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Abstract: Research Highlights: This study contributes to the improvement of the understanding of
ecosystem functions of trees growing outside the forest, by quantifying the carbon sequestration
function of a homestead windbreak, for example, a linear forest belt planted bordering a farmhouse
in small islands. Background and objectives: Carbon storage in small-scale stands of forests have
been less studied compared to that in large-scale forests. The aims of the present study were to
clarify the ecological functions of carbon storage and the economic value of homestead windbreaks to
propose effective conservation strategies for old-growth homestead windbreaks in the face of climate
change. Materials and Methods: On the small islands of Okinawa Prefecture, the dominant tree
species used for the homestead windbreaks is fukugi (Garcinia subelliptica Merr.). We collected data
on the diameter at breast height (DBH) and the height of 23,518 fukugi trees in 10 villages from 2009
to 2018. Results: The total amount of carbon stored in the remnant fukugi homestead trees of the 10
surveyed hamlets was 6089 t-CO2. The amount is equivalent to the carbon amount that is stored
in a 40-year-old Japanese cedar (Cryptomeria japonica) forest, a representative tree species in Japan,
of 20.9 ha area. Furthermore, the estimated economic value of the homestead trees was equivalent to
USD 235,433, in terms of the plantation and management costs of 40-year-old Japanese cedar forests.
This study revealed that homestead trees planted in an orderly line usually have a high density;
hence, they have a high potential for biomass accumulation, carbon sequestration, and climate change
mitigation. Moreover, homestead trees could contribute to a reduction in carbon diffusion, by cooling
the house and reducing potential energy consumption. The findings related to homestead trees are
consistent with those of other types of trees outside forests or small patches of trees: not adding to
future land use competition and highly effective at carbon sequestration. Conclusions: The finding
related to the carbon storage of homestead trees will provide basic information, as well as a new
perspective on future local conservation and its contribution to climate change mitigation. This study
suggests the necessity of the existing trees being properly managed, recruiting trees to be planted
to replace old-growth trees, and replanting trees near newly established houses or old homesteads
where trees have been cut.
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1. Introduction

According to the Millennium Ecosystem Assessment [1], ecosystem services provided by forests
include climate change mitigation and adaptation, carbon sequestration, hydrological services, support
for agricultural productivity, reduced erosion, and increased wildlife habitat and forest products.
International climate change agreements allow the carbon stored by afforestation and reforestation
to be used to offset CO2 emissions under the Kyoto Protocol [2]. Carbon sequestration refers to the
capture and secure storage of carbon that would otherwise be emitted or remain in the atmosphere.

Forests have recently gained popularity as a climate change adaptation/mitigation measure.
In addition to direct carbon storage and sequestration, urban trees can contribute to offsetting carbon
emission in urban areas. Planting trees in energy-conserving locations around buildings [3] can reduce
building energy use and, consequently, emissions from power plants. Estimating forest carbon storage
can provide managers and local policymakers with an indicator to assess sustainable management
objectives and achieve the target of conservation, as public awareness of global warming may help to
increase the importance of forests and forestry-related activities [2,4].

Carbon storage of large-scale forests at both the global [5,6] and national [7–9] levels has gained
intensive attention and is relatively well documented. In contrast, carbon storage in small-scale stands
of forests has limited studies, except in few cases, e.g., forest patches in agricultural landscapes [10],
agroforestry [11–13], and home gardens [14].

The trees outside the forest include the trees on land not classified as forest or other wooded lands,
on farms, along roads, and in many other locations, which are not defined as forests in the country-level
statistics or by the Food and Agriculture Organization of the United Nations (FAO) [15]. The trees
outside the forest are often poorly defined by managers and are mostly absent from official statistics
regarding forests and development policies; thus, they need to be better assessed and valued [16].

Homestead trees on the Okinawa Islands, which are composed of trees planted at the
borderline/periphery of a private mansion and primarily function as a windbreak [16], are private
properties and are by definition not a forest in Japan. On the small islands of Okinawa Prefecture,
the dominant tree species used for the homestead windbreaks is fukugi (Garcinia subelliptica). Okinawa
suffers from numerous typhoons in the summer and strong monsoonal winds in the winter; therefore,
these trees were planted on all sides of the homestead to protect the traditional timber house from
strong winds. Selective cutting was undertaken to extract timber in the past, when timber was in short
supply. There are many remnant huge and old-growth trees prevalent on the Okinawa Islands [16].
The homestead trees make up only a small portion (area) of urban forest in comparison with the
continuous or large-scale urban forests; however, they present a harmonized co-existence of people
and ecosystem, in terms of their significant functions of carbon storage, provision of wildlife habitat,
improving air and water quality, reducing energy consumption, providing recreational opportunities,
and enhancing community well-being. These homestead trees qualify as small nature features,
both biotic and abiotic, which provide a substantial contribution to ecological processes or biodiversity
disproportionately relative to their small size [17].

Huge/old trees usually provide a significant ecological service that cannot be fulfilled by young
trees [18,19], e.g., carbon storage [20]. A study showed that huge/old trees were significant contributors
to the total amount of carbon stored; however, they are sensitive to climate change, which affects
the tree biomass storage [21]. However, homestead trees have been jeopardized by natural hazards,
including typhoons and termites, and human factors, such as clear-cutting [22,23].

Thus, the purpose of the present study was to clarify the ecological functions of carbon storage
and economic value of homestead windbreaks in terms of carbon storage function to propose effective
conservation strategies for old-growth homestead windbreaks in the face of climate change. Specifically,
(1) we used tree measurement data to estimate the total biomass and total carbon stored in the homestead
fukugi trees in the Okinawa Islands, (2) compared the carbon storage of homestead windbreaks with
Japanese cedar (Cryptomeria japonica), and (3) calculated the economic value in terms of carbon storage
function of these homestead windbreaks, by comparing them with the plantation and management
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costs of a planted Japanese cedar forest. Japanese cedar was used for the comparison of carