0.405

Analyzing the multicollinearity among the influencing factors of FECO, the variance
inflation factor among the independent variables has a maximum of 4.56, thus it can be
determined that there is no significant correlation among the respective variables; hence,
there is no multicollinearity problem. If the problem is serious, the least squares model
cannot be chosen, and the construction of the Tobit model is a better choice.
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4.2.2. Unit Root Test

Panel data may have variable data that are not smooth, thus affecting the authenticity
and credibility of the final estimation results and creating the problem of pseudo-regression.
In order to obtain more robust regression results, the unit root test is conducted on the
panel data before parameter estimation. The more commonly used testing methods are the
Im-Pesaran-Shin (IPS) test, the Augmented Dickey-Fuller (ADF) test and the Levin-Lin-Chu
(LLC) test, whose original hypothesis is the existence of a unit root. To avoid the problem
of inaccurate test results brought by a single test method, this paper integrates the above
three test methods to verify whether there is a unit root in the panel data. If the above three
methods are passed, this indicates that there is no unit root in the sample data. The results
are shown in Table 4.

Table 4. Unit root test results.

Variables LLC Test IPS Test ADF Test Unit Root

IS −94.1390 *** 0.9986 11.4808 *** exist
PGDP −4.2216 *** 3.1436 2.7853 *** exist

ER −5.4437 *** −1.2346 5.7784 *** exist
TI 18.2231 8.5521 −0.7622 exist

FDI 6.3242 9.0053 0.9843 exist
D.IS −66.1453 *** −2.3348 *** 9.0622 *** not exist

D.PGDP −33.4571 *** −4.6782 *** 7.7768 *** not exist
D.ER −39.8953 *** −5.12398 *** 7.0954 *** not exist
D.TI −9.6473 *** −4.3346 *** 3.5562 **** not exist

D.FDI 3.3456 *** 3.4516 *** 1.5674 *** not exist
Note: ***, **** means p < 0.05 and p < 0.01, respectively.

As can be seen from Table 4, all variables fail to reject the original hypothesis, indicating
the existence of a unit root for each variable, while the first-order difference terms of each
variable can reject the original hypothesis at the 1% significance level. This indicates that
there is no unit root in the first-order difference series of each variable, which in turn
indicates that the panel data are first-order single integer and can be subjected to the next
step of regression analysis.

4.2.3. Model Selection Test

There are two methods for model regression, i.e., the fixed-effects model and the
random-effects model; Hausman’s test is required to determine the choice of model. The
original hypothesis model was selected as the random effects model, and the Hausman test
results (in Table 5) were obtained through Eview 6.0.

Table 5. Hausman test results.

Test Summary Chi-Sq.Statistic Chi-Sq.d.f Prob.

Cross-section random 77.1389 6 0.0000

From the analysis results, the p value is 0, so the original hypothesis is rejected, i.e., the
original random effects model hypothesis is rejected, and the fixed effects model is adopted

4.2.4. Model Regression Results

According to the regression model and test method, the regressions were conducted
in China as a whole, and the east, central and west to explore the effects of the same
influencing factors on different regions; this is because regions face various differences in
their development environment, their geography and their development level which are
heterogeneous. The results can be seen in Table 6.
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Table 6. Regression results.

Explanatory Variables National East Centra West

IS −0.1499 ** −0.1543 *** −0.0998 *** −0.1987
PGDP 0.2102 0.1125 *** 0.0761 0.1024

ER 0.0495 ** 0.1203 *** 0.0833 * −0.0293 ***
TI −0.0428 *** 0.0908 *** −0.0765 −0.1239

FDI −0.0765 *** 0.0345 *** −0.1235 *** −0.1897 ***
Note: *, **, *** means p < 0.1, p < 0.05 and p < 0.01, respectively.

The regression coefficients of market-based environmental regulation are significantly
positive in the country, in the eastern and central regions and significantly negative in
the west. Due to the significant differences in the marketization process between regions,
some developed provinces in the east and central regions, most of which have entered the
post-industrialization period, have more sound market mechanisms and a higher degree of
marketization; they rely mainly on market incentives to solve environmental problems. The
western region has relatively low environmental costs, and in order to promote regional
economic development, it takes over some of the low-end forestry industries transferred
from home and abroad. Some forestry enterprises take the payment of sewage charges
as an excuse to continue polluting, and the expenditure on pollution control follows the
marginal decreasing cost: the sewage charges paid are far from enough to cover the costs
of environmental treatment and ecological restoration.

As a whole, investment in scientific research will promote FECO, but from the empiri-
cal perspective, the current impact coefficient of research funding input intensity on the
eco-efficiency of the forestry industry in China is negative and the correlation is significant.
This indicates that current investment in scientific research in China fails to meet the needs
of the forestry industry to improve eco-efficiency. To a certain extent this hinders the
development of forestry eco-safety, as well as the subsequent need to further improve the
technological content and technological level of the forestry industry to make the devel-
opment of modern forestry go in the direction of the circular economy and eco-efficiency
improvement. The intensity of scientific research investment in the eastern region shows
a significant promotion effect, which indicates that forestry industry development in the
eastern region tends to be intensive; the eastern economy is developed, and sufficient
investment in scientific research can meet the needs of regional forestry development, thus
showing a promotion effect. Forestry industry development in the central and western
regions is still based on the scale of rough growth, rather than high-tech orientation, which
in the long run is important for forestry industry development and the improvement of
FECO. However, the elasticity coefficient of central and western China is negative but not
significant, indicating that the negative impact is not significant.

Economic development has a positive but insignificant effect on FECO. Forestry
plantations and the forest industry itself are a more complete industrial chain. The higher
the level of economic development, the more likely it is to make use of industrial policies,
extend the industrial chain, acquire advanced resources such as technology and increase
productivity. Forestry cannot be separated from forests, which have long regeneration
cycles and extremely uneven distribution, and are also constrained by specific factors such
as land. The higher the level of economic development, the stronger the demand for the
multifunctional use of forests, i.e., the more wood, carbon sink and tourism use. The
more prominent the multifunctional problems are, the more obvious the problem of wood
resource supply constraints faced by forestry development. Therefore, even though the
degree of economic development is high, it is difficult to obtain an effective allocation of
capital and technology in the case of shortage of timber resources, which in turn restricts
the improvement of total factor productivity. However, there are large differences among
regions: the eastern region shows a positive correlation, indicating that the eastern region
is more mature in the allocation of resources and technology and is qualitatively better than
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the central and western regions; hence, in the east it is significant to enhance eco-efficiency,
while it is not significant in the central and western regions.

The industrial structure inhibits FECO. This means that the FECO of the regions with
a high proportion of secondary forestry industry in China is relatively low at present, i.e.,
the ecological and environmental costs of increased output value in the forestry industry
are large. Specifically, the negative effect of the eastern region is more significant, which
may be due to the fact that the paper industry, as the main component of the forest industry,
is mostly concentrated in the eastern region. The central region is the main concentration of
China’s wood processing industry, probably because it is a lightly polluting industry, so the
impact of the industrial structure is less than in the east; the impact of industrial structure
on FECO in the western region is not significant. However, with further optimization of
the three industrial structures, it is expected that FECO will be gradually improved in the
future as the proportion of tertiary industries in forestry increases.

The impact of external openness on regional FECOs varies greatly among regions. The
elasticity coefficients of foreign direct investment in the eastern, central and western regions
were 0.0345, −0.1235 and −0.1897, respectively, and all regions passed the significance level
test except for the central region, which did not pass the significance test. It can be seen
that the environmental access threshold of the forestry industry in the eastern region is
higher than other regions, and the quality requirements of foreign businessmen are higher,
thus reflecting a positive effect. Foreign enterprises have a “pollution transfer effect” on the
forestry industry in the central and western regions, i.e., the pollution-intensive forestry
industry undertaken by these regions aggravates the regional environmental pollution
problem. However, the negative correlation at the national level indicates that foreign
direct investment is still dominated by the pollution transfer effect, but it does not pass the
significance test, indicating that this negative effect is tending to be insignificant, and that
FECO can be improved by improving the quality of foreign investment introduced.

4.3. Discussion

This paper adopts the super-efficient DEA model to measure the forestry eco-efficiency
of 30 Chinese provinces and cities (except Hong Kong, Macao, Taiwan and Tibet) for
14 years from 2008 to 2021, and then introduces the Tobit model to analyze the influencing
factors of forestry eco-efficiency in order to better understand the sustainable development
level of forestry. Existing studies mainly focus on studying forestry production efficiency.
For example, Xu et al. [49], Wei [50] and Tan et al. [51] all measured the regional forestry
production efficiency in China based on the Malmquist-DEA model without considering the
impact of forestry industry development on the environment, thus this paper incorporates
environmental factors to study forestry eco-efficiency; this is complementary to existing
studies. Different regions showed significant heterogeneity with large regional differences
in this study, which is consistent with the conclusions reached by most scholars. For
example, Zheng and Yin [20] concluded that the eastern region has significantly higher
eco-efficiency values than other regions and has been at a high efficiency level of about
0.9, while the western and central regions have slowly increased eco-efficiency values to
approximately the 0.6 level. Wu and Zhang [52] also found the same trend for forestry
eco-efficiency.

However, there are some scholars who came to different conclusions. Chen et al. [18]
and Hong et al. [19] concluded that the western region is higher than the central region,
and the opposite conclusion exists with this paper. This is probably because the above
scholars used the traditional DEA model in evaluating eco-efficiency and came to the result
that the maximum is one, and the ones greater than the data are all one. This paper uses
the super-efficient DEA model to break through the efficiency boundary of one and can be
greater than one, which more accurately reflects the actual value of the results and provides
a more accurate depiction of the problem. Meanwhile, this paper uses the Tobit model to
verify the influence of some economic variables on forestry eco-efficiency; it analyzes the
influence on forestry eco-efficiency from environmental regulation, marketization, research
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funding, industrial structure and openness to the outside world, respectively, which are
more variables than previous scholars had considered. The data used are also up-to-date,
which can more accurately illustrate the influence relationship between variables. However,
compared with other scholars, the research in this paper is dominated by linear relationship
research, and does not explore the nonlinear relationship between variables; for example,
Jiang et al. [53] verified the study of the threshold effect of environmental regulation on
forestry eco-efficiency, which is the direction of future research for this paper, i.e., exploring
nonlinear relationships between variables.

5. Conclusions and Implications

5.1. Conclusions

In this study, the super-efficient DEA model is used to measure the FECO of 30 provinces
from 2008 to 2021, and then the Tobit model is introduced to explore the influencing factors
of FECO. The conclusions are as follows.

1. The average value of FECO in the three major economic regions of the country over
14 years is 0.5586, which is still at a low level; this may be related to the rough
development model of Chinese forestry. There is still more room for improvement
when compared with developed countries. The FECO of each region has significant
regional heterogeneity, and the provinces with higher FECO are mainly concentrated
in the eastern region, while the FECO in the central and western regions is lower.
However, FECO in the central region is higher than that in the western region.

2. From the viewpoint of the main factors affecting FECO in China, the regression
coefficients of market-based environmental regulations are significantly positive in
the national, eastern and central regions, while they are significantly negative in
the western region mainly because the environmental costs in the western region
are relatively low. There is no environmental regulation system in place in order to
promote regional economic development and undertake the transfer of some low-end
forestry industries at home and abroad; the intensity of environmental regulations is
low, which means that the ecological efficiency of forestry in this type of regions has a
negative impact. The impact coefficient of scientific research funding investment on
forestry industry eco-efficiency is negative and shows a significant promotion effect
in the eastern region; the elasticity coefficient in the central and western regions is
negative but not significant, indicating that the negative impact is not significant.
The level of economic development has a positive but insignificant effect on the
eco-efficiency of China’s forestry industry. However, it varies significantly across
regions, with the eastern region showing a positive correlation, while the central and
western regions are not significant. Industrial structure has a significant negative
effect on forestry industry eco-efficiency in the national, eastern and central regions,
but the effect of industrial structure on FECO in the western region is not significant.
Foreign direct investment has a negative effect on FECO in the national, central and
western regions, but the central region does not pass the significance test because the
environmental access threshold of the forestry industry in the eastern region is higher
than other regions, and the quality requirements of foreign investors are higher, thus
reflecting a positive effect.

5.2. Recommendations

Rational utilization of foreign investment means taking advantage of forest areas. The
use of foreign capital in forestry significantly affects regional ecological efficiency, and
foreign capital is a major thrust for forestry industry development in terms of capital. The
reasonable and effective use of foreign capital is conducive to improving regional forestry
ecological efficiency. To this end, we should continue to develop the advantages of regional
and forest resources and make reasonable use of foreign capital. Specific suggestions are as
follows: (1) Broaden the channels of attracting foreign capital and diversify the sources of
foreign capital; (2) Rationalize the use and distribution of foreign capital and optimize the
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utilization structure of foreign capital; (3) Create and establish local forestry characteristic
brands, study and learn from foreign advanced forestry experience, and strengthen interna-
tional exchange and cooperation in forestry; (4) Develop and implement realistic industrial
environmental protection standards and guide enterprises in technological innovation;
(5) Increase the research, development and application of industrial environmental protec-
tion technologies; (6) Promote advanced and mature production technologies to improve
resource utilization efficiency.

Local governments should focus on the construction and improvement of environmen-
tal protection infrastructure and increase investment in the development of environmental
protection technologies; in addition, they should strengthen environmental supervision and
regulate the awareness and behavior of forestry enterprises in environmental protection
with legal systems to promote FECO. At the same time, the ecological audit system should
be implemented in the internal management process of forestry enterprises to incorporate
ecological and environmental management into the daily production process of enterprises
and to realize the supervision and evaluation of forestry production processes. A reduction
in production costs and environmental pollution, and ultimately the enhancement of the
comprehensive competitiveness of forest products in domestic and international markets,
can be achieved through continuous technological innovation and management innovation
of enterprises to improve the quality and grade of forest products.

There must be rational use of forestry resources and a change of forestry production
methods. Whether between regions or provinces, the quantity of forestry resources invested,
and the level of eco-efficiency are not absolutely the same. The average value of FECO
is east > central > west. The rational use of resources and appropriate transformation of
forestry production methods to enhance FECO are beneficial. Sending also fully illustrates
the importance of rational use of resources and development of forestry according to local
conditions. The economically-developed eastern major forestry provinces such as the
provinces of Laoning and Fujian can vigorously develop the local forestry economy. The
central provinces such as Jiangxi and Anhui, which are rich in forestry resources and have a
low level of economic development, can make full use of their abundant forestry resources
to vigorously develop low-carbon industries such as ecological forestry. The provinces
and cities with scattered and low-scale forestry production methods in each region should
change their active forestry development methods. Only in this way can the FECO be
improved and forestry be placed on the road of sustainable development.

Each region should design differentiated environmental regulation tools for the
forestry industry according to its ecological carrying capacity and the current situation
of the FECO. With the aim of improving the FECO, targeted regulatory objectives and
policy measures should be formulated according to the actual situation of the region. For
most of the central and western regions with low FECO and backward development levels,
more attention should be paid to the strength and manner of environmental regulation in
future development, especially to prevent the ecological destruction and environmental
damage caused by the westward migration of polluting industries from the developed
eastern regions. The developed eastern regions with strong economic, financial and techno-
logical strength can consider further increasing the intensity of environmental regulations
to stimulate enterprises to strengthen the research, development and application of new
technologies in the field of ecology and environment. When formulating environmental
regulation policies and measures, all regions should consider including the requirement to
improve the eco-efficiency of forestry in their environmental policies.

There are several guidelines for reducing the “pollution paradise” effect. The “pollu-
tion paradise” effect has caused affected forestry enterprises in provinces and municipalities
that have reformed their sewage charges to move their production lines to provinces and
municipalities that have not reformed their sewage charges and to “export” their pollution
to other provinces. This makes the effectiveness of the policy implementation greatly
reduced and further places the pollution pressure on the forestry industry in the provinces
that have not been reformed. Therefore, in order to reduce the “pollution paradise” effect,
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the relevant departments should introduce relevant policies to guide the expectations of
local governments, so that the provinces that have not reformed the sewage levy standards
will not give unconditional acceptance to high-pollution high-emission industries in eco-
nomic development considerations. This will also enable the levy standard to be improved
comprehensively, and the decline of eco-efficiency will be mitigated to a certain extent as
the transfer of high-pollution and high-emission industries receives restrictions. On the
other hand, the relevant departments should also guide the expectations of enterprises in
the provinces where the reform is carried out so that they will not take any chances and
transfer high-pollution and high-emission enterprises out of the country recklessly; this
would make the implementation of the reform of the emission levy standard achieve the
reduction in relevant pollutant emissions in the provinces where it is carried out.

5.3. Limitations and Prospects

1. There is no uniform definition in existing research for forestry eco-efficiency; hence,
this paper provides a definition based on previous scholarly research and the actual
situation of China’s forestry development. This may be subjective and needs to be
improved in the future;

2. The study of forestry eco-efficiency is relatively new and the literature of related
studies is relatively small; thus, in terms of the selection of influencing variables, they
can only be selected exploratively in combination with previous scholars’ studies.
Verifying the influence of more variables on forestry eco-efficiency in future studies is
worthwhile;

3. Economic variables have spatial correlation, for example, forestry eco-efficiency im-
provement in this region may have an impact on forestry eco-efficiency in neighboring
regions, but this paper does not consider spatial effects which may lead to bias in the
research results; thus; the spatial effects of variables can be further explored in future
studies.

Author Contributions: Conceptualization, J.T.; methodology, J.T.; software, J.T.; validation, X.S.,
formal analysis, X.S.; investigation, X.S.; resources, X.S.; data curation, J.T.; writing—original draft
preparation, R.W.; writing—review and editing, R.W.; visualization, R.W.; supervision, R.W.; project
administration, R.W.; funding acquisition, R.W., All authors have read and agreed to the published
version of the manuscript.

Funding: The paper is supported by Social Science Foundation of Jiangsu Province [21GLD010].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Daly, H.E. Economics in a full world. Sci. Am. 2005, 293, 100–107. [CrossRef]
2. Zeb, R.; Salar, L.; Awan, U.; Zaman, K.; Shahbaz, M. Causal links between renewable energy, environmental degradation and

economic growth in selected SAARC countries: Progress towards green economy. Renew. Energy 2014, 71, 123–132. [CrossRef]
3. Lundmark, R.; Lundgren, T.; Olofsson, E.; Zhou, W. Meeting challenges in forestry: Improving performance and competitiveness.

Forests 2021, 12, 208. [CrossRef]
4. Banaś, J.; Utnik-Banaś, K.; Zięba, S.; Janeczko, K. Assessing the technical efficiency of timber production during the transition

from a production-oriented management model to a multifunctional one: A case from Poland 1990–2019. Forests 2021, 12, 1287.
[CrossRef]

5. Näyhä, A. Transition in the Finnish forest-based sector: Company perspectives on the bioeconomy, circular economy and
sustainability. J. Clean. Prod. 2018, 209, 1294–1306. [CrossRef]

6. Baumgartner, R.J. Sustainable Development Goals and the Forest Sector—A Complex Relationship. Forests 2019, 10, 152.
[CrossRef]

46



Forests 2023, 14, 300

7. Nitoslawski, S.A.; Galle, N.J.; Van Den Bosch, C.K.; Steenberg, J.W. Smarter ecosystems for smarter cities? A review of trends,
technologies, and turning points for smart urban forestry. Sustain. Cities Soc. 2019, 51, 101770. [CrossRef]

8. Verkerk, P.J.; Costanza, R.; Hetemäki, L.; Kubiszewski, I.; Leskinen, P.; Nabuurs, G.J.; Palahí, M. Climate-smart forestry: The
missing link. For. Policy Econ. 2020, 115, 102164. [CrossRef]

9. Rehman, A.; Ma, H.; Ahmad, M.; Irfan, M.; Traore, O.; Chandio, A.A. Towards environmental Sustainability: Devolving the
influence of carbon dioxide emission to population growth, climate change, Forestry, livestock and crops production in Pakistan.
Ecol. Indic. 2021, 125, 107460. [CrossRef]

10. Neykov, N.; Krišt’áková, S.; Hajdúchová, I.; Sedliaˇciková, M.; Antov, P.; Giertliová, B. Economic Efficiency of Forest Enterprises—
Empirical Study Based on Data Envelopment Analysis. Forests 2021, 12, 462. [CrossRef]

11. Schaltegger, S.; Sturm, A. Ecological rationality: Approaches to design of ecology-oriented management instruments. Die
Unternehm 1990, 4, 273–290.

12. Koskela, M.; Vehmas, J. Defining Eco-efficiency: A Case Study on the Finnish Forest Industry. Bus. Strat. Environ. 2012, 21,
546–566. [CrossRef]

13. Koskela, M. Measuring eco-efficiency in the Finnish forest industry using public data. J. Clean. Prod. 2015, 98, 316–327. [CrossRef]
14. Costa, M.P.; Schoeneboom, J.C.; Oliveira, S.A.; Vinas, R.S.; de Medeiros, G.A. A socio-eco-efficiency analysis of integrated and

non-integrated crop-livestock-forestry systems in the Brazilian Cerrado based on LCA. J. Clean. Prod. 2018, 171, 1460–1471.
[CrossRef]

15. Puertas, R.; Guaita-Martinez, J.M.; Carracedo, P.; Ribeiro-Soriano, D. Analysis of European environmental policies: Improving
decision making through eco-efficiency. Technol. Soc. 2022, 70, 102053. [CrossRef]

16. Grassauer, F.; Herndl, M.; Nemecek, T.; Fritz, C.; Guggenberger, T.; Steinwidder, A.; Zollitsch, W. Assessing and improving
eco-efficiency of multifunctional dairy farming: The need to address farms’ diversity. J. Clean. Prod. 2022, 338, 130627. [CrossRef]

17. Wu, Y.Z.; Zhang, Z.G. The DEA-Tobit Model Analysis of Forestry Ecological Safety Efficiency and Its Influencing Factors—Based
on the Symbiosis between Ecology and Industry. Resour. Environ. Yangtze River Basin 2021, 30, 76–86.

18. Chen, K.; Li, X.T.; Pu, H.L. Measurement of FECO and eco-productivity in China. For. Econ. Issues 2016, 36, 115–120.
19. Hong, M.Y.; Long, J.; Lou, L. FECO: Spatial and temporal characteristics and influencing factors—An empirical analysis based on

data from 31 provinces in China. Ecol. Econ. 2022, 38, 91–97.
20. Zheng, Y.M.; Yin, S.H. An empirical study on eco-efficiency of forestry industry–analysis of panel data based on 15 provinces.

Collection 2016, 11, 36–40.
21. Liu, C.; Yu, F.J.; Ren, H.C. Measurement and analysis of eco-efficiency of plains forestry: Huai’an City, Jiangsu Province as an

example. China Rural. Econ. 2004, 6, 47–53.
22. Weerawat, O.; Thunwadee, T.S.; Kitikorn, C. Selection of the sustainable area for rubber plantation of Thailand by eco-efficiency.

Procedia Soc. Behav. Sci. 2012, 40, 58–64.
23. Li, C.H.; Li, N.; Luo, H.Y. Analysis of forestry production efficiency and optimization path based on DEA method in China. China

Agron. 2011, 27, 55–59.
24. Tian, S.Y.; Xu, W.L. Evaluation of China’s forestry input-output efficiency based on DEA modeling. Resour. Sci. 2012, 34,

1944–1950.
25. Zhang, Z.H.; Luo, H. Path analysis of input-output efficiency optimization of forestry in Guangdong based on DEA method.

Guangdong Sci. Technol. 2008, 20, 10–12.
26. Zang, L.Z.; Zhi, L.; Qi, X.M. Factors influencing the technical efficiency of forestry production of farmers in the Tianbao Project

area: The case of Wulong, Chongqing. J. Beijing For. Univ. Soc. Sci. Ed. 2009, 12, 59–64.
27. Zhang, H.L.; Kang, X. Research on the spatial and temporal variation of forestry productivity in China and the influencing factors.

J. Northwest For. Coll. 2017, 32, 301–305.
28. Luo, S.F.; Li, Z.L.; Li, R.R. Study on the spatial and temporal differences of forestry productivity and its influencing factors in

China. Arid. Zone Resour. Environ. 2017, 31, 95–100.
29. Tian, S.Y.; Li, Y.; Dong, W. The evolution of forestry ecological economy, development path and practice model in China. For.

Econ. 2017, 39, 71–76.
30. Zheng, Y.; Gao, C.; Lei, G. Empirical analyses of forestry industry agglomeration and eco-efficiency: Based on panel data test on

15 Provinces in China. Econ. Geogr. 2017, 37, 136–142.
31. Chen, X.H.; Geng, Y.D. Analysis of scale efficiency and influencing factors of forestry industry in Northeast state-owned forest

area. Economist 2014, 8, 22–26.
32. Jiang, H.; Su, Z.Y.; Xian, F. Theoretical analysis of forestry industrialization. World For. Res. 1998, 11, 64–69.
33. Hou, Y.Z. The economic basis of forestry division of labor theory. World For. Res. 1998, 11, 1–8.
34. Li, H.; Tang, S.Z. A review of forest industry structure research. World For. Res. 2000, 13, 41–46.
35. Zhang, Y.; Xiong, X. An empirical analysis of eco-efficiency evaluation and influencing factors of Chinese forestry in the context

of green development–based on DEA analysis. J. Cent. South Univ. For. Sci. Technol. 2020, 40, 149–158.
36. Charnes, A.; Cooper, W.; Lewin, A.Y.; Seiford, L.M. Data envelopment analysis theory, methodology and applications. J. Oper. Res.

Soc. 1997, 48, 332–333. [CrossRef]

47



Forests 2023, 14, 300

37. Rosano-Peña, C.; Pensado-Leglise, M.D.R.; Marques Serrano, A.L. Agricultural eco-efficiency and climate determinants: Applica-
tion of dea with bootstrap methods in the tropical montane cloud forests of Puebla, Mexico. Sustain. Environ. 2022, 8, 2138852.
[CrossRef]

38. Rosano-Peña, C.; Teixeira, J.R.; Kimura, H. Eco-efficiency in Brazilian Amazonian agriculture: Opportunity costs of degradation
and protection of the environment. Environ. Sci. Pollut. Res. 2021, 28, 62378–62389. [CrossRef]

39. Charnes, A.; Cooper, W.W.; Rhodes, E. Measuring the efficiency of decision making units. Eur. J. Oper. Res. 1978, 2, 429–444.
[CrossRef]

40. Banker, R.D.; Thrall, R.M. Estimation of returns to scale using data envelopment analysis. J. Oper. Res. 1992, 62, 74–84. [CrossRef]
41. Andersen, P.; Petersen, N.C. A Procedure for Ranking Efficient Units in Data Envelopment Analysis. Manag. Sci. 1993, 39,

1261–1264. [CrossRef]
42. Pedraja-Chaparro, F.; Salinas-Jimenez, J. An assessment of the efficiency of Spanish Courts using DEA. Appl. Econ. 1996, 28,

1391–1403. [CrossRef]
43. Tobin, J. Estimation of relationships for limited dependent variables. Econom. J. Econom. Soc. 1958, 26, 24–36. [CrossRef]
44. Su, L.; Ji, X. Spatial-temporal differences and evolution of eco-efficiency in China’s forest park. Urban For. Urban Green. 2020,

57, 126894. [CrossRef]
45. Li, S.; Ren, T.; Jia, B.; Zhong, Y. The Spatial Pattern and Spillover Effect of the Eco-Efficiency of Regional Tourism from the

Perspective of Green Development: An Empirical Study in China. Forests 2022, 13, 1324. [CrossRef]
46. Zhou, Y.; Kong, Y.; Wang, H.; Luo, F. The impact of population urbanization lag on eco-efficiency: A panel quantile approach. J.

Clean. Prod. 2019, 244, 118664. [CrossRef]
47. Ning, Y.; Liu, Z.; Ning, Z.; Zhang, H. Measuring Eco-Efficiency of State-Owned Forestry Enterprises in Northeast China. Forests

2018, 9, 455. [CrossRef]
48. Pan, D. Effects of command-and-control and market-incentive environmental regulations on afforestation area: Quasi-natural

experimental evidence from the county level in China. Resour. Sci. 2021, 43, 2026–2041.
49. Xu, W.; Feng, Y.; Bao, Q.F. Forestry productivity measurement and analysis of regional differences in China-inter-provincial panel

data based on Malmquist-DEA model. For. Econ. 2015, 37, 85–88.
50. Wei, Y.N. Analysis of forestry production efficiency measurement in China based on DEA model. Market Week 2016, 7, 43–44.
51. Tan, Q.; Dou, Y.Q.; Li, Y. Study on the spatial and temporal evolution of forestry productivity in China. Anhui Agron. Bull. 2021,

27, 59–61+69.
52. Wu, Y.Z.; Zhang, Z.G. SBM—Malmquist measure and spatio-temporal characteristics analysis of ecological safety efficiency of

forestry industry. Sci. Technol. Manag. Res. 2019, 24, 259–267.
53. Jiang, W.; Liu, J.C.; Hu, H. Study on the spatial and temporal evolution of forestry eco-efficiency and the threshold effect of

environmental regulation in China. J. Cent. South Univ. For. Technol. 2020, 40, 166–174.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

48



Citation: Liu, X.; Arif, M.; Wan, Z.;

Zhu, Z. Dynamic Evaluation of

Coupling and Coordinating

Development of Environments and

Economic Development in Key

State-Owned Forests in Heilongjiang

Province, China. Forests 2022, 13,

2069. https://doi.org/10.3390/

f13122069

Academic Editors: Noriko Sato and

Tetsuhiko Yoshimura

Received: 6 November 2022

Accepted: 2 December 2022

Published: 4 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Dynamic Evaluation of Coupling and Coordinating
Development of Environments and Economic Development in
Key State-Owned Forests in Heilongjiang Province, China

Xiangyue Liu 1, Muhammad Arif 2,*, Zhifang Wan 1,* and Zhenfeng Zhu 1

1 College of Economics and Management, Northeast Forestry University, Harbin 150040, China
2 Biological Science Research Center, Academy for Advanced Interdisciplinary Studies, Southwest University,

Chongqing 400715, China
* Correspondence: muhammadarif@swu.edu.cn (M.A.); zhifang_wan@126.com (Z.W.)

Abstract: This study examines state-owned forest areas in Heilongjiang Province, China, and uses
statistical data from 2011 to 2019 to evaluate the dynamic coupling and coordination relationship
between the forest environment and economic development. The study aims to provide guidelines
for the sustainable development of forest areas. The study concludes that: (1) There is a significant
interaction between the environment and economic development, which manifests in coercion
and restriction effects during the ecological construction and economic development processes.
(2) The forest area environment in 2011–2019, within the coupling and coordination relationship with
economic development, was generally of a high quality. (3) Forest environment construction achieved
remarkable results in 2011–2019 and benefitted from China’s new position on ecological restoration
in key state-owned forest areas. (4) The economic development of forest areas after 2015 showed
a lag, which restricted the level and progress in the coordinated development of the environment
and the economies of the forest areas. (5) During the 14th Five-Year Plan period (2021–2025), the
key state-owned forest areas still fully incorporated the strategic positioning of ecological protection
and economic development coordination. This study provides countermeasures and suggestions to
further improve the ecological and economic development of key state-owned forest areas.

Keywords: key state-owned forest area; system coupling; ecological construction; economic
transformation; grey relational analysis (GRA)

1. Introduction

The international community still faces a structural shortage of resources when dealing
with climate change and environment protection, despite the positive progress that has
been made [1,2]. Some countries and regions, faced with the challenges of alleviating
poverty, economic development, and ecological restoration, and resource protection, have
to make difficult choices to achieve an effective balance between ecology and sustainable
economic development [3,4]. It is a major topic that countries and regions, including China,
continue to explore and study [5]. The 19th National Congress of the Communist Party
of China called for modernization in which man and nature coexist in harmony along
with greater efforts to protect ecosystems. Major projects need to be carried out to protect
and restore important ecosystems, improve ecological security barriers, build ecological
corridors and biodiversity protection networks, and improve the quality and stability of
ecosystems. A good balance between the environment and economic development is an
important part of promoting economic and social progress, as well as an important path for
building a moderately prosperous society and realizing the goals of “five-in-one” socialism
with Chinese characteristics. While China’s economic development continues to improve
and public welfare programs continue to make progress, the country still faces a series of
ecological challenges [6].
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Key forestry areas have supported the accumulation of original national capital and
resources for social and economic development for a long time. These key state-owned
forest areas have experienced a shift from timber production to ecological construction after
entering the 21st century. Exploring the coupling and coordination relationship between
the environment and economic development in key state-owned forest areas in the current
period provides important content for the evaluation of the reform and transformation
of state-owned forest areas. Through the clear judgment and positioning of the coupling
and coordination relationship, this study summarizes the experiences gained from the
long-term development and provide guidelines for the forest areas to achieve win–win
cooperation in improving the environment and developing the forestry economy.

1.1. Research Literature

The dynamic relationship between ecological protection and economic development
has attracted increasing attention from experts and scholars in China and globally [7–9].
Foreign scholars have studied the relationship between ecology and economy since 1936
and have revealed the internal law of coordination between environment and economy
through different models [10–13]. Using mathematical and simulation models, the literature
shows that the relationship between ecology and economy is a coupling relationship that
coordinates, influences, and promotes each other [14,15].

Since 1980, domestic researchers have actively discussed the theory and practice of
eco-cities from an ecological perspective and identified three systematic theories: social,
economic, and natural [16]. Ren Jizhou [17] first applied the concept of system coupling to
the field of ecological economy, followed by Liu et al. [18], Zhu and He [19], and Gui-lin
Lei [20]. Chinese scholars have subsequently also applied system coupling to the field of
agro-ecology. Studies have also used input–output models to investigate the environment
and the level of economic development. Researchers examined the interaction between
the coupling coordination model and the environment and coordinated economic devel-
opment based on a time and space evolution analysis. Scholars used the grey relational
analysis (GRA) model and system dynamics model to forecast the environment and ana-
lyze coordinated economic development in three aspects [21–23]. The relevant literature
provides sufficient references and inspiration for exploring the coupling and coordinated
development relationship between the environment and economic development in key
state-owned forest areas in terms of providing technical tools and research paradigms. Wen-
jun Wang [24] explored ways to promote the sustainable development of rural economies
during ecological construction. For forestry economic development and environmental
protection, scholars such as Li Jieying [25], Sheng Wang [26], and Su Lizhuo [27], have sug-
gested that forestry economic development plays an important role in forestry ecological
protection and sustainable development in China.

This study analyzes the current status of forestry environment protection and eco-
nomic development, and discusses China’s forestry environment protection within its
forestry economic development strategy to promote the sustainable development of China’s
forestry economy.

The Kuznets curve was created in the 1950s by economist Kuznets to demonstrate
that income disparity increases with economic development. Panayotou [28] constructed
a model with cross-sectional data to verify that forest resource consumption shows an
inverted U-shape with per capita income growth. Cao et al. [29] argued that reducing the
arc of the environmental Kuznets curve is of great significance for state forest conservation.
Song et al. [30] claimed that the development process of state-owned forest areas goes
through four stages of forest deficit sequentially: expansion, maintenance, reduction, and
surplus, i.e., the process of gradual decoupling of forest resources from timber production.
Li et al. [31] reasoned that measure such as industrial restructuring and investment can be
taken to reduce the arc of the Kuznets curve and achieve the recovery of forest resources.

Many studies have explored ways for state-owned forest areas to stop the commercial
harvesting of natural forests in terms of economic development [32,33]. Using the Yichun
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forest district in the Lesser Khingan Mountains as an example, studies have highlighted
the necessity of strengthening policy support for state-owned forest areas after logging
activities come to an end [34,35]. The complete cessation of commercial logging in natural
forests presents various challenges that seriously affect the sustainable development of
forest areas. Counter measures and suggestions have been put forward, such as increasing
policy support at a national level and adjusting tax policies [36]. Once commercial logging
in natural forests has stopped in key state-owned forest areas, the state should adjust the
logging tax policy and use fiscal and tax levers to adjust and support industrial development
with ecological construction as the main focus. Commercial logging of natural forests
has stopped in key state-owned forest areas in Heilongjiang Province (KSOFAsHP) and
maintaining ecological security and providing ecological products has become the primary
strategic task [37].

Scholars have explored the topic by combining state-owned forest areas and the
ecological economic system [38]. Under the guidance of sustainable development theory
and system science theory, this paper analyzed the social and economic structure of state-
owned forest areas in Heilongjiang Province and the causal feedback relationship among
various factors, and then established a system dynamics model of social and economic
development of state-owned forest areas in Heilongjiang Province. Geng and Zhang [39]
analyzed the composition of forestry industries and ecosystems in the state-owned forest
areas in northeast China. Some studies examined the coordination of forest eco-economic
development based on system theory [25–27]. An evaluation model for the coordinated
development of forest eco-economic systems has been developed based on the evaluation
index system. The coordinated development of forest eco-economic systems in Heilongjiang
Province has been empirically studied based on the evaluation index system [39].

On the coupling of state-owned forests and the eco-economic system, Zheng et al. [40]
and Dong et al. [41] combined the slope correlation degree and grey theory (where white
refers to complete certainty of information, black refers to complete uncertainty of infor-
mation, and gray refers to uncertainty of information, i.e., grey theory). The principle
is to seek the degree of similarity or dissimilarity of the trends between factors by using
sample characteristics data and making full use of the small amount of data to propose a
coupling degree model for the forestry industry and forest ecosystem. Zhang et al. [42]
used a coupling coordination degree model to evaluate the coupling coordination level
between economic development and environment in Yuhuan City. Tang et al. [43] quanti-
tatively analyzed economic development and the environment in Shaanxi Province from
2008 to 2018 to explore the coupling and coordination relationship between the two and
the main influencing factors of coupling and coordinated development to provide a ref-
erence for the coordinated and sustainable development of the economic environment in
Shaanxi Province. Xie et al. [44] constructed a development level index for the economic
development and environment subsystems of Qinghai Province using the entropy weight
method. The coupling coordination degree model was used to quantitatively analyze the
coupling coordination degree between economic development subsystem and environ-
ment subsystem and its dynamic changes, and evaluate the ecological restoration level of
Qinghai Province.

1.2. Purpose of the Research

This study’s research objectives have two aspects. First, we scientifically evaluate the
coupling and coordination relationship between environment construction and economic
development in key state-owned forest areas, and summarize the development rules of the
forest eco-economic system in the dynamic coupling and coordination relationship. Second,
based on a dynamic analysis of the coupling and coordination relationship, we identify the
policy factors affecting the coordinated and healthy development of different forest systems
to lay the foundation for inspiring forest areas to explore innovative development paths.
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2. Research Area and Research Logic

2.1. Study Area

The study area refers to the state-owned forest areas in Heilongjiang Province in
northeast China (Figure 1).

Figure 1. Regional map of state-owned forest areas in Heilongjiang Province, China.

Heilongjiang has a key state-owned forest region in northeast China. In 1998, it
began to reposition itself from primarily timber production to a greater emphasis on
ecological development. This new phase represented a functional change to environmental
construction and economic and social development. In 2014, Heilongjiang Province, the
largest key state-owned forest area in China, took the lead in a nationwide pilot project
for the implementation of a new policy to completely stop the commercial logging of
natural forest resources, following the International Union for Conservation of Nature
policies [45]. This policy, which is China’s strictest management and control policy of
natural forest resources in history, posed an unprecedented challenge for the coordination
between ecological protection and economic and social development in key state-owned
forest areas.

It also provided an opportunity for theoretical research into the deep coupling and
coordinated development of environments and economy in forest areas. After years of
practice and exploration, the KSOFAsHP have made some progress in the process of
coupling and coordination between environment and economic development. On the
one hand, relying on the natural forest protection policy, the construction of national
ecological function zones and sustained long-term investment in environment construction
has achieved positive results. On the other hand, despite the closure of logging activities and
the loss of subsistence industries, enforced forest economic transformation and the vigorous
development of non-wood replacement industries has led a gradual recovery in economic
growth. In this context, the forest environment and the interactive relationship between
economic development and coupling coordination level on empirical research, focus on the
collaboration between environment and economic development, the relationship between
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bound and limit characteristics for identification and dynamic evaluation, so as to other
resources dependent region cooperation between environment and economic sustainable
development to provide inspiration.

2.2. Research Logic

Using typical representatives of KSOFAsHP as the research object, this study conducts
a quantitative identification and dynamic evaluation of the interaction and coordination
relationship between forest areas’ environment and economic development since 2011.

This study is based on the GRA, which identifies and examines the interactive and
cooperative relationship between the forest environment and economic development. As
viewed from a system perspective, the characteristics of the relationship between the
environment and economic development are explored. Next, the degree of coupling
coordination model was used to measure the level of coordinated development between
the environment and economic development in forest areas, and the degree of coordination
between them was obtained, and a dynamic analysis of its change trend was carried out.
Last, combined with changes in the degree of coordination, the environment evaluation
index and the economic development evaluation index in the coupled coordination degree
model were used to deconstruct and analyze the factors or obstacles that drive the coupling
coordination relationship between the environment and economic development in forest
areas. The results are used to provide inspiration and ideas for the continuous optimization
of the relationship.

3. Materials and Methods

3.1. Grey Relational Analysis Model

The basic idea of GRA is to judge whether the relationship between sequence curves
is close according to the degree of similarity of their geometric shapes. The closer the curve,
the greater the degree of correlation between corresponding sequences and in the case
of the opposite, the smaller the degree of correlation [46]. This paper aims to examine
the basic relationship of interaction and cooperation between environment and economic
development in key state-owned forest areas using the GRA model. The specific steps of
the analysis steps are:

1. Index forward;
2. Determine the analysis sequence, including the parent sequence (similar to the depen-

dent variable Y, denoted as X here0) and sub-series (similar to independent variable
X, denoted as (X) here1, X2, . . . , Xm));

3. Variable preprocessing (removing dimensional influence and reducing variable range
to simplify calculation);

4. Define and calculate the GRA correlation coefficient;
5. Obtain the GRA correlation degree matrix.

Among them, the first three steps have been widely used in academic circles, and
will not be repeated. The GRA correlation coefficients between different indicators are
as follows:

y(x0(k), xi(k)) =
a + ρb

|x0(k) + xi(k)|+ ρb
(i = 1, 2, . . . , m; k = 1, 2, . . . , n) (1)

a = minimink|x0(k)− xi(k)| (2)

b = maximaxk|x0(k)− xi(k)| (3)

In the above equations, a is the minimum difference between two poles, b is the
maximum difference between two poles; p is the resolution coefficient, 0 < p < 1. If p is
smaller, the difference between the correlation coefficients is larger, and the discrimination
ability is stronger. Usually, p is 0.5. The GRA correlation degree matrix is finally obtained
in Equation (1).
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3.2. Coupling Coordination Degree Model

The basic idea of the coupling coordination degree model is to determine the relation-
ship between the environment and economic development based on the coupling degree
and coordination degree, and obtain the interaction relationship and coupling coordination
development level between them [47]. The coupling degree reflects the degree of interaction
between the environment and economic development, regardless of the advantages and
disadvantages. The degree of coordination refers to the degree of benign coupling in the
interaction, which reflects the quality of the coordination, and can determine whether the
system functions of key state-owned forest areas promote each other at a high level or
restrict each other at a low level.

The model of coupling coordination degree between environment and economic
development can be presented as follows:

D =
√

C·T (4)

C =

⎧⎪⎨⎪⎩ f (x)× g(y)[
f (x)+g(y)

2

]2

⎫⎪⎬⎪⎭
1/2

(5)

T = α f (x) + βg(y) = α ∑m
i=1 aix′i + β ∑n

i=1 biy′i (6)

In the above equation, D is the coupling coordination degree between the environment
and economic development in key state-owned forest areas, C is the coupling degree, and
T is the comprehensive evaluation index of the coupling coordination development level
between them. Where, f (x) and g(y) are the environment evaluation index and economic
development evaluation index of key state-owned forest areas, respectively. In addition, in
view of the objective reality of the functional orientation of key state-owned forest areas at
the present stage, the coefficients α and β in Equation (6) are set as 0.6 and 0.4, respectively.

To effectively distinguish the coupling coordination level between the environment
and economic development, the concept of coordination level is introduced. According to
the quantitative relationship between f (x) and g(y), if f (x) > g(y), it is an economic lag type
T1. If f (x) = g(y), it is T of the synchronous type of environment and lag type 2. If f (x) < g(y),
it is the environment lag type T3. The specific classification standards and types of coupling
coordination degree are summarized in Table 1.

Table 1. Classification standards and types of coupling coordination degrees.

Coordination Layer Coordination Index Coordination Level Coordination Type

Coordination recession class I

0.00–0.09 Extremely dysregulated recession class I1 I1T1, I1T2, I1T3
0.10–0.19 Severe dysregulation recession class I2 I2T1, I2T2, I2T3
0.20–0.29 Moderate dysregulation recession class I3 I3T1, I3T2, I3T3
0.30–0.39 Mild dysregulation recession class I4 I4T1, I4T2, I4T3

Excessive class II
0.40–0.49 On the verge of dysregulation decline class II1 II1T1, II1T2, II1T3
0.50–0.59 Barely coordinated development class II2 II2T1, II2T2, II2T3

Coordination of class III

0.60–0.69 Junior coordination class III1 III1T1, III1T2, III1T3
0.70–0.79 Intermediate coordination class III2 III2T1, III2T2, III2T3
0.80–0.89 Good coordination class III3 III3T1, III3T2, III3T3
0.90–1.00 Good coordination class III4 III4T1, III4T2, III4T3

3.3. Evaluation Index System of the Relationship between Environment and
Economic Development

This study examines the state-owned forests in Heilongjiang Province and its specific
ecological protection practices and economic development results. In order to develop
a comprehensive evaluation index system, this study follows scientific, systematic, typi-
cality, operability, and comprehensive basic principles. For instance, it examines how the
environment is related to economic development in Heilongjiang Province and develops
a comprehensive evaluation index system based on this information [48]. The results are
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summarized in Table 2. Among them, the first-level indicators of the different systems are
environment and economic development. The first-level indicators are further observed by
the second- and third-level indicators. The environment construction of key state-owned
forest areas is reflected by ecological construction and environmental protection, while
economic development is reflected by economic scale and economic structure. Table 2
provides the basic index system for the subsequent empirical study of the GRA correlation
degree and coupling coordination degree model. The weight of each index in the table is
obtained according to the entropy weight method (in view of the extensive application of
the entropy weight method, the process will not be described in detail).

Table 2. Comprehensive evaluation index system of the relationship between environment and
economic development.

Quasi-Lateral
Layer Index

Secondary
Indicators

Level 3
Indicators

Index Description Index of the Unit

Eco-environment X
Ecological construction X1

Forest construction X 11

Forestation area of barren hills and
sandy land in the forest area Barren

mountains and sandy land
afforestation area

ha

Closing hillsides to
facilitate afforestation X12

In mountainous areas with suitable
natural resources, the area of forest

vegetation restored after the
implementation of measures such as

regular closure of mountains for
reforestation and prohibition of land

reclamation and grazing.

ha

Forest administration and
protection X13

The area for which workers are paid
to enter into a responsible system of

forest protection
ha

Silvicultural input X14
Cumulative forestation and

afforestation investment 10,000 yuan

Forest management and
protection input X 15

Actual investment in forest
management and conservation 10,000 yuan

Forest tending
investment X16

Actual investment in
forest nurturing 10,000 yuan

Environmental protection X2
Environmental protection

input X21

Investment in environmental
protection as a share of GDP %

Economic
development Y

Economic scale Y1

Economic aggregate Y 11 Total output value of forest industry 10,000 yuan

Economic growth Y 12
Growth rate of total output value of

forest industry %

Fixed asset
investment Y 13

Fixed asset investment in forestry as
a share of GDP %

Labor compensation Y 14 Average wage of employees yuan

Economic structure Y2

The share of secondary
industry in GDP Y 21

The share of forest industry in GDP
in the study area %

The Share of tertiary
industry in GDP Y 22

The share of forest services in GDP
in the study area %

Non-forest specific
gravity Y 23

The share of non-forest and
non-wood industries in GDP in the

study area
%

3.4. Data Sources

The study’s main data sources included:

1. China Forestry Statistical Yearbook (2012–2018), State Forestry Administration, China
Forestry Press, 2012–2018.

2. State Forestry and Grassland Administration, China Forestry and Grassland Statistical
Yearbook (2019–2020), China Forestry Press, 2019–2020.

3. National Bureau of Statistics, Heilongjiang Statistical Yearbook (2012–2020), China
Statistics Press, 2012–2020.

4. Statistics published on the website of the State Forestry and Grassland Administration
(www.forestry.gov.cn/) and others accessed on 15 July 2022.

5. Data from the Ninth National Forest Resources Inventory of China (China Forestry
Network http//:www.forestry.gov.cn/) accessed on 21 July 2022.
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Data translated with www.DeepL.com/Translator (free version) accessed on 1 August
2022 are from the China Forestry Statistical Yearbook issued by China Forestry Publishing
House from 2012 to 2020 (China Forestry and Grassland Statistical Yearbook after 2018);
the Heilongjiang Statistical Yearbook issued by China Statistics Press from 2012 to 2020;
statistics published on the website of the National Forestry and Grassland Administration;
and data from China’s ninth National Forest Resources Inventory.

4. Results and Discussion

4.1. Analysis of the Stress and Limitation between the Environment and Economic Development

The correlation degree matrix of the interaction between environment and economic
development indicators at various levels in the key state-owned forest areas of Heilongjiang
Province from 2011 to 2019 was calculated using the GRA model (Table 3). Table 3 shows
that the degree of correlation between the environment and the indicators of all levels
of economic development was higher than 0.5, which is a medium correlation. First, the
results confirm the basic hypothesis of an effective correlation between the environment
and economic development in key state-owned forest areas. Further, by ranking the average
value of the correlation degree among indicators, we obtained the interaction stress and
limiting factors of the corresponding indicators.

Table 3. Grey relational analysis correlation degree matrix between the environment and eco-
nomic development.

Indicators at Each
Level

Ecological Construction (0.6158)
Environmental

Protection
(0.6551) Average

X11 X12 X13 X14 X15 X16 X21

Size of
economy
(0.6353)

Y11 0.8736 0.4984 0.7264 0.6361 0.6308 0.6929 0.6807 0.6770
Y12 0.6201 0.5977 0.5794 0.5536 0.5600 0.5711 0.5877 0.5814
Y13 0.5590 0.6445 0.6962 0.5641 0.6398 0.5757 0.5589 0.6055
Y14 0.8960 0.4755 0.6848 0.6288 0.6091 0.7068 0.7383 0.6771

Economic
structure
(0.6029)

Y21 0.5657 0.5642 0.5390 0.5740 0.5187 0.5071 0.6110 0.5543
Y22 0.8411 0.4618 0.6553 0.6279 0.6292 0.7160 0.7257 0.6653
Y23 0.5970 0.5279 0.5280 0.5726 0.5427 0.6731 0.6831 0.5892

Average - 0.7075 0.5386 0.6299 0.5939 0.5901 0.6347 0.6551 -

4.1.1. Analysis of the Stress and Limitation of the Environment on Economic Development

According to the second-level indicators under the criterion level, the average cor-
relation degree between the two indicators—ecological construction and environmental
protection, which constitute the environment system, and the economic development
system of the KSOFAsHP—was higher than 0.6. The results show that environmental
protection has a more prominent restriction effect on economic development.

Specifically, the second phase of the Natural Forest Protection Project (2010–2020) was
officially implemented in key state-owned forests in 2011. The first phase of the project
(2000–2010) aimed to reduce timber harvesting by 50%. The volume of timber harvested in
the forest area decreased from 4.025 million cubic meters in 2010 to 774,000 cubic meters in
2013. Logging of natural forest resources stopped after 2014.

The strictly enforced policy of prohibiting the logging of natural forest resources has
had a direct impact on traditional forest industries in the forest areas. Forest industries
of different sizes have either shrunk or closed down, and economic development in the
forest areas has suffered from the stress effect of environment construction. In addition,
based on furthering the ecological construction of forest areas, forest management, financial
input in engineering, forest to ecological construction and protection, state investment
reached 9.585 billion yuan in 2018, with an additional 60.36 million yuan invested in the
development of forestry industries. The huge difference in ecological protection capital
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investment has become an important factor that restricts the economic development of
forest industry logging.

Among the three levels of indicators, the forest construction index X in ecological
construction11 (0.7075) has the most prominent stress effect on the economic develop-
ment of the KSOFAsHP. Combining the original forests and artificial afforestation, forest
management plays an important role in the ecological construction of the whole system
and involves a large amount of capital and labor input. The core role in the woodland
multifunctional use of the forest region is to develop alternative industries and speed up
the upgrading of traditional abilities and the scale of the logging industry objectively and
confine the formation stress effect. That is, the investment is mainly in the construction of
forestry, rather than in the harvesting and processing industry. Therefore, the input index
of environmental protection X21 (0.6551) has an obvious limiting effect on the economic
development of the forest areas, mainly due to an unbalanced allocation of capital, policy,
labor, and other key factors in forest areas, which produces an insufficient driving force and
support for the economic development of forest areas, and further weakens the economic
development ability and efficiency of the forest areas.

4.1.2. Analysis of the Stress and Restriction of Economic Development on the Environment

From the perspective of the second-level indicators under the criterion level, the
average degree of correlation between the economic scale and economic structure of the
economic development system and the ecological construction system of the KSOFAsHP is
0.6353 and 0.6029, respectively. Both are lower than the average correlation level of 0.6355
between the forest ecological construction system and economic development (namely, the
average of the two indicators of ecological construction and environmental protection),
indicating that economic development has a more significant stress restriction effect on
forest ecological construction.

In other words, economic scale has played a more important role than economic
structure in two ways: (1) Since 2011, the economic scale of the KSOFAsHP has shown a
basic trend of total increase but slow and weak growth. The value of the total economic
output of the forest area increased from 36.316 billion yuan in 2011 to 60.729 billion yuan
in 2018, with a growth rate of 67.23%, but the average annual growth rate decreased
from 12.95% in 2011 to 10.12% in 2018, and declined further to −3.86% in 2014. Forest
undergrowth enterprises took a long time to speed up the development of a variety of
alternative industries. In addition to the development of forest tourism, food, and other
industries, cottage industries, such as understory plant breeding, represent small-scale,
decentralized operations that are unable to support regional economic development. In the
forest community, the burden of obtaining employment is becoming increasingly serious
due to the huge loss of talent. This has a limiting effect on accelerating the promotion of new
breakthroughs in ecological construction in the forest areas [49]. (2) From the perspective of
economic structure, the prominent labor-intensive characteristics of the primary industry,
the severe contraction of forest product processing industries, and the structural imbalance
of the three industries cannot provide an effective economic basis and value feedback for
forest environment construction.

From the three-level indicators under the criterion level, labor remuneration in eco-
nomic development is Y14 (0.6771) and the economic aggregate is Y11 (0.6770). The two
indexes have a high degree of correlation with the environment construction of the KSO-
FAsHP, and have relatively obvious and almost indistinct restrictive and limiting effects on
the ecological construction and environmental protection of the forest areas. Specifically,
there are two main effects: (1) In terms of labor remuneration, in 2019, logging enterprises
in the key state-owned forest region in Heilongjiang Province had more than 200,000 em-
ployees. When logging activities stopped, these employees were impacted by layoffs, but
the development of alternative industries had not yet reached scale benefits and therefore
not able to provide jobs and higher pay [50]. (2) In terms of economy development, the
current economic benefits of the key state-owned forest region from primary industries and
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the increase in tertiary industries related to forest tourism and ecological services are still
unable to form effective decoupling. Forest resources rather than the wood of the forestry
industry are still heavily dependent on capital and resources. There is still a large gap
in realizing the expected goal of the economic development of non-forest and non-wood
industries feeding back into environment construction.

4.2. Dynamic Analysis of the Coupling Coordination Relationship between the Environment and
Economic Development

Equations (4)–(6) and the basic data, show the changes in the coupling coordination
relationship between the environment and economic development in the key state-owned
forest areas of Heilongjiang Province from 2011 to 2019, and are summarized in Table 4.

Table 4. The coupling coordination relationship between environment and economic development in
key state-owned forest areas of Heilongjiang Province from 2011 to 2019.

Year
Coupling

Coordination
Stage of Development

Type of Coupled Coordinated
Development

2011 0.5351 Barely coordinated development class II2T3, eco-lagged type
2012 0.6749 Junior coordination class III1T3, eco-lagged type
2013 0.3747 Mild dysregulation recession class I4T3, eco-environmental lag type
2014 0.4361 On the verge of dysregulation decline class II1T3, eco-lagged type
2015 0.4506 On the verge of dysregulation decline class II1T3, eco-lagged type
2016 0.9384 Good coordination class III4T1, economic development lag type
2017 0.9842 Good coordination class III4T1, economic development lag type
2018 0.9015 Quality coordination class III4T1, economic development lag type
2019 0.9112 Quality coordination class III4T1, economic development lag type

4.2.1. The Coupling and Coordination Relationship between the Environment and
Economic Development Tends to Be Good

Table 4 shows the level of coupling coordination between the environment and eco-
nomic development in key state-owned forest areas of Heilongjiang Province since 2011;
the stage and type of coupling coordination relationship between them are dynamically
identified. The relationship between them tends to be generally excellent.

First, in terms of development stage, the relationship between the environment and
economic development in the forest area has experienced a relatively complex transition
process. The primary coordination between the two was realized from 2011 to 2012, which
means that the key state-owned forest areas steadily cut back on logging activities and
reduced production levels. By actively developing multiple understory management initia-
tives during the first phase of the national forest protection project, they gradually adapted
to find a balance between ecology and economy and win–win development solutions [51].
However, in 2012, the large-scale reduction in timber output of the leading traditional forest
industry had a huge impact. The emerging alternative industries could not effectively
support the forest regions’ economic growth, and the fragile balance between ecology and
economy was broken. Before 2015, both were on the verge of dysregulation and recession.
Ecological prioritization of time for space did not begin to change until 2016 [52,53]. After
2016, the environment construction and economic development of the forest area adjusted
and re-adapted over nearly four years, getting rid of the previous dysregulation and re-
cession dilemma, and started to enter a phase of high-quality coordinated development.
The reasons are directly related to the acceleration of the adaptive development of the
understory economy, an increase in the government’s capital investment in forest areas,
and the continuous improvement in the environment. In spite of the positive development
of the economic and ecological sectors since 2016, the relationship between them has not
remained stable. In order to ensure stable development and effectively promote the high-
quality development of the regional forest and grass industries during the period of change,
it became imperative that the department responsible for the key state-owned forest region
pay more attention by the end of 2019 to ensure stability in development.
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4.2.2. Improvement in the Economic Development of Forest Areas under the Orientation of
Ecological Construction

Table 4 shows the key state-owned forest regions in Heilongjiang Province from 2011
to 2019 during the coordinated development of the environment and changes in economic
development type (as shown in Figure 2), specifically the changing trends in the evaluation
index of the environment and economic development, as well as the impact of the coupled
coordination of the forest environment and economic development.

 

Figure 2. Change trends in the evaluation index of the environment and economic development from
2011 to 2019.

Figure 2 shows that the evaluation indexes of environment and economic development
in the key state-owned forest areas of Heilongjiang Province maintained a highly consistent
upward trend from 2011 to 2019, indicating that the forest areas had achieved positive
results in the fields of ecological construction and economic development in recent years.
This is related to the long-term implementation of effective ecological engineering policies in
the forest areas and the reversal of understory economic transformation and development.
Especially after 2015, both development indexes showed significant growth as the result of
the effective adaptation to the no-logging policy decision in 2014, the stimulus provided by
the comprehensive launch of the state-owned forest resource management system in 2015,
and the restructuring and reform policy of forest industrial enterprises in the state-owned
forest areas [54].

From a development perspective, the environment development evaluation index
began to exceed the economic development evaluation index after 2015. The forest areas
also officially changed from the environment lag period to the economic development lag
period as the 100-year history of commercial logging of natural forests in the key state-
owned forest areas of Heilongjiang Province came to an end. The forest areas entered a new
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phase in which the mountains were closed for afforestation and recuperation. The ecological
priority strategy of exchanging time for space makes the environment construction in forest
areas the core task for the future [55,56]. At the same time, the reform of the system
mechanism became the focus of forest management after 2015. Despite the government’s
fiscal reform of the forest areas and the provision of special funds, economic development
has been challenged by insufficient talent, capital, industry, and multiple factors such as the
supply of resources. Development results are far less than environment construction [57].

The reform of the management system of the key state-owned forest region in Hei-
longjiang Province in 2020 still needs to strengthen all kinds of industry development
and support to achieve the protection and restoration of the natural forests against the
background of environment construction. In particular, there is still room for the non-wood
forestry economy to develop and improve.

4.3. Results and Discussion

Key state-owned forest areas have undertaken the task to protect natural forest re-
sources, practice green economic development, and support national ecological progress.
The quantitative evaluation and analysis of the coupling and coordination between en-
vironment and economic development of forest areas have deepened the understanding
of sustainable development of forest areas. However, there are still some deep-seated
problems worthy of further discussion and exploration.

Firstly, based on the construction concept of ecological priority, it is necessary to
explore policies and measures to stimulate economic development from the perspective of
resource allocation [25]. Weak economic development in key state-owned forest areas has
limited environment construction. To achieve the goal of ecological protection and economic
transformation in forest areas, the central government issued relevant economic support
policies and investment stimulus policies. These policies need to be refined further. On
the premise of adhering to the concept of ecological priority construction, it is necessary to
optimize the factor supply structure and scale for the cultivation of replacement industries
and the development of enterprises in forest areas, especially in traditional factors such as
capital and labor, which are moderately inclined to the economic transformation.

Secondly, a new policy design for forest areas is very critical to promote its environment
and economic development. The central government has issued a new ecological policy for
key state-owned forest areas to protect and restore natural forests. It is necessary to speed
up the development of the key state-owned forest areas’ forest ecosystem protection and
restoration measures [58]. On the basis of fully using the natural forest protection repair
system plan and the implementation scheme of protection and restoration of natural forests
in Heilongjiang Province, the key ecological forests, wetlands, lakes, river basin areas
related to the natural ecological system, wild animals, and plant resources and habitats
require comprehensive repair management and protection to achieve the goal of ecological
protection [59].

Thirdly, it is necessary to expand the research horizon and strengthen the integrated
development of key state-owned forest areas and their surrounding areas. The reformed
management system of forest resources in key state-owned forest areas has been devolved
from the central government to local governments, and cooperation should be carried
out with local regions for ecological restoration, resource protection, and environmental
pollution prevention and control, rather than independent decision making and manage-
ment of the past, to obtain maximum ecological protection benefits. At the same time,
in terms of economic development, we should actively promote the integration of the
forestry industry and local agricultural resources and industries [57], accelerate the flow of
production factors across regions, explore a broader spatial scope of economic and social
interaction and integration development model [60], and improve the factors and market
environment of forest economic transformation and development [61–63].
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5. Conclusions

Based on the empirical evaluation of the long-term coupling and coordination relation-
ship between the environment and economic development in the key state-owned forest
areas of Heilongjiang Province, the following conclusions are drawn:

(1) From 2011 to 2019, the key state-owned forest areas achieved positive results in eco-
logical construction and economic development, especially in ecological construction.
The ecological construction evaluation index increased by 448.99%, and the economic
development evaluation index increased by 73.56%.

(2) There was a significant interaction between environment and economic development
in key state-owned forest areas from 2011 to 2019. The average correlation degree
between ecological construction and environmental protection and economic devel-
opment of forest areas was 0.6158 and 0.6551, respectively. The average correlation
degree between economic scale and economic results and forest environment was
0.6353 and 0.6029, respectively.

(3) From 2011 to 2019, the interaction between the environment and economic devel-
opment in key state-owned forest areas showed a gradual high-quality trend. The
coupling coordination degree increased from 0.5351 in 2011 to 0.9112 in 2019, and the
coupling coordination relationship shifted from a barely coordinated development
stage to a high-quality coordinated development stage.

(4) The average correlation degree between economic development and environment in
key state-owned forest areas was 0.6191, which was lower than between the environ-
ment and economic development (0.6355), indicating that economic development in
forest areas had certain stress and restriction effects on environment construction.

(5) Key state-owned forest areas began to enter the stage of economic development lag
from the stage of eco-environmental development lag in 2015. It is an important task
for forest areas to continuously accelerate economic transformation and development
in the future.
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Abstract: Extreme rainfall causes floods and landslides, and so damages humans and socioeconomics;
for instance, floods and landslides have been triggered by repeated torrential precipitation and
have caused severe damage in the Kyushu region, Japan. Therefore, evaluating extreme rainfall
in Kyushu is necessary to provide basic information for measures of rainfall-induced disasters. In
this study, we estimated the probability of daily rainfall in Kyushu. The annual maximum values
for daily rainfall at 23 long-record stations were normalized using return values at each station,
corresponding to 2 and 10 years, and were combined by the station-year method. Additionally, the
return period (RP) was calculated by fitting them to the generalized extreme value distribution. Based
on the relationship between the normalized values of annual maximum daily rainfall and the RP, we
obtained a regression equation to accurately estimate the RP up to 300 years by using data at given
stations, considering outliers. In addition, we verified this equation using data from short-record
stations where extreme rainfall events triggering floods and landslides were observed, and thereby
elucidated that our method was consistent with previous techniques. Thus, this study develops
strategies of measures for floods and landslides.

Keywords: extreme value analysis; daily rainfall; floods; rainfall-induced landslides; regional fre-
quency analysis; station-year method; Kyushu region

1. Introduction

Extreme rainfall is an inducing factor for floods and landslides, which cause severe
damage to humans and socioeconomics [1–3]. Hagon et al. [1] investigated six types
of climate- and weather-related disasters (flood, storm, hydrometeorological landslide,
wildfire, extreme temperature, and drought) worldwide between 1960 and 2020 and showed
that floods affect more people globally than any other disaster. Ushiyama and Yokomaku [3]
evaluated six types of disasters induced by heavy rainfall (storm surge, strong wind, flood,
landslide, water accident in rivers excluding flood, and others) in Japan between 2004 and
2011. They showed that the number of deaths due to landslides was the highest and due
to floods was the second highest [3]. In addition, increases in precipitation influenced by
climate change are likely to increase floods and landslides [4–6].

Japan is within the East Asian monsoon region where torrential rainfall is frequent
during the summer monsoon [7], and so floods and rainfall-induced landslides occur
commonly and often cause damage [8]. In the Kyushu region, floods and landslides
have occurred repeatedly [9–12] and may have been affected by climate change in recent
years [13,14]; for example, an extreme rainfall event in the northern part of Kyushu in July
2017 induced severe damage from landslides, driftwood, and floods [12]. Thus, to mitigate
the damage from floods and landslides, it is necessary to evaluate rainfall characteristics
that may cause these disasters.

Rainfall frequency analysis statistically evaluates the magnitude of rainfall characteris-
tics and provides basic information for the planning, design, and management of hydraulic
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structures (e.g., check dam and culvert) [15–18]. Similarly, rainfall frequency analysis is
required in case studies of catastrophic disasters [15,19]. Hence, many researchers proposed
theories for evaluating extreme rainfall (e.g., [20–23]). However, the rainfall record in the
individual site is generally less than the return period (RP) required to design hydraulic
structures [19]. Moreover, the record at one station may not include extreme rainfall because
extreme rainfall is low frequency and has spatial heterogeneity [24]. Consequently, the
results of rainfall frequency analysis may include uncertainty.

Regional frequency analysis (e.g., [25–28]) addresses these problems by using rainfall
data observed at all stations in the region. The station-year method [15,16] combines the
rescaled data from all stations into a single sample and fits a distribution by treating the
combined sample as a single random sample [27]. Hosking and Wallis [27] mentioned that
this method was rarely used because it is not appropriate to treat the rescaled data as a
single random sample in many cases. Nevertheless, the station-year method has been used
even in recent years (e.g., [29–31]) due to its simplicity.

In Japan, Suzuki and Kikuchihara [24] applied the station-year method to the annual
maximum daily rainfall data from 137 stations and estimated the probability of extreme
daily rainfall. They showed that daily rainfall for RP up to 1000 years was estimated
successfully in the region using the return values of 2 and 10 years estimated by the
plotting position formula (Hazen’s formula) at a given station [24]. However, there was
no comparison between the RPs estimated by their technique and by other processes at
individual stations where extreme rainfall events occurred, that is, the usefulness and
validation of their method were not sufficiently evaluated. In addition, rainfall data were
not examined to the same standard because the periods for calculating the return values
were different for each station.

The purpose of this study is to estimate regional daily rainfall in Kyushu by improving
the previous method [24]. Additionally, we also examine the usefulness and limitations of
our method in terms of development measures against floods and landslides. In this paper,
we first describe the procedures for normalizing and combining daily rainfall at 23 stations
in Kyushu, respectively (Section 2). Next, we examine the relationship between the RP and
the normalized daily rainfall and propose an empirical dependence for estimating daily
rainfall (Section 3.4). Then, we validate our method using daily rainfall data from short-
record stations, including extreme events (Section 3.5). Lastly, we discuss the usefulness
and limitations of our method (Section 3.6).

2. Materials and Methods

2.1. Analysis Procedure

The method of this study is divided into four steps. First, the data for the annual
maximum daily rainfall in the Kyushu region are collected. Next, the spatial correlation of
rainfall data between the two stations is investigated. Following this, the annual maximum
daily rainfall is normalized using quantiles, corresponding to the non-exceedance probabil-
ity of 50% and 90% of the generalized extreme value (GEV) distribution. The second and
third steps are performed to apply the station-year method. Then, the normalized rainfall
data are combined and converted to the RP.

2.2. Data Collection

The annual maximum value for daily rainfall at 23 meteorological observatories
operated by the Japan Meteorological Agency (JMA) in Kyushu until 2020 was used to
estimate the RP of daily rainfall because long-term records are available (Figure 1 and
Table 1). The longest record is 143 years at Nagasaki, the shortest is 59 years at Fukue, and
the average for the 23 sites is 98 years. The highest elevation at the rainfall station is 677.5 m
at Unzen, the lowest is 2.5 m at Fukuoka, and the average is 20.6 m. The distance between
the stations is 25.0 km at the shortest and 441.8 km at the longest.

In addition, the annual maximum value for daily rainfall until 2020 from the Au-
tomated Meteorological Data Acquisition System (AMeDAS) Izumi, Morotsuka, Aso-
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Otohime, and Asakura operated by the JMA was used to validate our method (Figure 1).
These stations were selected because they have short-period records (approximately 40 years)
and observed extreme rainfall events that triggered floods and landslides
(Table 2) [12,32–34]. Specifically, a rainfall event that triggered a deep-seated landslide
and debris flow was observed at AMeDAS Izumi in July 1997. At AMeDAS Morotsuka, a
rainfall event that triggered deep-seated landslides was observed in September 2005. At
AMeDAS Aso-Otohime, rainfall events that triggered floods and debris flow were observed
in July 1990 and July 2012, respectively. At AMeDAS Asakura, an extreme rainfall event
that triggered shallow landslides and debris flow including driftwood was observed in
July 2017.

 
Figure 1. Location of rainfall stations. White circles and triangles indicate meteorological observato-
ries and AMeDAS, respectively.

Table 1. Specifications of meteorological observatories in Kyushu.

Name
Location

Observation Period (Start Year)
X Y Z (m)

Fukuoka 130◦22.5′ E 33◦34.9′ N 2.5 131 (1890~)
Izuka 130◦41.6′ E 33◦39.1′ N 37.5 86 (1935~)
Oita 131◦37.1′ E 33◦19.3′ N 4.6 134 (1887~)
Hita 130◦55.7′ E 33◦19.3′ N 82.9 79 (1942~)
Saga 130◦18.3′ E 33◦15.9′ N 5.5 131 (1890~)

Hirado 129◦33.0′ E 33◦09.5′ N 57.8 81 (1940~)
Sasebo 129◦43.6′ E 33◦09.5′ N 3.9 75 (1946~)

Nagasaki 129◦52.0′ E 32◦44.0′ N 26.9 143 (1978~)
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Table 1. Cont.

Name
Location

Observation Period (Start Year)
X Y Z (m)

Unzen 130◦15.7′ E 32◦44.2′ N 677.5 97 (1924~)
Fukue 128◦49.6′ E 32◦41.6′ N 25.1 59 (1962~)

Induhara 129◦17.5′ E 34◦11.8′ N 3.7 135 (1886~)
Kamamato 130◦42.4′ E 32◦11.8′ N 37.7 131 (1890~)
Ushibuka 130◦01.6′ E 32◦11.8′ N 3.0 72 (1949~)
Hitoyoshi 130◦45.3′ E 32◦13.0′ N 145.8 78 (1943~)
Nobeoka 131◦39.4′ E 32◦34.9′ N 19.2 60 (1961~)
Aburatsu 131◦22.4′ E 31◦34.7′ N 2.9 72 (1949~)

Miyakonojo 131◦04.9′ E 31◦43.8′ N 153.8 79 (1942~)
Miyazaki 131◦24.8′ E 31◦56.3′ N 9.2 135 (1886~)

Akune 130◦12.0′ E 32◦01.6′ N 40.1 82 (1939~)
Kagoshima 130◦32.8′ E 31◦33.3′ N 3.9 138 (1883~)
Makurazaki 130◦17.5′ E 31◦16.3′ N 29.5 98 (1923~)
Yakushima 130◦39.5′ E 30◦23.1′ N 37.3 84 (1937~)

Tanegashima 130◦58.9′ E 30◦43.2′ N 24.9 73 (1948~)

Table 2. Specifications of AMeDAS.

AMeDAS
Location Occurrence of

Disasters (Year)
References

X Y Z (m)

Asakura 130◦41.7′ E 33◦24.4′ N 38.0 2017 Takahashi et al. (2021) [12]

Aso-Otohime 131◦02.4′ E 32◦56.8′ N 487.0 1990
2012

Ishikawa and Shida (1990) [32]
Yang et al. (2015) [34]

Izumi 130◦21.1′ E 32◦05.6′ N 11.0 1997 Sassa (1998) [33]
Morotsuka 131◦20.1′ E 32◦31.0′ N 150.0 2005 Chigira (2005) [9]

2.3. Investigation of Spatial Correlation of Annual Maximum Value for Daily Rainfall

The Kendall rank correlation coefficient (Kendall’s τ) [35] of the annual maximum
daily rainfall between two stations was investigated because the station-year method
assumes the spatial independence of stations [17]. In previous studies [17,28,30,36], spatial
independence was investigated using Pearson’s correlation coefficient, but Kendall’s τ was
used in this study since the annual maximum daily rainfall between two stations was not
assumed to be Gaussian distribution.

Kendall’s τ is a non-parametric method for testing the dependence between two
variables based on an ordinal association between two measured quantities. Kendall’s τ is
given as:

τ =
∑i<j sign

(
xi − xj

)
sign

(
yi − yj

)
n(n − 1)/2

(1)

where sign (·) is the sign function. To conduct this investigation, common period data from
all stations between 1981 and 2010 were used.

2.4. Normalization of Daily Rainfall Data

Quantiles corresponding to the non-exceedance probability of 50% and 90% were used
to normalize the daily rainfall data; in other words, the values corresponding to the RP of
2 and 10 years (2- and 10-year values). These indices were less variable since they were
calculated by interpolation at each station and were considered suitable for normalization.
Suzuki and Kikuchihara [24] also used 2- and 10-year values to normalize the daily rainfall
data. The data for the annual maximum daily rainfall were normalized following Suzuki
and Kikuchihara [24]:

yT =
xj − x2

x10 − x2
(2)
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where yT is normalized daily rainfall and xj is the annual maximum daily rainfall. x2 and
x10 are the 2- and 10-year values, respectively.

2.5. Extreme Value Analysis

The 2- and 10-year values were calculated using parameters in the GEV distribu-
tion [22], estimated by the L-moment method [21]. The data for the annual maximum daily
rainfall between 1981 and 2010 were used due to the need to unify the period for calculating
the GEV parameters. The GEV cumulative distribution function and the quantile of the
GEV corresponding to the non-exceedance probability are given as, respectively:

F(x) = exp

{
−
(

1 − k
x − c

a

) 1
k
}

for k �= 0 (3)

xp = c +
a
k
[1 − {− ln(p)}k] (4)

where k is the shape parameter, c is the scale parameter, a is the location parameter, and p is
the non-exceedance probability. The parameters of the GEV are given as:⎧⎪⎨⎪⎩

k = 7.8590d + 2.9554d2

a = kλ2
(1−2−k)Γ(1+k)

c = λ1 − a
k{1 − Γ(1 + k)}

(5)

d =
2λ2

λ3 + 3λ2
− ln(2)

ln(3)
(6)

where λ1–3 are sample L-moments and Γ the gamma function. λ1–3 are given as:⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

λ1 = β0 = 1
N

N
∑

j=1
x(j)

λ2 = β1 = 1
N(N−1)

N
∑

j=1
(j − 1)x(j)

λ3 = β2 = 1
N(N−1)(N−2)

N
∑

j=1
(j − 1)(j − 2)x(j)

(7)

where x(j) is the j-th value from the smallest when the sample is arranged in increasing
order.

The standard least-squares criterion (SLSC) [37,38] was used to evaluate the goodness
of fit between the observed rainfall and the probability distribution. The SLSC compares
the goodness of fit across distributions, and their smaller values imply better fits [37]. In
this study, we judged a good fit when the SLSC value was below 0.04 in accordance with
the JMA [39]. The SLSC value is given as:

SLSC =

√
1
N ∑N

j=1

{
s
(

x(j)

)
− s∗

(
p(j)

)}2

|s0.99 − s0.01| (8)

s(x(j)) = − ln

[{(
1 − k

x(j) − c
a

) 1
k
}]

(9)

s∗
(

p(j)

)
= − ln

[
− ln

{
p(j)

}]
(10)

where s(x(j)) is the standardized variate by GEV parameters and s*(p(j)) is the standard-
ized variate corresponding to the non-exceedance probability calculated by the plotting
position formula [40]. s0.99 and s0.01 are the standardized variates corresponding to the
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non-exceedance probability of 1% and 99%, respectively. The plotting position formula is
given as:

p(j) = F
(

x(j)

)
=

j − α

N + 1 − 2α
(11)

where α is a constant; we used Cunnane’s formula (α = 0.4) [41] to give pi following the
JMA [39].

3. Results and Discussion

3.1. Spatial Correlation of Annual Maximum Value Daily Rainfall between 1981 and 2010

Figure 2 shows Kendall’s τ of the annual maximum daily rainfall between two stations
plotted against distance. As shown in Figure 2, Kendall’s τ of the annual maximum daily
rainfall between two stations tended to decrease as the distance between the two stations
increased. In general, the correlation of rainfall decreases [17,28,30,36]; for example, Kuzuha
et al. [34] examined the spatial correlation structure of precipitation using rainfall data
at AMeDAS in Japan and showed that Pearson’s correlation coefficient of daily rainfall
decreased exponentially as the distance between the two stations increased. Hence, our
result agreed with previous studies.

Furthermore, Kendall’s τ of the annual maximum daily rainfall between two stations
was 0.57 at its maximum and was generally small (Figure 2). Overeem et al. [17] examined
the spatial dependence to apply the station-year method by using Pearson’s correlation
coefficient of daily rainfall between the two stations. They assumed the spatial dependence
even if the Pearson’s correlation coefficient was around 0.60 [17]. Although the Kendall’s
τ and Pearson’s correlation coefficient were not simply comparable, we believed that the
data for the annual maximum daily rainfall at 23 stations were spatially independent
considering a previous study [17].

Figure 2. Kendall’s τ of annual maximum daily rainfall between stations plotted against distance.

3.2. Spatial Distribution of 2- and 10-Year Values

Table 3 shows the 2- and 10-year values and the SLSC for each station. As shown in
Table 3, the SLSC values at all stations were below the JMA criterion (0.04) [39]; therefore,
the observed rainfall and GEV distribution were a good fit.

Figures 3 and 4 show the spatial distribution of the 2- and 10-year values, respectively.
As shown in Figures 3 and 4, the 2- and 10-year values tended to be lower in the northern
plains and were larger in the south, especially in the east of the Kyushu Mountains. At the
Fukuoka Regional Headquarters, the JMA [42] investigated the relationship between the
spatial distribution of annual precipitation and the topographical conditions in northern
Kyushu Island. They showed that the annual precipitation on the plain in the north was
smaller than in the mountainous areas, the eastern hillsides near the Kyushu Mountains
had more precipitation due to the influence of typhoons, and the annual precipitation at
32–33◦ N was higher than that of around 34◦ N because this area was affected by typhoons
and Baiu precipitation [42]. Moreover, the JMA [39] examined the spatial distribution of
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probable rainfall for 30, 50, 100, and 200 years using the annual maximum daily rainfall
between 1901 and 2006 at 51 sites nationwide and showed that the probable rainfall in the
Kyushu region (Fukuoka, Oita, Nagasaki, Kumamoto, Miyazaki, and Kagoshima) tended to
be smaller in the north, but larger in the south. Thus, the 2- and 10-year values represented
the regional rainfall characteristics and were good indexes for normalization.

Figure 3. Spatial distribution of the two-year value.

Figure 4. Spatial distribution of the 10-year value.
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Table 3. The 2- and 10-year values at long-term record stations.

Name 2-Year Value 10-Year Value SLSC

Fukuoka 121.6 182.7 0.019
Izuka 131.1 213.6 0.026
Oita 124.4 240.2 0.031
Hita 126.1 178.6 0.018
Saga 124.4 186.8 0.022

Hirado 159.4 239.0 0.006
Sasebo 150.2 242.7 0.024

Nagasaki 130.4 250.6 0.033
Unzen 207.3 330.8 0.021
Fukue 152.7 273.7 0.028

Induhara 160.2 243.9 0.024
Kamamato 166.2 276.6 0.023
Ushibuka 146.2 246.1 0.024
Hitoyoshi 161.2 254.0 0.027
Nobeoka 172.2 265.3 0.021
Aburatsu 176.1 271.6 0.022

Miyakonojo 180.7 310.4 0.028
Miyazaki 166.8 293.1 0.028

Akune 144.2 256.1 0.021
Kagoshima 158.8 234.4 0.022
Makurazaki 155.9 253.6 0.030
Yakushima 241.0 341.8 0.022

Tanegashima 176.5 284.5 0.019

3.3. Normalized Values of Annual Maximum Daily Rainfall at Each Station

Figure 5 shows a boxplot for the normalized values of the annual maximum daily
rainfall. As shown in Figure 5, there are wide variations in the data from all stations because
the annual maximum value fluctuates by year. On the other hand, there are few differences
in the maximum, minimum, interquartile range, and median between stations (Figure 5).
As a result, the data exhibited the same probability distributions at all stations and were
combined using the station-year method.

Figure 5. Boxplots for normalized values of annual maximum daily rainfall at 23 stations. Whiskers
of the box show 25th (lower) and 75th (upper) percentile values. The gray line is the median value.
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3.4. Relationship between Normalized Daily Rainfall and the RP

Figure 6 shows the quantile–quantile plot (Q-Q plot). As shown in Figure 6, the SLSC
value was below the JMA criterion (0.04) [39]. Due to this, the standardized variate and the
GEV distribution were a good fit.

Figure 6. Quantile–quantile plot.

Figure 7 shows the relationship between the RP and the normalized values of the
annual maximum daily rainfall. As shown in Figure 7, the RP increased exponentially
with the increase in the normalized values of the annual maximum daily rainfall when
the RP was greater than 1.5 years. Furthermore, this relation indicates that an exponential
approximation was obtained by the least-squares method.

RP = 2.156e1.525yT (12)

This equation accurately estimates the RP of daily rainfall up to 300 years (Figure 7)
by using the 2- and 10-year values at the given stations in Kyushu.

Figure 7. Relationship between normalized values of annual maximum daily rainfall and the RP.
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3.5. Verification of Our Method at Short-Record Stations

Figure 8 shows the RP of the annual maximum values for daily rainfall estimated by
our method and previous methods. The black and white circle indicates the RP estimated
by fitting the GEV distribution and by the plotting position formula, using data from each
station, respectively. As shown in Figure 8, the RP estimated by our method was consistent
with that calculated by other methods, excluding the AMeDAS Asakura. At the AMeDAS
Asakura, the RP might be not consistent with the result of the plotting position formula
because a record-breaking regional heavy rainfall event occurred in 2017 [14], and large
values for daily rainfall occurred consecutively after periods when the GEV parameters
were estimated (Figure 9).

Figure 8. Comparison of RP estimated by the proposed regression equation, RP estimated by the GEV,
and RP by the empirical method (Cunnane [39]) at AMeDAS Izumi (a), Morotsuka (b), Aso-Otohime
(c), and Asakura (d).
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3.6. Usefulness and Limitation of Our Method

Our method estimates the RP of daily rainfall up to 300 years in Kyushu using the 2-
and 10-year values at a given station (Figure 7). Extreme daily precipitation is a trigger
for floods, landslides, and debris flows (e.g., [43,44]), and estimating them is required to
plan, design, and manage hydraulic structures against these disasters [15–18,45,46]. For
example, the Sabo Planning Division, Sabo Department, NILIM, MLIT [46] summarized
the methods of the Sabo master plan for preventing damage triggered by debris flows,
including driftwood, in Japan. They decided that daily rainfall, corresponding to an
exceedance probability of 100 years, can be used to design the scale of measures against
debris flow and driftwood [46]. Hence, our method may be applied to estimate the extreme
rainfall for developing measures against floods and landslides.

Figure 9. Annual maximum daily rainfall at the AMeDAS Asakura between 1976 and 2020. Gray
circles indicate annual maximum value. Bold line indicates Sen’s slope (Hipel and McLeod 1996 [47];
Sen 1968 [48]) (p < 0.05).

Extreme daily precipitation is generally estimated by extrapolation because rainfall
records at individual stations are often short (e.g., [19]). By contrast, our technique only
uses the 2- and 10-year values, which can be calculated by interpolation at many points.
Kikuchihara and Suzuki [24] estimated the probability of daily precipitation using a similar
approach. Meanwhile, they have not verified their applicability and limitations. In the
current study, an empirical dependence (Figure 7) was verified using short-record data
(approximately 40 years) at four stations where extreme rainfall was observed. As a result,
the RP estimated by our method was consistent with that obtained by other means at most
sites (Figure 8a–c); however, it was difficult to apply in stations with an increasing trend
in daily rainfall (Figures 8d and 9). This problem may be solved to modify periods for
calculating 2- and 10-year values, considering rainfall trends at each station. Overall, we
concluded that our method estimates the probability of daily rainfall up to 300 years using
data at given stations and contributes to developing strategies for measures against floods
and landslides.

4. Conclusions

This study estimated the probability of daily rainfall in the Kyushu region, Japan.
The data for the annual maximum values of daily rainfall were obtained from 23 long-
record stations and were normalized by quantiles, corresponding to the non-exceedance
probability of 50% and 90%. The normalized rainfall at all stations was combined by
the station-year method, and the RP was calculated using GEV parameters estimated
by the L-moment method. Then, a regression equation linking the normalized values of
annual maximum daily rainfall and the RP was obtained; this accurately estimates the
RP for up to 300 years. In addition, this relation was verified using the data at short-
record stations that observed extreme rainfall events triggering floods and landslides. As
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a result, the probability of daily precipitation estimated by our approach was consistent
with the results of previous techniques. In contrast, our method reduced the uncertainty of
extrapolation by using parameters estimated by interpolation. Nevertheless, our method
was difficult to apply at sites overserving an increasing trend in daily rainfall; therefore,
trends in daily rainfall should be examined to use them. In conclusion, our technique
estimates the RP up to 300 years for daily precipitation in Kyushu using data from the
given stations, considering outliers. Hence, our findings help to develop measures for
floods and landslides.
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Abstract: Although the causes of and impacts against forest road failure differ according to the type
of damage that occurs, the statistical understanding of the trends in the type of failure is insufficient.
In this study, we collected data on 526 forest road failures due to heavy rainfall during 2006–2010
in the mountainous regions of Japan and statistically analyzed the characteristics. The forest roads
covered in this study include those used primarily for timber extraction as well as those used for
public purposes. Forest road segments were classified into four categories: streamside, stream
crossings, zero-order basin, and others, and comparisons were made regarding the length of damage,
the relative probability of occurrence, repair costs, and induced rainfall intensity in each category.
Streamside segments accounted for only 15% of the total length of routes analyzed but 42% of all
damaged segments. Furthermore, the relative risk of the streamside segments was about 6.0 times
higher than that of the other categories of segments, indicating that they were the most likely to be
damaged in this analysis. It is clear that the most important issue in the target area is to prevent
damage to streamside segments.

Keywords: forest road failure; streamside; stream crossing; zero-order basin; relative risk

1. Introduction

A properly maintained network of forest roads provides the forest accessibility nec-
essary for the sustainable use of forest resources, including forest maintenance, timber
harvesting, hunting management, and recreational activities [1]. On the other hand, forest
roads gradually lose their functionality due to erosion caused by use and exposure to
rainfall after establishment, and if the degree of erosion becomes severe enough, they are
damaged and become dysfunctional. The forms and factors of erosion and damage vary.
Accumulation of sediment and organic matter in culverts crossing forest roads reduces
the drainage capacity of culverts [2], causing gully of the road surface due to overflow of
stream water [3], culvert failure, and road body failure at stream crossings. Overflow of
road surface runoff water causes road body failure by significantly changing the shape of
the rutted area itself. Sediment accumulation on the road surface due to soil avalanches
from the cut slope or its upper slope makes the road impassable for vehicular traffic.

Soil erosion, in which forest roads are directly or indirectly involved, is an important
source of sediment to streams in forested watersheds, affecting the hydrologic system of the
forested watershed [4]. Sediment inputs to forested stream systems can have adverse effects
on water quality, such as turbidity, increased nutrient concentrations, and reduced water
clarity. Therefore, studies have examined the effects of rainfall, vegetation, and season on
sediment runoff generated by the existing road network [5,6], as well as studies on the
interaction between the road network and the river network [7].

Facilities for proper drainage are of paramount importance in road design [8]. There-
fore, studies have been conducted on the layout and dimensioning of appropriate drainage

Forests 2023, 14, 537. https://doi.org/10.3390/f14030537 https://www.mdpi.com/journal/forests
103



Forests 2023, 14, 537

facilities, taking into account the topography and hydrological factors of the hillsides and
the road structure [2,9]. From the viewpoint of minimizing the amount of road surface
erosion, guidelines have been given for appropriate cross-sectional trench spacing accord-
ing to the longitudinal gradient [10]. In recent years, forest road design and maintenance
methods have been proposed that take into account the impact on the forest environment
as well as economic efficiency; Aruga et al. [11] attempted to reduce sediment deposition
to rivers and the total cost of forest road alignment planning; Dodson et al. [12] studied
the environmental impact on rivers, the cost both environmental and economic to the
river, the occurrence of road failures that may lead to both environmental and economic
costs, and the total cost of owning a forest road, they examined a method for scheduling
maintenance and improvement activities on forest road segments to minimize these three
costs. Saito et al. [13] studied an automatic forest road design model that considers shallow
landslides using LiDAR data. Pellegrini and Grigolato [14] examined how the integrated
use of GIS and Analytical Hierarchy Process (AHP) analysis can be used to determine
priorities in road network maintenance work to minimize sediment generation from road
surfaces and maximize the social value of roads.

In Japan, studies have analyzed the risk of forest road failure from the perspective
of topography and forest road structure. Located on the eastern edge of monsoon Asia,
one of the world’s rainiest regions, Japan has an average annual precipitation of 1718 mm,
which is about twice the world average (880 mm) [15]. The rainy season in June and
typhoons in autumn bring torrential rains. Geologically, the terrain is complex and steep
due to its location in an orogenic belt where the Pacific Plate is subducting toward the
continental plate, and there are many mountainous areas with active erosion. Therefore,
the placement of forest roads on unstable slopes may cause slope failure. Kondo and
Kamiya [16] surveyed 100 forest road failures that occurred on three forest road routes
over a 13-year period from 1977 to 1989 and analyzed the characteristics of damage-prone
stream crossings using Quantification II. Surface failures on hillsides occur most frequently
in concave landforms (zero-order basin) where seepage water and weathered sediments
are concentrated and have not yet developed in the primary valley [17]. Yoshimura and
Kanzaki [18] analyzed slope failure factors by analysis of variance using only topographic
factors legible from topographic maps. In the analysis, inclination, cross-section slope,
turning point inclination, and catchment area were used as the factors estimating the risk
of slope failure. They reported that the risk of failure is particularly high on concave
slopes. Yoshimura et al. [19] also examined forest road alignment geometry in slope failure
areas and reported that the risk of failure was significantly higher on inner curves where
water had been concentrated, followed by a higher risk of failure at outer curve inflection
points (the starting and ending points of a curve on a curve located on a ridge). Kondo
and Kamiya [16] and Yoshimura et al. [19] suggest that the topography and structural
configuration of forest road sections have some influence on the risk of forest road failure
in Japan, although they do not consider the layout of drainage facilities. In Japanese forest
road engineering textbooks, the rising water level of the stream parallel to the forest road
has also been cited as a cause of damage on the valley side of forest roads [20].

Forest road failures in Japan are more likely to occur in forest road segments with
topography, such as stream crossings, stream sides, and zero-order basins [16–20]. However,
all of the existing studies in Japan are only the results of a few lines of investigation in
some areas. Thus, for example, Kondo and Kamiya [16] surveyed 100 forest road failures
that occurred on three forest road routes over a 13-year period from 1977 to 1989. They
reported that failures at stream crossings accounted for 72% of the total in the research site
and reported a characteristic form of damage, but it is not known to what extent this trend
applies in Japan. Wemple et al. [21] reported that of 103 sediment transport events that
occurred near forest roads in the western Cascade Range region of Oregon due to heavy
rainfall in February 1996, three-quarters were mass movements, debris flows, cut slope
slides, fill slope slides, and Phillips [22] investigated 116 landslides that occurred during
two heavy rainfall events on the east coast of the North Island and found 17 landslides

104



Forests 2023, 14, 537

associated with forest roads. Sidle et al. [23] studied mass wasting along a road in Yunnan,
China, to determine the extent to which landslide erosion was caused by cut-and-fill slope
failure or dry ravel. The results show that the landslide erosion was caused by a cut slope,
embankment slope failure, and dry ravel. However, only one or two heavy rainfall events
were reported in each case.

Factors and countermeasures for forest road failure differ depending on the type
of failure that occurs, but the statistical understanding of the type of damage events is
not sufficient because of the limited study area in the existing studies. Since we do not
know the macroscopic occurrence trends of failures, it is also impossible to determine
whether there are sufficient guidelines and research on the important countermeasures
for failures that occur in the target area. In addition to stream crossings, other failure
hazards have been identified in concave terrain, but it is not known to what extent the
susceptibility to failure differs. If there is a difference in the likelihood of failure even in
the same category of damage-prone areas, the weight should be changed when selecting
routes and scheduling maintenance and management. If there is a pattern of failure that
tends to require high repair costs, then the most important issue from the viewpoint of
reducing repair costs is to prevent the occurrence of such a pattern of failure. Since the
sensitivity to rainfall intensity may differ depending on the damage pattern, it is important
to understand the relationship between the failure pattern and rainfall intensity in order
to consider the maintenance of forest roads under climate change. By understanding
the overall trend of forest road failure, more strategic maintenance may be possible. In
Japan, forest road failures occur frequently due to heavy rains caused by typhoons and
rainy season fronts, which predominantly occur from July to October. The total number
of damaged segments of forest roads and the total amount spent on repair in Japan in the
last 3 years has been 8181 (19.3 billion yen) in the 2017 fiscal year, 13,241 (39.8 billion yen)
in the 2018 fiscal year, and 12,448 (34.1 billion yen) in the 2019 fiscal year [24]. However,
the latest Basic Plan for Forestry and Forest Products states that the desired length for
forest roads is 250,000 km, compared to the current 190,000 km [25]. If the frequency of
heavy rainfall and the length of forest roads increase in the future, the number of failures
caused by heavy rainfall and the cost of repair is very likely to increase [26]. In recent years,
there has been a shortage of forest engineers who can formulate repair plans [24]. If the
number of failures is not reduced, it may not be possible to provide the labor required for
failure repair in the future. If the number of failures increases, the time required for failure
recovery may become longer, with forest roads remaining impassable for a longer period
and forestry activities potentially being severely hampered. As the intensity and frequency
of rainfall events increase, it is important to avoid planning routes in unstable terrain and
to take appropriate precautionary measures in hazardous areas on existing routes. This is
particularly important to promote appropriate forest road maintenance in the context of
limited human and economic resources. To achieve this, it is necessary to identify what
types of forest road failure are important to address.

Therefore, in order to provide statistical information on forest road failures, this study
collected data on a large number of forest road failures that occurred in mountainous
areas in Japan and statistically analyzed the characteristics of each topographic type at the
points where failures occurred. Specifically, forest road segments were classified into four
categories: stream crossings, streamside, zero-order basin, and others, and comparisons
were made regarding the length of forest road failure, the relative probability of occurrence,
repair costs, and induced rainfall intensity in each category.

The terms “erosion” and “failure” to forest roads are not strictly defined. In this study,
the difference between the two terms is the degree of erosion, and the term “failure” is
used when a forest road is so eroded that it cannot fulfill its design purpose and becomes
dysfunctional (Figure 1). In this study, ”failure” includes shallow landslides, slope failures,
road surface erosion, and road body failure.
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Figure 1. Image of forest road failure. A culvert at a stream crossing was destroyed by heavy rain,
and the road body was eroded by stream water, making it inaccessible to vehicles.

2. Materials and Methods

2.1. Dataset

The difficulty in collecting forest road failure data over a wide area is that the larger
the field survey area, the more labor is required. Therefore, it was difficult to obtain a forest
road failure data set with a sample size sufficient for statistical analysis. On the other hand,
in Japan, for the purpose of applying for government subsidies, the location and details
of repair work are recorded in an administrative document (“Forest Road Facility Failure
Assessment Document”). The failure is subject to certain conditions, such as there being
a repair cost of more than 400,000 yen/point (As of 2006–2010, USD 2942 as of 7 March
2023) and the failure being caused by a rainfall event with 24 h of rainfall of 80 mm or more.
The data in this document include the date of occurrence of the failure and its triggers, the
distance from the start of the forest road to the damaged place, the repair cost, and the
length of the segment of the road where the repair was required (Table 1).

Table 1. Items listed in the Forest Road Facility Failure Assessment Document and examples of how
to complete the document.

Item Example of Description

Identification number of the failures No.1

Causes of failure Typhoon No. 4 on 14–15 July 2007

Maximum hourly rainfall 11.0 mm

Maximum 24 h rainfall 112.5 mm

Failure extension 32 m

Repair cost 13,369,000 yen (USD 98,328 as of 7 March 2023)

Distance from beginning point 4500 m

However, since this document was created for administrative purposes only, it was
supposed to be discarded after a five-year retention period and has not been used for
research on forest road failures. In this study, we were able to obtain the “Forest Road
Facility Failure Assessment Document” prepared in Nagano Prefecture between 2006 and
2010. Based on this document, an inventory of forest road failures was compiled. Among
the forest road failures in the document, 10 failures caused by factors other than heavy
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rainfall (snowmelt) were excluded from the data. The forest roads covered in this study
include those used primarily for timber extraction as well as those used for public purposes.

Nagano Prefecture is in the central region of Japan’s Honshu Island and has mountain-
ous characteristics, with forests covering 78% of its total area (approximately 1.06 million
ha) [27] (Figure 2). In the Nagano Prefecture, 1962, forest roads totaling approximately
4904 km in length have been established as of the 2019 fiscal year, and the average forest
road density is 7.1 m/ha [27]. Forest road counting is based on road identification codes. At
least 207 roads, comprising approximately 10.7% of all roads, have experienced failures due
to rainfall events during 2006–2010 (Figure 3a). The total number of damaged forest roads
due to rainfall events during 2006–2010 was 701. Of these, 526 were identified as failure
locations according to the forest road vector data (Figure 3b). The analysis in this study
covers the 526 failures that occurred along these 207 routes. The median and mean number
of the damaged locations (locations/line) for each forest road were 1 and 3, respectively. In
79% of the lines, the number of damaged points per line was less than 3 (Figure 4).

Figure 2. Map showing the research site. White lines indicate all forest roads in the Nagano Prefecture.
In the figure on the right, no public roads other than forest roads are shown, so the forest roads are
shown as if they exist independently. The forest road vector data shown in the figure was created by
Nagano Prefecture.

2.2. Classification of Forest Road Segments

The Forest Road Facility Failure Assessment Document obtained for this study does
not record the type of failure. In other words, it is not possible to determine whether
the failure is the road surface, cut slope, fill, or road body. However, since the location
data of the failures are recorded, the topographical features of failures can be clarified by
analysis. Since it is possible to infer to some extent the causes of road failure from the
topographical features of the failures, we decided to classify failures from the viewpoint of
topographical features.
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Figure 3. Number of forest road routes and failures analyzed. (a) Two hundred-seven routes where
the failure occurred were included in the analysis. (b) Failures for which location information on
both the failure and the forest road route has been developed are included in the analysis.

Figure 4. Distribution of the number of failures according to route.
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To accurately assess the risk of failure, it is desirable to consider the presence or
absence of structures, such as drainage facilities, as well as their types and functional
status. However, in order to conduct an analysis that takes structures into account, it is
necessary to record the presence and absence of structures, their types, and their functional
status prior to the occurrence of a failure. In this study, due to the availability of data, it
is not possible to obtain information on structures prior to the occurrence of the failure
since the study deals with forest road failure that occurred from 2006 to 2010. Therefore,
the structural information was not considered in the analysis of the failure in this study.
Even if the above structural information could be obtained and failure classification was
performed considering both structures and topography, it is expected that the results would
be complicated because a single failure belongs to multiple categories. Since the purpose of
this study is to statistically understand the morphological characteristics of the elucidated
failure events rather than to strictly describe the risk of forest road failure, we believe that
a concise approach to classifying failure based on topographical factors alone is effective.
Even without considering structural information, the identification of topographic features
that are prone to forest road failure can, paradoxically, identify the characteristics of areas
where structures are not functioning properly.

Referring to previous studies [16–20], forest road segments were classified into three
categories, namely streamsides, including stream crossings (Figure 5), around concave
landforms such as zero-order basins (Figure 6), and “others” that do not fall into either of
these categories. A category for the slope was also considered. However, steep slopes were
not included in the categories because they are a more universal landform type and could
be mixed with other landform types, complicating categorization. Lithology and geology
were not included for the same reason. In Japan, the Geospatial Information Authority of
Japan provides spatial information on landslide landforms, geology, and faults. However,
not all landslide landforms and faults have been databased, and it is possible that some
small-scale landslides, especially in short sections of forest roads, have not been extracted,
so they were not used in the evaluation categories. However, since a high-resolution DEM
was used in this study, it is likely that the characteristics of erosional landforms, such as
fault zones and landslide landforms, were also taken into account as erosion heights, which
will be discussed later.

Figure 5. Image of a forest road segment that falls into the streamside category. Note: The points in
the figure represent the center coordinates of the segment.
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Figure 6. Image of a forest road segment that falls into the zero-order basin category. Note: The
points in the figure represent the center coordinates of the segment.

First, each forest road was equally divided into 5 m intervals. The division process is
performed by creating a new apex every 5 m from the beginning point of the forest road.
The apex of the division’ refers to each vertex created by this process. In this study, the
apex of the division represented the center of the forest road segment. The presence or
absence of forest road segment failure was determined based on the positional relationship
between the forest road segment feature and the failure feature. First, line features (vertex
interval: 5 m) were created from The Forest Road Facility Failure Assessment Document
to indicate the forest road segments where forest road failure occurred. Next, a nearest
neighbor search was conducted from each vertex of the failure line feature to the forest
road segment center point set. The forest road segment that corresponded to the nearest
neighbor was defined as the damaged segment.

Next, the forest road segments were classified into three categories using a Digital
Elevation Model (DEM). The DEM used was a 1 m resolution DEM created from an
aerial laser survey conducted by Nagano Prefecture in 2013, which was resampled to a
5 m resolution.

2.2.1. Streamside

The raster data representing the water system lines were converted into vector data,
which were equally divided into 5 m intervals, as was the case with forest roads. The
nearest waterline vertex was searched from each forest road vertex, and its distance was
obtained. The forest road vertices within 15 m of the waterline were defined as forest road
segments along the stream. In this study, stream features were created from a DEM with
a 5-m cell size. Therefore, we used 15 m, the distance of 3 cells in the DEM, as a guide to
represent the adjacent range of the stream.

2.2.2. Stream Crossing

Stream line features and forest road line features were determined to intersect, and
forest road segments that intersected were defined as stream crossings.
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2.2.3. Zero-Order Basin

As a method for estimating zero-order basins, Shirasawa et al. [28] developed and
validated a method using three landform quantities; erosion height, uneroded height,
and erosion rate were considered to represent the degree of erosion. The erosion height
is calculated as the difference between the summit level map and the base level map,
which contains the highest and lowest elevation points in an area [29]. The amount of
topography represented by the erosion height depends on the sampling grid size of the
DEM. Kühni and Pfiffner [29] analyzed the morphology of valleys incised by major rivers
in the Swiss Alps by using a 10 km square smoothing filter. In this study, erosion heights
were determined using a smoothing filter of 30 m square to evaluate erosion due to surface
failure, following the method of Shirasawa et al. [28]. Shirasawa et al. [28] determined the
threshold of erosion heights representing zero-order basins by examining erosion heights
on shallow landslides. The erosion height was used to simplify the method of estimating
the zero-order basins. Some studies have used curvature to assess the risk of surface failure,
but the assessment model uses multiple factors other than curvature [30]. Since it has been
suggested that the erosion height calculated from the tangent peak surface and the tangent
valley surface could be used to estimate the zero-order basin with a single indicator, we
used the erosion height instead of the curvature in this study.

However, in this study, it was not possible to collect a sufficient sample of damaged
slope areas. Therefore, cells with erosion heights of 2.5 m or more were treated as zero-order
basins with reference to the relative risk values. The erosion height tends to be high around
the waterline, and the area around the waterline is also defined as a concave landform
according to the defining parameters used in this study. In this study, we wanted to make a
clear distinction between streamside and zero-order basins in terms of topographic scale.
Therefore, we masked the erosion heights of cells located 15 m around the waterline to
avoid confusion between the two landforms. Zero-order basins defined in this study
represent unchanneled landforms with a catchment area of 1 ha or less. Even under these
conditions, forest road segments located along a stream with a zero-order basin on the
backslope fall into both the along-stream and around-concave landform categories.

At each forest road apex, a concave cell was examined for the presence of a concave
cell at 20 m in the transverse direction. The 20 m cell was examined to avoid evaluating
the forest road slope as a concave cell. The vertices where concave cells were present were
defined as the forest road segment around the concave cell. Although a simplified method
was used in this study, there is room for further study of the evaluation method for the area
zero-order basin.

2.3. Extension, Relative Risk, Repair Cost, and Rainfall at Failure by Terrain Type

First, by totaling the extensions of forest road segments by topographic type, we
obtained the percentage of topographic types on an extension basis. The percentage of
the landforms that were damaged was also calculated by adding up the extensions of
the damaged segments by landform type. By comparing these data, the characteristics of
failure in each landform type were examined in terms of the extension of failure.

Next, we calculated the relative risk of each landform type with respect to the other
categories in order to examine the extent to which the susceptibility to failure differs by
landform type. For example, the relative risk of the streamside category is calculated
as the ratio of the probability of failure in the streamside category to the probability of
failure in the other categories. Since the relative risk of each landform category represents
the likelihood of failure relative to the other categories, it is also possible to compare
the likelihood of failure among landforms. In order to clarify the relationship between
topographic form categories and failure rates, a test of independence was conducted using
the χ-square distribution. The null hypothesis of the χ-squared test is that the two variables,
i.e., a given landform category and loss rate, are independent. If the null hypothesis is
rejected, it suggests that there is some relationship between the two variables, i.e., the
category may have an effect on the susceptibility to damage. Finally, we examined whether
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the cost of repair and rainfall at the time of failure differed by terrain type. While repair
costs and rainfall were recorded on a per-loss basis from the Forest Road Facility Failure
Assessment Document, the topographic configuration differed on a per forest road segment
basis. Therefore, depending on the length of the failure, a single failure may consist of
segments of multiple terrain categories. In this case, the category with the highest number
of segments was treated as the topographic category of the failure in question. The Kruskal–
Wallis test was performed to determine whether the samples were drawn from the same
population (or different populations with the same distribution) by comparing the median
repair cost and rainfall at the time of failure for each topographic category group. If the
null hypothesis is rejected, it suggests that not all samples may have been obtained from
the same continuously distributed population. In this case, a further multiple comparison
test is performed to determine whether there is a significant difference between any of
the groups.

The rainfall at the time of failure recorded in the Forest Road Facility Failure As-
sessment Document was obtained from the nearest meteorological station (Automated
Meteorological Data Acquisition System). These meteorological stations are located at
intervals of about 17 km, and 45 of them are located in Nagano Prefecture (Figure 7) [31].

 
Figure 7. Distribution of meteorological stations established in Nagano Prefecture.

3. Results

3.1. Percentage of Forest Roads Damaged by Segment Categories

Figure 8 shows the percentage of all forest road segments and damaged forest road
segments by terrain type category.
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Figure 8. Percentage of all forest road segments and damaged forest road segments by terrain type
category.” Mixed” indicates segments that fall into both streamside and zero-order basin landforms.

The bar graph in the upper row of Figure 8 shows the percentage of forest road
segment categories calculated for the 207 routes; 15% was streamside, 26% zero-order basin,
3% in both categories (“mixed”), 4% was stream crossing, and 53% was of other types.

The bar graph in the lower row of Figure 8 shows the percentage of forest road segment
categories calculated for the failure segments; 42% was streamside, 18% zero-order basin,
8% in both categories, 7% was stream crossing, and 25% was of other types. By extension,
75% of the forest road failures that occurred in the target area occurred along streams or
stream crossing or zero-order basins, indicating that forest road failures along streams are
most common.

3.2. Relative Risk of Forest Road Segment Categories

The number of damaged and undamaged segments was recorded for each forest road
segment category, and the relative risk to forest road segments in the “other” category was
calculated (Figure 9). The χ2 test results showed that the ratio of the number of damaged
to undamaged forest road segments in the “other” category was significantly higher than
that in the “other” category for all categories. The relative risk for forest road segments in
the “other” category was higher along streams and zero-order basins, in that order. The
streamside was about 6.0 times more likely to be damaged, stream crossings were about
4.6 times more likely to be damaged, and zero-order basins were about 1.9 times more
likely to be damaged than the other categories.

3.3. Failure Characteristics by Forest Road Segment Category
3.3.1. Failure Repair Costs

Figure 10 shows the distribution of repair costs for the 287 damaged areas where repair
costs were available (USD 1 = JPY 135.96 as of 7 March 2023). Only a small percentage of
the failures were applicable to stream crossings (failures in which stream crossing segments
were in the majority), so they were excluded from the analysis. The median and mean repair
cost for all the damaged sites was approximately 2.33 million yen and 2.94 million yen,
respectively (USD 16,946 and 21,584, respectively, as of 7 March 2023). The Kruskal–Wallis
test was conducted for the three forest road segment categories, and the null hypothesis
that all samples were derived from the same distribution with a 5% risk rate was not
rejected. It is considered necessary to consider factors other than topographic morphology
in analyzing the causes of damage that lead to high repair costs.
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Figure 9. Cross tabulation table of forest road segment topography form and damage status. Rows
correspond to the topographic form of the forest road segment, and columns correspond to the
damage status.

Figure 10. Repair cost by risk category for each area damaged by failure. The line in each box
represents the median of the sample; the upper and lower ends of each box represent the upper and
lower quartiles, respectively.
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3.3.2. Amount of Rainfall

The distribution of the maximum 1 h rainfall and maximum 24 h rainfall for the
rainfall events that triggered the forest road failures are shown in Figures 11 and 12,
respectively. The maximum and minimum values for 1 h potential rainfall [32] and 24 h
potential rainfall [33] at the target sites are plotted in the figures as reference values. The
median maximum 1 h rainfall for all the damaged locations was 15.5 mm/h. The Kruskal–
Wallis test was performed for the three forest road segment categories. However, the null
hypothesis that all samples were derived from the same distribution with a 5% risk rate
was not rejected. The quartile range of maximum 1 h rainfall at the damaged sites being
located between the maximum and minimum values of 1-year potential rainfall suggests
that forest road failures can occur even when the intensity of the maximum 1 h rainfall
is not extreme. The median maximum 24 h rainfall intensity for all damaged sites was
175 mm/24 h. The Kruskal–Wallis test was conducted for the three forest road segment
categories. The null hypothesis that all samples were derived from the same distribution
with a 5% risk rate was rejected. Multiple comparisons showed that the mean maximum
24-h rainfall at the time of damage for the streamside category was significantly higher
than the mean for the other categories at a 5% risk rate. The first quartile of the streamside
category was higher than the other categories and exceeded the 30-year potential rainfall in
some areas.

Figure 11. Distribution of maximum hourly rainfall in the damaged area. The line in each box
represents the median of the sample; the upper and lower ends of each box represent the upper and
lower quartiles, respectively.

115



Forests 2023, 14, 537

Figure 12. Distribution of maximum 24 h rainfall in the damaged area. The line in each box represents
the median of the sample; the upper and lower ends of each box represent the upper and lower
quartiles, respectively.

4. Discussion

Streamside forest road segments accounted for only 15% of the total length of forest
roads analyzed, but 42% of the road segments that were damaged. Furthermore, the relative
risk of the streamside forest road segment was about 6.0 times higher than that of the other
categories of forest road segments, indicating that it was the most likely terrain type to be
damaged in this analysis. From the perspectives of both the length of failure and the relative
risk, it is clear that the most important issue in the target area is the prevention of failure
on the streamside forest road segments. The Forestry Agency supports the planning and
improvement of trunk forest roads important for failure prevention and conducts projects
to promote the strengthening of forest roads [34]. Countermeasures along stream segments
will be particularly important for the resilience of Japan’s forest roads against failures.

In previous studies evaluating the environmental impact of forest roads, distance to
streams [35,36] and avoidance of stream crossings [37] have been used as one evaluation
index. This study found that proximity to a stream is also an important evaluation indi-
cator for forest road maintenance in terms of the susceptibility of forest roads to damage.
Jing et al. [38] studied the spatial relationship between road and river networks in central
China and noted that road and river networks were closely related spatially, with the
density of high-standard roads increasing the closer they were to rivers. In Japan, there is
a history of forest roads being located along streams because of the preference for timber
haul-out routes using progressive gradients before the 1960s, when the driving perfor-
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mance of timber transport vehicles was low [39]. Especially when forest roads located along
streams play a key role in the road network, they need to be subject to maintenance and
improvement because of the significant disruption that would result from their destruction.
The mean maximum 24-h rainfall at the time of the failure of a forest road segment along a
stream was significantly higher than the mean for other geomorphic categories at a 5% risk
rate. The frequency of extreme precipitation events per degree of warming also increased,
and these trends were reported to be greater in Europe and Japan than in the United States
and Australia [40]. Future changes in rainfall patterns may further increase the risk of
damage, especially along streamside forest roads, and the relationship between failure and
rainfall should continue to be investigated.

Even in terrain forms that were considered to be at high risk of failure in previous
studies, the ease of failure in terms of relative risk differed by several fold. In studies of
forest road evaluation based on multi-criteria evaluation, the AHP method has been used to
determine the importance of different criteria [12,35–37]. Through interviews with experts
and others, evaluations have been made, for example, that Criterion A is twice as important
as Criterion B. However, these evaluations are based on the subjective opinions of experts.
With regard to the weight of the criteria for failure, a more objective evaluation may be
possible by accumulating statistical knowledge.

The topographic morphology of the forest road segments analyzed in this study could
not explain the difference in failure repair costs. According to Watanabe et al. [41], who
studied the past repair costs of 1504 forest roads in Nagano Prefecture, Japan, the standard
deviation of the repair cost of one forest road failure amounts to about 26.2 million yen.
Therefore, it is considered necessary to first investigate the characteristics of the failure in
detail, especially for the failure with high repair costs.

In this study, we were able to obtain five years of inventory data on forest road failure
by the prefectural government, which allowed us to statistically analyze the characteris-
tics of forest road failure. In Japan, such inventory data are temporarily maintained by
administrative departments but are discarded after a certain period of time because of a
lack of familiarity with how to utilize them. As revealed in this study, some knowledge
can be obtained only by collecting data on forest road failure on a scale of several hundred
routes. Therefore, it is important to establish a system to compile a database of forest
road failure inventories in the future. In this study, we focused on forest road failure that
occurred more than 10 years ago, so we were unable to consider the presence, location, and
condition of structures (drainage facilities, retaining walls, road surface pavement) that
existed before the damage occurred. In Japan, it is rare to record information on such forest
road structures in normal times because the value of their use is not well known. Since
these structures are essential for a more accurate assessment of the risk of forest road failure,
it is desirable to investigate their location and other information prior to the occurrence of
a failure. Recently, studies have evaluated the degree of damage to failure-risk forest road
surfaces by remote sensing [42–44]. Although it is labor-intensive to survey all forest roads
immediately, it is also important to combine techniques to determine the functional status
of forest road structures in a labor-saving manner, focusing on forest roads composed of
segments at high risk of failure, as identified in this study and to build an inventory data of
the structures.

There are various types of failure to forest roads, and it is necessary to construct an
evaluation model of failure risk and prioritize countermeasures according to the cause
and risk of failure. For example, in a forest road segment that runs alongside a stream,
the nourishing force of the stream is considered to be the dominant failure factor, and
reinforcement of the fill slope may be a more important failure risk reduction method than
the placement of cross-drainage ditches. In this study, forest road segments were classified
in terms of topography, and comparisons were made regarding the length of forest road
failure, the relative probability of occurrence, repair cost, and induced rainfall intensity
in each category. The results showed the importance of responding to forest road failures
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along streams, which was revealed by the analysis based on a large number of data for a
wide area of the prefecture.

5. Conclusions

In this study, we statistically analyzed the characteristics of each topographic type
at the points where failures occurred. Specifically, forest road segments were classified
into four categories: stream crossings, streamside, zero-order basin, and others, and com-
parisons were made regarding the length of forest road failure, the relative probability
of occurrence, repair costs, and induced rainfall intensity in each category. We were able
to obtain the “Forest Road Facility Failure Assessment Document” prepared in Nagano
Prefecture between 2006 and 2010. Based on this document, an inventory of forest road
failures was compiled. The analysis in this study covers the 526 failures that occurred along
these 207 routes. There are various types of failure to forest roads, and it is necessary to
construct an evaluation model of failure risk and prioritize countermeasures according to
the cause and risk of failure. Streamside forest road segments accounted for only 15% of
the total length of forest roads analyzed, but 42% of the road segments that were damaged.
Furthermore, the relative risk of the streamside forest road segment was about 6.0 times
higher than that of the other categories of forest road segments, indicating that it was the
most likely terrain type to be damaged in this analysis. From the perspectives of both the
length of failure and the relative risk, it is clear that the most important issue in the target
area is the prevention of failure on the streamside forest road segments. The results showed
the importance of responding to forest road failures along streams, which was revealed by
the analysis based on a large amount of data for a wide area of the prefecture.
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Abstract: Owing to steep terrain and complicated geology, constructing spur roads with low cost and
sufficient strength is crucial for sustainable forest management in Japan. The Shimanto method was
developed for making narrow spur roads robust against collapse around the 2000s in the Shimanto
geology belt area, where the strata were slanted because of an accretion wedge. Kochi University
Forest adopted this method and constructed some routes of spur roads in the 2010s. In the present
study, we assessed the performance of this method in terms of the roadbed strength and bearing
capacity. Two routes were selected, namely Sites 1 and 2, constructed in 2013–2016 and 2019–2021,
and tested in 2017 and 2021, respectively. The roadbed strength was measured up to a depth of
100 cm using a handy dynamic cone penetrometer with a rammer of 5 kg. The results showed that
the roadbed strength of the embankment side was weaker than that of the cut slope side, although
the method was supposed to compact the roadbeds equally over the road width. However, most of
the roadbeds had sufficient strength; the younger ones tended to have lower strength than the older
ones, and the same tendency was observed for the bearing capacity. It was suggested that the soil
under the road width should be excavated more widely toward the cut slope side before compaction.

Keywords: bearing capacity; road construction method; roadbed strength; soil; spur road

1. Introduction

The forested land in Japan occupies an area of 25 million ha, which is 68% of the
land, and most of it is located in mountainous areas: i.e., 24.5% on less than 15◦ of slope,
39.1% on 15–30◦, 13.5% on 30–35◦, and 22.8% on more than 35◦ [1]. The geology features
of the Japanese islands are complicated and fragile because the islands are on the edge
of the Eurasian tectonic plate, under which the Pacific and the Philippines tectonic plates
move gradually downward, creating an accretionary wedge [2–4]. The Japan Forestry
Agency recommends the following classification for road networks in the forested area.
One classification is forest roads with widths of 3.0–5.0 m and, if necessary, retaining
structures, such as concrete walls. Standard-sized log trucks (10-t trucks) transport logs
on forest roads, which also witness public use. The other classification is spur roads
or “forest operation roads” with a road width of around 3.0 m for logging operations;
log transportation is achieved by smaller-sized log trucks [5–8]. This is because the low
standards of spur roads, such as narrower road width, higher allowable gradient, and
smaller curve radius, are suitable for steep and complicated terrain. Most of the forest
roads in Japan allow public traffic and, if necessary, are paved while this is not the case in
other countries [3,9–12]. The construction of road networks in forested areas in Japan has
shifted from forest roads to spur roads. In 2012, the total lengths of forest roads and spur
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roads were 19 × 104 km and 12 × 104 km, respectively. In 2020, they were 20 × 104 km
and 20 × 104 km, respectively, equivalent to 8.0 m/ha and 8.0 m/ha for forested areas in
Japan [13,14]. Therefore, constructing spur roads with low cost and sufficient strength is
crucial for sustainable forest management in Japan. Different terms are used for such roads
in Japan, i.e., spur road, strip road, forest operation road, forestry operation road, operation
road, etc. Hereafter, the term spur road is used in this paper.

Among the various forest practitioners who have developed spur road construction
methods for their local properties of the terrain, geology, soil, and forest, Mr. Keizabrou
Ohashi, or Oohashi, is the most famous practitioner, whose contribution includes his
method of spur road construction and forest management [3,4,15–19]. The essence of his
method, termed the Ohashi-type spur road construction method, is as follows: a minimum
road width of around 2.0 m for small-sized trucks, 3-t to 5-t class excavators, and 2-t trucks;
detailed route selection against collapse concerning terrain, geology, soil type, forest type, etc.;
and use of small, round wood material as the retaining material for the fill slope toe and
road shoulder [3,4,15–19]. He developed the method in the late 20th century, mainly for
the Chichbu geology belt areas combined with decomposed granite areas. The Chichibu
belt collapsed, and once it was deposited below sea level, the geologic stratum was not
formed and the soil is fine-grained [3]. Owing to fine-grained soils, large landslides with
long runouts can result from heavy precipitation [3]. Because fine-grained soils limit the
forest road cut slope height and the ability to construct fill slopes [3], the Ohashi method
often employs retaining materials for fill slopes.

The method witnessed widespread use in Japan around the 1990s and 2000s, with
some modifications to fit the geology and soil of other areas [20,21]. One such variant is
the Shimanto spur road construction method developed around the 2000s by a municipal
officer of the forestry section in order to make narrow spur roads robust against collapse,
even in steep terrain. The Shimanto belt is relatively young and exhibits typical features
of accretionary wedges composed of sedimentary rocks [3]. The slopes facing the north
or the Japan Sea are generally dip slopes, and those facing the south or the Pacific Ocean
are opposite slopes [3]. There are numerous circular slips and deep-seated landslides on
the north-facing slopes, and it is risky to construct roads on the dip slopes [3]. For the
inclined stratum in the Shimanto belt, which is composed of sedimentary rocks, deep
excavation has been conducted for preparing the structural foundation of the road [4].
After deep excavation to ensure the depth required for the road width, ~30-cm-thick blocks
of compacted subsoil were piled up [4]. This method is suitable for gravelly soil, which is
the main soil type in the Shimanto belt, while a small portion of clay serves as the bondage
medium [4]. The surface soil of the natural slope was maintained during construction
and used for the surface of the filling slope to provide an early green surface because it
contained buried seeds [4]. In some cases, stumps are placed at the fill slope toes with thick
roots embedded under the embankment [6]. The road width is limited to 2.5 m considering
the usage of 3 t–5 t class excavators and mini-forwarders [22]. A mini-forwarder is a
popular machine for small-scale forestry in Japan. It is propelled by rubber tracks and
equipped with a winch with a typical loading capacity of 500–1000 kg [23].

Including the co-related principals of these methods, a training manual [24] was
compiled by forest engineers in 2010 for on-the-job training of spur road construction
operators in government-aided training programs. The book introduces various local
methods developed to fit the geological and terrain features of the area. Umeda et al. [21]
pointed out that the designated strength of the roadbed cannot always be obtained in certain
areas if a method developed for another area is adopted unless the operator completely
understands the concept of the method.

Regarding the proper compaction of roadbed construction, Sawaguchi et al. [25] found
that the maximum compaction strength can be obtained by less than 10 round trips of an ex-
cavator when it is used as a compaction device. Although more retaining walls are required
for forest roads, which have higher design standards than spur roads, on steep terrain [26],
the following problem has recently arisen: many sections of improperly constructed spur
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roads on steep slopes have collapsed one or two years after construction [27]. This prob-
lem should be taken into account in construction supervision. Furthermore, companies
involved in such unsustainable forest management should be punished by law. Concerning
the age-related change effect of road bed strength and bearing capacity, Umeda et al. [21]
reported that in areas with low compaction ability soils, there is a spur road construction
method that requires three years for completion. This method seems to effectively utilize
the age-related change effect of the road strength.

Kochi University Forest adopted the Shimanto method and constructed some routes
of spur roads in the 2010s. The forest is in the same prefecture for which the method was
developed but in a different geology belt. The present study assesses the performance
of the method in terms of the roadbed strength and bearing capacity. We verify the
hypothesis that the spur road construction method was properly used to achieve sufficient
mechanical strength.

2. Materials and Methods

2.1. Study Site
2.1.1. Location

The study was carried out at two sites in Kochi University Forest, which is located at the
northwest boundary of Kami city, Kochi prefecture, Japan (133◦36′32.0′′ E, 33◦42′12.8′′ N).
It has an area of 124 ha and is composed of eight compartments, which are divided into
two blocks: the west and the east blocks (Figure 1). The altitude ranges from 660–1045 m.
Coniferous planted forests and natural broad-leaved forests account for 60% and 40% of
the vegetation, respectively, which is dominated by Cryptomeria japonica and Chamaecyparis
obtusa, and Quercus acuta and Q. serrata, respectively [28]. All the forest roads have a
width of 3.0 m, including shoulders, and are unpaved. The spur roads were constructed
for forest management and logging operation performed by an 8-t class excavator-based
machine (CAT 308D CR) and a 3-t class forwarder (IWAFUJI U3) [29]. The average annual
precipitations from 2013 to 2021 at the two nearby meteorological stations, Motoyama town
(6100 m to NNW) and Shigeto in Kami city (7900 m to ESE), were 3096 ± STD 637 mm and
3778 ± STD 757 mm, respectively [30].

Two routes were selected for the study: Sites 1 and 2. Site 1 was constructed in FY
(fiscal year) 2013–2016 and Site 2 was constructed in FY 2019–2021. Field investigations of
Sites 1 and 2 were carried out in 2017 and 2021, respectively. The coordinates of the routes
were surveyed using a survey compass with a transit telescope for Site 1 and using a single
band GNSS receiver [31] for Site 2.

The entire Kochi University Forest is in the Chichibu geology belt, which consists of
an accretionary wedge sedimented from the Carboniferous period to the Jurassic period
and is located north, adjacent to the Shimanto geology belt. The detailed geological
features are as follows: geological period, Mesozoic–Early Cretaceous–Albian period
to Cenozoic–Paleogene–Oligocene–Selandian period; lithology and muddy millstone or
metamorphic chert; metamorphism, high P/T wide-area metamorphic rocks, and green
mudstone belt [32]. Although many areas are prone to landslides in the Sanbagawa geology
belt in Kochi prefecture, which is north adjacent to the Chichibu belt, there are few such
areas in both Chichibu and Shimanto geology belts in Kochi prefecture [33]. From the
terrain analysis of Yamasaki et al. [34], the average slope gradient is 25–30◦, the average
height difference within a 500-m circle is 300–400 m, and the contour-round-about factor
is moderate for the Kochi University Forest area, resulting in moderate to highly difficult
terrain within the Kochi prefecture [34].
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Figure 1. Study site. Site 1: A spur road constructed in FY 2013–2016 in the west block, Site 2: A spur
road constructed in FY 2019–2021 in the east block of Kochi University Forest.

2.1.2. Spur Road Construction Method

The spur roads were constructed by three university forest officers using an 8-t class
excavator (CAT 308D CR; bucket capacity, 0.28 m3). They had 24, 8, and 6 years of ex-
perience at the time of Site 1 spur road construction in 2013. They learned the Shimanto
method in some training courses held outside the university and then commenced spur
road construction within the university forest on their own around the 2010s.

Figure 2 shows the spur road construction in Kochi University Forest using the Shi-
manto method. The soil is dug over once with additional depth, then compacted with
20–30-cm-thick layers. An example of the cross-section of the middle-grade slope in
Figure 2a is 20◦ of natural ground. On a steeper natural ground slope (Figure 2b, e.g., 30◦),
the embankment volume and fill slope length tend to be larger. In such cases, the center line
of the spur road is shifted to the uphill side in order to decrease the embankment volume
(Figure 2c). The cut slope can be constructed as vertical if its maximum height is less than
the limit height of 1.4 m.

Figure 3 shows a practical example of spur road construction in Kochi University
Forest during a training course held for university forest officers of other universities in
2012. The excavator dug over the soil for extra depth (Figure 3a). Then, the loose soil was
mixed using the bucket, spread over the designated road width (Figure 3b), and compacted
by the crawler (Figure 3c). The compaction was carried out for a few layers with a thickness
of 20–30 cm each up to the level of the existing road height (Figure 3d).
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Figure 2. Spur road construction in Kochi University Forest using the Shimanto method. The soil
was dug over once with additional depth, and then compacted with layers of 20–30 cm thickness.
(a) Example of the cross-section of the middle-grade slope (e.g., 20◦) natural ground. (b) On a steeper
natural ground slope (e.g., 30◦), the embankment volume and fill slope length tend to be larger.
(c) In such cases, the center line of the spur road is shifted to the uphill side in order to decrease the
embankment volume. The cut slope can be constructed as vertical if its maximum height is less than
the limit height of 1.4 m.

 
Figure 3. Example of spur road construction in Kochi University Forest during a training course.
The excavator dug over the soil for extra depth (a). Then, the loose soil was mixed using the bucket,
spread over the designated road width (b), and compacted by the crawler (c). The compaction was
carried out for a few layers with a thickness of 20–30 cm each up to the level of the existing road
height (d).
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2.2. Field Survey
2.2.1. Measurement of Roadbed Strength

The roadbed soil strength was tested using a simple dynamic cone penetrometer.
There are some types of dynamic cone penetrometers for in situ soil strength measure-
ment in Japan [35], varying in terms of the cone size, hammer mass, and height of a
single strike with a hammer. Using a dynamic cone penetrometer, the strength of the
soil is expressed as the number of hammer strikes required to penetrate a certain depth
of the soil. Umeda et al. [36] standardized the strength values of three penetrometers.
Yoshinaga et al. [37] concluded that the in situ density of underground soil can be estimated
with the measured strength of a simple dynamic cone penetrometer called the Doken-type
penetrometer. Gotou et al. [38] verified the roadbed strength of spur roads and forest roads
using a Doken-type simple dynamic cone penetrometer. In the present study, a Doken-type
simple dynamic cone penetrometer was used for the measurement of the roadbed strength.
The Doken-type penetrometer was developed for in situ measurement on steep slopes with
a lighter hammer (5 kg) for convenience rather than the other types [39]. Its measuring pro-
cedure has been standardized by the Japan Geotechnical Society, Committee for Standard
of Geotechnical Survey, (Japanese Industrial Standards)-1433-2012 [39].

Figure 4 shows the standardized design of the Doken-type dynamic penetrometer
(Figure 4a) [39]. The soil strength is measured by striking the hammer at a height of
500 mm (Figure 4b,c) with the road kept vertical. By measuring the penetration depth of
each strike or a few strikes, the penetrated depth is converted into an Nd (or Nc) value,
which represents the number of strikes required for a penetration depth of 10 cm.

 
Figure 4. Doken-type dynamic penetrometer. Standardized design of the Doken-type dynamic
penetrometer (a) (the Japan Geotechnical Society, Committee for Standard of Geotechnical Survey
2014 [36]). The soil strength is measured by striking the hammer at a height of 500 mm (b–d) with the
road kept vertical. By measuring the penetration depth by each strike or a few strikes, the penetrated
depth is converted into an Nd value, which represents the number of strikes required for a depth of
penetration of 10 cm.

The Nd value is defined as follows:

Nd = 10 (N/Δh), (1)
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where Δh is the penetrating depth of N strikes. In general, Δh is 10 cm; however, for softer
soil, Δh was set to one strike. and for harder soil, Δh was set to less than 10 cm. The
maximum penetrating depth was set to 100 cm because some research reports have pointed
out that the friction of the rod cannot be ignored when the penetrating depth exceeds
100 cm [38–40]. In some cases, the Nd value was too large, implying that there was a large
rock just under the penetrating point. In such cases, we moved the penetrating point 20–0 cm
apart from the original point.

Thresholds of the Nd values were determined for judging the strength requirements
as follows. Okimura and Tanaka [41] predicted the potential sliding layer depth in forested
areas of sandy soil caused by heavy rain as N10 < 12. The N10 value is measured using
a handy dynamic cone penetrometer termed the Kobe University type, which provides
nearly the same value as the Doken-type penetrometer. Sugiyama et al. [42] reported that
the average Nd value of a collapsed railway embankment was 5.4. Ogawa [43] studied the
relationship between slope surface failure and water content variation on the forested slope
and found that most of the sliding depth was 0.5–1.5 m, of which the Nd values ranged
from 5–10. Hiramatsu and Bitoh [44] analyzed a landslide area on the Chichibu geology belt
in Yusuhara town, Kochi prefecture, and proposed a threshold Nd value of 9 to estimate the
slippage depth of the soil layer. Koyama [45] conducted a series of field investigations on
spur roads using a simpler dynamic penetrometer called the Tottori FK-type penetrometer
and found that cracks appeared at the road shoulders if the Nd equivalent values were
less than 1.4 with a penetrating depth of up to 25 cm. For these preceding achievements,
we set the following three thresholds: Nd = 1.4 as “very weak” for clacks on shoulders,
Nd = 5.4 as “weak” for the collapse of the embankment, and Nd = 10.0 as “moderate” for
natural slope failure.

2.2.2. Measurement of Bearing Capacity

The California bearing ratio (CBR) is a widely used parameter for assessing the
bearing capacity of a road subsurface. While proper CBR values are obtained by testing
standardized sample soils using appropriate instruments in a laboratory, in situ CBR values
are obtained using a purpose-built instrument. Therefore, although the CBR value was
originally for the construction of public roads, it is often employed for assessing the bearing
capacity of unpaved forest roads and spur roads using in situ CBR testers [46–49].

Kobayashi and Fukuda [46] measured in situ CBR values of spur roads using a
sphere-shaped rammer type in situ CBR tester and obtained the average value of 18.9%.
Kobayashi et al. [47] investigated two spur road routes constructed using the Ohashi
method with an in situ CBR tester called CASPFOL, and obtained average values of 14.7%
and 23.4%. Suzuki et al. [48] evaluated the total strength of a spur road constructed
using the Shimanto method in a volcanic ash soil area. For the bearing ratio, they used
a CASPFOL tester and obtained in situ CBR values of 2.5–9.8% for ruts on the cut slope
sides and 8.0–12.5% for ruts on the fill slope sides. Sawaguchi et al. [49] investigated the
age change of the bearing capacity for spur roads in Neogene period gravelly soils for the
Tohoku area, northern Japan, using a CASPFOL tester. They found that the CBR values
increased from 1.4% to 4.0% at the shoulder, from 1.7 to 5.6% at the center, and from 2.7 to
7.8% at the ruts over 10 years, even if there was nearly no traffic during the gap years [49].

In the present study, we used an in situ CBR tester called CASPFOL (Figure 5a) [50,51].
The soil strength is measured by striking the rummer at a height of 500 mm with the road
kept vertical through the built-in acceleration meter (Figure 5b,c). The acceleration of the
rummer is measured with the instrument when the rummer falls and strikes the soil. The
standard measuring method requires five measurements around a designated point with a
radius of 20 cm (Figure 5d).
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Figure 5. In-situ CBR measuring instrument (CASPFOL). Schematic diagram of CASPFOL (a) [51].
The acceleration of the rummer is measured by the instrument when the rummer falls and strikes the
soil (b,c). The soil strength is measured by striking the rummer at a height of 500 mm with the road
kept vertical through the built-in acceleration meter. The standard measuring method requires five
measurements around a designated point with a 20 cm radius (d).

2.2.3. Soil Property

The grain size distribution has significant effects on soil properties, especially me-
chanical features, such as compatibility [21]. Soil samples were obtained from a cut slope
at two points each for the two sites. The samples were tested for grain size analysis by
following the procedure of JIS-A-1202 [52]. Soil property as engineering materials is clas-
sified as one of 24 engineering soil types through a standard classification system of the
Japanese Geotechnical Society using the parameters derived by the grain size distribution
and accompanying tests for the grain size analysis procedures. An additional property,
i.e., wideness of size distribution, is assessed using two parameters, the uniformity coeffi-
cient Uc and coefficient of curvature Uc

′
, which are defined as follows:

Uc = D60/D10, and (2)

Uc
′

= (D30)2/(D10 × D60), (3)

where D10, D30, and D60 are the grain sizes of the accumulated grain mass percentages of
10%, 30%, and 60%, respectively [52]. If Uc ≥ 10 and 1 < Uc

′
< 3, then the soil is supposed

to have wide grain size distribution, which means that it is suitable for compaction [52].

2.2.4. Experimental Design and Analysis

The first series of the investigation was conducted for Site 1 for the measurement of
the roadbed strength. To check the equality of the compacted roadbed soil strength around
the road width, Factor A was set as a relative position within the road width (Figure 6) with
five levels: A1, downhill side apart from the shoulder at least 30 cm; A2, rut of downhill
side; A3, center; A4, rut of uphill side; and A5, uphill side apart from the toe of the cut
slope at least 30 cm. Factor B was set to the fiscal year of construction in order to check the
age-related change in the strength. The spur road of Site 2 was constructed from 2013 to
2016. Because the constructed length of FY 2013 was nearly twice that of the other years, the
FY 2013 constructed section was separated at its mid-point into two sections. Therefore, the
levels of Factor B are B1, FY2013-1; B2, FY2013-2; B3, FY2014; B4, FY2015; and B5, FY2016.
The spur roads were constructed from fall to winter, and Site 1 was investigated in the
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winter of FY 2017. Hence, the number of years elapsed were 4.2, 4, 3, 2, and 1 for B1, B2,
B3, B4, and B5, respectively. It should be noted that the number of years elapsed could not
be treated as the effect of time on each road segment in a precise sense. However, in the
analysis, it was assumed that the number of years elapsed had a meaning of elapsed time
by assuming that each road segment has a homogeneous property. Nevertheless, the effect
of the number of years elapsed should be carefully evaluated in this regard.

Figure 6. Measuring points on the spur road at each sample point of Site 1.

The number of repetitions of the measurement was set to five so that the distance
between every two points would be the same. However, because of the slightly shorter
section length of A3, the number of repetitions of A3 was four. Therefore, 24 points were
investigated for Site 1 in total.

The obtained data were analyzed by two-way ANOVA [53,54]. The dependent variable
was the Nd value up to a depth of 100 cm average weighted by Δh. Two independent
variables were Factors A and B. However, in some points, the soil was too hard to reach
a depth of 100 cm. When Nd exceeded 50 or more, the penetration was stopped, and the
Nd value was averaged up to the maximum depth. One dummy data was added to the
A3 level as the mean of four observations so that the number of repetitions is equal to the
other levels of A, i.e., five. In the ANOVA table, the degree of freedom was adjusted for
Factor A and the error concerning the dummy observations [53].

The second series of the investigation was carried out in Site 2 for the roadbed strength
and bearing capacity. As for the roadbed strength, to compare the strength difference
between natural soil and compacted soil as well as that between the downhill side and the
uphill side, Factor A was set to the distance from the road center and the Factor B direction
(Figure 7). The levels of Factor A were as follows: A1, 0.5 m from the center; A2, 1.5 m from
the center; and A3, 2.5 m from the center. The points of A1 were nearly on the ruts. The
distance between A1 and A2 was, in some cases, more than 1.0 m so that A2 was not on the
fill slope. The distance between A2 and A3 was 1.0 m. The factor levels are B1, downhill
side, and B2, uphill side.
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Figure 7. Measuring points on the spur road at each sample point of Site 2.

Factor C was set to the fiscal year of construction. The Site 2 spur road was constructed
in 2019, 2020, and 2021. The section distance of 2021 was nearly twice that of the others.
Therefore, section FY2021 was separated into two sections at the mid-point. To check the
strength difference between the upper and lower parts, Factor D was set to the penetrating
depth, i.e., the level D1 was 0–50 cm, and D2 was 50–100 cm. The Nd values were averaged
for 0–50 cm and 50–100 cm, respectively. The number of repetitions was two. In Site 2, two
points each were investigated at each section of Factor A, at a mid-point of the section and
separated by 2 m, because the section length was not as long as that of Site 1. The total
number of roadbed strength measurement points was 3 × 2 × 4 × 2 × 2 = 96. The obtained
data were analyzed via four-way ANVOVA [53,54]. The dependent variable was the Nd
value averaged weighted by Δh. Four independent variables were Factors A, B, C and D.

As for the bearing capacity, in situ CBR measurement, three factors were set. The first
two factors, Factors B and C, were set to be the same as those of the roadbed strength. The
third factor, Factor R, was set to repetition, having two levels of R1 and R2. Although repe-
tition was not treated as a factor in general, it was included to check for the homogeneity of
the measurement. The total number of in situ CBR measurement data was 2 × 4 × 2 × 5 = 80
because five measurements each were required for the standard measurement of the in
situ CBR tester. The obtained data were analyzed via three-way ANVOVA [53,54]. The
dependent variable was the in situ value. The three independent variables were Factors B,
C, and R.

The multi-way ANOVA was analyzed with SAS software using the super-computing
service of the Institute for Information Management and Communication, Kyoto University.
The two-way ANOVA and the following Tukey test for multiple comparisons [54] were
carried out using Microsoft Excel software.

2.2.5. Date of Investigation

The investigation of Site 1 was carried out from November 2017 to January 2018.
Surveying of the spur road route and road section measurement using a surveying pole
with a precision of 0.1 m were conducted simultaneously.

The investigation of Site 2 was carried out from November 2021 to January 2022. The
surveying of the spur road route and road section measurement with a surveying pole with
0.1 m precision were conducted simultaneously.

The soil samples were collected at the sections FY2013 and FY2015 of Site 1, the
boundary of sections FY2019 and FY2020 (FY2019–2020), and the first half of FY2021 of
Site 2. The FY2015 and the FY2019–2020 samples were collected in December 2020 and
analyzed from December 2020 to February 2021. The FY2013 and FY2021 samples were
collected in December 2021 and analyzed from December 2021 to January 2022.
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3. Results and Discussion

3.1. Overview of the Sites

The total spur road lengths of the sites were 626 and 250 m for Sites 1 and 2, respectively
(Tables 1 and 2). The route of Site 1 had a steep gradient in the section of FY2015, whereas
the other sections were nearly flat or had a gentle gradient. In Site 2, the route extended
upward; hence, its gradient was relatively high. The average road widths were nearly
the same for both sites while the Site 1 route was slightly wider (3.0 m) than the Site 2
route (2.8 m).

Table 1. Descriptive statistics of Study Site 1: a spur road in the west block of Kochi University Forest.

Fiscal Year of
Construction

(Years Elapsed at
Survey)

Length
(m)

Average
Gradient

of the
Road (%)

Num. of
Measured

Points

Average
Road

Width (m)

Average Cut
Slope

Height (m)

Average Cut
Slope

Gradient
(deg.)

Average
Fill Slope
Gradient

(deg.)

Average
Slope of
Adjacent
Natural

Ground (deg.)

2013-1 (4.2) 182.3 3.5 5 2.9 1.1 68.7 37.2 22.8
2013-2 (4) 98.7 −5.5 5 2.9 1.2 65.5 38.2 24.0
2014 (3) 87.6 −0.2 4 3.1 1.2 68.8 51.0 25.0
2015 (2) 100.2 13.4 5 3.2 1.6 62.1 45.8 28.1
2016 (1) 156.7 −4.5 5 3.1 1.4 76.8 43.8 29.6

Sum 625.5 24
Total mean 1.2 3.0 1.3 68.4 42.9 26.0

STD 0.5 0.4 14.3 12.3 6.5
Max. 4.8 2.3 90.0 69.0 41.1
Min. 2.6 0.5 36.9 18.4 14.3

Fiscal year of survey: 2017 (November 2017–January 2018).

Table 2. Descriptive statistics of Study Site 2: a spur road in the east block of Kochi University Forest.

Fiscal Year of
Construction

(Years Elapsed at
Survey)

Length
(m)

Average
Gradient

of the
Road (%)

Num. of
Measured

Points

Average
Road

Width (m)

Average Cut
Slope

Height (m)

Average Cut
Slope

Gradient
(deg.)

Average
Fill Slope
Gradient

(deg.)

Average
Slope of
Adjacent
Natural

Ground (deg.)

2019 (2) 41.8 11.0 2 2.8 1.3 52.4 41.2 23.5
2020 (1) 73.8 21.1 2 3.0 0.9 71.6 56.3 22.1
2021 (0.5) 134.6 15.4 4 2.7 0.6 62.9 45.4 20.5

Sum 250.2 8
Total mean 16.3 2.8 0.9 62.5 47.1 21.7

STD 0.3 0.3 8.4 8.1 2.6
Max. 3.0 1.3 71.6 56.3 23.5
Min. 2.4 0.5 52.4 39.5 17.9

Fiscal year of survey: 2021 (November 2021–January 2022).

The slope gradients of adjacent natural ground were estimated by the connecting fill
slope toes and top ends of cut slopes. The average slope gradients of the adjacent natural
ground were 26.0 ± STD 6.5◦ for Site 1 and 21.7 ± STD 2.6◦ for Site 2. Such a steep natural
ground slope of Site 1 resulted in a higher cut slope height (1.3 ± STD 0.4 m) compared to
that of Site 2 (0.9 ± STD 0.3 m). This implies that the excavation volume as well as the dig
over depth of Site 1 would be larger than those of Site 2 (Figure 2).

3.2. Soil Property

Figure 8 shows the grain size distributions of the obtained soil samples as a result of
grain size analysis. All the samples were classified as GFS, fine-grained sandy gravel, of
which the mechanical feature is classified as suitable for compaction [52]. Two samples,
i.e., Site 1 FY2013 and Site 2 FY2021, were additionally classified to have a wide distribution,
the uniformity coefficient of which is Uc ≥ 10, and the coefficient of curvature Uc

′
is

between 1 and 3.
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Figure 8. Grain size distribution of soil sampled at Sites 1 and 2.

The result of the grain size analysis indicated that the soil of both sites has a good
property for compaction. It also can be said that there was no major difference between the
soil properties of Site 1 and Site 2.

3.3. Site 1: Measurement of Roadbed Strength

The result of the two-way ANOVA on the Nd values in Site 1 indicated that two factors
were significant, whereas their interaction was not: A, relative position within the road
width, and B, fiscal year of construction (Table 3). In other words, the population means of
all the levels were not the same in Factors A and B, and there was no interaction effect in
the combination of Factor A levels and Factor B levels.

Table 3. ANOVA table of Nd in Site 1.

Factor
Degree of
Freedom

Sum of
Squares

Variance F-Value p-Value

A: Relative position
within road width 4 5783.1 1445.8 6.74 0.00

B: Fiscal year of
construction 4 6587.8 1647.0 7.68 0.00

Error (pooled) 111 23,807.1 214.5
Total 119 36,614.2

Total mean: 15.65.

From a brief inspection of the multiple comparison analysis of Factor A levels
(Figure 9), it can be concluded that the roadbed soil strength was not even over the road
width. In other words, it was stronger in the cut bunks and weaker in the fill bunks. Thus,
the main objective of the Shimanto method was not achieved in the investigated spur road.

As for the effect of Factor B, level B3 (FY2014) had significantly greater Nd values than
the other levels (Figure 10). From a visual inspection of the site, a possible reason would
be that hard rock materials were more distributed in the FY2014 section than the others.
The age-related change, such that older roadbeds gained a larger strength [48,49], is not
observed in Figure 10.

Figure 11 shows all the observations of the Nd values in Site 1 accompanied with
three thresholds: 1.4, 5.4, and 10.0. While no observation was lower than Nd = 1.4,
15 observations in B4 (FY2015) and B5 (FY2016) and 4 observations in B1 and B2 (FY2013)
were lower than Nd = 5.4. In Figure 10, where the values were averaged, the age-related
change was not clear. However, the lower limits of the values seem to have a tendency of
age-related change and are hence lower for younger ages in Figure 11.
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Figure 9. Main effect of Factor A, relative position within the road width, of Site 1 on the Nd -value.
The error bars represent the standard error (SE). Different letters indicate significant differences
between the population means. Tukey test, p < 0.01, n = 24.

Figure 10. Main effect of Factor B, fiscal year of construction, of Site 1, on the Nd -value. The error
bars and different letters have the same meaning as in Figure 9. p < 0.01, n = 25 except for B3 (n = 20).

3.4. Site 2
3.4.1. Measurement of Roadbed Strength

In the ANOVA table for the Nd values in Site 2, all the single factors and a few
interactions were significant (Table 4). The insignificant interactions were pooled into
the error.
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Figure 11. Nd—values of Site 1 accompanied with thresholds.

Table 4. ANOVA table of Nd in Site 2.

Factor
Degree of
Freedom

Sum of
Squares

Variance F-Value p-Value

A: Relative position 2 1028.0 514.0 4.31 0.02
B: Downhill side or

uphill side 1 787.0 787.0 6.60 0.01

C: Fiscal year of
construction 3 1783.8 594.6 4.99 0.00

D: Penetrationg depth 1 3098.4 3098.4 25.98 0.00
A × B 2 803.9 401.9 3.37 0.04
A × C 6 3140.2 523.4 4.39 0.00
B × C 3 1472.3 490.8 4.12 0.01

A × B × C 6 1563.4 260.6 2.19 0.05
B × C × D 3 1408.5 469.5 3.94 0.01

Error (pooled) 68 8108.4 119.2
Total 95 23,193.9

Total mean: 9.79.

As for Factor A (relative position in the road width), A1 (0.5 m from center, 14.4 ± SE
(Standard Error) 4.4) was significantly greater than the others (A2, 1.5 m from center,
7.5 ± SE 1.2; A3, 2.5 m from center, 7.4 ± SE 1.3; Tukey test, p < 0.05, n = 32), implying
that the soil strength increased from natural 7.4–7.5 to compacted 14.4. The effect of Factor
B should be evaluated as the interaction A × B. The average Nd values of A1 × B2, the
rut of the uphill side (21.1 ± SE 8.5), were significantly greater than the downhill side
(7.6 ± SE 1.0), which was not significantly different from the other remaining interactions
(Tukey test, p < 0.05, n = 16). The tendency is the same as that of Site 1 (Figure 9). Note that
these Nd values were averaged through a depth of 0–100 cm (D1: 0–50 cm and D2: 50–100 cm).
The average Nd values of D2 (15.5 ± SE 3.0) were significantly greater than those of D1
(4.1 ± SE 0.4; p < 0.01, n = 48). As for Factor C, the fiscal year of construction, the level
C2 (FY2020, one year after construction, 17.2 ± SE 5.8) was significantly greater than the
other levels (C1: FY2019, two years after construction, 6.6 ± SE 1.5; C3: FY2021-1, 0.5 year
after construction, 8.4 ± SE 1.3; C4: FY2021-2, 0.5 year after construction, 7.0 ± SE 1.1;
Tukey test, p < 0.05, n = 24).
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The effect of Factor C can be more clearly observed as interactions between other
factors. Figure 12 shows the interaction of Factors A and C. The average Nd values of
the combined levels of A1 × C2 were significantly greater than the others, implying a
possibility that there were harder subsoils or rocks under the investigated section of C2.

Figure 12. Interaction of Factor A (relative position) and Factor C (fiscal year of construction) of
Site 2 on the Nd—value. The error bars and different letters have the same meaning as in Figure 9.
p < 0.01, n = 8.

Figure 13 shows the interaction of Factors B, C, and D. From the figure, it can be
observed that the average Nd values of the combined levels B1 × C2 × D2 were significantly
greater than the others, also implying a possibility that there were harder subsoils or rocks
under the rut of the uphill side at a depth of 50–100 cm on the investigated section of C2.

Figure 13. Interaction of Factor B (downhill side or uphill side), Factor C (fiscal year of construction),
and Factor D (penetrating depth) of Site 2 on the Nd -value. The error bars and different letters have
the same meaning as in Figure 9. p < 0.01, n = 6. B1: Downhill side, B2: Uphill side; D1: 0–50 cm,
D2: 50–100 cm.
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To provide an overview of all the aforementioned observations in Site 2, Figure 14
shows the all-observation average on Factor D, i.e., depth 0–100 cm for comparison with
Figure 11 of Site 1. In the figure, the observations on the spur road are marked with filled
circles, whereas those on natural ground are marked with open circles. From the figure, the
Nd values on the spur road (closed circles) have a tendency of age-related change, except
for C1 (FY2019). The Nd values on the natural ground (open circles) have a large variation,
which probably reflects various situations of the natural ground.

Figure 14. Nd—values of Site 2 accompanied with thresholds.

Compared with the threshold values for C1 (FY2019) and C4 (FY2021-2) × R2, the Nd
values on the spur road were lower than Nd = 5.4. Thus, the compaction of the roadbed
material soils, especially for FY2019, would have been insufficient to make the excavated
soil sufficiently strong.

3.4.2. Measurement of Bearing Capacity

The result of the three-way ANOVA on the in situ CBR values in Site 2 is summarized
in Table 5. Although Factor R was not significant, it was not pooled into the error because
the interaction B × C × R, which includes Factor R, was significant [53].

Table 5. ANOVA table of in-situ CBR in Site 2.

Factor
Degree of
Freedom

Sum of
Squares

Variance F-Value p-Value

B: Downhill side or
uphill side 1 315.2 315.2 23.00 0.00

C: Fiscal year of
construction 3 433.0 144.3 10.53 0.00

R: Repetition 1 45.3 45.3 3.31 0.07
B × C × R 3 155.8 51.9 3.79 0.01

Error (pooled) 71 973.0 13.7
Total 79 1922.3

Total mean: 14.5%.
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As for Factor B (downhill side or uphill side), B2 (uphill side, 16.5 ± SE 0.7%) was
significantly greater than B1 (downhill side, 12.5 ± SE 0.7%; p < 0.01, n = 40), implying that
the compaction of the road surface soil was better performed in the uphill side than in the
downhill side. As for Factor C, the average in situ CBR values of C1 (FY2019, 17.1 ± SE 1.1)
and C2 (FY2020, 16.6 ± SE 0.8) were significantly greater than those of C3 (FY2021-1,
12.5 ± SE 1.0) and C4 (FY2021-2, 12.0 ± SE 1.1; Tukey test, p < 0.01, n = 20). The tendency
could be regarded as age-related change, i.e., natural compaction [49,50]. The effect of
interaction among Factors B, C, and R is shown in Figure 15. In the combined levels of
B1 × C1 × R2 and B2 × C4 × R2, the average values seem to be larger than the combined
effects of Factors B and C. A reason would be the experimental error probably caused by
cobbles or small rocks submerged in the road surface. However, according to the related
studies that have evaluated the bearing capacities of the spur road surface using an in situ
CBR tester [46–49], the total mean of 14.5% in Site 2 could be regarded as moderate, or not
too low, for spur roads used for crawler-type machines.

Figure 15. Interaction of Factor C (fiscal year of construction), Factor R (repetition), and Factor B
(downhill side or uphill side) of Site 2 on in-situ CBR. The error bars and different letters have the
same meaning as in Figure 9. p < 0.05, n = 5. B1: Downhill side, B2: Uphill side.

4. Conclusions

We investigated spur roads in Kochi University Forest constructed using the Shimanto
method in order to verify whether sufficient roadbed strength and road surface bearing
capacity were achieved. The main conclusions are as follows:

• Most parts of the investigated spur road sections had sufficient roadbed strength and
surface bearing capacity;

• The roadbeds of the downhill sides tended to have lower strength because of insuffi-
cient compaction;

• The result indicated that the excavation over the entire road width and even com-
paction were not properly performed on parts with lower strength;

• Although it should be treated with caution, there appeared to be a tendency toward
age-related change, i.e., natural compaction over time, for both the roadbed strength
and the bearing capacity.
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In the present study, the year of construction was treated as time elapsed since con-
struction. However, in order to properly evaluate the strength development of a single
pavement section, it is necessary to test the same pavement section at different ages. It
would have been better to compare soil strength for three different depths, e.g., 0–30 cm,
30–60 cm, and 60–100 cm, to check the difference between fill and cut slopes and the effect
of natural compaction. Although such analysis was not achieved in the present study
because the resolution of Nd values was limited by the field situation, the authors would
like to confirm the problem in the future study.

The lower strength of the roadbed on the downhill side of the spur roads or embank-
ments was also observed in a related study on spur road construction. Furthermore, it was
suggested that the soil under the road width should be excavated more widely toward
the cut slope side before compaction to obtain the same roadbed strength on the downhill
side as that on the cut slope side. Regarding the age-related change effect of the roadbed
strength and bearing capacity, it was reported that in areas with low compaction ability
soils, there is a spur road construction method that requires three years for completion.
The method seems to effectively use the age-related change effect of the road strength. It
is recommended that spur roads be left unused for a certain period of time before use in
order to stabilize the materials of the constructed road body.
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Abstract: Although forest road networks are an important infrastructure for forestry, recreation, and
sustainable forest management, they have a considerable effect on the environment. Therefore, a
detailed analysis of the various benefits and associated costs of road network construction is needed.
The cost of earthwork in road construction can be estimated based on the change in topography before
and after construction. However, accurate estimation of the earthwork volume may not be possible
on steep terrain where soil placement is limited. In this study, an unmanned aerial vehicle was flown
under the tree canopy six times during a road repair work to measure the changes in topography
using structure from motion analysis. Comparing the obtained 3D model with the measurement
results from the total station, the average vertical error and root mean square error were −0.146 m and
0.098 m, respectively, suggesting its good accuracy for measuring an earthwork volume. Compared
to the amount of earthwork estimated from the topographic changes before and after the repair work,
the actual earthwork volume was 3.5 times greater for cutting and 1.9 times greater for filling. This
method can be used to calculate the earthwork volume accurately for designing forest road networks
on steep terrain.

Keywords: small-scale forest road; UAV; Structure from Motion (SfM); earthwork volume; under
tree canopy

1. Introduction

Forest road networks can be used for timber production, recreational activities, and
preventing the spread of pests and fires [1]. However, constructing a road network on
sloping terrain increases the risk of slope failure due to heavy rainfall and the fragmentation
of wildlife habitat [2]. For designing an optimal road network layout, it is necessary to
comprehensively evaluate candidate routes from the economic and environmental perspec-
tives by setting objective variables, such as the construction and maintenance cost, effect of
incurring a minimal cost for timber harvesting and transportation, social benefits related to
recreation and disaster prevention, and the risk of damaging environmental health.

The cost–benefit evaluation in designing a forest road network requires a complex
analysis, as the benefits of road construction are diverse; additionally, the costs should be
calculated while considering the environmental risks [3]. Several methods, such as the analytic
hierarchy process, have been proposed to evaluate the optimal route planning to maximize
the benefits and minimize the costs of various construction objectives [4–8]. Recently, the
precise microtopographic data obtained using an airborne laser scanner (ALS) have been
used for forest road construction, because the construction cost is related to the amount
of earthwork. Many studies have proposed designing forest road networks with minimal
earthwork using high-resolution digital elevation model (DEM), because the routes with less
earthwork are economical and discharge less sediment into the environment [9–14]. Aruga
et al. [15] comprehensively studied a route selection method that combines the prediction
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of surface erosion and discharge of the related sediment into streams with the amount of
earthwork. Ghajara et al. [16] developed a model in which the total cost of road construction
may be estimated with an accuracy range of ±6.5%, assuming that the total construction
cost is determined by six factors: clearing operations, embankments, pavements, gradings,
culverts, and ditches. These studies have enabled us to estimate the cost of road construction
precisely based on the difference in shape change between the landform before and after the
forest road construction. Particularly, earthwork volume accounts for a large portion of the
cost of small-scale road construction on sloping terrain [17,18], so these models have already
been put to practical use as a route selection method to reduce road construction costs [19].

On the other hand, small-scale road construction operations, mainly earthwork op-
erations, often occur on slopes, where there needs to be more space for temporary soil
storage. It is necessary to repeatedly excavate, temporarily place, and fill soil in a limited
area. Therefore, it is difficult to predict and quantify the amount of earthwork performed
since it is difficult to ascertain all of the earthwork performed simply by comparing the
shape of the soil before construction with the shape of the completed ground. It is necessary
to conduct surveys during construction to grasp the precise amount of earthwork that
changes with time. However, accurate quantification has been impractical.

Recently, however, with the development of unmanned aerial vehicles (UAVs), various
sensors, and analysis technology, it has become possible to perform high-frequency survey-
ing from the sky without stopping construction work [20]. The two surveying methods
using UAVs are as follows: (1) obtaining a 3D model of the ground surface via structure
from motion (SfM) analysis [21] based on images taken using an onboard camera and
(2) measuring the distance to the ground surface using an onboard laser scanner. As the
first method requires inexpensive sensors, it has recently been widely used for surveying.

UAVs are indispensable for earthwork estimation in the construction industry owing to
their speed and efficiency [22]. Akgul et al. [23] compared the results of earthwork volume
estimation of small-scale roads using DEMs created by fixed-wing UAV and Network real
time kinematic global navigation satellite system (NRTK-GNSS). It was revealed that the
UAV-based method was more cost-effective and accurate than NRTK-GNSS. Buğday [24]
used UAVs and SfM analysis to create 5 cm mesh data after road construction in a forest
area and showed that post-evaluation of earthwork volumes is possible. Hrůza et al. [25]
operated a UAV at a speed of 1 m/s and 1 frame/s from an altitude of 4–6 m to create a point
cloud with an average of 3.2 points/cm2 and accuracy with a root mean square error (RMSE)
of 0.0198 m for use in inspection work on asphalt-paved forest roads. Hrůza et al. [26] also
reported that SfM analysis was performed on asphalt paved road surfaces using photographs
taken from a height of 1.5 m above the ground and that the accuracy was higher than various
LiDAR methods. Many other studies have been conducted for use in the calculation of
earthwork quantities at construction sites [27–29].

Although SfM analysis using UAVs is used for constructing forest road network, previ-
ous studies have used data obtained from locations higher than the tree canopy. In the SfM
analysis, identifying the same object in images taken from multiple locations is necessary.
The ground surface in forests cannot be photographed due to the obstruction caused by
standing trees. Therefore, flying the UAV under the tree canopy is necessary for performing
a detailed analysis of the changes in the amount of earthwork during construction. An
automatic flight is difficult under the tree canopy, as stable global navigation satellite
system (GNSS) reception and positioning accuracy cannot be ensured. Consequently, man-
ual operation with advanced flight techniques is required in such conditions. Therefore,
few studies have been conducted by flying UAVs under the canopy to obtain detailed
information of forests [30,31].

In this study, we attempted to quantify the changes in topography by taking six UAV
mapping and conducting an SfM analysis at a small-scale forest road repair site, where it is
relatively easy to fly UAVs even under the tree canopy because earthwork is performed
in a narrow area with few standing trees. At the same time, we compared the accuracy of
the topography measurement with that of a total station. The obtained data were used to
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verify whether it was possible to estimate the amount of earthwork at each stage of the
repair work. A forest road repair site was chosen for this study, instead of a forest road
construction site, because the earthwork is concentrated in a small area in forest road repair
sites; therefore, it is convenient to collect data and obtain accurate evaluation.

2. Materials and Methods

The measurement test was conducted at a 2.5 m wide road repair site in Kizugawa
City, located in the southern part of Kyoto Prefecture, Japan. The length of the road is
706.3 m, and it was constructed in 2020 as a branch line from a larger forest road. This road
was constructed using the Ohashi-type road construction method, which assumed that
3–5-ton class excavators and 2–3-ton trucks will be used in the construction [32]. The logs
used to make the retaining wall with log structure were used for the frame to distribute the
loads [33].

Repair work was conducted from 22–25 August 2022 to repair a defective embankment
near the middle of this line caused by heavy rainfall in May 2021. According to official
rainfall data in the neighboring city of Kyotanabe, the total rainfall from 16–22 May was
204.5 mm, 160 mm of which was concentrated over two days. The road was carefully
constructed with logs on the upper part of the embankment and the roadbed, but the
bedrock was exposed in the affected area, making it challenging to form the embankment.

The repair consisted of first creating a simple road to access the lower part of the
missing embankment and then reshaping the embankment with logs from the valley
flowing under the lower part of the road embankment to the upper part of the road. A
rectangular plot with a length of about 30 m and a width of about 16 m was set along the
work road in the repair work area, and this was used as the analysis range.

UAV photography was conducted six times: once before the repair work (morning
of 22 August), four times during the repair work (afternoon of 22 August, morning of 23
August, afternoon of 23 August, and morning of 24 August), and once after the repair work
(13 September). A DJI Mavic3 drone was used for photography. We used PiX4Dmapper
(Pix4D S.A., Prilly, Switzerland) for the SfM analysis. ArcGIS 10.8.1 (ESRI Inc., Redlands,
CA, USA) and QGIS 3.16.7 (QGIS Development Team, 2021) were used for earthwork
volume estimation.

Four aerial markers were set up as ground control points (GCPs) to measure absolute
coordinates and eliminate distortion of the obtained model. In addition, surveying was
conducted at two other open locations in the sky using a survey GNSS receiver (Spectra
Precision SP80). Absolute coordinates of the GNSS points were precisely measured using
electronic reference points of the Geospatial Information Authority of Japan, and absolute
coordinates of the GCPs were calculated using a total station (TS) TAJIMA TT-N45 (TJM
Design Co., Tokyo, Japan) from GNSS points. According to the TS specifications, the
ranging accuracy, in this case, is “(2 + 2 ppm × D) mm (for measuring distances of 4 m or
more),” with an error of 0.01 mm at a distance of 10 m. The angular accuracy is 5 and the
error at a distance of 10 m is 0.24 mm.

The ground height was measured a total of four times using TS during the lunch break
on each day when repair work was suspended. The measurement results were compared
with the 3D model obtained by SfM analysis from the images taken by the UAV every
morning. As the UAV imaging on the 2nd and 3rd days was conducted during the repair
work, there was a slight time lag with the TS survey and the topography may have slightly
changed. We used 41, 76, 91, and 88 TS survey points for comparison on days 1 (before the
repair work), 2, 3, and 4 (after the repair work), respectively. The accuracy of the ground
height obtained by the UAV was calculated by the TS measurement points as the validation
points, and the results of the TS measurements were true values.

The UAV was operated at two altitudes: close up (3–5 m) and low altitude (7–10 m).
In the SfM analysis, 3D models were created using two altitude images at the same time. It
captured the area where the repair work was being done, with a flight duration of about
30 min. The UAV was operated manually along the area, and the image was automatically
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captured at 2 s intervals to ensure a high overlap between images. We also captured images
from various directions in the flyable area.

DEMs of the ground surface were created from the 3D model obtained by SfM analysis
using a UAV, and the amount of cut and fill at each stage was calculated using the Cut Fill
tool in ArcGIS.

3. Results and Discussion

3.1. Generation of 3D Models for Each Phase of the Small-Scale Forest Road Repair Project

The 3D models of each phase were successfully constructed using SfM analysis. The
resolution of the generated models ranged from 1.1 cm to 1.4 cm. For example, the 3D
models generated from the data taken before, during, and after the work was completed
and viewed from various angles are shown in Figures 1–3.

In this test, the flight route of the UAV was not fixed, and the appropriate course for
photography was determined manually during the operation. Because the site was located
in a valley, which made GNSS reception difficult, and the flight altitude was lower than the
height of the surrounding trees, there was a risk of colliding with branches or tree trunks.
Under these conditions, GNSS control is insufficient, and UAV flight control technology for
real-time obstacle detection using various sensors and SLAM technology is needed.

Figure 1. A 3D model generated by SfM analysis before the repair work started.

Figure 2. A 3D model generated by SfM analysis during the repair work.
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Figure 3. A 3D model generated by SfM analysis after the repair work completed.

Because the shooting area differed depending on the shooting session, the area where
the 3D model was obtained also differed in each shooting session. There were some
differences between the modeled trees and other land objects. However, no inconsistencies
in their positions or shapes were observed. Even for the complex and finely patterned
subsoil vegetation and soil and stone surfaces, no significant distortions were observed,
and it was found that 3D models with clean shapes could be obtained.

3.2. Verification of Height Accuracy of Surface Data Obtained by SfM Analysis by UAV

The elevation values obtained at each point of the 3D model were compared with
those measured by the TS. However, measurement by the TS takes time, which causes a
significant time lag between drone photography and TS surveying. Therefore, verification
of measurement accuracy was limited to four times: the morning of 22 August before the
repair work, the morning of 23 August and 24 August during the repair work, and 13
September after the repair work. The results are shown in Table 1 and Figure 4.

Table 1. Height measurement error (m) in SfM analysis compared with the total station survey.

Mean Max Min RMSE

Before the repair work −0.102 0.136 −1.333 0.105

During the repair work 1 −0.259 0.290 −0.910 0.162

During the repair work 2 −0.198 0.059 −1.218 0.121

After the repair work −0.017 0.113 −0.494 0.017

Overall −0.146 0.098

The overall measurement error averaged −0.146 m, leading to a general tendency
toward underestimation. The RMSE was 0.098 m, indicating that elevation values could
be obtained with an accuracy of about 10 cm. However, the average error varied greatly
from one measurement session to the next. It was −0.102 m before the repair work, and
−0.259 m and 0.198 m during the repair work, whereas it was −0.017 m after the repair
work, a significant improvement. Lee and Lee [28] reported an RMSE error of 0.11 m in
the vertical direction for the SfM analysis using vertical and 45-degree photographs from
50 m altitude at a construction earthwork site. The error in this study was similar, but the
accuracy in this study was slightly less at closer distances to the ground surface and in
forest areas.

The final survey was measured after the repair work had been completed and the area
had been compacted. However, before and during the repair work surveys may not have
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measured the complete ground surface during TS surveying because of the softness of the
soil on the ground.

Additionally, there was a considerable time lag between drone photography and TS
surveying during the measurements before and during the repair work. This was because
the survey was conducted safely so as not to interfere with the repair work as much as
possible. In some locations, earthwork, or log construction may have been undertaken after
drone flight and before the TS survey.

With this in mind, we discuss the accuracy of the measurements at each stage. The
absolute value of the error at the TS measurement points before the repair work is shown
in Figure 5a. It is shown in the figure that the error is small on slopes where the soil is
visible, and slightly larger errors are observed in vegetated areas and on the shoulders of
embankment slopes.

Figure 4. Frequency distributions of height measurement error in SfM analysis.

Figure 5. Absolute values of the error at each process of the repair work. (a) before the repair work,
(b,c) during the repair work, (d) after the repair work.

Similarly, the situation during the repair work is shown in Figure 5b,c, and the situation
after the repair work is shown in Figure 5d. It is shown in Figure 5b,c that errors were minor,
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even during the repair work, in areas where the soil was visible. However, substantial
errors occurred in areas where work was being done, such as in areas where wood framing
was being installed. A significant error at the shoulder of the embankment is shown in
Figure 5c. Still, further verification was needed to determine whether the accuracy of edge
detection in the SfM analysis was reduced by this problem or whether the soil tended to
move easily at the shoulder of the embankment.

On the other hand, Figure 5d shows that the accuracy was generally good after the
repair work, including the shoulders of the embankment. Even on the shoulders of the
embankment, most of the errors were lower than 0.1 m. Slightly larger errors were observed
in the upper right and lower left parts of the figure, which are close to the vegetation.
Together with the edge mentioned above, a more precise analysis of the accuracy in areas
easily shaded by vegetation is considered necessary.

3.3. Estimation of Earthwork Volume and Earthwork Allocation Plan

It was suggested by these results that SfM analysis is sufficiently accurate for soil
volume calculations in units of cubic meters. However, there was room for further study
on the accuracy of measurements under subsoil vegetation and at sharp slope conversion
points. Therefore, we calculated the amount of earthwork for cut and fill at each stage. The
results are shown in Figure 6.

Figure 6. Amount of earthwork for cut and fill at each stage.

It was estimated that 78.6 m3 of cut soil was generated on the morning of the first
day of work (22 August), and another 5.49 m3 was used as fill. In the early stage of the
repair work, it was assumed that much of the cut soil was generated to shape collapsed
areas and construct an access road to the lower part of the embankment. In the afternoon
of 22 August, the cut, and fill volumes were 54.1 m3 and 41.4 m3, respectively. This was
consistent with the fact that much soil was used during the formation of the log structure
at the base of the fill. On the morning of 23 August, the cut decreased to 8.8 m3 and the fill
increased to 60.9 m3 when the log structure continued to be installed. The cut soil increased
again to 23.6 m3 and the fill to 58.9 m3 when the upper portion of the embankment was
re-excavated simultaneously with the formation of the fill in the afternoon of 23 August.
On 24 August, the last day of the repair work, the cut was 6.2 m3 and the fill was 93.9 m3.

A simple comparison between before and after the repair work had a difference of
48.6 m3 for cut and 137.5 m3 for fill, but when the amounts of earthwork at each stage
were added up, 171.3 m3 for cut and 260.7 m3 for fill were performed. In the case of civil
construction sites, the difference in the amount of earthwork before and after construction
and the total amount of earthwork at each stage was not considered to be significantly
different. However, it is necessary to temporarily bring in soil from another location or
temporarily place cut soil in another location in forest work. The amount of cut and fill
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soil in this study was about 3.5 times and 1.9 times larger than that measured before and
after the repair work. This is a significant error factor in estimating earth work volume and
maintenance costs.

The cumulative earthwork volume at each stage is shown in Figure 7. The rate of
change in the volume of loosened soil, the change in the volume of soil in the excavation of
the ground soil volume (L), was calculated as 1.2 in calculating the amount of earthwork.
The rate of change in the volume of compacted soil and the difference in soil volume in
forming the ground soil volume into fill (C) was 0.9. The volume of the log structure
embedded in the fill was not considered.

Figure 7. Cumulative amount of earthwork at each stage.

According to this figure, it can be seen that in the early stage of the repair work, when
there was much cut soil, there was a maximum of about 100 m3 of cut soil. Securing a
temporary storage place for this cut soil around the work site is necessary. On the other
hand, the cut soil forms the embankment, and at some point, the soil for the embankment
becomes insufficient. Therefore, it is necessary to secure soil from another location. This
amount of fill was considered to be about 120 m3.

Figure 8 shows a 3D model of the earthwork sections at each stage. The cut and fill
areas are shown in blue and red, respectively. In Figure 8f, showing the overall earthwork
volume in the lower right corner, almost the entire missing fill area was covered with fill.
The cut and fill areas were indicated in each step, making the procedure easy to understand.
The entire fill was shown in blue, except for some parts, in Figure 8e. This is because the
photographs after the repair work were not taken until three weeks after the completion of
the repair work, and it is presumed that the entire fill has tightened and settled.

These results indicate that it may be difficult to accurately estimate the actual volume
of earthwork in road construction on steep terrain where there are few temporary soil
storage areas based only on the topography change between before and after construction.
This study was conducted at a road repair site, and the procedure differed from that of
earthwork during road construction. However, while constructing small-scale roads that
do not require much artificial structures, the method of excavating the ground once and
piling up topsoil blocks may be used to strengthen the road structure [32,33]. In addition to
the topographical conditions, the capacity of the temporary soil storage area varies with the
construction method. In steep terrain, it is necessary to determine the optimal construction
procedures and earthwork volume in each step according to topographic conditions, road
standards, and construction methods.
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Figure 8. 3D model of the earthwork sections at each stage. (a) constructing an access road to
the lower part of the embankment and the formation of the base, (b) forming the embankment
base by earthwork and logs, (c) forming the lower part of the embankment by earthwork and
logs, (d) forming the upper part of the embankment by earthwork and logs, (e) shaping the entire
embankment, (f) overall earthwork.

4. Conclusions

It is shown in this study that SfM analysis using a UAV can be used to quantify
the amount of earthwork and record the procedures for repair work on forest roads.
The SfM analysis with UAV was an accurate means of measuring landforms comparable
to TS surveying, creating detailed 3D models, calculating precise earthwork quantities,
and recording detailed area-specific work procedures at each construction stage. Since
the earthwork performed at each stage of the work was closely related to the cost of
construction, it should be possible to accurately estimate the cost of construction, plan the
work, and predict the number of days required for the work, which are deeply related to
the cost–benefit analysis of forest roads.

Studying a stable flying method under the tree canopy was necessary as a future issue.
However, the drone flight plan must be thoroughly examined when the work area changes
by several tens of meters daily. For example, in conditions where a small-scale forest road
is being constructed. The method of capturing images must also be verified to enable
highly accurate 3D modeling. The drone flight plan must be thoroughly considered, and
the method of capturing images must be verified for accurate 3D modeling.

Various measurement conditions, such as light environment, and ground surface
conditions, will significantly impact the measurement evaluation, and an assessment of
these shooting conditions is also required. The evaluation of soil movement during the
construction process will also need to be considered.

This study evaluates only one case of small-scale forest road repair work. It is expected
that completely different methods or procedures will be selected for different soil types,
topographies, damage conditions, and soil placement locations. Particularly in forests,
UAV flight has many obstacles, such as tree trunks and branches. In addition, the GNSS
reception environment is poor, making automated flights difficult. In recent years, artificial
intelligence drones equipped with sensors to avoid obstacles in real time have appeared [34].
Thus, the automatic flight into forests will be possible soon. In the future, it will be possible
to collect a large amount of data on various tasks at various construction sites. It will
be possible to formulate optimal road network establishment plans for complex local
conditions by converting this information into big data. By collecting a large amount of
data under various conditions of small-scale forest road construction and repair works
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using the methodology of this study, it is possible to estimate precise earthwork volume in
road construction and repair works.

The disadvantage of SfM analysis is that it is computationally expensive and takes time
to analyze. Still, a characteristic of SfM analysis is that it provides a point cloud with color
information. Using color information for object identification is a significant advantage
over other methods, such as LiDAR measurements, in forests with many different objects.
SfM analysis in forests using UAVs can be used to evaluate the impact of human activities
on the environment, such as vegetation change, and sediment transport.
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Abstract: Despite similarly steep terrain, the productivity of forest harvesting operations in Japan is
lower than in Central Europe. Harvesting systems in Japan are typically characterized by the four
production processes of felling, yarding, processing, and forwarding, whereas in Central Europe they
have mostly been reduced to just two through the use of a PTY (Processor Tower Yarder). This study
investigated the number of production processes as a reason for the relatively lower productivity of
forest harvesting in Japan using the Combined Machine Productivity (CMP) and Combined Labor
Productivity (CLP) indices. The CMP and CLP were 1.81 m3/h and 0.45 m3/worker/h, respectively,
for a parallel production model based on a typical Japanese forest harvesting system in Japan. The
CMP and CLP values were improved to 2.51 m3/h and 0.63 m3/worker/h, respectively, when the
forwarding process was removed from the model. The CMP and CLP values were further improved
to 3.04 m3/h and 0.76 m3/worker/h, respectively, when yarding and processing were integrated
into a single process. Reducing the number of the production processes can therefore improve the
productivity of forest harvesting operations in Japan.

Keywords: productivity; harvesting system; processor tower yarder; combined machine productivity;
combined labor productivity

1. Introduction

Productivity is defined as the rate of product output per time unit for a given produc-
tion system [1]. In forestry, productivity in harvesting operations is a central concern in
achieving an optimum balance between profitability and sustainability. When the slope
gradient exceeds 40%, ground-based harvesting technology cannot provide good results [2].
Therefore, forest management in steep terrain depends on cable yarding as the primary
extraction technology, which is usually deployed on difficult sites [3]. Cable yarding is a
well-established practice for timber extraction in mountainous regions of the world where
fully mechanized harvesting systems such as harvester–forwarder combinations cannot
operate due to the steep terrain [4]. Analysis of 12 years of cable logging studies, from
2000 to 2011, showed that cable system efficiency was the most frequent keyword, with
78 out of 172 scientific references [5]. In the current study, the productivity of mechanized
forest harvesting systems in steep terrain was discussed in relation to further improving
profitability and sustainability.

Today, most forest harvesting operations are carried out with modern forestry ma-
chines, and their efficiency depends not only on the performance of each forestry machine,
but also on how they are used in combination and on various site characteristics. In Japan,
chainsaws, swing yarders, processors, and forwarders are typically used for felling, yard-
ing, processing, and forwarding, respectively, on steep slopes where the most efficient
harvester–forwarder system suitable for gentler slopes cannot be used. Cable yarding
has been used for many years for timber extraction in the mountainous forests of Central
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European countries [6] and is an efficient and effective harvesting system in steep terrain [7].
Regarding technical development, by the end of the 1990s, tower yarders, combined with a
processor (PTY, Processor Tower Yarder) equipped with a radio-controlled carriage that
automatically moves and stops, had become the standard for all manufacturers [8]. In
Central Europe, system integration through the mounting of a tower yarder, crane and
processing unit on a single carrier has been the main innovation path towards maintaining
low harvesting costs and improving the productivity of cable yarding operations [9]. As
a result, the productivity of forest harvesting operations in Japan is relatively low com-
pared to Central Europe, as represented by Austria, where there have been significant
technological innovations in cable-based harvesting machines and systems.

Many previous studies have determined the productivity of variations of the above-
mentioned forest harvesting operations in Japan. According to the authors of [10], the
labor productivity was 1.2 to 2.6 m3/worker/day when a chainsaw, swing yarder, and
processor were used for felling, yarding, and processing, respectively. The study described
in [11] found that the labor productivity was 3.62 m3/worker/day when a chainsaw, swing
yarder, processor, and forwarder were used for felling, yarding, processing, and forwarding,
respectively, and identified the use of a swing yarder as the reason for the relatively low
productivity. The productivity of forest harvesting operations on moderate slopes was
compared for different sizes of forestry machines and different log lengths when a chainsaw,
harvester, and forwarder were used for felling, processing, and forwarding, respectively,
and ranged from 5.3 to 7.5 m3/worker/h [12]. Labor productivity was 6.64 m3/worker/day
when a chainsaw, grapple loader with a small winch, harvester, and forwarder were used
for felling, wood extraction, processing, and forwarding, respectively [13]. According to the
authors of [14], the overall average productivity of forest harvesting operations in Japan is
7.14 m3/worker/day and 4.17 m3/worker/day for final cutting and thinning, respectively.

While m3/h or m3/day is often used in Japan as a unit of productivity, Productive
Machine Hour (PMH) is commonly used as the unit of productivity for mechanized forest
harvesting operations. PMH represents the time during which the machine actually per-
forms work, and this excludes time lost due to both mechanical and non-mechanical delays
from Scheduled Machine Hours (SMH) that includes all time the machine is scheduled to
work [15]. On the other hand, the study in [16] pointed out that Productive System Hour
(PSH) must be used for systems consisting of several machines, while PMH has been widely
used for systems consisting of a single machine and an operator. PSH is similar to PMH,
but PSH includes two or more machines or sequential operations necessary to complete
the task [17]. While PMH is commonly used as the unit of productivity for mechanized
forest harvesting operations, PSH has been used by many studies, especially in Central
Europe [3,4,8,18–27]. In addition, PMH0 and PSH0 do not include delays while PMH15 and
PSH15 include delays of up to 15 min.

The PTY systems developed in Central Europe, such as Syncrofalke (MM Forsttechnik,
Frohnleiten, Austria), as shown in Figure 1, can efficiently yard and process trees in a single
production process. Productivity with the Syncrofalke for uphill and downhill yarding was
found to be 11.54 m3/PSH0 and 8.25 m3/PSH0, respectively [6]. The average productivity
of Syncrofalke in Central Bulgaria was calculated to be 15.20 m3/PMH [28]. In Romania,
the production rate of a PTY system consisting of a Mounty 4100 tower yarder and a Woody
60 processor (Konrad Forsttechnik) was 11.89 m3/h, including delays [29]. In all cases, the
productivity of forest harvesting operations with PTY systems was much higher than the
average productivity in Japan.

According to the authors of [30,31], the low productivity of forestry operations in
Japan is mainly due to the structural characteristics of small-scale forest ownership. We
investigated additional reasons for the relatively low productivity of forest harvesting
operations in Japan in terms of the way forestry machinery is used in combination. In this
study, we evaluated the productivity of Japanese harvesting systems using two indices of
the Combined Machine Productivity (CMP) and Combined Labor Productivity (CLP) and
compared them with those observed in Central Europe.
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Figure 1. Syncrofalke, one of the most typical PTY systems developed in Austria.

2. Materials and Methods

2.1. Classification of Production Models
2.1.1. Serial Production System

Forest harvesting systems were classified into two types, i.e., the serial and parallel
production systems [32]. In the serial system the production processes are performed one
after another in sequence (Figure 2). For example, after all the trees are felled by chainsaw,
the yarding process starts. Conversely, in the parallel system the production processes
are performed at the same time, either partially or completely (Figure 3). In this system,
for example, trees are felled with a chainsaw while the yarding process is in progress. As
shown in Figure 2, the total production time for the serial model (T0) is expressed by the
following equation:

T0 = TA + TB (1)

where T0 is the total production time for the serial model, TA and TB are the production
times for processes A and B, respectively. Then, the production rate of the serial production
model (R0) is expressed by the following equation:

R0 =
V
T0

=
V

TA + TB
=

V
VA
PA

+ VB
PB

=
V

V
PA

+ V
PB

=
1

1
PA

+ 1
PB

(2)

where V is the total production volume, VA and VB are the processed volume in the
production processes A and B, respectively, and PA and PB are the production rate in the
production processes A and B, respectively. In Equation (2), the following equation holds:

V = VA = VB (3)

2.1.2. Parallel Production System

The total production time can be shortened by using the parallel production model as
shown in Figure 3, and the time-saving rate (s) or the ratio of the total production time for
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the parallel model (Ts) to the total production time for the serial model (T0) is expressed by
the following equation:

s =
Ts

T0
(4)

where Ts (<T0) is the total production time for the parallel model and s (<1) is the time-
saving rate. Here, s is equal to 1 for the serial production model in Equation (4). In Figure 3,
TA and TB are expressed by the following equations:

TA = rA × Ts (5)

TB = rB × Ts (6)

where rA and rB are the ratios of the production time for the processes A and B, respectively,
to the total production time for the parallel model (Ts). It should be noted that the basic
idea of rA and rB correspond to the utilization rate, which is calculated by dividing PMH by
SMH and then multiplying by 100 to obtain a percentage [33]. Then, the following equation
holds under the above conditions:

s =
Ts

T0
=

Ts

TA + TB
=

Ts

rATs + rBTs
=

1
rA + rB

(7)

Figure 2. Serial production model. Note: T0 = total production time for the serial model, TA = production
time for the process A, TB = production time for the process B.

Figure 3. Parallel production model. Note: Ts = total production time for the parallel model,
TA = production time for the process A, TB = production time for the process B.

The production rate of the parallel production model (Rs) is expressed by the
following equation:

Rs =
V
Ts

=
V

s × T0
=

V(rA + rB)

T0
=

V
V
PA

+ V
PB

× (rA + rB) =
1

1
PA

+ 1
PB

× (rA + rB) (8)

In Equation (8), rA + rB is equal to 1 for the serial production model, and the following
equation holds:
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rA
rB

=
TA/Ts

TB/Ts
=

TA
TB

=
TA/V
TB/V

=
1/PA
1/PB

=
PB
PA

(9)

2.2. Combined Machine Productivity

The equation to calculate the production rates for the serial and parallel models (R)
can be generalized for two or more production processes as follows:

R =

⎡⎣ 1{
∑n

i=1

(
1
Pi

)}
⎤⎦×

n

∑
i=1

ri (10)

where Pi is the production rate in the production process, i (i = 1, n; where n is the total
number of production processes), and ri is the ratio of the production time of the process i
to the total production time. In Equation (8), it should be noted that ∑n

i=1 ri is equal to 1 for
the serial production model, and it is more than 1 for the parallel production model.

The CMP is the total or overall productivity when two or more forestry machines work
in combination, and it is calculated based on Equation (11) as follows:

CMP =

⎡⎣ 1{
∑n

i=1

(
1
Pi

)}
⎤⎦×

n

∑
i=1

ri (11)

where CMP is the combined machine productivity (m3/h), Pi is the production rate (m3/h)
in the production process, i (i = 1, n; where n is the total number of production processes),
and ri is the ratio of the production time of the process i to the total production time. The
CMP is based on the idea proposed by the authors of [34] and further developed as a
measure of system productivity by the authors of [32], which has been widely used in
Japan to estimate productivity based on the performance of each forestry machine. The
PMH or PSH can be used as a unit of productivity instead of using the unit of m3/h.

2.3. Combined labor Productivity

We also used a labor productivity model for when two or more forestry machines are
used in combination. The CLP is the total labor productivity, and is calculated as follows:

CLP =
1

∑n
i=1

(
Ni
Pi

) (12)

where CLP indicates the combined labor productivity (m3/worker/h), Pi is the production
rate (m3/h) in the production process, i (i = 1, n; where n is the total number of production
processes), and Ni is the number of workers in the production process, i. Equation (12) can
be applied to both serial and parallel models. In Japan the CLP is referred to as system labor
productivity and it has been used in many studies there [10,12,34–44]. As with the CMP,
the PMH or PSH can be used as a unit of productivity instead of using the unit of m3/h.

2.4. Productivity Assessment

We evaluated the productivity of several production models representing forest har-
vesting systems in mountainous conditions by calculating the CMP and CLP. Table 1 shows
the performance values of the forestry machines used for the productivity calculation
in Japan and Central Europe. The performance values of forestry machines depend on
the operating conditions such as slope, terrain, yarding distances, tree volumes, machine
types, operator experience, and so on, and they vary widely from one site to another. In
addition, the purpose of this study is not to estimate the exact productivity but to identify
the disadvantages of forest harvesting systems in Japan by comparing them with those in
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Central Europe. Therefore, we determined the approximate performance values of forestry
machines based on the published literature.

Table 1. Performance of forestry machines used in Japan and Central Europe for productivity calculation.

Type of Operation Type of Machine Country/Region
Hourly Processed Volume
(m3/h)

Number of Worker(s)

Felling Chainsaw (×2) Japan 8.30 (4.15 × 2) 2
Yarding Swing yarder Japan 3.24 2
Processing Processor Japan 7.32 1
Forwarding Forwarder Japan 5.89 1
Felling Chainsaw (×2) Central Europe 15.00 (7.50 × 2) 2
Yarding/Processing PTY Central Europe 11.54 2

In Japan, the labor productivity of chainsaw felling operations with a chainsaw at three
research sites was reported to be 7.73, 2.97, and 1.75 m3/worker/h [42], and we determined
the hourly processed volume to be 4.15 m3/h by averaging them. We also determined
the hourly processed volume of yarding operations with a Japanese swing yarder to be
3.24 m3/h by averaging the production rates of 3.29 m3/h [44] and 3.18 m3/h [45] for uphill
yarding operations. The hourly processed volume of processing operations with a processor
in Japan was determined to be 7.32 m3/h by following [36]. The hourly processed volume
of forwarding operations with a Japanese forwarder for two different-skilled operators was
reported to be 3.10 and 8.67 m3/h [46], and the average was determined to be 5.89 m3/h.

In Germany, the labor productivity of chainsaw felling operations with a chainsaw was
reported to be 7.50 m3/worker/h [47]. The hourly processed volume of yarding/processing
operations with PTY in Austria was determined to be 11.54 m3/h based on the production
rate for uphill yarding with a Syncrofalke tower yarder [6].

Figure 4 shows Model A1 for a Japanese harvesting system, where the production
processes are connected in series and carried out one after another. There are four produc-
tion processes in Model A1, namely felling, yarding, processing, and forwarding, and the
forestry machines used for these production processes are shown in Figure 5. This type of
production system is the most efficient in terms of labor productivity or CLP in this study,
but it requires the longest total production time.

Figure 4. Production chart for Model A1.

Figure 6 shows Model A2 for a Japanese harvesting system, which omits the forward-
ing process from Model A1; there are thus three production processes in the model. In
Model A3, the processing is merged with yarding and the timber extraction is carried out
in just two processes as shown in Figure 7. Considering the poor forest road infrastructure
in Japan, it may be almost impossible to use a PTY system due to its size and weight.
However, it is possible to perform the same type of yarding and processing operations as a
PTY system by using a tower yarder and a processor in combination, as shown in Figure 8.
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Figure 5. Typical forestry machines used in Japan: (a) chainsaw; (b) swing yarder; (c) harvester;
(d) forwarder.

Figure 6. Production chart for Model A2.

Figure 7. Production chart for Model A3.

In Model B1 (Figure 9), all machines and crew members work together to make the
total production time shorter than in Model A1, and the production processes are connected
in parallel. The time-saving rate of this model is set to 0.75. This type of production model
is the most typical in Japan, where teamwork has traditionally been highly valued in the
workplace. It should be noted that this production model requires four crew members,
even if the chainsaw operators also operate the processor and forwarder. The critical
disadvantages of this harvesting system are that all crew members have to remain at
the harvesting site from the beginning to the end of the operations, and are expected to
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perform additional tasks such as cleaning or organizing even when they are not involved in
operating the machines. Such situations can result in a significant loss of time and skilled
manpower and, ultimately, lead to a reduction in overall productivity.

 

Figure 8. A truck-mounted tower yarder, radio-controlled carriage, and excavator-based harvester
used in combination in Shimane Prefecture, Japan.

Figure 9. Production chart for Model B1.

Model B2 omits the forwarding process from Model B1, meaning there are three
production processes involved (Figure 10). The time-saving rate is 0.71 in this model. In
addition, Model B3 merges the processing and yarding processes, and timber extraction
is therefore performed in two processes (Figure 11). The time-saving rate is 0.77 in this
model. As in Model B1, Models B2 and B3 require that all crew members work together at
the harvesting site.

Figure 12 shows a production model (Model C), which represents forest harvesting
operations using PTY systems in Central Europe as a benchmark to evaluate the productiv-
ity of forest harvesting systems in Japan. The advantages of a PTY system are that it yards
logs while processing them without requiring additional time or workforce, and there are
only two production processes, i.e., felling and yarding/processing, as shown in Model C.
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Figure 10. Production chart for Model B2.

Figure 11. Production chart for Model B3.

Figure 12. Production chart for Model C.

3. Results

Figures 13 and 14 show the results of the CMP and CLP calculations, respectively,
for all production models. The CMP and CLP are the highest for Model C for Central
Europe. The most typical production model in Japan is Model B1: it requires less production
time than that of Model A1, but the labor productivity is also lower. In addition, process
management in Model B1 is much harder than in Model A1 because it requires an efficient
combination of machines and workforce. Although Model A1 is better than Model B1 in
terms of process management, it has a critical practical disadvantage in that it is often
difficult to store full trees on the forest road or landing until the next process starts.

The CMP and CLP were 1.81 m3/h and 0.45 m3/worker/h, respectively, for Model B1
based on a typical Japanese forest harvesting system in Japan. The CMP and CLP values
were improved to 2.51 m3/h and 0.63 m3/worker/h, respectively, for Model B2 when the
forwarding process was removed from Model B1. The CMP and CLP values were further
improved to 3.04 m3/h and 0.76 m3/worker/h, respectively, for Model B3 when yarding
and processing were integrated into a single process.

Parallel production models are supposed to be desirable because the forest harvesting
operation can be completed in a shorter time than in serial models [32,48]. In fact, the
respective CMP of Models B1, B2, and B3 are higher than those of Models A1, A2, and A3
(Figure 13). That is why parallel harvesting systems have been widely utilized in Japanese
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forestry. However, as shown in Figure 14, parallel models are less productive than serial
models in terms of the CLP. A comparison of CMP and CLP in these models highlights
the disadvantages of typical Japanese harvesting systems, which require more forestry
machines and workforce at the same time, and process management is highly complicated
and difficult to carry out efficiently. Forestry machines and workforce are sometimes idle at
the harvesting site, as shown in Models B1, B2, and B3, introducing further inefficiency.

Figure 13. Comparison of the CMP among models for productivity evaluation.

Figure 14. Comparison of the CLP among models for productivity evaluation.

Figure 15 shows the variation of the ratios of the production time for each process to
the total production time for the parallel models B1, B2, and B3. As shown in this figure, the
ratios become higher as the number of production processes is reduced. The ratio of idle
time for Model B1 is the highest among the three parallel models, and the ratio of idle time
for felling is the highest among the four production processes in Model B1. As a result, the
imbalance of production rates between processes is a fundamental problem in the parallel
production systems typical in Japan.
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Figure 15. Ratios of the production time for each production process to the total production time for
the parallel models.

Figure 16 shows the variation in the number of crew members for each production
model according to the elapsed time. In this figure, it is assumed that 300 m3 of timber is
harvested and that the total production time is 220.7 h for Model A1. The number of crew
members required for Models B1, B2, and B3 is higher than for Models A1, A2, A3, and
C. The number of crew members for Models A1, A2, A3, and C varies in the same way. It
should be noted that production models with PTY systems used in Central Europe refer to
the serial models A1, A2, and A3 and not to the parallel models B1, B2, and B3, which are
more common in Japan.

Figure 16. Variation in the number of crew members for each production model according to the
elapsed time.

Figure 17 shows the variation in the volume of yarded full trees for each production
model as a function of time. Cable yarding systems require well-coordinated transport to
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available storage space at the landing, otherwise the operation will run out of storage space
and be shut down until serviced by a log truck [9].

Figure 17. Variation in the volume of yarded full trees on the landing for each production model
according to the elapsed time.

For Models A1 and A2, the volume of yarded full trees on the landing reaches 300 m3

after 128.7 h. For Models B1 and B2, the volume reaches the maximum (235.2 m3) after
78.7 h. As a result, these production models can be applied to harvesting sites that have a
large area available for full tree storage. On the other hand, such a large area for full tree
storage is not necessary for Models A3, B3, and C, where PTY or an equivalent system is
used for the combined processes of yarding and processing. In a typical Japanese harvesting
system such as Model B1, the imbalance of productivity between yarding and processing
often causes extra waiting time for a processor, and the use of a PTY system can be an
appropriate solution to this problem.

4. Discussion

In general, the productivity of forest harvesting operations is influenced by many
factors. The main factors influencing the productivity of mechanized harvesting are the
environment such as tree and terrain characteristics and climate, machine characteristics
including bucking instructions, and the operator’s mental and physical capabilities and
work technique [1]. The productivity of the cable crane application is strongly influenced
by the log volume, length of skyline, silvicultural prescription (harvesting intensity), and
lateral extraction distance, and, in addition, the terrain slope, stand density, and direction of
the yarding (uphill/downhill) have an influence on the extracted volume per time [47,49].
The productivity of harvesters depends on several factors, such as the tree size, stand type
and productivity class, species, harvesting intensity and type, ground conditions, machine
class, and operator skill [50]. A review of 70 studies of cable yarding operations found that
different yarding conditions result in different effective factors, and that factors that have a
large effect on one system studied may not be present in another system, or at least may
not have a significant effect on performance [4]. The study in [4] also noted that weather is
likely to have a significant effect on performance. It is very likely that heavy rain and wet
conditions in the stand will decrease performance because the choker setter’s movement
will be more cautious and consequently slower and, in addition, the workers’ motivation
may be lower in rainy working conditions [4].

Due to the large number of factors that need to be considered as independent variables,
there have been no practical models to accurately estimate the productivity by using all of
the above factors. In this study, the CMP and CLP were calculated using a limited number
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of examples from the published literature, and this is one of the major limitations of this
study. Nevertheless, the productivity of each Japanese machine shown in Table 1 is close
to the standard productivity data published by the Forestry Agency of Japan [51], where
3 m3/h for chainsaw felling, 10 m3/h for processors, 8.3 m3/h for forwarders, and 3.3 m3/h
for swing yarders was recorded. It should also be noted that the purpose of this study is
to clarify the reasons for the relatively low productivity of forest harvesting operations in
Japan in terms of the way forestry machinery is used in combination, and that it is not an
accurate estimate of productivity.

The results showed the strong advantages of forest harvesting systems in Central Eu-
rope compared to those in Japan. It was suggested that the number of production processes
is key to productive harvesting when two or more machines are used in combination. In
Europe, the most successful forest harvesting systems in terms of productivity are based on
two combined production processes. As an example of two-process production on gentle
slopes, the harvester–forwarder system is widely used, where trees are felled and processed
by a harvester, and then logs are collected and transported by a forwarder. The study in [52]
calculated the system productivity of a small-scale combination harvester–forwarder in
industrial plantation first thinning operations and pointed out that the system productivity
is limited by the least productive component. On steep slopes, trees have been felled with a
chainsaw, yarded, and then processed by a PTY and, nowadays, the harvester–forwarder
system is feasible even on steep slopes by using harvesters [53,54] and forwarders [55], or by
using a winch-assisted system [56–58]. All these systems are two-production processes and,
furthermore, there are also potential possibilities of single process production, as seen in
the development of harwarders [59–61]. The harwarder has shown the greatest potential to
compete with the two-machine system in final fellings with relatively small stand volumes
and short extraction distances [62]. The two-in-one harvester/forwarder [52] is another
innovative technology, and the system productivity using this machine can be calculated as
a serial production system.

Despite the importance of the number of production processes, the typical Japanese
harvesting system consists of four production processes, with the addition of a forwarder
to transport logs along the spur/secondary road, whereas harvesting systems on steep
slopes in Japan used to consist of the three processes of felling with a chainsaw, yarding
with a tower yarder, and processing with a processor in the 1990s [63]. In addition, tower
yarders have been replaced by swing yarders or grapple loaders, which have a shorter reach
for extracting trees than tower yarders. As a result, Japanese harvesting systems require
high-density spur roads, especially when grapple loaders are used for tree extraction.
The study in [64] raised concerns about the sustainability of this type of practice because
it is usually carried out on steep slopes in high rainfall areas with little or no planning,
drainage, or stabilization. Today, this type of practice often attracts public criticism in Japan
because it can cause landslides during periods of torrential rain. In fact, on 4 July 2020,
record-breaking rainfall hit the southern Japanese island of Kyushu, and many landslide
disasters occurred in clear-cut areas, where spur roads had not been maintained after their
construction. It is necessary to improve the productivity of forest harvesting operations
on steep slopes in Japan, especially with a tower yarder and swing yarder, not only for
increasing profitability but also for environmental sustainability.

5. Conclusions

This study showed that the productivity of forest harvesting systems in Japan is
typically lower than in Central Europe in terms of the CMP and CLP. The reasons for this
are not only the lower performance of forestry machines and the lower standard of forest
roads in Japan, but also the difference in harvesting systems, especially the number of
production processes employed in timber extraction. It was also found that the parallel
production models are less productive than the serial production models in terms of the
CLP, and that serial production models achieve the best productivity when processing
is merged with the yarding process, and the forwarding process is eliminated. Forest
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harvesting systems in the mountainous countries of Central Europe, which have steep
slope conditions similar to those in Japan, suggest the direction that Japanese forestry
mechanization should follow. Finally, it is recommended that Japanese forestry should
reduce the number of production processes to two by introducing the cable yarding system
used in Central Europe, rather than making any further efforts by maintaining the four-
process production system.

Future research is needed to flexibly adjust the hourly processed volume of each
machine based on variables such as site slope, tree volume, road networks, silvicultural
methods, and yarding and hauling distances by using computer simulation. This will allow
us to generalize the production models in this study and take the next step in accurately
determining the productivity according to different operating conditions.
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Abstract: Although Japan’s planted forest resources are mature, efficient timber production and
reforest postharvest are hindered by the small-scale forest ownership and private forest owners’
(PFOs’) low willingness to engage in forest management. A New Scheme of Forest Management
(NSFM) has been established under which Japan’s municipalities can aggregate forest management
rights which PFOs with low future intentions for forest management. Therefore, this study explores
the socioeconomic factors that determine PFOs’ future intentions for forest management and examines
NSFM challenges. PFOs were surveyed via questionnaires in two regions of Miyazaki Prefecture with
different forest ownership sizes. The results showed that forest size and the presence of successors
affect PFOs’ future intention for forest management. In addition, PFOs with low future intentions
were less aware of their forests, and their forests were the source of reforest abandonment. Although
aggregating forest management rights of PFOs with low future intention by the municipalities may
contribute to sustainable forest management, the increased workload on municipalities is a challenge.
Overall, accessibility to sufficient decision-making information is a prerequisite for evaluating PFOs’
future intention to manage their forests.

Keywords: New Scheme of Forest Management; Forest Management Law; private forest; small-scale
forestry; typology of forest owners; Japan

1. Introduction

In Japan, planted forests cover 10 million ha or approximately 40% of the 25 million
ha of the forest area, of which 65% are privately owned [1]. The planted forest resources,
it is mainly converted from primarily broadleaf forests to conifer forests Japanese Cedar
(Cryptomeria japonica) and Japanese Cypress (Chamaecyparis obtusa), which were established
after World War II have matured; half of them are over 50 years old and are now in their
utilization period. Notably, the amount of timber produced increased from 15.1 million m3

in 2002 to 31.2 million m3 in 2020 [1]. However, the Forestry Agency has found that the log
supply from clearcutting is approximately 40% of the growing volume of planted forests
accumulated, indicating that the resource must be utilized more efficiently.

The Japanese government has promoted forestry promotion policies, including the
revision of the Forestry Basic Law in 1964, in response to the declining profitability of the
domestic forestry industry against the backdrop of the strong yen and increasing timber
imports [2]. Aggregating small-scale forest stands have been promoted as a policy measure
to improve operational efficiency and reduce timber production cost in Japan, where the
majority of forest owners are small-scale private forest owners (PFOs) [3]. However, as
planted forests matured and entered the harvesting stage, further aggregation of forest
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management was required. In 2019, the Forestry Agency has started a “New Scheme of
Forest Management” (NSFM) to solve the following problems: the low willingness of
PFOs to manage their forests, the disparity between the intentions of PFOs and forestry
managers to expand the scale of their operations, the slow introduction of road network
maintenance and high-performance machinery, and low productivity. The small-scale
ownership of forest conditions is a major obstacle to efficient timber production, as 74% of
forest areas owned by PFOs are less than 5 ha [4]. The NSFM ensures the following: (1) A
growth industry is compatible with proper forest management, (2) aggregation of forest
management rights, not including ownership, to highly motivated and sustainable forestry
enterprises, and (3) improvement conditions for aggregation of forest management [4]. As
part of this effort, in 2018, the government enacted a Forest Management Law to achieve
effective timber production and appropriate forest management by aggregating forest
management rights. Specifically, this law stipulates that PFOs must manage their own
forests and are responsible for harvesting, silviculture, and nursery at the appropriate
times. It also allows PFOs to entrust forest management to the municipality in accordance
with PFOs’ future intentions. Forests suitable for forestry management are re-entrusted
to forestry enterprises from the municipality according to their economic values, whereas
the municipality manages those that are unsuitable. Thus, the NSFM is based on PFOs’
willingness to manage their forests in the future, and municipalities survey PFOs’ intentions
to ascertain their willingness to do so. The survey selection criteria included planted forest
owners without a forest management plan and forest management that had not been
implemented for the past decade.

The Forest Environment Transfer Tax (FETT) allocation began in 2019 in Japan as a
financial resource for municipalities and prefectures that will be directly responsible for
NSFM. The FETT amount allocated to municipalities is calculated as follows: 50%, 20%,
and 30% of the municipality allocations are based on the area of private forest plantations,
forestry worker population, and municipality population, respectively. The area of privately
planted forest is corrected according to the forest area ratio, with 1.5 for municipalities with
a forest area ratio of 85% or more and 1.3 for municipalities with a forest area ratio of 75% or
more but less than 85%. Notably, the criteria for determining the allocation amount deviate
from the system’s intention [5]. As FETT has only been operational for a limited time, sys-
tem evaluation is a future concern. However, the actual situation regarding tax utilization
is being assessed for prefectures [6] and large cities [7], prefectural support for municipal-
ities [8,9], urban–rural partnerships [10]. In addition, Ishizaki et al. [11] mentioned the
increased workload of municipal officials on the NSFM and the FETT administration.

The Forest Management Law, which directs the future management of the PFOs’ forest
according to the PFOs’ willingness, may promote immediate timber production and forest
improvement. However, because the transfer of rights related to the property rights of PFOs
must be done cautiously, the development of PFOs willing to manage their forests must be
balanced with the smooth aggregating forest management rights from PFOs unwilling to
manage their forests. Clarifying the factors that influence future management intentions is
thus necessary when considering the maintenance or enhancement of PFOs’ willingness to
forest management.

Effective forest policy implementation requires identifying the determinants of PFOs’
decisions [12] and developing forest policies that can influence PFOs’ behaviors [13]. Forest
owner typologies are being utilized to develop a method for identifying forest owner
values [14]. The typology studies are mostly based on ownership objectives [15]. Previous
studies noted that forest owners could be divided into five types: “economist,” “multiobjec-
tive owner,” “recreationist,” “self-employed,” and “passive owner,” based on the purpose
of their forest ownership [12,13]. Boon et al. [12] classified the Danish PFOs into three
types: “classic owner,” “hobby owner,” and “indifferent farmer” based on a survey of PFOs’
interest in forests. Ingemarson et al. [13] classified the Swedish PFOs into five types: “tradi-
tionalist,” “economist,” “conservationist,” “passive,” and “multiobjective,” according to
the purpose of ownership, and showed differences in the forest ownership size, frequency
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of visits to their own forest, and presence of successors. Ficko and Boncina [15] classified
PFOs as “materialists” and “nonmaterialists”. On the other hand, some studies categorized
PFOs focused on their forest management behaviors. The willingness of landowners to
harvest woody biomass as a characteristic of woody biomass suppliers has been noted as
a factor of ownership purpose, owned forest size, tree species structure and composition,
and demographics in the southern United States [16]. In contrast to these previous studies,
an approach that categorizes PFOs according to their expressed future intention for their
forest management and who identifies the underlying factors that can contribute to their
decision-making process is required to clarify the issues involved in the NSFM, Japan.

The declining willingness of PFOs to forest management has been identified as a
problem [17], with multiple factors influencing PFOs’ management behaviors in Japan.
Considering the PFOs’ forest status, these factors included forest ownership size [18], espe-
cially planted forest size, and the distance between the residence and owned forest [19,20].
For PFOs’ perceptions and management behaviors, PFOs’ awareness of forests as prop-
erty [21], the awareness of owned forest boundaries [22], perception of planted forest
locations [19,20], and registration status [19,22] are noted. PFOs’ attributes were mentioned
in terms of age [23], occupation [24], and the existence of successors [24]. In addition,
social relationships in local communities [25], membership in a forest owners’ cooperative
(FOC) [22], deteriorated functioning of FOC’s regional organizations [26], and residence
or absence in the village have been identified as factors influencing the owner–local com-
munity relationship [20]. Since the late 1990s, neglecting reforest postharvest has emerged
as a problem resulting from PFOs’ poor forest management practices [27]. Low prices
of standing timber as economic factors [28] and the failure to continue the management
of forest divisions upon contract expiration as institutional factors contribute to reforest
abandonment [29]. Indicated by these results are the factors that define PFOs’ manage-
ment behaviors and their perception of forests. However, studies on future management
intentions are limited. Hayashi et al. [24] mentioned regional differences in the factors that
influence PFOs’ willingness to sell, as well as occupation and successors. Kushiro and
Ito [30] described that many PFOs, notably absentee village owners, want to disengage from
forest management despite acknowledging the necessity of continuing forest management
for reasons including uncertainty of inheritance, loss of boundary, and economic evaluation.

This study aimed to identify the socioeconomic factors affecting the future intention
for forest management by classifying the PFOs’ future intentions.

2. Methodology

2.1. Study Site

The study survey was conducted in Miyazaki Prefecture, which ranks third in Japan for
timber production (1,879 thousand m3) and first for cedar production (1739 thousand m3) [31].
Small-scale PFOs dominate southern Miyazaki Prefecture, whereas large-scale PFOs dominate
northern Miyazaki Prefecture, indicating regional variations. Southern PFOs in this prefecture
have a low willingness to manage their forests [32]. In addition, the identifying PFOs and
their confirming their rights is an obstacle to timber production in the southern region [33,34].

In this study, considering the difference in the forest ownership scale [35], Kunitomi
Town (hereafter Kunitomi) was selected as the study site from the southern part (primarily
small-scale PFOs), and Kitakata district in Nobeoka City (hereafter Kitakata) (Figure 1)
from the northern part (mainly large-scale PFOs) (Figure 2).

Kunitomi is a suburban area adjacent to Miyazaki City, the capital city of Miyazaki
Prefecture, with a population of 18,027 [35], an area of 130.6 km2, and a forest area of
7736 ha (59.2% forest area) [36]. Ownership of less than 5 ha accounts for 98.8% [37].
Former Kitakata Town merged with Nobeoka City in 2006 and became a part of Nobeoka
City. The population is 3321 [38], with an area of 200.1 km2, forest areas of 17,770 ha, and a
forest area ratio of 88.4% [36].
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Figure 1. Study site.

 

Figure 2. Proportion of forest ownership scale [34].

2.2. Method and Data Collection

All PFOs who belonged to FOC in both regions were surveyed using questionnaires to
collect data. The questionnaires included questions on the following (1) forest conditions,
(2) PFOs’ characteristics, and (3) PFOs’ management behaviors and attitudes; these factors
were considered to influence the differences in the future intention of forest management.
Although relatives of PFOs may have responded to the questionnaire, they were treated
as PFOs in this study. In Kunitomi, 502 questionnaires were mailed out, and of the
367 questionnaires sent out, excluding 135 that were unaddressed, 166 were returned
(response rate: 45.2%), and the number of valid responses was 162 (valid response rate:
44.1%). In Kitakata, out of 613 letters sent by mail (625 questionnaires were mailed and
12 were unaddressed), 299 questionnaires (response rate: 48.8%) were received, and the
number of valid responses was 298 (48.6%). The questionnaire surveys were conducted
from October to November 2020 in Kunitomi, and from December 2020 to January 2021
in Kitakata.

Based on the results obtained, the PFOs were classified into two groups according to
their future intentions for the forest management scale: “expansion/maintenance PFOs”
(hereafter EM group) who want to expand or maintain the management scale, and “decrease
PFOs” (hereafter D group) who want to decrease the forest management scale. We then
compared the situation in the two regions and examined the effects of regional differences
in forest ownership size on PFOs’ future intentions to manage their forests. Then, we
compared the forest conditions factors and PFOs’ characteristics. After that, we compare
PFOs’ behaviors and attitudes to forest management in each region, elucidating the factors
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that influence future intentions to forest management and regional differences. The chi-
square test was used to make comparisons at a 0.05 significance level. Based on this analysis,
we discuss the chances and challenges of NSFM (Figure 3).

Figure 3. Research structure.

3. Results

3.1. Regional Comparisons
3.1.1. PFOs’ Future Intentions

Differences were observed between the two regions’ PFOs’ intentions regarding the
future forest management scale (p = 0.000). In Kunitomi, 47.3% (70 PFOs) belonged to the
EM group, whereas 52.7% (78 HHs) belonged to the D group. In Kitakata, 70.9% (185 PFOs)
belonged to the EM group, whereas 29.1% (76 PFOs) belonged to the D group.

Differences between the two regions were also seen in forest management intentions
(p = 0.000). In Kunitomi, most PFOs (29.7%, 46 PFOs) wanted to “sell and transfer” their
land, whereas 25.8% (40 PFOs) were “undecided,” meaning that they were not thinking
about or were considering the future management method. However, in Kitakata, “unde-
cided” was the most common response (30.8%, 88 PFOs), followed by “entrustment” (28.7%,
82 PFOs). PFOs who answered “sell or transfer” accounted for 13.6% (39 PFOs). Overall,
these results indicate that PFOs’ future management intentions were low in Kunitomi and
that many PFOs were willing to relinquish their land (Tables 1 and A1).

Table 1. Comparison of future intention to manage forests between two regions.

Kunitomi Kitakata
p-Value

n % n %

Futureintentionof management scale * 0.000
Increase
and
maintain

70 47.3 185 70.9

Decrease 78 52.7 76 29.1
Total 148 100.0 261 100.0

Future intention of forest management * 0.000
Independent 27 17.4 70 24.5
Entrustment 32 20.6 82 28.7
Sell or
transfer 46 29.7 39 13.6

Suspense 40 25.8 88 30.8
Others 10 6.5 7 2.4
Total 155 100.0 286 100.0

Note: * p-Value < 0.05.
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3.1.2. Forest Ownership Size and Forest Conditions

Forest ownership size between the two regions differed, and Kunitomi tended to have
smaller forest ownership size than Kitakata (p = 0.000). The most prevalent response in
both regions was that PFOs were unaware of their forest sizes, with 29.2% (45 PFOs) in
Kunitomi and 38.7% (106 PFOs) in Kitakata. Concerning the trends by size of PFOs who
were aware of their forest areas, Kunitomi had the highest percentage of PFOs with a forest
ownership size of 1–3 ha (34.4%, 53 PFOs), followed by PFOs with a forest ownership
size of less than 1 ha. In Kitakata, the highest percentage of PFOs owned 10–30 ha (16.1%,
44 PFOs), followed by those who owned 5–10 ha (11.7%, 32 PFOs). Similarly, the planted
forest size was unknown, with the highest percentage of PFOs in Kunitomi (40.1%, 59 PFOs)
and Kitakata (41.4%, 110 PFOs). Kunitomi tended to have smaller PFOs than Kitakata
(p = 0.000) based on the planted forest size known.

Regarding the degree of maturity of planted forests, 46.7% (70 PFOs) of the PFOs
in Kunitomi and 60.0% (168 PFOs) in Kitakata indicated that their planted forests were
“mature,” whereas 0.7% (1 PFOs) in Kunitomi and 2.5% (7 PFOs) in Kitakata said they were
“partially” at the harvest stage. The northern region tended to have a greater proportion of
mature forests (p = 0.014). In addition, 20.7% (31 PFOs) of the respondents in Kunitomi and
12.9% (36 PFOs) in Kunitomi answered that they were unsure. No significant difference
was observed between the two regions in the status of the cadastral survey, with 60.9%
(95 PFOs) completed in Kunitomi and 58.5% (172 PFOs) in Kunitomi (p = 0.161).

Regarding forest registration methods, Kunitomi tended to favor single-title registra-
tion, whereas Kitakata favored shared-title registration (p = 0.002).

These results indicate that Kunitomi has smaller forest and planted forest areas than
Kitakata and that Kunitomi’s forest ownership size is smaller than that of Kitakata. In both
regions, most PFOs were unaware of their own forest areas and planted forests (Table 2).

Table 2. Comparison of forest conditions between the two regions.

Kunitomi Kitakata
p-Value

Kunitomi Kitakata
p-Value

n % n % n % n %

Forest ownership size * 0.000 Condition of plantation forest * 0.014
<1 ha 29 18.8 14 5.1 Maturity 70 46.7 168 60.0
1–3 ha 53 34.4 26 9.5 Immature 48 32.0 69 24.6
3–5 ha 8 5.2 18 6.6 Both 1 0.7 7 2.5

5–10 ha 9 5.8 32 11.7 Unknown 31 20.7 36 12.9
10–30 ha 6 3.9 44 16.1 Total 159 100.0 283 100.0

30–50 ha 1 0.6 21 7.7 Condition of cadastral survey 0.161
50 ha< 3 1.9 13 4.7 Completion 95 60.9 172 58.5

Unknown 45 29.2 106 38.7 Partially 19 12.2 28 9.5
Total 154 100.0 274 100.0 Not-yet 27 17.3 75 25.5

Plantation forest size * 0.000 Unknown 15 9.6 19 6.5
0 ha 5 3.4 6 2.3 Total 156 100.0 294 100.0

<1 ha 29 19.7 20 7.5 Registration type * 0.002
1–3 ha 39 26.5 40 15.0 Sole 145 91.2 240 84.8
3–5 ha 6 4.1 18 6.8 Joint 10 6.3 10 3.5

5–10 ha 6 4.1 25 9.4 Both 4 2.5 33 11.7
10–30 ha 1 0.7 41 15.4 Total 159 100.0 283 100.0

30–50 ha 0 0.0 4 1.5
50 ha< 2 1.4 2 0.8

Unknown 59 40.1 110 41.4
Total 147 100.0 266 100.0

Note: * p-Value < 0.05.

3.1.3. Demographic Characteristics of PFOs

The largest proportion of PFOs in both regions were in their 60s (Kunitomi: 31.0%; Ki-
takata: 37.9%), followed by those in their 70s (Kunitomi: 29.0%; Kitakata: 29.1%) (p = 0.371).
Gender was predominantly male (Kunitomi: 86.5%; Northern: 87.8%) (p = 0.764). The
relationship between the PFO and FOC was as follows: in Kunitomi, 50.7% (74 PFOs) were
cooperative members, 15.1% (22 PFOs) were heirs of cooperative members, and 34.2%
(50 PFOs) were unknown. In Kitakata, 83.4% (226 PFOs) were cooperative members, 3.7%

176



Forests 2023, 14, 309

(10 PFOs) were heirs of cooperative members, and 12.9% (35 PFOs) were unknown, indicat-
ing that more PFOs in Kitakata were cooperative members than in Kunitomi, whereas more
PFOs in Kunitomi were unaware of their relationship with FOC than Kitakata (p = 0.000).
No differences existed in the two regions regarding the PFOs’ primary source of income.
59.1% (94 PFOs) of PFOs in Kunitomi and 63.5% (183 PFOs) in Kitakata reported having a
successor (p = 0.362).

3.1.4. Awareness of Forest Ownership and Forest Management Behaviors

The proportion of respondents who were registered PFOs was 78.2% (122 PFOs) in
Kunitomi and 72.1% (202 PFOs) in Kitakata, with no significant difference between the
two regions (p = 0.097). The forest was primarily managed by its PFOs in both regions (Ku-
nitomi: 55.0%, Kitakata: 64.0%). In comparison, 40.0% (64 PFOs) of the PFOs in Kunitomi
and 28.1% (82 PFOs) in Kitakata indicated that they did not manage the forest (p = 0.190).
The proportion of PFOs recognizing their forest locations was 75.6% (121 PFOs) in Kunit-
omi and 73.1% (209 PFOs) in Kitakata, whereas the proportion of PFOs not recognizing
the location was 10.6% (17 PFOs) in Kunitomi and 10.8% (31 PFOs) in Kitakata, showing
a similar trend (p = 0.573). Furthermore, in Kunitomi, 60.9% (98 PFOs) were aware of
the PFO’s boundaries, whereas 21.1% (34 PFOs) were unaware, and in Kitakata, 67.8%
(192 PFOs) were aware, whereas 15.2% (43 PFOs) were unaware. No differences were
observed between the two regions (p = 0.149). The PFOs’ frequency of visits to the forests
did not differ between the two regions (p = 0.650). The most common response in Kunitomi
was “rarely” (23.8%, 38 PFOs), followed by “once a year” (21.9%, 35 PFOs); 3.8% (6 PFOs)
of PFOs visited monthly, 18.1% (29 PFOs) visited several times a year; and 9.4% (15 PFOs)
of the PFOs never visited. The most common response in Kitakata was “once every few
years” (25.7%; 76 PFOs), followed by “almost never” (22.0%; 65 PFOs); 3.0% of PFOs visited
monthly (9 PFOs), 19.6% (58 PFOs) visited several times a year; and 6.4% (19 PFOs) of the
PFOs never visited (Table A1).

Notably, 73 PFOs (46.8%) in Kunitomi and 125 PFOs (44.8%) in Kitakata (p = 0.690) had
harvesting experience within the previous five years. Of these, 72 PFOs (excluding 1 PFO in
Kunitomi due to no response) and 125 PFOs in Kitakata were compared. The “suitable age
of harvesting” was answered by 26.4% (19 PFOs) of the respondents in Kunitomi and 45.6%
(57 PFOs) in Kitakata (p = 0.010); 6.9% (5 PFOs) of the respondents in Kunitomi and 16.8%
(21 PFOs) in Kitakata responded “to earn extra income” (p = 0.052). “Recommended from
FOC” was selected by 1.4% (1 PFO) in Kunitomi and 6.4% (8 PFOs) in Kitakata (p = 0.159).
“Recommended from the private logging company” was 51.4% (37 PFOs) in Kunitomi and
25.6% (32 PFOs) in Kitakata (p = 0.000). An “increase in timber prices” was unobserved in
Kunitomi but was 0.8% (1 PFO) in Kitakata (p = 1.000). The “expiration of sharing contract”
was unobserved in Kunitomi but was 6.4% (8 PFOs) in Kitakata (p = 0.028). “Wind damage,
disease, and insect damage” accounted for 11.1% (8 PFOs) in Kunitomi and 3.2% (4 PFOs) in
Kitakata (p = 0.033). “Others” accounted for 9.7% (7 PFOs) in Kunitomi and 10.4% (13 PFOs)
in Kitakata (p = 1.000).

We then determined whether these PFOs had reforested postharvest. The results
showed that 29.6% (21 PFOs) of the PFOs in Kunitomi and 55.2% (64 PFOs) in Kitakata had
reforested, whereas 57.7% (41 PFOs) in Kunitomi and 37.1% (43 PFOs) in Kitakata had not
reforested, indicating that more PFOs in Kitakata had reforested (p = 0.026). Regarding
the intention to conduct harvest and reforest in the future, 20.6% (32 PFOs) of the PFOs
in Kunitomi and 31.3% (89 PFOs) in Kitakata wanted to conduct both harvesting and
reforestation. In comparison, 10.3% (16 PFOs) in Kunitomi and 8.5% (24 PFOs) in Kitakata
wanted only to harvest and not reforest (24 PFOs) in Kitakata. The PFOs who answered that
they had no plans to do so were the most numerous in both areas, with 66.5% (103 PFOs) in
Kunitomi and 57.7% (164 PFOs) in Kitakata.

When comparing the factors that would be important in the decision-making process
for harvesting, the most common factors that differed between the two regions were
“reasonable profit” (Kunitomi: 40.4%; Kitakata: 54.6%, p = 0.007) and “sell with the land”
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(Kunitomi: 66.7%; Kitakata: 12.6%, p = 0.000). No differences were indicated for “trust of
buyer” (p = 0.098), “reforestation postharvest” (p = 0.211), “only harvesting” (p = 1.000),
and “the adjacent landowner also harvesting” (p = 0.800) (Table 3).

Table 3. Comparison of reasons for harvesting/reforestation and harvesting decisions between the
two regions.

Kunitomi Kitakata
p-Value

n % n %

Logging experience in the past 5 years 0.690
Yes 73 46.8 125 44.8
No 83 53.2 154 55.2
Total 156 100.0 279 100.0

Reason for harvesting (multiple answer)
Suitable age of harvesting * 19 26.4 57 45.6 0.010
To earn extra income 5 6.9 21 16.8 0.052
Recommended by FOC 1 1.4 8 6.4 0.159
Recommended by private logging company * 37 51.4 32 25.6 0.000
Increase in timber prices 0 0.0 1 0.8 1.000
Expiration of sharing contract * 0 0.0 8 6.4 0.028
Wind damage, disease, and insect damage * 8 11.1 4 3.2 0.033
Others 7 9.7 13 10.4 1.000
Total 72 100.0 125 100.0

Reforestation postharvest * 0.026
Totally 21 29.6 64 55.2
Partially 7 9.9 8 6.9
Not planted 41 57.7 43 37.1
Others 2 2.8 1 0.9
Total 71 100.0 116 100.0

Intention to harvesting and reforestation 0.122
Harvesting and reforestation 32 20.6 89 31.3
Only harvesting 16 10.3 24 8.5
Undecided 103 66.5 164 57.7
No place to harvesting 4 2.6 7 2.5
Total 155 100.0 284 100.0

Factors to consider in the decision to harvesting (multiple answer)
Reasonable benefits * 57 40.4 147 54.6 0.007
Sell with the land * 47 33.3 34 12.6 0.000
Trust of buyer 54 38.3 81 30.1 0.098
Reforestation postharvest 36 25.5 86 32.0 0.211
Not reforestation postharvest 9 6.4 18 6.7 1.000
The adjacent landowner also harvesting 7 5.0 11 4.1 0.800
Others 8 5.7 17 6.3 1.000
Total 161 100.0 283 100.0

Note: * p-Value < 0.05.

3.2. In the Case of Kunitomi
3.2.1. Size of Ownership and Forest Conditions in Kunitomi

The EM group owned most (34.8%) of the forest management size (1–3 ha), whereas
the D group had most (36.8%) of the PFOs who did not know the size, but no difference
was indicated in the trend of the forest size (p = 0.112). Similarly, the size of plantations
did not differ (p = 0.094), but the EM group had the largest number of PFOs with 1–3 ha
(34.8%), whereas the D group had the largest number of PFOs who did not know the size
of their plantations (48.8%). The maturity of planted forests was most frequently answered
by PFOs of both the EM group (47.0%) and the D group (60.0%) as mature, whereas the D
group had the largest proportion of PFOs who did not know the status (p = 0.518). Land
cadastral surveys (p = 0.316) and land registration titles were most often under a single title,
with no differences indicated (p = 0.159) (Table 4).
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Table 4. Comparison of forest conditions between the two groups in Kunitomi.

EM Group D Group Total
p-Value

n % n % n %

Forest owned area 0.112
<1 ha 12 17.6 16 21.1 28 19.4
1–3 ha 30 44.1 20 26.3 50 34.7
3–5 ha 4 5.9 4 5.3 8 5.6
5–10 ha 4 5.9 5 6.6 9 6.3
10–30 ha 3 4.4 3 3.9 6 4.2
30–50 ha 1 1.5 0 0.0 1 0.7
50 ha< 2 2.9 0 0.0 2 1.4
Unknown 12 17.6 28 36.8 40 27.8
Total 68 100.0 76 100.0 144 100.0

Plantation forest area 0.094
0 ha 1 1.5 4 5.4 5 3.6
<1 ha 15 22.7 14 18.9 29 20.7
1–3 ha 23 34.8 14 18.9 37 26.4
3–5 ha 4 6.1 2 2.7 6 4.3
5–10 ha 2 3.0 4 5.4 6 4.3
10–30 ha 1 1.5 0 0.0 1 0.7
30–50 ha 0 0.0 0 0.0 0 0.0
50 ha< 1 1.5 0 0.0 1 0.7
Unknown 19 28.8 36 48.8 55 39.3
Total 66 100.0 74 100.0 140 100.0

Age of plantation forest 0.518
Maturity 31 47.0 35 60.0 66 47.5
Immature 23 34.8 21 24.6 44 31.7
Both 1 1.5 0 2.5 1 0.7
Unknown 11 16.7 17 12.9 28 20.1
Total 66 100.0 73 100.0 139 100.0

Status of land cadastral survey 0.316
Completion 43 63.2 41 55.4 84 59.2
Partially 11 16.2 8 10.8 19 13.4
Not-yet 8 11.8 16 21.6 24 16.9
Unknown 6 8.8 9 12.2 15 10.6
Total 68 100.0 74 100.0 142 100.0

Registration type 0.159
Sole 68 97.1 69 89.6 137 93.2
Joint 2 2.9 6 7.8 8 5.4
Both 0 0.0 2 2.6 2 1.4
Total 70 100.0 77 100.0 147 100

3.2.2. Demographic Characteristics of PFOs

The age distribution of PFOs (p = 0.108), gender (p = 0.430), relationship with the
FOC (p = 0.960), and PFOs’ primary income source showed no differences between the
two groups. Significant differences were observed in the presence or absence of successors,
with the D group tending to have no successors (p = 0.019) (Table 5).
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Table 5. Comparison of PFOs’ characteristics between the two groups in Kunitomi.

EM Group D Group Total
p-Value

n % n % n %

Relationship with FOC 0.960
Member 38 60.3 31 42.5 69 50.7
Member successor 9 14.3 12 16.4 21 15.4
Unknown 16 25.4 30 41.1 46 33.8
Total 63 100.0 73 100.0 136 100.0

Successors in forest management * 0.019
Existence 49 70.0 39 50.6 88 59.9
Absence 21 30.0 38 49.4 59 40.1
Total 70 100.0 77 100.0 147 100.0

Main income (multiple answer)
Agriculture 27 38.6 20 27.0 47 32.6 0.158
Forestry 3 4.3 0 0.0 3 2.1 0.112
Independent business 4 5.7 0 0.0 4 2.8 0.053
Salary and wages 16 22.9 18 24.3 34 23.6 0.847
Pension 30 42.9 42 56.8 72 50.0 0.133
Real estate 3 4.3 0 0.0 3 2.1 0.112
Other 0 0.0 2 2.7 2 1.4 0.497
Total 70 100.0 74 100.0 144 100.0

Note: * p-Value < 0.05.

3.2.3. PFOs’ Forest Management Behaviors and Attitudes

In both regions, the registered person was typically the principal owner (p = 0.521).
Most primary managers were owners themselves (74.3%) in the EM group, whereas the
majority were not managing (50.6%) in the D group (p = 0.002). A difference existed in the
number of respondents who knew the location of their forest, with the EM group tending
to have a higher percentage of respondents who knew the location of their forest (p = 0.010).
The same was true for the boundaries, with the EM group tending to have more PFOs
who knew the boundaries in person (p = 0.020). Comparing the frequency of forest visits
revealed that the EM group tended to visit the forest more frequently (p = 0.002) (Table 6).

Table 6. Comparison of forest management behaviors between the two groups in Kunitomi.

EM Group D Group Total
p-Value

n % n % n %

Registration name 0.521
Owner 57 82.6 57 74.0 114 78.1
Previous generation 11 15.9 18 23.4 29 19.9
Varies depending on site 1 1.4 1 1.3 2 1.4
Unknown 0 0.0 1 1.3 1 0.7
Total 69 100.0 77 100.0 146 100.0

Managing person * 0.002
Owner 52 74.3 32 41.6 84 57.1
Relatives 0 0.0 3 3.9 3 2.0
FOC 1 1.4 2 2.6 3 2.0
Private company 0 0.0 0 0.0 0 0.0
Not managing 16 22.9 39 50.6 55 37.4
Varies depending on site 0 0.0 0 0.0 0 0.0
Others 1 1.4 1 1.3 2 1.4
Total 70 100.0 77 100.0 292 100.0

Person or organization recognizes location * 0.010
Owner 61 88.4 50 64.1 111 75.5
Relatives 0 0.0 3 3.8 3 2.0
FOC 0 0.0 2 2.6 2 1.4
Municipality 1 1.4 8 10.3 9 6.1
Not recognized 4 5.8 12 15.4 16 10.9
Others 3 4.3 3 3.8 6 4.1
Total 69 100.0 78 100.0 147 100.0

180



Forests 2023, 14, 309

Table 6. Cont.

EM Group D Group Total
p-Value

n % n % n %

Person or organization recognizes boundary * 0.020
Owner 52 74.3 38 49.4 90 61.2
Relatives 1 1.4 4 5.2 5 3.4
FOC 0 0.0 2 2.6 2 1.4
Municipality 3 4.3 12 15.6 15 10.2
Not recognized 11 15.7 19 24.7 30 20.4
Others 3 4.3 2 2.6 5 3.4
Total 70 100.0 77 100.0 147 100.0

Frequency of owned forest visits by owner * 0.002
Every month 5 7.1 1 1.3 6 4.1
Several times a year 21 30.0 7 9.1 28 19.0
Once a year 17 24.3 16 20.8 33 22.4
Once every few years 10 14.3 19 24.7 29 19.7
Almost never 9 12.9 24 31.2 33 22.4
Never 4 5.7 8 10.4 12 8.2
Varies depending on site 4 5.7 2 2.6 6 4.1
Total 70 100.0 77 100.0 147 100.0

Note: * p-Value < 0.05.

No differences between regions were indicated in the percentage of PFOs who har-
vested in the last five years (p = 0.742), and the reasons that led to harvesting were similar.
Regarding reforestation postharvest, 46.4% of the PFOs in the EM group reforested, whereas
17.1% in the D group did, indicating that PFOs with low motivation for forest management
tended not to reforest (p = 0.037). The EM group was likelier to prioritize the following
factors in their decision to log: the prospect of substantial profit (p = 0.015) and reforestation
postharvest (p = 0.030). However, the D group demonstrated a greater likelihood of selling
stumpage with the land (p = 0.000) (Table 7).

Table 7. Comparison of reasons for harvesting/reforestation and harvesting decisions between the
two groups in Kunitomi.

EM Groups D Group Total
p-Value

n % n % n %

Harvesting experience in the past 5 years 0.742
Yes 31 45.6 38 48.7 69 47.3
No 37 54.4 40 51.3 77 52.7
Total 68 100.0 78 100.0 146 100.0

Reason for logging (multiple answer)
Suitable age of logging 10 34.5 7 20.0 17 26.6 0.258
To earn extra income 2 6.9 2 5.7 4 6.3 1.000
Recommended by FOC 1 3.4 0 0.0 1 1.6 0.453
Recommended by private company 13 44.8 22 62.9 35 54.7 0.208
Wind damage, disease, and insect damage 4 13.8 3 8.6 7 10.9 0.692
Others 2 6.9 4 11.4 6 9.4 0.681
Total 29 100.0 35 100.0 64 100.0

Reforest postharvest * 0.037
Totally 13 46.4 7 17.1 19 30.2
Partially 4 14.3 4 8.6 7 11.1
Not planted 10 35.7 27 71.4 35 55.6
Others 1 3.6 0 2.9 2 3.2
Total 28 100.0 38 100.0 63 100.0

Intention to harvesting and reforestation * 0.000
Harvesting and reforestation 29 42.0 3 3.9 32 2.1
Only harvesting 3 4.3 13 17.1 16 11.0
Undecided 35 50.7 59 77.6 94 64.8
No place to harvesting 2 2.9 1 1.3 3 2.1
Total 69 100.0 76 100.0 145 100.0
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Table 7. Cont.

EM Groups D Group Total
p-Value

n % n % n %

Factors to consider in the decision to harvesting (multiple answer)
Reasonable benefits* 33 52.4 23 31.5 56 41.2 0.015
Sell with land * 4 6.3 40 54.8 44 32.4 0.000
Trust of buyer 28 44.4 24 32.9 52 38.2 0.216
Reforest postharvest * 22 34.9 13 17.8 35 25.7 0.030
Not reforest postharvest 4 6.3 5 6.8 9 6.6 1.000
Neighboring owner also logs 2 3.2 5 6.8 7 5.1 0.450
Others 5 7.9 2 2.7 7 5.1 0.249
Total 63 100.0 73 100.0 136 100.0

Note: * p-Value < 0.05.

3.3. In the Case of Kitakata
3.3.1. Future Intentions of PFOs

Most PFOs in the EM and D groups reported that they were unsure of their forest size
(EM group: 32.4%; D group: 48.5%). Most respondents in the EM group (18.8%) owned
10–30 ha, whereas most respondents in the D group (13.2%) owned 1–3 ha, indicating that
the EM group tended to own a larger forest. In contrast, a higher percentage of respondents
in the D group did not know their owned forest size (p = 0.007). Similarly, the plantation
forest size of the EM group was the most common (32.0% in the EM group; 57.6% in the
reduced size group). As with the forest size, the EM group tended to have a larger planted
forest size and to know the size (p = 0.000). The maturity of planted forests was most
frequently reported as mature by both the EM (63.8%) and D groups (57.5%), although
a higher percentage of PFOs in the D group did not know the condition (p = 0.006). No
differences were observed in the implementation of cadastral surveys (p = 0.199) or the
method of land registration title (p = 0.570) (Table 8).

Table 8. Comparison of forest conditions between the two groups in Kitakata.

EM Group D Group Total
p-Value

n % n % n %

Forest size * 0.007
<1 ha 6 3.4 7 10.3 13 5.3
1–3 ha 16 9.1 9 13.2 25 10.2
3–5 ha 10 5.7 5 7.4 15 6.1
5–10 ha 27 15.3 3 4.4 30 12.3
10–30 ha 33 18.8 7 10.3 40 16.4
30–50 ha 15 8.5 3 4.4 18 7.4
50 ha< 12 6.8 1 1.5 13 5.3
Unknown 57 32.4 33 48.5 90 36.9
Total 176 100.0 68 100.0 244 100.0

Plantation forest size * 0.000
0 ha 3 1.7 2 3.0 5 2.1
<1 ha 9 5.2 10 15.2 19 8.0
1–3 ha 29 16.9 8 12.1 37 15.5
3–5 ha 15 8.7 2 3.0 17 7.1
5–10 ha 20 11.6 3 4.5 23 9.7
10–30 ha 35 20.3 3 4.5 38 16.0
30–50 ha 4 2.3 0 0.0 4 1.7
50 ha< 2 1.2 0 0.0 2 0.8
Unknown 55 32.0 38 57.6 93 39.1
Total 172 100.0 66 100.0 238 100.0
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Table 8. Cont.

EM Group D Group Total
p-Value

n % n % n %

Age of plantation forest * 0.006
Maturity 113 63.8 42 57.5 155 62.0
Immature 45 25.4 16 21.9 61 24.4
Both 7 4.0 0 0.0 7 2.8
Unknown 12 6.8 15 20.5 27 10.8
Total 177 100.0 73 100.0 250 100.0

Status of cadastral survey 0.199
Completion 104 56.5 49 65.3 153 59.1
Partially 18 9.8 6 8.0 24 9.3
Not-yet 52 28.3 13 17.3 65 25.1
Unknown 10 5.4 7 9.3 17 6.6
Total 184 100.0 75 100.0 259 100.0

Registration type 0.570
Sole 153 85.0 65 87.8 218 85.8
Joint 7 3.9 1 1.4 8 3.1
Both 20 11.1 8 10.8 28 11
Total 180 100.0 74 100.0 254 100

Note: * p-Value < 0.05.

3.3.2. Demographic Characteristics of PFOs

No differences were found between the two groups in the PFOs’ age distribution
(p = 0.863) or gender (p = 0.156). As for the relationship with FOC, the D group was likelier
to be unaware of whether they were members (p = 0.004). Regarding succession, the D
group was likelier to have no successor (p = 0.000). In addition, a higher proportion of the
EM group was in agriculture (p = 0.042) and forestry (p = 0.028) as the primary income
sources for the PFOs (Table 9).

Table 9. Comparison of PFOs’ characteristics between the two groups in Kitakata.

EM Group D Group Total
p-Value

n % n % n %

Relationship with FOC * 0.004
Member 151 87.8 52 74.3 203 83.9
Member successor 6 3.5 1 1.4 7 2.9
Unknown 15 8.7 17 24.3 32 13.2
Total 172 100.0 70 100.0 242 100.0

Successors in forest management * 0.000
Existence 134 74.0 31 41.9 165 64.7
Absence 47 26.0 43 58.1 90 35.3
Total 181 100.0 74 100.0 255 100.0

Primary income source
Agriculture * 55 30.6 13 17.6 68 26.8 0.042
Forestry * 16 8.9 1 1.4 17 6.7 0.028
Independent business 14 7.8 8 10.8 22 8.7 0.465
Salary and wages 46 25.6 24 32.4 70 27.6 0.282
Pension 81 45.0 36 48.6 117 46.1 0.678
Real estate 2 1.1 0 0.0 2 0.8 1.000
Others 3 1.7 1 1.4 4 1.6 1.000
Total 180 100.0 74 100.0 254 100.0

Note: * p-Value < 0.05.

3.3.3. PFOs’ Forest Management Behaviors and Attitudes

Both groups had the highest percentage of respondents, in which the principal was
the registered owner (p = 0.981). The principal administrator was the owner himself in
both the EM (78.6%) and D groups (64.9%). In both groups, the owner recognized the
location (p = 0.355) and boundaries (p = 0.051) of the owned forest; the highest percentage
of owners themselves managed the forest, whereas a higher percentage of the D group did
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not (p = 0.000). Comparing the frequency of visits to the forest revealed that the EM group
tended to visit more frequently (p = 0.000) (Table 10). No difference was observed between
the two groups in the percentage of PFOs harvested in the past five years (p = 0.679).
Likewise, no difference was observed in the reasons for harvesting among PFOs who had
logged before. Regarding reforest postharvest, 63.4% of the PFOs in the EM group fully
reforested, whereas 51.6% of those in the D group did not, indicating that PFOs with low
motivation for forest management tended not to reforest (p = 0.029).

Table 10. Comparison of forest management behaviors between the two groups in Kitakata.

EM Group D Group Total
p-Value

n % n % n %

Registration name 0.981
Owner 129 74.1 56 75.7 185 74.6
Previous generation 34 19.5 14 18.9 48 19.4
Varies depending on site 9 5.2 3 4.1 12 4.8
Unknown 2 1.1 1 1.4 3 1.2
Total 174 100.0 74 100.0 248 100.0

Person or organization aware of location 0.355
Owner 143 78.6 48 64.9 191 74.6
Relatives 5 2.7 4 5.4 9 3.5
FOC 7 3.8 4 5.4 11 4.3
Municipality 8 4.4 6 8.1 14 5.5
Not recognized 15 8.2 9 12.2 24 9.4
Others 4 2.2 3 4.1 7 2.7
Total 182 100.0 74 100.0 256 100.0

Person or organization aware of boundary 0.051
Owner 134 74.4 40 54.1 174 68.5
Relatives 7 3.9 5 6.8 12 4.7
FOC 5 2.8 2 2.7 7 2.8
Municipality 8 4.4 6 8.1 14 5.5
Not recognized 20 11.1 17 23.0 37 14.6
Others 6 3.3 4 5.4 10 3.9
Total 180 100.0 74 100.0 254 100.0

Managing person * 0.000
Owner 136 73.9 34 45.3 170 65.6
Relatives 2 1.1 3 4.0 5 1.9
FOC 4 2.2 3 4.0 7 2.7
Private company 0 0.0 1 1.3 1 0.4
Not managing 37 20.1 32 42.7 69 26.6
Varies depending on site 2 1.1 1 1.3 3 1.2
Others 3 1.6 1 1.3 4 1.5
Total 184 100.0 75 100.0 259 100.0

Frequency of owned forest visits by owner * 0.000
Every month 9 4.9 0 0.0 9 3.4
Several times a year 48 25.9 7 9.2 55 21.1
Once a year 36 19.5 8 10.5 44 16.9
Once every few years 49 26.5 20 26.3 69 26.4
Almost never 30 16.2 28 36.8 58 22.2
Never 7 3.8 6 7.9 13 5.0
Varies depending on site 6 3.2 7 9.2 13 5.0
Total 185 100.0 76 100.0 261 100.0

Note: * p-Value < 0.05.

Differences were also observed in the factors that were important in the decision
to harvest. A high percentage of the EM group indicated that they expected to make a
substantial profit (p = 0.005), whereas a high percentage of the D group indicated that they
were willing to sell the land with stumpage (p = 0.000) (Table 11).
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Table 11. Comparison of reasons for harvesting/reforestation and harvesting decisions between the
two groups in Kitakata.

EM Group D Group Total
p-Value

n % n % n %

Harvesting experience in the past 5 years 0.679
Yes 86 49.1 34 45.3 120 48.0
No 89 50.9 41 54.7 130 52.0
Total 175 100.0 75 100.0 250 100.0

Reason for harvesting (multiple answer)
Suitable age of logging 39 45.3 15 44.1 54 45.0 1.000
To earn extra income 16 18.6 4 11.8 20 16.7 0.428
Recommended by FOC 6 7.0 2 5.9 8 6.7 0.453
Recommended by private company 20 23.3 12 35.3 32 26.7 0.251
Increase in timber prices 1 1.2 0 0.0 1 0.8 1.000
Expiration of sharing contract 5 5.8 3 8.8 8 6.7 0.686
Wind damage, disease, and insect damage 3 3.5 1 2.9 4 3.3 1.000
Others 9 10.5 3 8.8 12 10.0 1.000
Total 86 100.0 34 100.0 120 100.0

Reforest postharvest * 0.029
Totally 52 63.4 11 35.5 63 55.8
Partially 3 3.7 4 12.9 7 6.2
Not planted 26 31.7 16 51.6 42 37.2
Others 1 1.2 0 0.0 1 0.9
Total 82 100.0 31 100.0 113 100.0

Intention to harvesting and reforestation * 0.000
Harvesting and reforestation 73 40.8 10 13.2 83 32.5
Only harvesting 9 5.0 12 15.8 21 8.2
Undecided 94 52.5 52 68.4 146 57.3
No place to harvesting 3 1.7 2 2.6 5 2.0
Total 179 100.0 100 100.0 255 100.0

Factors to consider in the decision to harvesting (multiple answer)
Reasonable benefits * 106 59.9 29 40.3 135 54.2 0.005
Sell with land * 9 5.1 20 27.8 29 11.6 0.000
Trust of buyer 51 28.8 24 33.3 75 30.1 0.543
Reforest postharvest * 63 35.6 21 29.2 84 33.7 0.377
Not reforest postharvest 11 6.2 6 8.3 17 6.8 0.583
Neighboring owner also harvest 6 3.4 4 5.6 10 4.0 0.481
Others 8 4.5 6 8.3 14 5.6 0.238
Total 177 100.0 72 100.0 249 100.0

Note: * p-Value < 0.05.

4. Discussion and Conclusion

The NSFM aims to realize efficient and sustainable timber production based on consol-
idating the forest land of PFOs with low future intentions. In this study, we administered a
questionnaire to PFOs in Miyazaki Prefecture, one of the most active areas for timber pro-
duction in Japan, to examine the socioeconomic factors that affect PFOs’ future intentions.

The PFOs’ willingness to manage forests varies by region [32]. First, this study
compared PFOs’ future intentions and the factors that might influence them across regions
with different forest ownership sizes. In the small-scale region, 52.7% of PFOs desired
to reduce the future management scale, whereas 70.9% of PFOs in the large-scale region
desired to maintain or increase the management scale. A comparison of the two regions
revealed the problems in private forest management. A common problem in small and
large regions was the lack of awareness of forests owned by PFOs themselves. In particular,
the fact that many PFOs were unaware of the size of their forests and planted forests
indicated that PFOs do not have the sources to understand the value of their forests and
consider the direction of future forest management. The importance of successors in forest
management was also indicated. Additionally, this study revealed the challenges specific to
the small-scale regions. The small-scale regions showed fewer future intentions to manage
forests. Many PFOs were unaware of the maturity of their planted forests as well as the
size of their forests. This may be attributed to the lack of understanding in many PFOs
regarding the economic value of their planted forests, which may be one factor that reduces
their willingness to manage their forests. Since many PFOs did not understand the value of
their forests, their decision-making process regarding forest management was passive, as
evidenced by the reasons for their decision to harvest their forest. Additionally, many PFOs
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wanted to quit forestry, whereas many did not reforest postharvest (Table 12). These results
indicated the need to develop a framework to provide PFOs with enough information to
consider future management directions while implementing NSFM. At the same time, since
small-scale regions are less willing to manage forests than large-scale regions, aggerating
forest management right by municipalities is promising for the sustainable management
of forests. However, since the workload of municipalities is excessive [11], the prefectural
government should support municipalities in small-scale areas with an emphasis on small-
scale regions. PFOs’ low willingness to manage their forests may harm timber production,
as owner identification and rights identification are particular barriers to timber production
in the small-scale region [33,34]. Similar results were obtained for forest and planted forest
size, as they influenced the current willingness to manage [13,16,18–20].

Table 12. Inter-regional differences of forest management problems.

Trend in Forest Management Issues
in Small-Scale Regions

Forest Management Issues Common to Both Regions

• Low intention for forest management
• Unaware of forest maturity
• Passive decision-making for harvesting
• Low reforestation rate
• PFOs want to quit forestry

• Lacked basic knowledge of owned forest condition (forest size,
planted forest size)

• Few PFOs have future forest management plans
• Low future intention of PFOs with no successor

Next, based on the survey results, we examined the factors affecting the future inten-
tions of PFOs and the forest management behaviors of PFOs with low future intentions. The
factor affecting future intention in small-scale regions was the presence of successors [24].
No difference was found in the forest size [13,16,18–20], which was considered a factor
while analyzing the results, likely because the forest size was biased toward small-scale.
In contrast, forest size, planted forest size, and planted forest maturity were the factors
of forest condition that influenced the future intentions in large-scale regions. These re-
sults suggest that the economic value of forests affects the future intentions of the PFOs
in large-scale regions. In addition, the existence of successors, the relationship with the
FOC, and forestry’s position as an income source were also indicated as factors. Since it is
essential to clarify the forest management behaviors of the PFOs with low future intentions
to consider forestry policies, we summarized the characteristics of the forest management
behaviors and attitudes of the D group. Among the common issues associated with both
regions, the D group tended to have scarce forest management and be willing to dispose
of their forestlands. Therefore, these PFOs tended not to implement reforestation because
they had less emphasis on the reforest postharvest. In small-scale regions, few PFOs had
future management directions and were unaware of the location and boundaries of their
forests (Table 13). The D group was not considered interested in the economic value of the
forest. There could be two possible causes behind the lack of interest in economic value:
first, they do not have information about the forests, and second, they must dispose of the
forests due to the absence of successors to inherit them.

Under the Forest Management Law, municipalities must conduct surveys of PFOs’
intentions, and some have already begun to do so. Many PFOs are likely to respond to this
survey without having all the facts they need to decide on their future forest management
intentions. A procedural flaw can be identified regarding the intention survey, which
encourages PFOs to make decisions without information about their forests. Before the
survey, the government must provide an opportunity for the PFOs to know the location and
boundaries of the forest, resource status, and other information. In addition, the omission of
local forest ownership size from the criteria for allocating FETT to municipalities is a flaw of
this system [5]. FETT is used for “expenses related to forest improvement and its promotion,
such as thinning, human resource development and securing of bearers, promotion of
timber use, and public awareness.” The areas requiring enhanced forest improvement
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are those with low future management intentions. Furthermore, the results of this study
suggest that many PFOs in small-scale regions would like to outsource management or
relinquish their land. Therefore, the administrative burden of conducting the survey and
forest management aggregation in municipalities with small-scale regions is considered
high. For municipalities, securing finances is the most critical aspect of operating NSFM [30].
These results suggest that FETT allocation criteria could still be considered based on the
regional characteristics of ownership size. Differences were also observed in the factors that
influenced the decision of forest PFOs to harvest between the two regions with different
ownership sizes.

Table 13. The factors affecting the PFOs’ future intention, tendency of D group’s forest manage-
ment behaviors.

Small-Scale Regions Large-Scale Regions Common Issues to Both Regions

Forest condition factors -

• Owned forest size
• Plantation forest size
• Recognition of maturity of

planted forest
-

PFOs’ characteristics factors • Existence of successor

• Existence of successor
• Recognition of relationship with

FOC
• Position of forestry as income

source

• Existence of successor

Trends in management behaviors and
attitudes toward owned forests
among Group D

• Scarce forest management
• Want to dispose of land
• Less interest in the economic

value of owned forest
• Undecided future forest

management plan
• Do not reforest postharvest
• Less emphasis on reforests

postharvest
• Few frequencies of owned

forest visits
• Do not recognize location of

owned forest
• Do not recognize boundary of

owned forest

• Scarce forest management
• Want to dispose of land
• Less interest in the economic

value of owned forest
• Do not reforest postharvest
• Less emphasis on reforests

postharvest
• Few frequencies of owned

forest visits

• Scarce forest management
• Want to dispose of land
• Less interest in the economic

value of owned forest
• Do not reforest postharvest
• Less emphasis on reforests

postharvest
• Few frequencies of owned

forest visits

This study examined the factors that influence the PFOs’ future intentions in small
and large regions by categorizing them by their future intentions and comparing the two
types. Comparing the two groups revealed that the EM group prioritized economic benefits
and the sustainability of the forest resource in their harvesting decisions. In contrast,
the D group had more PFOs who wanted to relinquish their land and withdraw from
forestry management. The EM group tended to own more forestland, suggesting that
the size or economic value of their forest holdings influenced their future willingness to
manage their forests. The D group was characterized by less frequent forest visits and a
greater proportion of PFOs who lacked basic forest knowledge, such as area, location, and
boundaries. These findings suggest that PFOs’ lack of knowledge about their forests may
result in uninterested in forest management.

The existence of successors is an essential factor in the continuity of forest man-
agement [24], in addition to the size, especially planted forest size [18–20]. Therefore,
information on the forest owned, forest area, and the availability of successors are factors
influencing willingness to future forest management. The forest management behaviors
of PFOs with low future willingness to manage revealed issues regarding forest sustain-
ability. In terms of harvesting decisions, the EM group emphasized the economic benefits
and sustainability of the resource. However, the D group saw the logging decision as an
opportunity to withdraw from forestry management and passively made logging decisions.
This suggests that forests owned by PFOs with low future intention goals are a source of
the increased abandonment of reforested.
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To better reflect effective forest policy through PFOs typologies [14], examining the
factors underlying the decisions of typified PFOs is necessary [12]. PFOs who wish to reduce
the size of their future management have poorer forest management behaviors and are
likelier to abandon the reforested area. Therefore, the method of categorizing PFOs based
on their future willingness to manage the forest with resource sustainability and efficiency
of operations was considered reasonable. However, promoting the transfer of forests owned
by PFOs with a low future intention to forest management is insufficient; measures are also
required to increase PFOs’ willingness to forest management. Furthermore, PFOs must be
given more opportunities to learn enough about their forests to make informed decisions
about future management direction. Especially, the NSFM must consider the ways to
develop forest information, provide PFOs with opportunities to obtain such information,
encourage PFOs who are willing to manage their forests, and strengthen municipal work
structures [11].

Therefore, the role of FOCs who have a good understanding of the status of local
forests is crucial [26]. In large areas where the economic value of forests is relatively high,
strengthening the relationship between PFOs and FOCs may be effective in motivating PFOs
to manage the forests. It is expected that PFOs will be more likely to obtain information
on their forests from FOCs, which will provide an opportunity for PFOs to recognize
the economic value of their forests. In addition, since many PFOs are willing to dispose
their lands in small-scale regions, the aggregation of the forest management rights by
the municipalities will be required for sustainable forest management. As the workload
of municipalities is expected to increase due to this policy, it will be necessary for the
prefectural government to support the municipalities with small forest ownership in a
focused manner [6,8].
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Appendix A

Table A1. Comparison of forest management behaviors between two regions.

Kunitomi Kitakata
p-

Value
Kunitomi Kitakata

p-
Value

n % n % n % n %

Registration name 0.097 Person or organization aware of boundary 0.149
Owner 122 78.2 202 72.1 Owner 98 60.9 192 67.8

Previous generation 30 19.2 56 20.0 Relatives 5 3.1 13 4.6
Varies depend on site 2 1.3 4 1.4 FOC 2 1.2 9 3.2

Unknown 2 1.3 18 6.4 Municipality 16 9.9 15 5.3
Total 156 100.0 280 100.0 Not recognized 34 21.1 43 15.2

Managing person 0.190 Others 6 3.7 11 3.9
Owner 88 55.0 187 64.0 Total 161 100.0 283 100.0

Relatives 3 1.9 6 2.1 Frequency of owned forest visits by owner 0.650
FOC 3 1.9 9 3.1 Every month 6 3.8 9 3.0

Private company 0 0.0 1 0.3 Several times a year 29 18.1 58 19.6
Not managing 64 40.0 82 28.1 Once a year 35 21.9 55 18.6

Varies depend on site 0 0.0 3 1.0 Once every few years 31 19.4 76 25.7
Others 2 1.3 4 1.4 Almost never 38 23.8 65 22.0
Total 160 100.0 292 100.0 Never 15 9.4 19 6.4

Person or organization aware of location 0.573 Varies depends on site 6 3.8 14 4.7
Owner 121 75.6 209 73.1 Total 160 100.0 296 100.0

Relatives 3 1.9 9 3.1
FOC 3 1.9 14 4.9

Municipality 10 6.3 16 5.6
Not recognized 17 10.6 31 10.8

Others 6 0.7 7 2.4
Total 160 100.0 286 100.0
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Current Status and Challenges for Forest Commons (Iriai
Forest) Management in Japan: A Focus on Forest Producers’
Cooperatives and Authorized Neighborhood Associations

Masahiko Ota

Graduate School of Fisheries and Environmental Sciences, Nagasaki University, 1–14 Bunkyo-machi,
Nagasaki 852-8521, Japan; masahikoota@nagasaki-u.ac.jp

Abstract: Iriai forests are an example of communal forest management in Japan. Local institutions
have never been static in governing iriai forests and the external environments of iriai forests have
changed significantly over time. This study examines the management challenges of forest producers’
cooperatives (FPCs) and authorized neighborhood associations (ANAs) as the two most important
contemporary forms of iriai forest management. Data from nine FPCs and three ANAs in the Fukuoka
and Saga prefectures of Kyushu Island are used. Surveyed topics included basic information about
FPCs and ANAs, recent management activities, financial conditions, and member perceptions of
forest management. Some FPCs suffered from disadvantageous forestry circumstances, including low
timber prices, decreased number of members, and tax burdens; at the same time, some FPCs greatly
profited from non-forestry income or assets, e.g., by leasing or selling forestland. In most cases, basic
forest management operations had been conducted by both FPCs and ANAs, and members had
maintained attachment to and responsibility for iriai forests and a sense of public contribution. Policy
recommendations include making legal settings and administrative supports more compatible with
contemporary realities, providing greater financial support for management activities, and pursuing
multi-level governance to open the commons to wider society.

Keywords: seisan shinrin kumiai; ninka chien dantai; common property resource; developed countries;
external policy influence; forest management activities

1. Introduction

Common property resource (CPR) researchers have argued that local communities
can successfully manage natural resources, such as the commons [1,2]. These scholars
have criticized the assumption that the commons are open-access contexts that inevitably
lead to resource depletion. Within certain conditions, such as existing local institutions,
local communities can appropriately manage resources. This claim also undermines the
assumption that privatization is the sole method of successful resource management [3].

Recently, CPRs in developed industrialized countries have gained a focus [4,5]. Unlike
designing institutions that govern natural resources in overuse contexts in developing
countries, research on CPR management in developed countries after industrialization
and urbanization should address underuse conditions. Appropriate human interventions
concerning CPRs are disappearing, due to the declining population or aging of farmers,
forest owners, and fishermen,—i.e., producers and bearers of ecosystem services—as well
as changing institutional and market conditions around CPRs. Mitsumata [6] categorized
external impacts on the commons—as non-settlement trends, commodification of commons,
private corporation-led development, public works projects, legal system development and
revisions, administration/policies, and court decisions—and presented typical positive and
negative influences of each impact. Of these, non-settlement trends and commodification
of the commons are important in the context of developed countries. With regard to
non-settlement trends, an exodus may have the positive effect of the improvement of
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resource conditions in places where overexploitation has been evident, while it may have
the negative effect of underuse of resources, resulting in the absence of proper management
inputs. The commodification of the commons may have the positive effect of providing
opportunities to sustain and strengthen the commons, while it may have the negative effect
of monoculture, resulting in resource underuse and neglect once market value is lost.

Traditional common (iriai) forests in Japan are a well known example of successful CPR
management [7,8]. These forest management systems emerged in the 17th century. Iriai
forests are forests and semi-natural grasslands that can be collectively accessed by residents
in a specific area with specific rights. The resources procured typically include timber,
forage, and firewood. Right-holders develop local rules and regulations to sustainably
utilize limited resources, including methods, periods, and quantities of harvest.

Local institutions governing iriai forests have never been static and external environ-
ments surrounding iriai forests have changed over time. In particular, iriai forests cannot
be explored in isolation from national policy developments [9–16]. Since the start of the
modern Meiji period in 1868, successive governments have been averse to the existence
of the common sphere, including iriai forests, because principles of long-standing CPR
management are not likely to fit into the top-down control of state agencies nor into the
pursuit of efficiency and maximization of monetary profits by private entities. Thus, since
the late 19th century, iriai forests have been subject to various institutional changes that
abrogate iriai forests and replace them with other forms of management.

Several studies have emphasized the changes in iriai forests as a result of external
conditions. Shimada [14] pointed out that local communities can adapt iriai institutions to
external influences, such as social and demographic conditions. However, communities
have been unable to effectively cope with low timber prices, which have been manifested
all over Japan since the 1980s; Shimada mentions this has been an influence that works
outside the control of local communities. Saito [10] analyzed how municipality mergers
in the 2000s in Japan affected forest management by property wards (zaisanku). Property
wards play a role that enables local community members to hold and maintain rights to
iriai resources; this institution has been in place since the late 19th century. Saito reported
that new municipalities may not fully understand local historical contexts, and thus the
autonomy of property wards could be threatened.

Matsushita [11] overviewed the management problems faced by forest producers’
cooperatives (seisan shinrin kumiai: hereafter FPC). FPCs are cooperatives established to
manage iriai forests, generally replacing broad-leaved forests with coniferous forests for
more intensive forestry production. The Japanese government strongly promoted the
establishment of FPCs for forests managed by iriai institutions after the late 1960s. The
problems among FPCs identified by Matsushita include a lack of sufficient income due to
uneven distribution of tree age structure and low timber prices, aging of FPC members as a
labor force, and a lack of forestry experts among FPC members. He also denoted the burden
of taxes; FPCs are cooperatives and hence, are subject to paying several taxes, including
corporate tax, corporate inhabitant tax, and fixed asset tax. As a result, it is difficult for
members to find a clear reason to continue their FPCs and so, the number of dissolutions
of FPCs is increasing. At the same time, he presented several FPC cases where innovative
activities had been taken.

Yamashita et al. [9] compared institutional characteristics of conventional iriai organi-
zations, FPCs, and authorized neighborhood organizations (ninka chien dantai: hereafter
ANA) against the backdrop of an increasing number of FPCs that had been dissolving
themselves and changing their status to ANAs. ANAs are local neighborhood associations
(such as wards) that have obtained the status of legal entity and can officially register fixed
assets, such as iriai forests. ANAs have been a significant alternative after the dissolution of
FPCs. Specifically with regard to the status change from FPCs to ANAs, the researchers
pointed out that the reduction of transaction costs and the exemption from corporate taxes
were the primary reasons motivating the change.
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The present study aims to examine the management situations of FPCs and ANAs as
contemporary forms of iriai forest management. There is little doubt that FPCs and ANAs
are the two most important forms of contemporary iriai forest management. However,
except for a few studies [9,11], FPCs and ANAs rarely appear in English literature, despite
their importance; thus, more information and insights are needed. In particular, few studies
provide detailed case information on kinds of forest management operations, forestry and
non-forestry income sources, and locals’ perceptions regarding the future of their iriai
forests; the present study tries to fill this information gap.

An examination of FPCs facing management difficulties and ANAs as an alternative
will facilitate understanding of how external legal, market, and social environments affect
CPR management in developed industrialized countries. The cases of FPCs and ANAs can
also highlight the pitfalls that policies related to administration and forestry in Japan have
run into, along with the will of local communities to go along with their forest commons
despite difficulties.

In terms of Japanese studies on FPCs and ANAs, Yamashita [17] presented a compre-
hensive review of the progress and current status of FPCs, drawing on official statistics.
Handa [18] indicated that even though the policy intention of FPCs was the aim of more
efficient timber production, most FPCs had continued with conventional iriai-type manage-
ment. Several studies [19,20] reported problems and difficulties faced by FPCs, similar to
those that Yamashita et al. [9] and Matsushita [11] presented. Although studies on FPCs
are likely to be critical of the present situation, a couple of studies indicated the potential of
FPCs, because the forest areas that FPCs own are likely to be greater than individual private
forests; hence, they may hold advantages in making management plans and obtaining
forest certificates [21,22].

2. Materials and Methods

First, the author consulted secondary literature and official statistics to determine the
historical policy developments affecting iriai forests and the institutional arrangements of
FPCs and ANAs.

Second, the author collected firsthand data from surveys through face-to-face inter-
views in the Fukuoka and Saga prefectures on Kyushu Island. For the Fukuoka prefecture,
the author mailed a letter to all 55 FPCs registered in a database requesting an interview.
The author received responses from 11 cases, which included 2 ANAs. For the Saga prefec-
ture, the author purposefully selected 1 ANA; this was a case where former FPC members
and residents were not the same and the number of residents in the neighborhood was
far greater than the number of former FPC members. The author sought to observe what
kinds of problems exist in such a situation. In total, the author obtained 9 FPC cases and
3 ANA cases; they are called FPCs A to I and ANAs A to C to preserve anonymity. The
3 ANAs included no cases of status change from the 9 FPCs—in other words, they were
separate from each other. Topics surveyed included FPCs’ or ANAs’ basic information,
recent management activities, and financial conditions. Data were collected in October
2018, February to May 2019, October 2020, and May 2021.

It should be noted that the present study is not based on random sampling methods.
Regarding the Fukuoka prefecture, the author was able to obtain information from FPCs to
which letters from the author were successfully delivered and who were willing to take
interview surveys. The addresses of many FPCs provided in the database were wrong;
consequently, these FPCs did not receive the letters from the author. It is probable that
FPCs with little substantive activity were not included. Regarding the Saga prefecture,
the author only focused on 1 ANA. Thus, the present study should be understood as case
studies aimed at naturalistic generalization, a process through which readers gain insight
by reflecting on the details and descriptions presented in case studies [23].

Part of the data has been published in Ota [24] and Ota [25]. The present study
reorganizes the already-published information in terms of its purpose and adds qualitative
information that Ota [24] and Ota [25] did not present.

193



Forests 2023, 14, 572

3. Results

3.1. Historical Developments and Recent Institutions Concerning Iriai Forests
3.1.1. Typical Iriai Institutions

Iriai institutions were developed during the Edo period (1603–1867). At that time,
resources that could be obtained from forests were crucial for subsistence purposes. In
addition to firewood and timber, grass was an important source of fertilizer for rice fields.
Particularly after the middle of the Edo period, population growth was evident due to
the expansion of rice fields. As a result, overexploitation of forests and consequent forest
degradation proliferated. Natural disasters occurred frequently. The Tokugawa Shogunate
and domain lords ruling at the time developed several theories and measures to address
the overexploitation of mountain forest resources, including advice for utilizing trees or
planting trees after harvest [26]. In addition to such government measures, local rules
and regulations concerning forest resources were developed to collectively avoid conflict
among households or hamlets and to prevent overexploitation [7]. Such sets of rules and
regulations governing iriai forests can be called iriai institutions.

The unit of iriai institutions was traditional Japanese hamlets (mura). In general, the
principles of membership were strict: only people who resided in the hamlet had a right
to access the resources of iriai forests. Although great variety was seen in rules applied
among hamlets, or even in one hamlet across seasons or species, practices that carefully
utilized limited forest resources were common. Typically, there were limits on the amount
and time of harvest and particular techniques in exploiting resources. Contribution of labor
to manage the forest areas—such as annual burning of grassland, cutting specific timber or
thatch, and planting or enriching particular species—was an important obligation under
iriai institutions. Enforcement of rules was substantial, with high degrees of compliance.
Iriai institutions were largely in line with the design principles of CPRs presented by
Ostrom [1].

3.1.2. Policy Changes over Time

Institutional change has occurred in three directions: conversion to national property,
conversion to municipal property, and conversion to private property [10]. The conversion
to national property was established by the Public/Private Ownership Separation Policy,
which began in 1873. Under this policy, forests for which evidence of private ownership
was not confirmed were incorporated into national forests. Many iriai forests were regarded
as forests without private ownership, due to their form of collective use; consequently, they
fell under national forests.

The first wave of conversion to municipal property occurred with the Municipal Gov-
ernment Act in 1889. This act consolidated traditional hamlets (mura) from the Edo period
into modernized municipal units of cities, towns, and villages. Processes of consolidation
were expected to involve taking over resources under iriai-related institutions, such as
forests, grasslands, or ponds, and making them the property (assets) of the new municipali-
ties. Most of the peasants at the time strongly opposed this policy, to prevent their resources
for subsistence from being taken away. Their protests made it difficult to implement the
policy. As a compromise, the government created a new scheme of property wards (za-
isanku). Under this scheme, right-holders of iriai resources can substantively maintain their
rights to use, manage, and dispose of resources under the supervision of the municipalities.
Property wards are one of the most common forms of iriai forest management, together
with FPCs; in 2011, there were 3710 property wards in total, not only for forests, but also
for ponds, hot springs, and graveyards [27].

The second wave of conversion to municipal property was the Village-owned Forests
Integration Policy, which began in 1910. This aimed to incorporate into municipal property
the iriai forests that had remained owned by former hamlet-like units (registered under the
names of former hamlets such as ku, aza, or kumi). However, failing to deliver the expected
achievements, this policy ended in 1939.
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In the late 19th century, when the first wave of conversion to municipal property was
taking place, Japanese law scholars learned about the laws and legal systems in Western
Europe, and the Japanese Civil Code was enacted in 1896. In the Civil Code, rights of
common (iriai ken) are specified in Articles 263 and 294. Rights of common ensure local
community members’ use of local forests or other natural resources based on local customs
maintained since the pre-modern era. At the time that the Civil Code was enacted, more
than 80% of the population lived in rural areas and were dependent on basic natural
resources, such as firewood, fodder, grass, water for irrigation, and fishery; thus, ensuring
the livelihood security of these people was essential.

According to the court rulings to date, rights of common are a private right. This fea-
ture is extremely important; as a private right, rights of common have been very strong [28].
If these rights had been public rights, the actualities of the rights of common might have
been changed or manipulated at the discretion of the government. As a result of this
definition of the rights of common in the Civil Code, on the one hand, the government
tried to bring iriai forests into the public sphere through policy instruments, but on the
other hand, it ensured that local community members hold collective access to iriai forests,
with the rights of common held as a private right.

However, confusing issues have arisen related to the rights of common. On the one
hand, rights of common can exist irrespective of land ownership status; court rulings have
established that rights of common exist on national lands. On the other hand, rights of
common cannot be registered; a group of people holding rights of common for an iriai
forest cannot register the land of their forest as holders of rights of common. Consequently,
holders of rights of common have been likely to register their forests in the name of former
hamlets (such as ku, aza, or kumi) or in the individual names of all right-holders.

Until the 1950s, forests had been primarily used for subsistence purposes in Japan.
Forest areas, including those of iriai forests, mainly consisted of broad-leaved trees such as
oak, used for fuel and agricultural uses, and grassland, used for foraging. Such conditions
were consistent with the livelihoods and lifestyles of local farmers in those times. However,
circumstances drastically changed after the 1960s. Modernization of lifestyles, such as the
increasing use of fossil fuels, resulted in the decreased importance of forest resources for
the subsistence economy. Grass and small branches were replaced with chemical fertilizers,
thatched roofs were replaced with iron roofs, and firewood was replaced with petroleum
and natural gas.

At the same time, the national policy for forestry also changed. In 1964, the Forestry
Basic Act was enacted, which states that the objectives of forestry are to increase tim-
ber production and productivity and to enhance the income of forestry workers. The
government strongly promoted the planting of coniferous trees, such as Japanese cedar
(Cryptomeria japonica) and Japanese cypress (Chamaecyparis obtusa), for intensive forestry.
Existing broad-leaved forests were often replaced with coniferous trees.

In this context, the government tried to promote intensive forestry practices in iriai
forests. The Act on Advancement of Modernization of Rights in Relation to Forests Subject
to Rights of Common of 1966 has been the base of this policy shift [11]. This act was created
to establish modern types of property rights related to forests by extinguishing pre-modern
rights of common, developed on the assumption that communal types of management and
decision-making rooted in rights of common are likely to hinder advanced and efficient
utilization of forest resources. Under this act, which provides due processes, rights of
common are to be extinguished, and forests under iriai institutions are to be converted to
private property, owned either by cooperatives or individuals.

By 2014, approximately 580,700 ha of iriai forests had been subject to this moderniza-
tion process (i.e., the extinguishment of rights of common). As of 2011, of the modernized
iriai forests, 52.4% had come under the management of FPCs, 41.0% had been individ-
ualized by being equally divided among right-holders of iriai forests, 5.5% had become
jointly owned private forests, and 1.0% had come to be managed by agricultural producers’
cooperatives [11].
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3.2. Institutions of FPCs and ANAs

The institutions of FPCs are rooted in the 1951 Forest Act. In 1978, the Forestry
Cooperative Act was enacted and it is the legal foundation of FPCs. In Japan, cooperatives
in the forestry sector generally refer to forest owners’ cooperatives (shinrin kumiai: hereafter
FOC), which differ from FPCs. Members of FOCs and FPCs are both forest owners, but
FOCs jointly undertake forestry operations for forests owned by members and other
entities. FOCs target ordinally individual private forests, and have nothing to do with iriai
institutions.

An FPC is based on the principle of “consistency of ownership, management, and
labor”. Cooperative members make monetary or in-kind investments and own forests,
and in principle, they manage the forests through their labor contributions [17] By law,
an FPC is established for joint forest management for more than five people residing in
a particular community, under the approval of the prefectural governor. After approval,
members invest in the FPC and register the corporation. An iriai forest is jointly owned
and managed by an FPC—i.e., the cooperative’s members.

Only people who reside in the community or make in-kind contributions to the forests
can be cooperative members. More than half of the cooperative members should regularly
engage in FPC activities and more than one-third of the people who regularly engage in
these activities should be FPC members. When an FPC gains profits, dividends are allocated
to members according to the number of days that they work for the FPC. Activities that
FPCs can undertake include forest management, cultivation of trees and edible mushrooms,
agriculture utilizing forest areas, operations for or management of entrusted forests, and
other related activities. Members can engage in not only forestry activities but also the
cultivation of mushrooms, fruit, or animal husbandry.

Similarities exist between conventional iriai organizations and FPCs. Right-holders of
iriai forests and FPC members overlap in many cases, and despite the change in legal status,
FPC members are likely to have a sense of their forest as the commons rather than a sense
of intensive commercial forestry [18]. There are also differences between conventional iriai
organizations and FPCs in that legally, rights of common no longer exist for forests owned
by FPCs. Furthermore, FPCs are likely to receive subsidies from municipalities. FPCs have
to engage in various kinds of desk work, such as bookkeeping and organizing an annual
general assembly, and they are subject to corporate and corporate inhabitant taxes due to
their cooperative status [9].

The number of FPCs drastically increased after 1966, when modernization processes
began, exploding from 586 in 1966 to 1494 in 1976, with a peak at 3482 in 1996. Since then,
the number has decreased (Figure 1); as of 2020, 2693 FPCs could be found in Japan.

Figure 1. Recent changes in the number of FPCs (created from [29]).

The decreasing number of FPCs in recent years is mostly due to dissolution or status
change. Although no official statistics are provided on dissolved FPCs, Table 1 indicates
that 30–50 FPCs have been dissolved annually in the last decade. Approximately 72% of
the dissolved FPCs have changed their status to ANAs [17].
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Table 1. Basic information for the FPCs surveyed.

Pseudonym A B C D E F G H I

Year established 1965 1969 1978 1974 1975 1954 1975 1982 1984
Area owned (ha) 164 36 7 51 61 131 49 93 20

Number of members (at
the time of the survey) 72 90 50 32 56 23 60 26 32

(adopted from [24]).

ANAs are defined in the 1991 revised Local Autonomy Law in Japan. Under certain
conditions, a local neighborhood association (such as a ward) can obtain the status of legal
entity and register fixed assets, such as iriai forests, under the name of the neighborhood
association. Although the ANA institution was not originally meant to address issues
concerning iriai forests, it can be used for the sake of such forests. Before 2017, the document
procedures were complex and difficult: cooperative members first had to dissolve the FPC
through due process—including the liquidation of assets (forests), which may cost around
several hundred thousand Japanese yen—and then had to register themselves as an ANA.
However, the 2017 revised Forest Act has enabled FPCs to directly change their status to
ANAs without dissolution; in this case, members do not have to bear the costs related to
liquidation procedures.

One of the most important reasons for becoming an ANA is that ANAs are exempted
from corporate tax and corporate inhabitant tax, which FPCs must pay. Given that many
FPCs feel the burden of tax payments, tax exemption is a significant advantage [9].

Another distinct point between FPCs and ANAs is that after an ANA is established, its
stakeholders are not limited to the former cooperative members. The iriai forest becomes an
asset of the neighborhood, and so, all residents of the neighborhood become right-holders
within the ANA. Decision-making and forest management practices can be affected in
cases where the number of residents is greater than the number of former FPC members.
This involves a change from a strict membership regime to a much softer and broader
community management regime.

3.3. Activities and Management Conditions of the FPCs Surveyed
3.3.1. Overview

Table 1 presents basic information on the surveyed FPCs. With the exception of two
cases, the FPCs were established after the Modernization Act in 1966. The average area
owned was approximately 68 ha. In terms of forest type, most of the lands that the FPCs
owned were planted forests of Japanese cedar. Each FPC’s number of members was less
than 100 and all FPCs had experienced a decline in membership. A large part of the forests
managed by FPCs D, F, and G had been designated as forest reserves, which are important
to local environmental conservation and water cultivation.

3.3.2. Tending Activities

Table 2 shows that eight of the nine FPC cases had conducted some activity to tend
to planted forests in the few years before the surveys were conducted. Of these eight, six
FPCs (A, B, D, E, F, and H) had operations using their own labor. Most of the thinning
operations had been entrusted to other forest management bodies, such as FOCs; only FPC
A had their own work crews to conduct thinning operations. Four FPCs (B, D, F, and G)
received subsidies from the prefecture or cities for their tending operations.
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Table 2. Forest management activities among the FPCs surveyed.

Pseudonym A B C D E F G H I

Tending
activities

Thinning
Improving

Cutting
Weeding

Thinning
Weeding −

Vine-
cutting

Weeding
Thinning

Thinning
Weeding
Mainte-
nance of

mountain
trails

Thinning Thinning
Weeding −

Timber
production − − − − −

Timber
from

thinning
−

Final
harvest
Timber

from
thinning

−

Non-timber
forest

product
production

− − − − − − − − −

Non-forestry
activities Land lease − Land lease Land lease Land lease − − Land lease −

(adopted from [24]).

3.3.3. Forestry and Non-Forestry Activities

Only FPC H conducted a final harvest of timber; it also sold timber generated from
thinning activities. FPC F also conducted thinning and sold timber. No FPC was producing
non-timber forest products, such as mushrooms.

Five FPCs (A, C, D, E, and H) engaged in non-forestry activities, all of which involved
leasing land to other businesses, such as quarries. As explained in the following section,
these FPCs enjoyed large annual incomes. In addition to present incomes, some FPCs held
monetary assets that were obtained by selling forestland in the past. Although FPCs B and
I had no income, they managed to pay taxes using the assets that they had obtained in the
past. FPC D had a large amount of assets due to land selling to a development project.

3.3.4. Case Study Information

This section provides detailed case study information for each FPC, including mem-
bers’ perspectives.

[FPC A]
FPC A was the most active among the surveyed FPCs. It had finished planting Japanese

cedar trees by 1995 and conducted tending operations, such as weeding, improving cutting,
and thinning. It had working crews for forestry operations, which is rare for an FPC. As
of 2019, 18 people worked at the FPC: eight were in their 60s, and six were in their 70s. In
addition to the tending operations conducted by work crews, provision of labor, such as
the weeding of coastal pine forests, was mandatory for ordinary members.

FPC A held substantial assets, including their own office, because it received annual
income from a land lease contract with a company for a quarry, amounting to several
million Japanese yen. Thus, FPC A enjoyed stable and substantial money from non-forestry
activities, and members could afford to pay the taxes related to the FPC.

In addition to the above-mentioned activities, the members were working on disaster
recovery. A landslide occurred in part of their forest in 2018; consequently, they had to
remove tree debris to get the roads back to normal conditions.

Even in FPC A, the number of members has decreased from 150 people in 1965 to
91 people in 2009 to 72 people in 2018. The members foresaw that this trend would continue,
due to depopulation and population aging.

The president of the FPC told the author that the members were proud of maintaining
appropriate forest management, thanks to good income from non-forestry activities, and
that they would like to keep the status quo. With increasing societal attention to the role of
forests in environmental conservation, they would like to contribute to the public as a forest
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owner and manager. The president said that in the future, they might want to conduct
basic forestry operations for other private (individually owned) forests through contracts.

[FPC B]
FPC B had a history of developing planted forests of Japanese cedar and cypress

through a benefit-sharing contract with the city where it is located. Planting started in 1962,
before the establishment of the FPC, and the area within its purview is approximately 6 ha.
One custodian was hired from the community to supervise this area. The contract with the
city emphasizes the importance of the afforestation of mountains and the enrichment of
water sources; it is implied that these public functions were of great importance when the
FPC was established.

In addition to the planted forests as per the city contract, FPC B had also planted
approximately 3 ha of Japanese cedar and cypress. The members conducted tending
operations of weeding and thinning, although they had not been able to target all the
planted forests that needed tending.

The members received a subsidy from the prefecture for thinning operations, which
they entrusted to an FOC. Simple operations, such as weeding, were managed by executive
members, which consisted of 15 people in rotation every three years. They intentionally
rotated executive members to expose younger members to their iriai forest.

FPC B gained no income from forestry and had no constant non-forestry income. In
the past, it had sold part of the forestland to the prefecture to construct a check dam; it used
the money from this land sale to pay corporate taxes.

The number of cooperative members had decreased from 164 people in 1962 to 90 peo-
ple in 2018, most of whom were more than 60 years old.

Nevertheless, FPC members had no intention of dissolution or status change. They
had managed iriai forests in the present form, and so, they would probably continue to
in this way. The president told the author that all citizens should bear the management
of forests because forests and mountains have public functions, and more support from
subsidies was needed because there are limitations to what one cooperative can do.

[FPC C]
The forest area of FPC C is small: 7 ha. Forest accessibility was not bad and the planted

Japanese cedar trees were mature. However, the FPC had no immediate plan to fell and sell
them, and tending operations were not necessarily required. As a result, FPC C’s activities
were mostly absent. According to its members’ perceptions, the FPC is “on leave” from its
activities and operations as a cooperative. At the same time, the members did not want
to dissolve or change their status to an ANA. FPC C had a constant income source from
leasing land for the placement of telephone poles. It had also sold part of its forests to the
city to make roads, through which they received a large amount of money. In this way, the
members could afford to pay taxes.

[FPC D]
FPC D was the richest of the surveyed FPCs. It had sold part of its forestland around

40 years ago for a natural park development project, receiving a huge amount of money
(more than 100 million Japanese yen). Part of this money had been used for community
development, such as renovating a shrine and the community hall. In addition, the FPC
had an annual income from leasing land for the placement of sign boards. Consequently,
FPC D had no problem paying taxes. They even used their income to enjoy tours to other
FPC cases to study management or advanced forestry activities.

The community where FPC D worked had some newcomers. While the FPC had 32
(meaning 32 households) members in 2019, there were more than 140 households in the
community. This meant that younger generations lived in the community and participated
in tending operations, such as weeding. Even though the number of cooperative mem-
bers was decreasing, they were optimistic about maintaining this FPC through younger
generations, substantive assets, and constant non-forestry income sources.

Part of the forest of FPC D had been designated as a forest reserve for water cultivation.
The forests were regarded as important to local environmental conservation.

199



Forests 2023, 14, 572

[FPC E]
FPC E was also a wealthy FPC; it had contracted with a private mining company

and leased part of their forestland as a quarry. The FPC received a large annual income
from this land leasing—approximately 9.5 million Japanese yen. In addition to corporate
taxes, its income tax was massive; however, the FPC had no problem paying it. FPC E also
provided dividends to its members.

The number of members was decreasing; however, the rate of decrease was not very
severe. The decrease was due to the decline in the population residing in the community.
Few FPC members withdrew from membership and the members mostly enjoyed the
benefits of cooperative activities.

Exceptionally, in FPC E, members had conducted thinning operations by themselves,
with daily allowances; in principle, this was mandatory. According to the president, annual
operations fostered a sense of responsibility among members.

[FPC F]
A large part of FPC F’s forest had been designated as a forest reserve for water

source cultivation. The members had maintained a high level of frequency of tending
operations: they conducted weeding and monitoring of forest-area boundaries every year
by themselves, and they entrusted thinning to an FOC using a subsidy. The maintenance of
trails of the nearby mountain was entrusted to FPC F by the city with a subsidy for this
work.

A year before the author’s survey, FPC F received forestry income from timber gen-
erated from thinning. However, this was exceptional; in the previous decade, there was
mostly no other timber income. In the 1960s and 1970s, it enjoyed a huge profit from timber,
sometimes as much as 100 million Japanese yen, thanks to increasing demand for utility
poles. In the past, the FPC had provided timber for constructing a former community hall
to contribute to the community.

The FPC charged 5000 Japanese yen every year as a membership fee. Even with this
money, it had a deficit balance due to heavy corporate and fixed asset taxes. The members
were spending down the savings that they had earned in the past.

The number of FPC members had decreased from 92 members in 1965 to 23 in 2018.
The president told the author that the reason for this was unclear. At the same time, the
number of residents in FPC F’s community had increased from 120 households several
decades ago to more than 600 households recently. This was due to its good accessibility, as
people could commute from the community to big cities.

The president said the FPC’s management situation was worsening, but the members
had no good ideas for breakthroughs. They perceived that having profit-earning activities,
either forestry or non-forestry in nature, would be important.

[FPC G]
A large part of the forest of FPC G had been designated as a forest reserve for water

cultivation. Its location was near an important source of water for the city.
The number of members had decreased from 92 people in 1975 to 60 in 2018. The

president told the author that this decrease may not be due to aging alone: because FPC G
had no forestry or non-forestry income, members were charged 10,000 Japanese yen as an
annual fee every year, and members who were not willing to pay the fee had withdrawn
from the FPC. The money from these fees was used for taxes and administrative costs.

FPC G conducted tending operations, including thinning. It had received subsidies
from the prefecture and all operations were entrusted to an FOC using money from the
subsidies to pay for it. It also cleaned the walking roads of a nearby natural park, entrusted
by the prefecture with a subsidy.

[FPC H]
FPC H was engaged in various management activities. It was the only surveyed FPC

to have undertaken a final harvest of timber in recent years, with operations entrusted to
an FOC; the profit earned from this operation was several thousand Japanese yen. After
the final harvest, the members had wanted to replant cedar and cypress trees; they had
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little idea of working on broad-leaved forests, such as oak species. The president told the
author that if they had been engaged in shiitake mushroom production, which requires
oak logs, they might have wanted to replace conifer trees with oak trees. In addition, they
had undertaken weeding and thinning operations by themselves. FPC H also received an
income from leasing forestland for roads (approximately 750,000 Japanese yen annually).

The number of members had not significantly decreased from 29 people at its inception
in 1982 to 26 people in 2018. This was due to its good accessibility to a big city, offering a
reasonable distance for commuting. FPC H had no problem paying taxes and continuing
its forest management.

[FPC I]
Even though the total area of FPC I’s forest was small, it was in coastal areas, thus

serving as windbreaks.
FPC I regularly monitored forest-area boundaries, but other than that, it had no

tending operations; according to the president, operations were not needed at this phase.
There was no income-earning activity: the FPC had sold part of its forest in the past and
it drew on the savings earned from these sales to pay taxes. It also charged an annual
membership fee of approximately 60,000 Japanese yen; this amount was also used to pay
taxes.

Although FPC I’s members were attached to their iriai forests, they had begun to
discuss the possibilities of dissolving the FPC. However, they faced an issue: the number
of FPC members (households) was 32, while the number of households in the community
was 110. If they dissolved the FPC and became an ANA, all residents in the community
would become members of the new ANA. The president told the author that such a change
could impose the problems faced by the FPC on other residents; as a result, the members
were hesitant to change.

3.4. Activities and Management Conditions of the ANAs Surveyed
3.4.1. Overview

All surveyed ANAs underwent a status change from FPCs in recent years for financial
reasons—i.e., burdens of taxation and expected budget shortfall. ANA B had forestry
incomes before the status change, but the members felt that such income would not be
enough to maintain the status of an FPC.

Even after the status changes, these FPCs continued in their basic forest management
activities.

ANAs A and B experienced little issues in terms of membership, because the former
FPC members and residents of the communities mostly overlapped. However, for ANA C,
where the numbers of FPC members and residents in the community were not the same,
difficulties were faced when applying a principle of the ANA, i.e., the forests become an
asset for all residents of the community.

3.4.2. Case Study Information

This section provides detailed case study information on each ANA, including mem-
bers’ perspectives.

[ANA A]
ANA A (Fukuoka prefecture), which owns 27 ha, was organized in 2016 after the FPC

in Community A was dissolved. The former FPC had been established in 1986. The reason
for the dissolution and status change to an ANA was that the cooperative’s members lost
the motivation to continue intensive forest management activities as an FPC, due to lower
timber prices, the aging of cooperative members, and a lack of successors. They decided to
choose a less intensive form of management as an ANA.

Even after becoming an ANA, the members continued with basic forest management
operations, particularly root-cutting and thinning. Root-cutting was conducted, as a rule,
one or two times a year by all residents in the community. Thinning was entrusted to an
FOC, paid for by a subsidy from the prefecture.
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The former FPC members and the residents of the community mostly overlapped.
Therefore, their management situation did not drastically change, other than a positive
consequence of being free from corporate taxes.

[ANA B]
ANA B (Fukuoka prefecture), which owns 72 ha, was organized in 2020 after the FPC

in the community changed its status. The former FPC was established in 1983. During the
time of the FPC, members were engaged in the weeding and cleaning of strip roads. This
community experienced severe damage from flooding in 2017 and the members had to
remove dirt from their forest area. They had undertaken a final harvest of timber, which
they entrusted to an FOC. Before the status change, the FPC had a reasonable annual
forestry income of approximately 700,000 Japanese yen.

The members decided on the status change at the 2019 annual meeting of the FPC.
The primary reason was that the FPC would otherwise face bankruptcy. The number of
FPC members and residents in the community was declining, due to their remote location.
Here, when a person’s membership ends due to his or her death, and when none of his or
her children live in the community, the FPC has to return the amount that the FPC member
invested to establish the FPC, i.e., 350,000 Japanese yen. This meant that the more members
who died, the more money the FPC had to disburse from their savings. The members
were sure that their savings would run out in the near future, despite a certain amount of
forestry income. Therefore, they decided to change their organizational status to an ANA.
The status was changed in 2020, at which point, an agreement was reached among the
former FPC members that they would not claim a refund of the invested amount.

The secondary reason for the status change was the burden of taxation; even though
the FPC had forestry income, corporate and corporate inhabitant taxes were a burden.

The FPC members felt little concern about changing the organizational status. In this
community, residents and FPC members mostly overlapped, and so, issues of membership
was not a problem. The president told the authors that they would continue the same level
of forestry operations after the status change.

[ANA C]
ANA C (Saga prefecture), owning 23 ha, was organized in 2021 after the FPC in the

community changed its status. The former FPC was established in 1990. A large part
of the forest had been designated as a forest reserve for water source cultivation. A few
years before the status change, the cooperative’s members had conducted weeding, using a
subsidy from the city. There were no forestry nor non-forestry incomes. The FPC charged
annual fees in order to pay taxes.

The members started discussing a status change to an ANA in 2017, due to the burden
of taxation. The president told the author that they had a sense of responsibility to manage
the iriai forest, particularly with regard to disaster prevention and water source cultivation.
However, it was unrealistic to continue the FPC situation for future decades.

In the process of deliberation, the FPC faced a problem in that the FPC members and
the residents in the community were not the same. As of 2020, the number of FPC members
(households) was 26, but the number of households in the community was 80. After an
FPC becomes an ANA, the forest becomes an asset for all residents of the community. The
FPC members were uncomfortable with this situation, as they had contributed labor and
in-kind and monetary investments. Thus, they tried to determine a method by which they
could continuously engage in managing the iriai forests.

Consequently, the regulations of the newly formed ANA prescribed that a forest
division was to be set up consisting of former PFC members. In doing so, the former FPC
members tried to maintain responsibility for managing the forests. It was unclear how the
benefits from timber production or any other income sources, if any, would be shared in the
ANA—in other words, whether benefits would be shared among the former FPC members
alone or among all community residents. This issue had remained a gray area.

This arrangement somewhat deviates from the concept and principle of ANAs, which
is an organization open to all community residents. At the same time, this arrangement
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could be regarded as a technique to reconcile the existing legal prescriptions of the ANA
setup with local realities.

The former FPC president told the author that the members of the former cooperative
were willing to maintain their existing forest management operations, primarily based
on the forest division in the ANA. However, they were not sure what other, non-FPC
community residents would be involved in or invited to in terms of forest management. At
the time of the author’s survey, few concrete ideas on collaboration in the community had
been developed.

4. Discussion

An examination of the historical developments of external policy influence over iriai
forests confirmed that FPCs were promoted by the government when timber prices were
high in the 1960s. Conventional iriai communities, based on rights of common, were
considered a hindrance to promoting intensive and efficient forestry. As a result, rights
of common were subject to extinguishment through due processes. However, conditions
favorable to forestry have disappeared, particularly since the 1980s, given low timber
prices and declining FPC membership. The status of a cooperative is generally no longer
advantageous; instead, FPCs have the disadvantage of paying corporate taxes even though
they have no income. As Shimada [14] indicates, these external factors have worked outside
the control of iriai communities.

We can observe how policies related to administration and forestry can have negative
effects on forest commons. Overall, changes in iriai forests after the 1960s have typically
been the negative effects of commodification and non-settlement trends [6]. On the one
hand, this could be understood as simply a failure of certain policies; on the other hand,
this could represent a broader indication that such a policy failure is a consequence of
modernization and its simplification of the relations between nature, space, and people [30].
The value of maximizing monetary profits by private entities, which prevailed after the
1960s, should be reconsidered, and revitalizing meaningful human–forest relations in the
contemporary context is important.

Through its surveys of FPCs and ANAs, the present study has confirmed several
important points. First, some FPCs have suffered from disadvantageous circumstances in
forestry, including low timber prices, fewer FPC members, and the burden of corporate
taxes. Few FPCs had engaged in forestry production in the few years before the surveys
were conducted. These were general trends of FPCs that had been indicated in the previous
literature [9,11]. At the same time, some FPCs have enjoyed a large amount of non-
forestry incomes or assets, e.g., the leasing or selling of forestland. This point has been less
emphasized by previous studies, except for Yamashita [17]. It is noteworthy that there are
some wealthy FPCs and that not all FPCs are suffering financially. Therefore, it is necessary
that future policy options for FPCs consider their diversity and build on the concrete
situations of each FPC. However, the fact that all the confirmed non-forestry activities were
forestland leasing or selling indicates that whether or not FPCs have an opportunity to
engage in such activities depends on their geographical location (whether the FPC’s forest
is part of an upcoming project site), regardless of FPCs’ management efforts. Thus, it is
unrealistic to propose attracting forest development projects in order to lease forestland as
a solution to the disadvantageous management circumstances of FPCs.

Second, as previous studies have indicated, becoming an ANA is a reasonable option.
As seen in the present results, forest management activities are not likely to drastically
change after the status change, as the former FPC members generally have high degrees of
attachment to and responsibility for their iriai forests. However, as shown in the case of
ANA C, difficulties will arise when FPC members and community residents do not overlap.

Third, in most cases of both FPCs and ANAs, basic forest management operations were
conducted, at least to some extent. Several received subsidies from the prefecture or city to
conduct tending operations and the importance of subsidies was confirmed. However, as
mentioned in the Materials and Methods section, the present study did not apply random
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sampling methods, and thus, the author cannot generalize this in quantitative terms. The
qualitative interview results indicate that both FPC and ANA members were likely to feel
attached to and responsible for their iriai forests. The importance of forests in environmental
conservation, water source cultivation, disaster prevention, and climate change mitigation
was often emphasized. As the owners and managers of iriai forests, they perceived that
they had contributed to this public good. It is implied that this sense of pride is one of the
important factors maintaining management activities of iriai forests in the contemporary
context.

It Is noteworthy that local communities are likely to want to persist with forest com-
mons, even when it is difficult. Changing the entity’s status to ANA is a creative application
of an available institution that originally had nothing to do with forest commons. As can
be seen, the existing local will and initiatives should not be overlooked or underestimated.
Institutional changes should be encouraged to promote or ease local initiatives that can
maintain or revitalize commons management; this lesson can be applied to countries other
than Japan.

5. Conclusions

The present study has provided an overview of contemporary iriai forest management
in Japan, focusing on FPCs and ANAs. It has also presented case studies of several FPCs and
ANAs, highlighting the difficulties and struggles that they face as forest commons managers.
A simple generalization of the history of Japanese iriai forests to the global context is difficult.
At the very least, given that forest commons which can entail meaningful human–nature
relations have undergone a re-evaluation in the contemporary developed world [6,31], a
globally shared question might be how to provide an institutional framework, financial
mechanisms, and social understandings that can maintain and revitalize commons.

The author provides three policy recommendations for the Japanese context. First, the
legal settings of FPCs and ANAs should be made more compatible with contemporary
realities. This has been partially realized through the 2017 revised Forest Act, which enabled
easier status change to ANA. However, there is room for further policy modifications in
the taxation arrangements of FPCs. In addition, administrative support and consultation
opportunities are advisable for FPCs considering a status change to ANA in places where
such support has been absent.

Second, greater financial support for management activities is beneficial, particularly
for FPCs. Since 2019, the Forest Environment Transfer Tax has been in force in Japan, as
a form of payment for ecosystem services [32]. Funds from this tax could be allocated to
managers of iriai forests. As FPC members feel that they are contributing to the public
through forest management, provision of funds from this tax can be seen as reasonable and
thereby justified. In the context of global climate change, the ecosystem services provided
by managers of iriai forests will gain importance.

Third, perusing multi-level governance to open the commons to broader sections of
society is key. After becoming ANAs, iriai forests become assets of all residents in the
community. Given this opportunity, enhanced engagement with people other than former
FPC members—e.g., schoolchildren in and outside the community, and environmental
volunteers from urban areas—could be considered. Mitsumata and Saito [31] reports
cases where new values were created and forest uses were revitalized, as a result of the
collaboration of multiple stakeholders. In such a process, the forest composition of iriai
forests could also be reconsidered; existing planted forests of Japanese cedar and cypress
could be gradually turned into mixed forests of conifer and broad-leaved trees. If former
FPC members strongly believe that their iriai forests should only serve timber production
from cedar and cypress trees, changing their thought processes to consider more flexible
and diverse uses of forests would also be beneficial.
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Abstract: Despite the increasing importance of renewable energy worldwide, the argument that
forest biomass power generation is not carbon neutral has been rising. This research used Gifu
Biomass Power Co., Ltd. (GBP) in Japan as a case study to investigate this matter. An evaluation
was conducted through an input–output analysis on the economic and environmental benefits (i.e.,
CO2 reduction) of forest biomass power generation without assuming carbon neutrality. GBP’s
economic benefits were estimated to be 3452.18 million JPY during the construction period and
114.38 million JPY per year from operations. It was also estimated to generate 21.77 jobs per year in
the forestry sector. CO2 emissions were estimated to increase by 423.02 tons during the construction
period and 137,747 tons per year from operations. Although forests may offset CO2 by absorbing
it, woody biomass power generation does not necessarily reduce CO2 emissions in Gifu Prefecture.
The results indicate that woody biomass power generation is effective for the local economy but
not necessarily for the global environment. The analysis should include more industrial sectors
to clarify the environmental significance of wood biomass power generation without assuming
carbon neutrality.

Keywords: CO2 emission; forestry; Gifu Prefecture; input–output analysis; renewable energy;
ripple effect

1. Introduction

1.1. Background

Carbon neutrality, the goal of achieving virtually zero greenhouse gas emissions in the
wake of the Paris Agreement adopted in 2015, is now a global trend. A total of 128 countries
and self-governing territories have declared their intention to pursue this goal [1]. Climate-
related actions are currently being implemented to achieve this. Expectations for renewable
energy are growing, and the use of woody biomass is expected to increase.

Meanwhile, the Joint Research Center, designated by the European Commission,
published a research report titled “Use of Forest Biomass in EU Energy Production” [2].
The report stated that “The reconstructed Renewable Energy Directive (REDII Directive
2018/2001) envisages zero emissions at the point of biomass combustion. Bioenergy is
not accounted for in the energy sector because these emissions are already counted as
a change in carbon storage in the land use, land-use change, and forestry (LULUCF) sector
(Regulation 2018/841). Therefore, the assumption that bioenergy is ‘carbon neutral’ within
the broader EU climate and energy framework is incorrect” [2] (p. 9).

The above view is quite different from the theory that trees have CO2 fixed in their
trunks until they are cut down; therefore, even if trees are cut down and burned, and
CO2 is generated, they are carbon neutral if they are repeatedly managed and planted.
Furthermore, the report points out that forests are being cut down for fuel procurement,
which threatens ecosystems and biodiversity. There is a need to balance woody biomass
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power generation with ecosystems and biodiversity. Thus, the situation surrounding forest
biomass is changing drastically.

The Japanese Government has been working to promote renewable energy since the
Fukushima Daiichi Nuclear Power Plant accident on 11 March 2011. For example, a feed-in
tariff (FIT) system was introduced in July 2012. Renewable energies include solar, wind,
hydro, geothermal, and woody biomass, which is a unique energy source. Solar and wind
energy are public goods, but woody biomass is a private good. Therefore, when electric
power companies purchase this resource, they contribute to the local economy, especially
the forestry industry. As such, many forest owners, conduits, and administrators in Japan
expect significant economic benefits from woody biomass use. However, power generation
using this resource increases CO2 emissions. Hence, assuming that forest biomass is not
carbon neutral, this study determined where and how much economic benefit and where
and how much CO2 emission or reduction can be achieved through forest biomass power
generation in Japan. Specifically, this study evaluated the economic and environmental
effects of woody biomass power generation during construction and operation through
an inter-industry analysis using workplace data from the Gifu Biomass Power Co., Ltd.
(GBP), a woody biomass power generation company in Gifu Prefecture. The data used
in this study were from the first year of operation (2016). Data for subsequent years
were unavailable when this study was conducted, and the projections may differ from
actual measurements.

1.2. Current Status of Woody Biomass Power Generation in Japan

Japan is one of the most forested countries in the world. Forests cover approximately
25 million hectares, or 2/3, of the country’s land area. Plantation forests account for 40% of
this total, or 10 million hectares. The forest stock, mainly planted forests, has increased by
approximately 70 million m3 annually and currently stands at approximately 5.2 billion m3.
Planted forests are coniferous, with cedar and cypress species. Most of these trees were
planted after 1945 for building materials, and when the trees reach 30 years of age or more,
they are thinned once every ten years or so, with clear cutting occurring after 50 to 60 years.
However, steep slopes, intricate contour lines, and heavy precipitation make it difficult
to create a road network. Even if overhead wires are used, the small working area causes
inefficiencies. Hence, the cost of collecting timber is high, leaving a large amount of timber
in the forest.

With the shift to renewable energy being a global trend and Japan having the motive
to get rid of nuclear power, thinned wood and forest residues are being used as woody
biomass. Woody biomass is burned to generate electricity, with little or no use for the
heat produced. To promote the use of woody biomass for power generation, a FIT system
was introduced based on the German model (see [3]). The price for electricity generated
by woody biomass power plants was determined in 2012 and varied depending on the
type of fuel. The price for unused wood was set at 33.6 JPY (including tax); general wood,
such as sawmill scraps and palm coconut shells, was at 25.2 JPY; and wood derived from
construction materials at 13.65 JPY [4]. Since then, the price has been revised several times.
In contrast to government policy that aims to promote the use of unused wood, many
woody biomass power plants import and use palm coconut shells from Southeast Asia as
raw materials [5].

1.3. Previous Research

The input–output (IO) analysis method is commonly used for analyzing economic
spillovers. This method has recently been used to assess greenhouse gas emissions [6–9]. In
addition, some studies have used computable general equilibrium (CGE) models, including
IO tables [10,11].

Several studies employ IO analysis to evaluate the economic benefits to the forestry
sector (see [12]). Others have evaluated the economic impact of woody biomass power
generation on the forestry sector [13,14] and the environmental benefits of such power
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generation [15,16]. Madlener et al. [17] evaluated the economic and environmental benefits
of woody biomass power generation. They did not consider the CO2 emissions attributed
to the economic benefits and only evaluated the environmental benefits of alternative
energy sources. Given that major electric utilities will reduce energy production if the
electricity demand remains constant, we believe that the negative effects of renewable
energy production through FIT cannot be ignored. This is because an amount of electricity
that matches the demand of electricity must be generated, and it is difficult to store even
larger amounts of electricity. Haddad et al.’s study [18] on the bioeconomy in Europe
focused primarily on agriculture as a provider of food, feed, fuel, and fiber to bio-based
industries. They performed a sensitivity analysis of a 1% increase in forest product input
use in the European economies in a CGE framework that considers land use and greenhouse
gas emissions by agro-ecological zones.

In Japan, the National Institute for Environmental Studies publishes data on the
country’s “Embodied Energy and Emission Intensity Data for Japan using input–output
tables” (3EID), which can be used for environmental analysis through an IO analysis [19].
Washizu et al. [20] published a Japanese IO table for renewable energy power plants using
the investment composition vector. Moriizumi et al. [21] also developed a Japanese IO table
for renewable energy. They found that different renewable energy generation technologies
likely have large indirect spillover effects on various industries.

Nishiguchi and Tabata [22] examined the social, economic, and CO2 emission reduc-
tion benefits in Japan, including job creation, when generating energy from unused woody
biomass (8.58 million tons per year). Hayashi et al. [23] replaced fossil fuels with wood
energy and investigated, through an inter-industry analysis, whether this would bring
economic benefits to users and local economies. Nakano et al. [24] calculated the produc-
tion, employment, energy consumption, and CO2 emissions induced by constructing and
operating a power plant fueled by unused woody biomass and curbing energy production
using thermal power plants. They also estimated the amount of public benefit gained
by conserving the area. Tabata and Okuda [25] analyzed the effectiveness of a woody
biomass utilization system in Gifu Prefecture using a life cycle assessment. Japanese
forestry processes from the planting stage to woody biomass production were evaluated
using process-based ecosystem and forestry cost models and ecological footprint-like in-
dicators. Matsuoka et al. [26] focused on five prefectures: Aomori, Iwate, Miyagi, Akita,
and Yamagata, and considered trade among these prefectures. They estimated the annual
supply potential of timber and forest biomass resources in Japan, such as small-diameter
trees and missing trunk logs, rather than logging residues, from profitable forests that are
expected to generate more income than the total cost from planting to final harvest.

Most of these previous studies considered the effects of woody biomass power gen-
eration from a social or national perspective. However, a distinct characteristic of woody
biomass power generation is its relationship to the local economy. Therefore, it is necessary
to analyze the impact of woody biomass power generation on the local economy. This
study evaluates the economic and environmental impact of GBP, a woody biomass power
generation plant, on the local economy including the impact on Chubu Electric Power
Co. Inc. (CEP), which purchases electricity generated from renewable energy sources.
Furthermore, instead of assuming carbon neutrality during power generation, we assumed
that this process is an emission source and thereby simulated whether woody biomass
power generation in Japan absorbs carbon dioxide emissions.

2. Methods

2.1. Input–Output Analysis

The IO analysis method was first introduced by Leontief [27], and the economic effects
analyzed comprised direct and indirect effects. The flow of the economic effects from
a woody biomass power generation plant is as follows. First, such a plant purchases wood
for fuel, creating demand for forest residues from the forestry sector and for demolition
debris from the pulp, paper, and wood products sector (direct effect). Moreover, the
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demand in the forestry sector induces the production of items such as forestry equipment,
which are required by this sector (indirect effect).

The IO table shows the relationship between the productive sectors of a given economy
in a linear, inter-sectoral model. The relationship between the productive sectors and
demand can be expressed as follows:

Xi = ∑N
j=1 Xij + Fi = ∑N

j=1 aijXj + Fi, (1)

aij = Xij/Xj, (2)

where Xi is the total gross outputs in sector i = 1, . . . , N; aij are the direct input coefficients
that divide Xij, the intermediate demand for sector i from supply sector j by Xj, and Fi is
the final demand for products in sector i.

Equation (1) can be rewritten in an abbreviated matrix form as follows:

X = (I − A)−1F (3)

I is an N × N identity matrix; A is a matrix of input coefficients; and F is a matrix of
the final demand for production. (I − A)−1 is known as Leontief’s inverse matrix (see [28],
p. 21 for details). We used this methodology to examine the economic effects of not only
woody biomass power generation but also CEP.

An IO analysis generally requires national IO tables (e.g., [20,21].) However, our
analysis focuses on GBP and covers the regional economy. Because the industrial structure
of Japan as a whole differs from that of Gifu Prefecture, we use this prefecture’s regional
IO table. The regional IO table is the same as the national IO table except that the figures
are based on the prefecture for which the table was created. Exports and imports are those
based on the prefectural level. Therefore, the regional IO table can capture out-of-prefecture
demand but not the ripple effects of out-of-prefecture demand.

In the 2005 Gifu Prefecture IO table, three types of tables were created: an integrated
major classification table (34 sectors), an integrated medium classification table (108 sectors),
and an integrated minor classification table (190 sectors). In the 34-sector table, “Forestry”
is grouped with “Arable Agriculture,” “Livestock,” “Agricultural Services,” and “Fisheries”
as “Agriculture, Forestry, and Fisheries.” Meanwhile, in the table of 108 sectors, the forestry
sector is listed with the four sectors mentioned above. Therefore, the 34-sector table for
“Agriculture, Forestry, and Fisheries” is subdivided into “Forestry,” “Arable Agriculture,”
“Livestock Production,” “Agricultural Services,” and “Fisheries” and combined with the
33 sectors other than those in the “Agriculture, Forestry, and Fisheries” sector to create
an original 38-sector table. From this table, we derived open inverse matrix coefficients that
were then used in the analysis.

2.2. Environmental Effects

CO2 emissions can be estimated using two approaches: a bottom-up approach based
on process analysis (PA) and a top-down approach based on environmental input–output
(EIO) analysis. PA accumulates CO2 emissions from the processes from production to
disposal, whereas EIO calculates CO2 emissions from the entire economic system. Even so,
EIO is less accurate than PA. However, the major advantage of an IO analysis approach is
that once the model is built, it saves time and labor. Therefore, we adopted EIO to calculate
CO2 emissions.

Sectoral CO2 emissions were calculated by multiplying the net economic benefit
directly by the unit CO2 emissions. We used the 3EID data from the Japanese IO tables [19].
We assumed that the amount of electricity generated by CEP will decrease as the GBP
goes into operation. The economic activity of CEP will be reduced and CO2 emissions will
decrease. Consequently, economic activity by the GBP increases CO2 emissions.

Direct unit CO2 emissions vary by sector. The sectoral CO2 emissions for sector i were
calculated as follows:
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Yi = PEi × ui − NEi × ui = Ei × ui, (4)

where Y is sectoral CO2 emissions; PE is the positive effect; NE is the negative effect; E is
the net effect, and u is direct unit CO2 emissions. Direct unit CO2 emissions are recorded in
the 3EID data. However, given that the Japanese industry is subdivided into 400 sectors,
the production value (JPY) and direct CO2 emissions (t-CO2) of the 400 sectors were used
to calculate a weighted average (JPY/t-CO2) for each of the 38 sectors, which captured the
unit CO2 emissions.

When fuel wood is burned, CO2 previously absorbed by the forest is released. Carbon
footprint guidance and many published carbon footprint and life cycle assessments (LCA)
assume that biomass fuels are carbon neutral (e.g., [29–31]). By contrast, some studies
have rejected carbon neutrality for several reasons. For example, Rabl et al. [31], based
on the polluter pays principle and the Kyoto protocol that greenhouse gas (positive or
negative) contributions should be allocated to those responsible, explicitly stated that
emissions and removals occur at each stage of the life cycle of CO2 counting; Johnson [32]
proposed a “change in carbon stocks” to capture the state of CO2 more accurately; Bright
and Strømman [33] investigated biofuels production from Scandinavian forest resources
and their road transport. Mäkipää et al. [34] compared the differences in carbon emissions
from various harvesting methods. They suggested that using forest residues for energy
production leads to a net increase in carbon emissions. CO2 emissions that occur when
electricity is generated from forest residues depend on the residue type, boiler, and power
generation efficiency. For additional discussion, see Helin et al. [35].

Considering these factors, the CO2 emissions generated during wood chip combustion
were not deemed to be carbon neutral. In this study, the CO2 emissions from wood chip
incineration used the weight of O2 stocked in the chips. The O2 weight in the chips varies
depending on the tree species. However, we do not know the blending ratio of each tree
species. Following Hashimoto and Moriguchi [36], moisture was assumed to account
for 10% of the chip weight and was converted to dry weight. The weight of carbon in
the chips was calculated by the weight of carbon multiplied by 0.5. Then, to convert the
carbon weight to carbon dioxide weight, the weight was multiplied by 44/12 using the
following formula:

CO2 weight in chips = chip weight × 0.9 × 0.5 × 44/12 (5)

Thereafter, to consider the net CO2 emissions of GBP, CO2 emissions and removals
were explicitly counted at each stage of the life cycle. CO2 emissions are also emitted when
harvesting wood and transporting wood to chip makers and GBPs. Because CO2 emissions
from these sources are unknown, the IO table and 3EID were used to estimate CO2 emis-
sions (timber harvesting is included in the forestry sector, and transport is included in the
transportation sector).

3. Materials

3.1. Gifu Prefecture

Gifu Prefecture is in central Japan (Figure 1) and had a population of 2 million in
2016. The prefecture covers an area of approximately 1 million hectares, of which around
0.86 million hectares are forested. The main tree species are cedar and cypress, and with
lumber production reaching 370,000 m3 per year, forestry is one of the most important
industries in this prefecture.
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Figure 1. Map of Gifu Biomass Power Co., Ltd.; Gifu Prefecture, where Gifu Biomass Power Co., Ltd.
Is located, is in the center of Japan.

There are three woody biomass power generation facilities in the prefecture: One is
fueled by wood left over from demolition, another by wood left over from sawmilling, and
the third, GBP, uses both woods from forest land and those left over from demolition. Each
company consumes a portion of the electricity it generates.

3.2. Gifu Biomass Power Co., Ltd.

Woody biomass power plants are generally located in rural and coastal areas. When
forest residues are used, they are expected to be in rural areas, and when imported palm
kernel shells are used, they are expected to be in coastal areas.

Mizuho City is in the southern part of Gifu Prefecture and is part of an urban area. The
Nagara River and Ibigawa River flow into the surrounding areas, and National Route 21,
a major road in Gifu Prefecture, passes through Mizuho City. These conditions are suitable
for woody biomass power generation.

The GBP Group consists of two companies: a power generation company (GBP) and
a chip company, Biomass Energy Tokai Co., Ltd. (BET); GBP and BET are located at the
same site. BET purchases wood residues, demolition residues, and wood chips from the
forest, whereas GBP generates 6.25 MWh of electricity, of which 5.40 MWh is sent to CEP.
BET and GBP both purchase wood chips from CEP. The plant began commercial operations
in December 2014.

The equipment for the power plant was ordered from an out-of-prefecture plant
manufacturer for 2.144 billion JPY, while the land preparation and other construction work
was ordered from a company within the prefecture for 600 million JPY. The main operating
costs are fuel purchases and ash disposal. GBP purchases 86,000 tons of wood chips
annually from wood chip companies, including BET (Figure 2). A total of 51,600 tons of
thinned wood chips are purchased annually at an average purchase price of 11,300 JPY/ton,
and 34,400 tons of demolition wood chips are purchased annually at an average purchase
price of 6000 JPY/ton. Demolition debris includes roots and branches of trees cut down for
construction work and does not include mill residues. Wood chips derived from forestry are
purchased at a ratio of 80% from within the prefecture and 20% from outside the prefecture
for construction-derived wood chips. The forestry company belongs to the forestry sector,
while the wood chip company belongs to the pulp, paper, and wood products sectors. Fuel
purchases amount to 748.2 million JPY from within Gifu Prefecture and 41.28 million JPY
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outside Gifu Prefecture (Table 1). The amount of ash processed is 5000 tons, and the cost of
requesting an out-of-prefecture industrial waste disposal company to process the ash is
75 million JPY (including transportation costs).

Figure 2. The flow of materials. Gifu Biomass Power Co., Ltd. (GBP) purchases 86,000 tons of wood
chips annually from wood chip companies, including Biomass Energy Tokai Co., Ltd. (BET).

Table 1. Fuel purchase amounts (purchase price).

Wood Chips
Purchases

(t)

Average Purchase
Price Excluding

Transfer Fee
(JPY/t)

Fuel Purchase
Amounts from

Gifu
(Million JPY)

Fuel Purchase
Amounts from

Outside of Gifu
(Million JPY)

Materials from
forestry

51,600 11,300 583.08 0.00

to BET 10,320 - 116.62 0.00
to other chipping

companies within Gifu 41,280 - 466.46 0.00

Materials from
construction

34,400 6000 165.12 41.28

to other chipping
companies within Gifu 27,520 - 165.12 0

to other chipping
companies outside Gifu 6880 - 0 41.28

Amount 86,000 - 748.20 41.28

Note: Source: Gifu Biomass Power Co., Ltd.

The negative economic impact of the GBP is the economic benefit resulting from the re-
duction in energy production by CEP. Since electricity demand cannot be saved if it remains
constant, CEP purchases electricity from renewable energy sources and reduces the amount
of electricity it generates. Therefore, using CEP’s 2014 financial report, we assumed that
CEP’s expenditures would decrease by 0.032%, which is the ratio of electricity purchased
from GBP (43 million kWh) to CEP’s electricity production (134,515 million kWh).

4. Results

4.1. Economic Impact of GBP

We estimated the economic benefits of the construction and operations of the biomass
power plant in Gifu. Construction is a one-time event, whereas the operations are continu-
ous. The ripple effect during the construction process was quantified at 1553.34 million JPY
within the prefecture (Table S1) and 1898.84 million JPY outside the prefecture (Table S2),
for a total of 3452.18 million JPY. The out-of-prefecture spillover effect was larger than the
within-prefecture spillover effect.
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In analyzing the ripple effects of operational processes, the input coefficients for
the pulp, paper, and wood products sectors were modified because this study identified
industries that produce wood chips as raw materials. In addition, the distribution of
input coefficients was modified so that the total input coefficients remained unchanged.
The original input factors were 0.020256 for forestry; 1.100155 for pulp, paper, and wood
products; and 0.008573 for construction (Table 2). These numbers were derived assuming
a sector that produces raw materials for wood chips. The analysis results for the spillover
from BET were 0.128984 for forestry; 1 for pulp, paper, and wood products; and 0 for
construction. Similarly, the analysis of spillovers from other chipping firms that produce
wood chips from unutilized wood showed 0.128984 for forestry; 1 for pulp, paper, and
wood products; and 0 for construction. From other chipping firms that produce wood chips
from general wood, the results were 0 for forestry; 1 for pulp, paper, and wood products;
and 0.128984 for construction. These changes were applied when calculating the first-order
ripple effect, and the usual coefficients were used when calculating the second-order ripple
effect. This modification involved several assumptions that need to be verified.

Table 2. Input coefficients.

Sector Original
BET Other Chipping Company

Unused Wood Unused Wood General Wood

Forestry 0.020256 0.128984 0.128984 0
Pulp, paper, and wood products 1.100155 1 1 1
Construction 0.008573 0 0 0.128984

The positive within- (out-of-) prefecture ripple effects from the operations amounted to
1266.35 (146.23) million JPY/year. The negative ripple effects were −1222.97 (−75.23) million
within (outside) the prefecture. The net ripple effect of the operations was 43.37 (71) million
JPY/year within (outside) the prefecture, for a total of 11,438 million JPY/year, indicating that
even if CEP’s power generation decreases, there will be positive economic effects within and
outside Gifu Prefecture. Furthermore, the economic effect outside the prefecture was larger
than that within the prefecture.

4.2. Environmental Effects

CO2 emissions were calculated by multiplying the economic benefits by the CO2
emissions intensity. CO2 emissions from the construction of the biomass power plant were
quantified at 1230.37 t-CO2 within the prefecture and 320.69 t-CO2 outside the prefecture,
for a total of 1551.06 t-CO2 (Table 3). Assuming that woody biomass power generation
is carbon neutral, the CO2 emissions during operation would be −14,740.61 t-CO2/year
within the prefecture and −487.29 t-CO2/year outside the prefecture. However, assuming
the project is not carbon neutral, CO2 emissions from wood chip combustion would increase
by 141,900 t-CO2/year. Subtracting the emissions, the increase within the prefecture
would be 127,159.39 t-CO2/year, and the combined emissions within and outside the
prefecture would be 126,672.1 t-CO2/year. Thus, it can be assumed that the GBP will
increase CO2 emissions. Given that this situation will continue for 20 years, the total CO2
emissions from the construction and operational processes will amount to 2,534,993.06
t-CO2. The dismantling process of the power plant was not calculated because of the lack
of information.
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Table 3. CO2 emission caused by economic effects with carbon neutrality (unit: t-CO2).

Place Phase CO2 Emissions

Within Construction 1230.37
Operations −14,740.61

—from GBP 1 1874.39
—from CEP 2 −16,614.99

Outside Construction 320.69
Operations −487.29

—from GBP 1 315.15
—from CEP 2 −802.44

1 Gifu Biomass Power Corporation; 2 Chubu Electric Power Co., Inc.

5. Discussion

5.1. Verification of Economic and Environmental Impacts of GBP

Since this study did not assume carbon neutrality, CO2 emissions were calculated
as positive for both the construction and operational processes. CO2 emissions increased
within the prefecture and decreased outside the prefecture. CO2 is considered to impact
climate change no matter where it is generated. However, it can be said that the source
of CO2 has shifted from outside the prefecture to inside the prefecture because of the
woody biomass power generation. No direct data were available for CO2 absorption by
afforestation or forest growth in the forestry sector attributable to GBP; therefore, this
was not calculated. However, forests can offset CO2 absorption. Gifu Prefecture’s CO2
emissions were calculated at 15.91 million tons (2018), excluding CO2 derived from wood
pellet combustion at woody biomass power plants. Meanwhile, forests absorb 1.32 million
tons of CO2 per year (2018) [37]. Although it is possible to consider 140,000 tons/year of
CO2 emissions from GBP to be absorbed by forests, it is important to note that woody
biomass power generation did not necessarily reduce CO2 emissions in Gifu Prefecture.

Previous studies on woody biomass power generation have estimated the amount of
CO2 emissions reduced through such power generation. Japanese woody biomass power
producers generally use woody biomass only for power generation, not heat utilization.
Thus, there is room for improvement in energy efficiency and economic efficiency. In this
regard, GBP considered the possibility of cogeneration (combined heat and power) before
the project started, and the decision was made to use only electricity because there was
little demand for heat use around GBP, and the costs were expected to be high compared to
the income from heat sales. Further studies are needed to determine other costs and the
impact of the heat project on the rural economy and the global environment.

Numerous forestry stakeholders in Japan expect significant economic benefits. Notably,
as of 2016, Gifu Prefecture had harvested 389,000 m3 of timber, had a gross forestry output
of 874 million JPY, and employed 899 people [38]. Conversely, GBP plans to use 51,600 tons
of forest residues from within the prefecture. Thus, the net economic impact of forestry
is 51.48 million JPY per year. From the IO table, it can be seen that the employment
inducement coefficient attributed to the net economic impact of forestry is 0.03 persons
per million JPY, so the net economic impact of the forestry industry would have increased
employment by 1.56 persons per year. However, the 51,600 tons of forest residues to be
processed into chips is equivalent to 103,200 m3 of logs, or 28% of the total timber harvested
in Gifu Prefecture. This requires a large amount of labor. Therefore, the input factor from
the pulp, paper, and wood products sector to the forestry sector is not fully adjusted, and
the input factor may be larger. As such, the economic benefits could be even greater; in
addition, the CO2 emissions within Gifu Prefecture could be larger than what has been
calculated here.
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5.2. Implications for the Promotion of Woody Biomass Generation

Fuel combustion results in CO2 emissions from woody biomass power plants. The raw
materials for the fuel in this case study are forest residues and demolition debris. Initially,
forest residues were left over after forest harvesting or thinning, rotted over several years,
and emitted CO2. This residue was collected and used to generate electricity, resulting in
CO2 emissions at the woody biomass power plant. In other words, CO2 emitted by the
forestry sector was transferred to the biomass power plant, and CO2 emissions remained the
same without the GBP. Demolition debris can be considered in the same way. Demolition
debris should have been disposed of and emitted CO2. However, CO2 emissions were
assumed to have been emitted when the debris was transferred to a wood biomass power
plant. Therefore, it is shortsighted to assume that woody biomass power plants have
become a source of CO2 emissions by not assuming carbon neutrality, which states that
CO2 emissions from woody biomass power generation are absorbed by the forestry sector.
More consideration should be given to including more industrial sectors as well. If wood
is harvested for use as fuel for woody biomass power generation, woody biomass power
plants can appropriately be viewed as a source of CO2 emissions. These findings suggest
that whether forestry is environmentally friendly should be examined. In addition, carbon
neutrality and ecosystem, biodiversity, and soil degradation issues must be considered.

Trees grow at different rates depending on species, climate, and land conditions.
Therefore, the amount of CO2 absorbed by forests per hectare also varies. Comparing CO2
emissions from woody biomass power generation with CO2 absorption by forests, it should
not be assumed that there is only one universal answer to whether a country is carbon
neutral. Consideration should be given to each country or region smaller than a country.

6. Conclusions

Using GBP as a case study, this study evaluated, through an inter-industry analysis,
the economic and environmental effects of woody biomass power generation without
assuming carbon neutrality. From the analysis, the economic impact of GBP was estimated
at 1115.39 million JPY per year, and it was thought to generate 1.56 jobs per year in the
forestry sector. In addition, CO2 emissions were estimated to increase by 1551.06 t-CO2
during the construction period and 126,672.10 t-CO2 per year during operations. Notably,
even though forests may be able to offset CO2 emissions by absorbing CO2, woody biomass
power generation does not necessarily reduce CO2 emissions in Gifu Prefecture. It was
found that woody biomass power generation is effective for the local economy but not
necessarily for the global environment. However, the input coefficients from the pulp,
paper, and wood products sector to the forestry sector were not fully adjusted, and the
input coefficients may be larger. Therefore, the economic benefits could be even greater,
and the CO2 emissions within Gifu Prefecture could also be greater than the results of the
calculations here. However, the GBP used forest residues and demolition debris as fuel;
even without the GBP, CO2 emissions would have remained the same. This suggests that
only the location of the CO2 emissions changed. To clarify the environmental significance
of wood biomass power generation without assuming carbon neutrality, more industrial
sectors should be included in the analysis.

This study has two limitations. First, the data collection period was short. A longer
period of operation would have resulted in changes in prices and power generation, which
could have affected the calculations in this study. Second, no analysis has been done on the
decommissioning of power plants due to the lack of data. Future studies should address
these issues to complete the analysis of the economic and environmental benefits of woody
biomass power plants.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/f14010148/s1, Table S1: Ripple effects in Gifu prefecture (unit: million JPY).
Table S2: Ripple effects for areas outside Gifu prefecture (unit: million JPY).
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Abstract: Frequent torrential rainfall disasters have occurred worldwide in recent years. In Japan,
the Northern Kyushu Torrential Rainfall disaster in July 2017 caused extensive damage to Fukuoka
and Oita prefectures and significantly impacted local landscapes, from which residents derive pride
and identity and, hence, are of the utmost importance. Local communities in Japan are also at risk of
extinction due to progressive depopulation. This study discusses community revitalization through
landscape creation and related challenges based on the case of the Hiraenoki Community affected by
the Northern Kyushu Torrential Rainfall disaster. We conducted long-term participant observations
over two years and semi-structured interviews with all households in the community. We found that
the landscape project revitalized local pride and involved numerous people outside the community,
including the prefectural extension center, university, and Non-Profit Organization (NPO), and
provided them with an opportunity to connect. On the other hand, our investigation also revealed
the danger of obscuring the original purpose of reconstruction activities because of collaboration with
outsiders. This case study elucidates the possibilities and challenges of resident-led reconstruction
activities in communities that are facing depopulation and aging problems and are working with
organizations within and outside the community.

Keywords: local landscape; observation; depopulation; municipal government; local identity;
revitalization; outsiders; collaboration; resilience

1. Introduction

In recent years, floods and landslides caused by torrential rainfall have occurred
frequently worldwide. In Japan, the Northern Kyushu Torrential Rainfall disaster in July
2017 (NKTR), torrential rainfall in July 2018, the East Japan Typhoon in October 2019,
and torrential rainfall in July 2020 caused extensive damage to many areas. These are
enumerated in the list of meteorological, seismic, and volcanic phenomena named by
the Japan Meteorological Agency [1]. According to the Japan Meteorological Agency,
the annual number of occurrences of ≥80 mm of precipitation per hour and the annual
number of days with ≥400 mm of precipitation per day increased significantly between
1976 and 2020 [2]. Therefore, the frequency of cases of intense rainfall over a short period is
increasing in Japan.

The NKTR was caused by a linear precipitation system that was formed and sustained
by the effect of warm and very humid winds flowing into a stationary seasonal rain front in
the vicinity of the Tsushima Strait during 5–6 July 2017 [3]. As a result, continued torrential
rain occurred, resulting in record heavy rain in northern Kyushu, such as Asakura City
and Toho Village in Fukuoka Prefecture and Hita City in Oita Prefecture [3]. The total
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precipitation for 2 days in northern Kyushu peaked at >500 mm in certain areas, and new
observation records (24-h precipitation) were recorded in Asakura City (545.5 mm) and
Hita City (370.0 mm) [3]. This record-breaking precipitation caused severe damage in
Fukuoka and Oita prefectures, including 40 casualties and 2 missing persons, and more
than 1600 houses were completely or partially destroyed and inundated above the floor
level [3]. In addition, torrential rain has severely damaged utilities, such as water supplies
and electricity, as well as roads, railways, agriculture, and forestry, which are key industries
in this region [3]. Slope failures and mudslides are frequent in mountainous areas and cause
large amounts of driftwood [3]. As a result of the NKTR disaster, the Japanese government
designated Asakura City, Toho Village, Soeda Town in Fukuoka Prefecture, and Hita City
in Oita Prefecture as having experienced “severe disaster areas” following the related law.

Disasters caused by torrential rain also significantly impact the local landscape owing
to landslides, housing damage, and the associated reconstruction work. The Landscape
Law of Japan (promulgated in 2004) states that “good landscapes are indispensable for
creating a beautiful and dignified land and an enriched living environment” (Article 2,
Clause 1) [4]. According to this law, “good landscapes are formed through harmony
between nature, history, culture, etc. and people’s daily lives, economic activities, etc. in
each region” (Article 2, Clause 2) and “good landscapes are closely related to the unique
characteristics of each region” (Article 2, Clause 3) [4]. Consequently, the local character
and regional identity of mountain village communities may be affected by damage to local
forest landscapes caused by torrential rainfall disasters. Rehabilitating local landscapes
in disaster-affected areas is necessary but not sufficient to recreate beautiful landscapes.
Rather, rehabilitation should serve as a disaster prevention and mitigation system utilizing
ecosystem services while considering the characteristics of the unique industries that
constitute the identity of the region.

Local landscapes are essential to residents who derive pride and identity from them.
Therefore, efforts aimed at increasing the willingness of victims to reside in the disaster-
affected areas and helping their villages survive through landscape restoration can be
considered “creative reconstruction” [5]. Currently, Japan is facing concerns regarding
increasing torrential rainfall disasters destroying local landscapes. There have been reports
of local governments being unable to adequately respond to disaster recovery owing to the
downsizing of administrative operations, including personnel cutbacks [6]. Conversely, lo-
cal communities have previously played the roles of assisting with dealing with matters that
cannot be handled by individuals or families alone, maintenance of local culture, general
interest coordination, liaison and coordination between the government and residents, and
supplemental functions for the government [7]. Therefore, in situations with limited local
government capacity, the role of local communities in the disaster recovery process is likely
to be significant. The Reconstruction Design Council in Response to the Great East Japan
Earthquake also states that “Given the vastness and diversity of the disaster region, we
shall make community-focused reconstruction the foundation of efforts towards recovery.
The national government should support reconstruction through general guidelines and in-
stitutional design” in the Seven Principles for the Reconstruction Framework [8]. Therefore,
the Japanese government is emphasizing the role of local communities in disaster recovery.

Certain recovery activities that do not rely on local governments were reported. For
example, in the case of the 2016 Kumamoto earthquake, reconstruction activities centered
on community development councils were undertaken in rural villages, which account
for most of the affected area [9]. In the case of the NKTR, an agricultural cooperative
collaborates with the Non-Profit Organization (NPO) to accept volunteers and plays a role
in connecting stakeholders, thus contributing to the recovery of local agriculture [10]. How-
ever, depopulation and aging are serious concerns in Japan owing to the rapid population
decline, particularly in rural and mountainous areas; moreover, local communities are
at risk of extinction [8]. This trend is even more pronounced in communities where the
population has been reduced by natural disasters.
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Many studies on disasters and resilience were conducted outside Japan. For exam-
ple, Eakin et al. investigated the linkages between household vulnerability and resilience
through the case of torrential rains associated with Hurricane Stan which devastated farm
systems in southern Mexico in 2005 [11]. The authors argued that policy interventions not
only enable individual survival but also enhance resilience at local, community, and land-
scape scales, helping to provide local strategies and knowledge on risk management [11].
In Pakistan, which is considered highly vulnerable to climate change impacts, Memon and
Ahmed indicated that the lack of multi-sectoral productive economic opportunities had a
negative impact on the resilience of rural households and women, and that female-headed
households were more vulnerable than male-headed households [12]. Sun et al. identified
the disaster types historically faced by rural settlements in Xinjiang, China, and divided
the landscape carrier based on the evolution of these settlements [13]. The authors also
proposed the resilience mechanism of adaptation to disasters for rural communities in
Xinjiang based on the experience of disaster resilience and adaptation in traditional rural
settlements [13].

Some European countries are also facing depopulation problems. MacDonald et al.
reported a decline in traditional labor-intensive practices and abandonment of marginal
agricultural land in many areas, particularly in mountain areas [14]. Lasanta et al. also
mentioned that farmland abandonment had a far greater impact on mountain areas because
of rural depopulation as well as biophysical constraints and that it would continue in the
following decades [15]. Westhoek et al. carried out a scenario study (termed EURURALIS)
to stimulate the strategic discussion among national and European Union policymakers on
the future of rural areas in Europe and the role of policy instruments [16].

Therefore, it appears that the case of resident-led reconstruction in a mountain commu-
nity damaged by a natural disaster in Japan can provide valuable insights and information
for further discussions on the resilience of communities affected by natural disasters and
depopulation. There are many studies focusing on community recovery processes in Japan;
however, the majority are cases of communities affected by earthquakes such as the Great
East Japan Earthquake [17,18] and few studies have been conducted on torrential rain
disasters. However, the potential destruction of local landscapes by torrential rain disasters
in Japan is concerning. Given the limited capacity of local governments, the role of local
communities in disaster recovery is regarded as crucial. In addition, local communities
in rural areas are at risk of extinction. How is the restoration of local landscapes in rural
areas affected by torrential rainfall disasters? How have these landscapes affected the
revitalization of local communities? What challenges do these landscapes face? To the best
of our knowledge, no previous study has addressed these questions.

Therefore, this study aimed to discuss community revitalization through landscape
creation and related challenges in the Hiraenoki Community, Asakura City, Fukuoka
Prefecture, an area affected by the NKTR.

2. Materials and Methods

2.1. Study Site

We conducted field research in the Hiraenoki Community, Asakura City, Fukuoka
Prefecture, Japan. The present “Hiraenoki” Community was formed by merging two
communities (“Daira” and “Enoki” communities) during the Meiji period. Although the
two communities have become less distinct, residents remain aware of the distinction.
Currently, 20 households live in the Hiraenoki Community, 1 of which is an immigrant
from outside the community. In addition, two households live outside the community
as “semi-community residents” and commute to their homes purchased in the Hiraenoki
Community.
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The Hiraenoki Community is located on a fan-shaped site. The community has no rice
paddy fields; rather, most residents cultivate persimmons, the main agricultural crop in
the community. Original Shiwa persimmon (a persimmon species in Japan) trees planted
in 1926 remain in the community, and residents have been producing persimmons for
>100 years [5]. These persimmon orchards are an essential income source for residents. They
also form the center of the local landscape and have become a symbol of the community
(Figure 1).

 
Figure 1. Local landscape formed by persimmon orchards in the Hiraenoki Community (obtained by
Yoshio Harada [the first author] on 28 November 2019).

The Hiraenoki Community was severely damaged by the NKTR. Although there
were no fatalities in the community, some houses were completely or partially destroyed,
and the mountain slopes collapsed in numerous areas. When we conducted this study
in the community in 2019, i.e., more than two years after the disaster, slope protection
construction was ongoing in several places. Roads within the community were severely
damaged. The road to the south of the community had been restored, whereas the road
to the north had not. Persimmon orchards were also severely affected by the NKTR. For
example, landslide damage in certain areas completely inhibited persimmon production. In
other cases, roads leading to persimmon orchards were damaged and became impassable,
and persimmon orchards were bought to establish facilities for erosion control. As a result
of the NKTR, the population decreased from 37 households (83 residents) before the NKTR
to 19 households (45 residents) as of January 2020. In addition, some residents felt that
the landscape had deteriorated owing to fallen Japanese cedar (Cryptomeria japonica) and
cypress (Chamaecyparis obtuse) trees from landslides in forests, bamboo encroachment, and
slope protection construction (Figure 2).
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Figure 2. Ongoing road restorations and slope protection constructions in the Hiraenoki Community
(obtained by Yoshio Harada [the first author] on 12 December 2019).

2.2. Hiraenoki Reconstruction Committee

After the NKTR disaster in July 2017, volunteers mainly restored and reconstructed
the living environment, including the restoration of infrastructure and houses, as well as
the removal of soil and sand encroaching on the roads. Government-led work on collapsed
slopes and the restoration of rivers and roads was ongoing at the time of the present study.
The Hiraenoki Reconstruction Committee (HRC) was based on the “Road Committee,”
which was formed by several residents before the NKTR. The Road Committee conducted
activities such as reporting collapsed roads in the community to the local government and
collecting money for road repairs.

When the living environment for residents in the community was secured to a certain
extent through restoration work by volunteers and the government, the HRC was estab-
lished by agreement among the residents in the regular community meeting on 14 April
2019. The establishment of the HRC was based on the residents’ sense of crisis regarding the
survival of the community, and the committee members’ desire to “make the community a
place where residents and others are happy to live.”

The HRC comprises seven members, i.e., six residents and a community head, and
has three main objectives: (1) community development, including early completion of
restoration projects, creation of a living environment, and safety measures; (2) maintenance
of persimmon orchards in the community for ≥10 years; and (3) creation of a local landscape.
Landscape creation is currently the main activity of the HRC and mainly involves the
maintenance of the “Kunugiyama Observation” scenic overlook in the community. The
landscape creation is funded by the community budget.

During the establishment of the HRC process, the opinion arose that “it would be
difficult for community residents alone to carry out reconstruction activities”. Therefore,
the HRC chairperson consulted an acquaintance who was an alderman. The alderman then
introduced the Asakura Extension and Guidance Center of Fukuoka Prefecture (hereafter,
Asakura Extension Center) and the Kyushu University Disaster Recovery and Reconstruc-
tion Support Team, including the Faculty of Agriculture and Faculty of Design, Fukuoka
(hereafter, Kyshu University Team), and requested assistance with the construction activi-
ties. Consequently, the Asakura Extension Center and Kyushu University Team participated
in activities commencing in June 2019.
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The main activities of the HRC include information-sharing meetings held once a
month with the HRC members, Kyushu University Team, and Asakura Extension Center;
landscape creation work with the community residents; preparation of grant applications
for HRC activities; coordination of community events; and petitions to the local government
regarding the infrastructure in the community.

2.3. Data Collection

We conducted long-term participant observations between June 2019 and January 2022.
We participated in activities organized by the HRC, focusing on local landscape creation,
hearing the residents, and observing and recording these activities. All regular meetings
by the HRC were in-person meetings. In addition, we conducted semi-structured inter-
views with all the households in the community in January 2022. Question items included
(1) awareness of HRC activities; (2) participation in HRC activities; (3) expectations of the
HRC; (4) evaluation of HRC activities; (5) challenges faced by HRC; (6) participation in the
Hiraenoki Reconstruction Tree Planting Ceremony; (7) visits to the observation site outside
of maintenance activities; (8) impression of the landscape at Kunugiyama observation
site; (9) impression of the landscape seen from the Kunugiyama observation site; and
(10) interaction inside and outside the community after the establishment of the observa-
tion site.

3. Results

3.1. Kunugiyama Observation Site Creation Process
3.1.1. Before the Determination of the Proposed Observation Site (by February 2020)

The main HRC activity in 2019 was developing a policy for reconstruction activities,
including identifying the current status of the community after the NKTR disaster and
projections for the future. In addition to the exchange of opinions among HRC members,
the attractiveness of the community was confirmed through interactive meetings with the
community’s women’s club and ex-residents who relocated from the community after the
NKTR. Consequently, the aesthetics of the autumn foliage of persimmon trees and the taste
of the well water were identified as the most attractive features of the community.

Based on the opinions of the residents, certain proposals were made such as organizing
the river running through the community into a playground for children, promotion of
traditional events in the community, and utilization of the community hall. Finally, the
proposal, which revitalizes the community through landscape creation by establishing an
observation site overlooking the persimmon orchards in the community, was adopted at
the autumn persimmon foliage viewing event on 28 November 2019, to which the Kyushu
University Team and the Asakura Extension Center were invited.

The HRC decided to plant broadleaf trees that would add color to the vegetation in
the community during autumn. The Kyushu University Team assisted in determining
the species and location of planted trees. Initially, there were two candidate sites for
observation: one on the west side of the community near Kannondo Temple and one on
the east side near the Kunugiyama Mountain. The candidate site was decided upon by
voting after the autumn foliage viewing event on 28 November 2019. The western side was
initially selected; however, the eastern side was ultimately selected as the observation site
in February 2020 because a cemetery was located on the western side.

3.1.2. Concretization of the Observation Site Creation (by the Hiraenoki Reconstruction
Tree-Planting Ceremony)

After the observation site was determined in February 2020, HRC meetings were
suspended owing to the COVID-19 pandemic but resumed in July 2020. The species
and size of the seedlings to be planted in accordance with the site conditions and the
committee’s requirements were then determined in a series of HRC meetings.

The proposed observation site was originally a persimmon orchard that was no
longer manageable because of the NKTR. The HRC signed a contract with the three
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landowners to lease land (2183 m2) for 20 years (from 2020–2040). In addition, it was
necessary to clear the remaining persimmon trees before planting broadleaf trees. Therefore,
community residents, Kyushu University Team members, and Asakura Extension Center
staff mowed the grass and cleared the remaining persimmon trees. They also built roads
and installed drainage ditches in the planned area. Simultaneously, the Kyushu University
Team surveyed and mapped the site.

In September 2020, based on the survey results and budget, the number of trees to be
planted and their locations were determined based on the advice of Kyushu University
Team members. In addition, a detailed plan for the observation site, created by a faculty
member of the Faculty of Design of Kyushu University (the fourth author of this paper),
was availed to the public to share the image of the completed project (Figure 3). In October
2020, stakes were driven into the planting areas, and weed prevention sheets, deer nets,
and simple toilets were installed.

Figure 3. Plan of the observation site (created by Kazuo Asahiro [the fourth author]).

At the HRC meeting in November 2020, the Kyushu University Team introduced NPO
Asa-Kuru to the HRC, and they decided that the two organizations would collaborate.
It was also decided that the tree planting at the observation site would be held as a
“Hilaenoki Reconstruction Tree-Planting Ceremony”, inviting residents and ex-residents,
staff of Asakura Extension Center and Kyushu University Team, children participating in
NPO Asa-Kuru activities, and the media to help disseminate information regarding the
project. It was also decided that the ceremony would be held to communicate with the
children of the Shiwa School District, where the Hiraenoki Community is located.

In December 2020, HRC planted cherry (Cerasus Mill.), crape-myrtle (Lagerstroemia
indica), and Ginkgo (Ginkgo biloba L.) trees and confirmed the location of a signboard before
the ceremony (Figure 4). In the subsequent meeting in January, detailed arrangements and
roles for the ceremony were determined and a pamphlet was prepared for distribution.
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Figure 4. Signboard at the Kunugiyama observation site (obtained by Yoshio Harada [the first author]
on 6 March 2021). The signboard notes that this project was led by the HRC and the community
residents with support from Kyushu University Team, Asakura Extension Center, and the National
Land Afforestation Promotion Organization.

3.1.3. Hiraenoki Reconstruction Tree-Planting Ceremony (6 March 2021)

The Hiraenoki Reconstruction Tree Planting Ceremony was held on 6 March 2021. In
total, 110 people participated in the event. Regarding the participation of ex-residents, the
HRC sent invitations to 14 people, 4 of whom participated.

Children mainly planted small seedlings, such as hydrangeas (Hydrangea macrophylla)
and azalea (Rhododendron L.), and adults planted medium-sized seedlings, such as Japanese
maple (Acer palmatum Thunb.). In total, 144 trees, consisting of 9 Someiyoshino cherry
(Prunus yedoensis Matsumura), 4 Yamazakura cherry (Cerasus jamasakura), 4 ginkgo, 2 kousa
dogwood (Cornus kousa), 1 giant dogwood (Cornus controversa), 25 crape-myrtle, 20 Japanese
maples, 45 hydrangeas, and 34 azaleas were planted. The planted trees were labeled with
the name tag of the person who planted the tree, which was intended to strengthen the
connection between the participants and the Hiraenoki Community. At the tree-planting
ceremony, children played musical instruments (Kalimba) that were handmade from
driftwood generated during the NKTR disaster. The ceremony was reported in newspapers.
Subsequently, in April 2021, a group photo of the tree-planting ceremony participants and
a project report were distributed. In addition, panels were set up to introduce the past and
present of the Hiraenoki Community and the Kunugiyama observation site (Figure 5).
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Figure 5. Panel installed at Kunugiyama observation site (created by Kazuo Asahiro [the fourth
author]). The panel shows the community residents’ thoughts on the Kunugiyama observation as a
symbol of reconstruction and their vision of the future of the Hiraenoki community. It also includes a
link to a website that introduces the Kunugiyama observation project with a message from HRC and
community residents. Please access the website on your smartphone or tablet. Photos from those
days, activity scenes, etc. are available.

The observation site project was subsidized (800,000 yen) by the Green and Water
Forest Fund of the National Land Afforestation Promotion Organization, and the committee
allocated approximately 500,000 yen from their community budget. To minimize costs,
all work at the observation site by residents was carried out voluntarily. Consequently,
labor costs were reduced by approximately 200,000 yen from the original estimate. In
addition, residents utilized their personal connections to obtain saplings at low prices and
by division from trees in the community.

During the tree-planting ceremony, we conducted a simple interview with four ex-
residents who participated in the tree-planting ceremony. The following three questions
were posed: (1) how did you know about the tree-planting ceremony?, (2) do you still own
persimmon orchards in the Hiraenoki Community?, and (3) do you want to live in the
Hiraenoki Community again?

All four respondents answered that they were informed of the tree-planting ceremony
by invitation from the HRC in January 2021. Thus, they were unaware of the Kunugiyama
observation site prior to receiving the invitation. In terms of persimmon orchards, three of
the four respondents answered that they did not own a persimmon orchard because they
had already stopped producing persimmons before the NKTR. One respondent still owned
a persimmon orchard in the Hiraenoki Community and visited the community at least
once a month to maintain it. When we asked the respondents if they would want to live in
the Hiraenoki community again, all four answered “No”. Three respondents stated that
they could no longer live in the Hiraenoki Community due to the trauma of the disaster
experience.

The interview results indicated that it would be very difficult for the community
members to reside in the Hiraenoki Community again. On the other hand, we found that
their relationship with the Hiraenoki Community had not completely disappeared. For
example, an ex-resident visited the Hiraenoki Community to maintain his persimmon
orchards. The invitation to the tree-planting ceremony from the HRC also served to connect
them with the community.
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3.1.4. Activities after the Completion of the Kunugiyama Observation Site (from March 2021)

In June 2021, the HRC, NPO Asa-Kuru, and Kyushu University Teams formed the “Hi-
raenoki Community Guard Group (Hiraenoki Satomori Kai)”. As part of these activities, they
decided to invite children participating in Asa-Kuru to the Yodo Festival on 23 July 2021, a
Shinto ritual held every other year in the Hiraenoki Community, and also to implement
recreational activities for them. The Yodo festival is a ritualistic event with fireworks at the
Akiba Shrine. The festival was also an opportunity for residents to communicate with each
other before the NKTR. At the 2021 Yodo festival, Hiraenoki Community Guard Group
staff made preparations in the morning and the children participated in recreation activities
in the afternoon, including nature games prepared by the Kyushu University Team, shaved
ice, ball scooping, river games by NPO Asa-Kuru, and fireworks prepared by the HRC.
The recreational fireworks display was held in front of the community center (Figure 6).
Residents also held a firework display at the Akiba Shrine as a Shinto ritual.

 

Figure 6. Yodo festival in which children participated (obtained by Ai Ichinose [the second author]
on 23 July 2021).

Recreational activities with residents and children from the Asa Kuru Community
were held at the Reconstruction Autumn Foliage Viewing Event on 28 November 2021
(Figure 7). During the event, a walk around the observation site and a viewing of autumn
foliage were held to promote the beauty of autumn foliage in the persimmon garden in
the community. The residents served persimmons to the participants and staff from the
Asakura Extension Center gave small lectures on persimmon varieties to the children. In
addition, a treasure hunt game prepared by the Kyushu University Team and a puppet
show by a street performer commissioned by Asa-Kuru were implemented.
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Figure 7. Reconstruction Autumn Foliage Viewing Event (obtained by Yoshio Harada [first author]
on 28 November 2021).

This event also served as an opportunity to assess the condition of the observation site
after the tree-planting ceremony. At the meeting after the event, the participants shared
their concerns about the large number of pests that had eaten the leaves of the cherry trees
and the fact that the wild boars had broken through the nets. It was also confirmed that
four crape-myrtle trees and one Japanese maple tree had died. Therefore, the HRC decided
to replant these 5 trees and an additional 16 azaleas and 32 hydrangeas. The replanted tree
species are widely found in Japan.

3.2. Results of Semi-Structured Interviews with Community Households

The following opinions on the Hiraenoki Reconstruction Committee were recorded in
this study.

3.2.1. Awareness of HRC Activities

Of the 18 respondents, 17 were aware of HRC activities (Table 1). However, of the
10 respondents who stated that they “knew” (excluding the committee members), 7 stated
that they only knew about the observation site creation activity. The other three respondents
were aware of beautification activities in the community, working with students and
children, attending information meetings, and lobbying the local government. The one
respondent who answered “don’t know” stated that “I was not aware of the activities of
the reconstruction committee but was aware of the existence of the observation site”.

Table 1. Resident awareness of the Hiraenoki Reconstruction Committee (HRC) activities.

Know Not Know

17 1

3.2.2. Participation in the Hiraenoki Reconstruction Committee Activities

Of the 11 respondents (excluding the committee members), 9 participated every time
they were called upon if possible, for example by mowing the grass at the observation site
(Table 2).
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Table 2. Participation in HRC activities by residents (excluding committee members).

Participated Did not Participate

9 2

In addition, 11 residents (non-HRC members) were asked whether they wanted to
participate more in HRC activities (Table 3). All the residents said “no” because they
had already fully participated in the activities. Other reasons given by the residents who
answered “no” included “age”, “I can’t do anything if I interfere”, “participation does not
benefit the residents”, and “I feel I was forced to participate”.

Table 3. Willingness of residents regarding participation in HRC activities (excluding HRC members).

I Want to
Participate More

Status Quo Is
Good Enough

0 11

In contrast, HRC members were asked if they wanted residents to participate more in
committee activities. Three of the seven members answered that they wanted the residents
to participate more actively (Table 4). Their reasons were “not enough participation by
the population below the early 60 s” and “I feel that the residents’ cooperation is still only
approximately 80% at the moment”. Conversely, the HRC members who answered “I
don’t think so” had the following opinions: “we can’t force them to participate” and “we
would like to expand our activity to the outside of the community and cooperate with other
communities rather than inside of the community”.

Table 4. HRC members perspectives regarding resident participation in HRC activities.

I Want the Residents to
Participate More

I Don’t Think So

3 4

3.2.3. Expectations of the Hiraenoki Reconstruction Committee

The question was asked in an open-ended format. The most common answer was
“maintenance and management of the observation site and its further development” (six
respondents). Two respondents answered “early completion of restoration work” and
“safety measures for the community and observation site”. Other responses were as follows:
“maintaining the current situation”, “releasing fish into the river”, “nursery for fireflies”,
“organizing abandoned farmland”, “creating a lively landscape”, “installing a walking
trail in the community”, “creating a place that can accommodate numerous people”,
“creating a place for visitors to stop by”, “not to be second best”, “promotion activities for
the observation site”, “having more children participate”, “calling on the administrative
construction office to plant trees for erosion control”, “holding social gatherings attended
by ex-residents”, “arranging for flower viewing”, “maintaining and utilizing the Kannondo
temple and other facilities in the community effectively”, “activities that will properly
benefit the community”, “activities for the internal residents”, and “support for residents’
marriages”.

3.2.4. Evaluation of the Hiraenoki Reconstruction Committee Activities

Regarding whether the HRC activities aligned with their expectations, seven respon-
dents answered “in line”, two answered “not in line”, and nine answered “can’t say either
way” (Table 5). The most common reason for “undecided” was that they could not make
a judgment because the results were not yet available. Residents who responded “not in
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line” felt that the HRC activities were not beneficial to the community and expected the
HRC to target the the Hiraenoki Community residents.

Table 5. Evaluation of HRC activities.

In Line Not in Line Can’t Say Either Way

7 2 9

3.2.5. Challenges of the Hiraenoki Reconstruction Committee

The question was asked in an open-ended format. The most common response was
a decrease in the number of bearers owing to depopulation and aging, and the resulting
difficulties in long-term maintenance and management” (10 respondents). The second most
common response was “There is a difference in views and motivations for reconstruction
activities between generations, and relatively young residents do not cooperate well”
(7 respondents).

Other opinions expressed by several respondents were that “the observation site has
not yet become a gathering place” (4 respondents) and “safety measures have not been
taken at the observation site and along the path, posing a risk of injury” (3 respondents).
There were also a few comments interpreted as dissatisfaction with the HRC, such as, “The
HRC is not open to women’s participation”, “Insufficient explanation to the residents”, and
“The HRC is closed and only the leader’s opinion is strong”.

The following were opinions on the Kunugiyama Observation Site.

3.2.6. Participation in the Hiraenoki Reconstruction Tree Planting Ceremony

Eleven respondents said they “participated and planted trees”, three said they “partic-
ipated but did not plant trees”, and four said they “did not participate” (Table 6). The three
respondents who answered “participated but did not plant trees” indicated that they were
not willing to participate because they felt forced to do so and that they wanted to help the
event but felt it was irresponsible to plant trees that they had no way of managing. The
four respondents who “did not participate” gave the following reasons: “my schedule did
not allow me owing to other commitments”, “injury”, and “age”.

Table 6. Participation in the Hiraenoki Reconstruction Tree Planting Ceremony.

Participated
and Planted Trees

Participated
But Did Not Plant Trees

Did Not Participate

11 3 4

3.2.7. Visits to the Observation Site Outside of Maintenance Activities

Seven respondents sometimes visited observations outside of the maintenance work.
When asked if it was difficult for them to visit the site, eight respondents answered “not
hard”, seven answered “hard but want to visit”, and three answered “hard, so I don’t want
to visit” (Table 7). This indicated that the majority felt that it was a burden to visit the
observation site. Two of the three respondents who answered that they did not want to
visit the observation site were relatively young men in their 50s.

Table 7. Opinion regarding the difficulty in visiting the observation site.

Not Hard
Hard,

But Want to Visit
Hard,

I Don’t Want to Visit

8 7 3
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3.2.8. Impression of the Landscape at the Kunugiyama Observation Site

When asked if the observation site “feels like a typical Hiraenoki landscape”, a photo-
graph was presented to the residents so they could answer based on a common understand-
ing of the question (Figure 8). As a result, eight answered “feels like the typical landscape
like Hiraenoki”, seven answered that it “does not feel like a landscape like Hiraenoki”, and
three answered “can’t say either way” (Table 8).

 

Figure 8. Kunugiyama observation site (obtained by Yoshio Harada [the first author] on
28 November 2021).

Table 8. Opinion on the Kunugiyama observation site as the local landscape of the community.

Feels Like the Typical
Landscape Like Hiraenoki

Does Not Feel
Like Hiraenoki Landscape

Can’t Say Either Way

8 7 3

The reasons given for “feels like Hiraenoki landscape” were “because it could be a
new symbol of Hiraenoki Community” (5 respondents), “because it is a place of relaxation”
(2 respondents), “because it is better to have it than not to have it” (2 respondents), “because
it was built by everyone working together” (1 respondent), and “because it is my ex-
persimmon orchard” (1 respondent). In contrast, the reasons given for “not feeling like
Hiraenoki Community landscape” were “It is an unfinished project, and no results have
been achieved so far” (2 respondents), “It is not very familiar yet in the community”
(1 respondent), “There are no fruit trees, which is the industry of Hiraenoki Community”
(1 respondent), “It looks like a landscape that can be found anywhere” (1 respondent), and
“The original Hiraenoki landscape is not here” (1 respondent). The reasons given for “can’t
say either way” were “it’s my first time here, and I don’t know” and “it’s an unprecedented
landscape.”

3.2.9. Impression of the Landscape View from the Kunugiyama Observation Site

The research question “Do you feel that the view from the observation site is the
typical landscape of Hiraenoki?” was answered after a photograph was presented to the
residents so that they could answer based on a common understanding (Figure 9). Thirteen
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responded that the view was “landscape like Hiraenoki,” four answered that it was “not
landscape like Hiraenoki,” and one answered, “can’t say either way” (Table 9).

 

Figure 9. Landscape from the Kunugiyama observation site (obtained by Yoshio Harada [the first
author] on 28 November 2021).

Table 9. Opinion on the Kunugiyama observation site as the local landscape of the community.

Landscape Like Hiraenoki
Landscape Not Like

Hiraenoki
Can’t Say Either Way

13 4 1

The reasons given for “feels like Hiraenoki” were “because I can see the autumn leaves
of persimmons” (9 respondents), “because I can see the houses, roads, and other residential
areas” (4 respondents), “because it is lush green” (1 respondent), and “because I have seen
this view for a long time” (1 respondent). Opinions also included “It is sad that there are
fewer houses” (1 respondent) and “It would be better if we could see Enoki area as well as
Daira area” (1 respondent).

The reasons given for feeling “not Hiraenoki-like” were “We can only see Daira area
and not Enoki area” (2 respondents), “The persimmon garden facing east in the morning
sun is beautiful, but we can only see the south side from the observation site” (1 respondent),
and “It is an unknown view from an unknown location” (1 respondent). One respondent
chose “I can’t say either way” because “I feel it’s just an ordinary view of the countryside.”

When asked how they felt about the construction site being visible from the ob-
servation site, the most common responses were “I want to improve it as a landscape”
(5 respondents), “I have given up on it as inevitable” (5 respondents), and “I feel relieved
that it is protected from disasters” (5 respondents).

Other responses were “I feel it will create awareness regarding this community be-
ing affected by the disaster” (4 respondents), “I feel that we suffered a major disaster”
(3 respondents), “I feel anxious about the disaster” (1 respondent), “I do not want to see it
if I could because it reminds me of the disaster” (1 respondent), “The landscape will fade if
it turns black” (1 respondent), “I feel the construction is too slow” (1 respondent), “I feel it
is just a matter of time because the greenery will return in 10 years” (1 respondent), and “ I
don’t feel anything because I was not affected much by the disaster” (1 respondent).
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3.2.10. Interaction Inside and Outside the Community after the Establishment of the
Observation Site

As for whether the observation site had ever come up in conversation among the
residents in the community, 10 respondents answered “yes” and 8 answered “no.” However,
6 of the 10 who answered “yes” were HRC members, i.e., more than half of the residents
who were not HRC members answered “no” (Table 10).

Table 10. Responses regarding whether the observation site had ever come up in conversation among
community residents.

Yes No

HRC members 6 1
Non-HRC members 4 7

With regard to whether interaction with the outside community had increased since the
establishment of the observation site, 5 respondents answered “increased” and 13 answered
“not changed” (Table 11). However, four of the five respondents who answered “increased”
were HRC members. Only 1 of the 11 non-HRC residents responded that it had “increased”.
Therefore, there was a large difference between the perceptions of HRC members and those
of non-HRC residents.

Table 11. Opinion on interaction with the outside community.

Increased Not Changed

HRC members 4 3
Non-HRC members 1 10

In terms of opinions regarding outsiders coming in and out of the community, 16 re-
sponded “agree”, 1 responded “disagree”, and 1 responded “neither” (Table 12). One
respondent who answered “no” stated that he was afraid of the COVID-19 virus being
introduced from the outside. The one respondent who answered “neither” stated that he
did not feel any particular concern regarding people from the outside coming in and out of
the community, but that people had been passing noisily on the road in front of his house
for some time, and he would be concerned if such people were to enter the community in
the future.

Table 12. Opinion on the Kunugiyama observation site as local landscape of the community.

Agree Disagree Neither

16 1 1

4. Discussion

The observation project of the Hiraenoki Community revitalized local pride through
landscape creation and involved numerous people outside the community, including
the Asakura Extension Center, the Kyushu University Team, NPO Asa-Kuru staff, and
children who participated in the Asa-Kuru activities. It provided an opportunity to form
connections among people outside the community and residents inside the community. The
Kunugiyama observation site is expected to become a “new symbol” for the community
and may become an opportunity to recreate the community’s identity.

Considering the roles of each entity involved in establishing the observation site,
the HRC and cooperative residents played essential roles in planning, preparing project
funds, building consensus within the community, and managing the observation site.
Conversely, outsiders such as the Kyushu University Team and Asakura Extension Center
served as advisors in their respective fields of expertise in the creation of the observation

234



Forests 2023, 14, 664

site. They also acted as links between the Asa-Kuru NPO and the Hiraenoki Community.
The NPO Asa-Kuru created contact points and communication opportunities between the
community and the children. Furthermore, the HRC activities of the observation site led
to new developments such as the formation of the “Hiraenoki Community Guard Group
(Hiraenoki Satomori Kai)” a consultative body of the HRC, a citizens’ group (NPO Asa-
Kuru), and a university (Kyushu University Team). Therefore, the case of the Hiraenoki
Community is regarded as an example as to how interaction with outsiders led to the
reaffirmation of the community’s appeal and dissemination to the outside community.

In contrast, our interviews revealed that the HRC faced several issues. Firstly, many
residents found it challenging to maintain and manage the observation site. In addition,
despite considerable participation in the work, awareness among HRC members and other
residents in the community differed. For example, perception differed between men and
women, among ex-Daira and ex-Enoki community residents, and in various age groups.
The communication and sharing of ideas among them were insufficient. Furthermore,
certain residents feel an “atmosphere of coercion” around the HRC activities, including
the reconstruction tree-planting ceremony. This necessitates the sharing of objectives and
issues between the HRC and other residents. Some residents also mentioned “activities
targeting residents” as a challenge for the HRC. The HRC’s philosophy of landscape
creation is to “make the community a place where residents and others are happy to live”.
However, there is concern that collaboration with outsiders will obscure the original targets
of the HRC activities. As in the case in Mashiki Town, which was damaged by the 2016
Kumamoto earthquake [9], the possibility that the landscape creation activities of the
Hiraenoki Community can be a means of achieving revitalization of the local community
depends on how much participation and understanding can be obtained from the residents
in the maintenance activities for the Kunugiyama observation project.

The ex-residents who had moved out of the community were also insufficiently
involved in promoting and sharing information regarding reconstruction activities and did
not actively participate in the activities. Given the results of interviews with the ex-residents,
it would be very difficult for some ex-residents to live in the Hiraenoki Community again.
On the other hand, persimmon orchards and the invitation to the tree-planting ceremony
from the HRC played roles in connecting ex-residents with the Hiraenoki Community.
Therefore, how to utilize the Kunugiyama observation site as a “new communal place”
of the Hiraenoki Community to maintain relationships among current residents and ex-
residents is an important challenge. It is also essential to achieving the HRC’s philosophy
to “make the community a place where residents and others are happy to live”.

In recent years, there has been increased attention on the “relationship population”
in Japan. The Ministry of Internal Affairs and Communications of Japan describes the
“relationship population” as a term that refers to people who are involved in a variety of
ways with the community, i.e., neither the “settled population” who have moved to the
area nor the “exchange population” who have come for sightseeing [19]. On the other
hand, Sakuno argued that the “relationship population” should be regarded as one of a
number of relationships between urban areas and agricultural and fishing village areas
in this new era [20]. In communities facing the challenge of a shortage of residents who
keep the community functioning due to population decline and aging, the “relationship
population” is expected to become new bearers of the community. In our case study, some
ex-residents still had a place attachment and strong network to the Hiraenoki Community
even if it would be very difficult for them to live in the Hiraenoki Community again.
Therefore, it appeared possible to retain them as a “relationship population” even if they
could not be retained as a “settled population”. Although our limited data does not
allow for further discussion, it appears essential in the reconstruction process to find
ways to maintain the “ex-settled population” as the “relationship population” in the
post-disaster communities if some residents relocate out of communities after disasters.
The reconstruction efforts through observation site creation in the Hiraenoki Community
suggest the possibilities and challenges of resident-led landscape creation in the face of
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aging, depopulation, and reconstruction through cooperation between reconstruction
organizations inside and outside the community.

Finally, we were limited in that we could only obtain the opinions of one representative
from each household. To understand the perceptions of a wide range of residents in the
community, it is necessary to understand the views of other residents, including women.
In addition, interviews with ex-residents who have relocated out of the communities after
the NKTR are also needed for further discussion. It is also essential to continue participant
observation and document resident-led reconstruction activities in the long term.
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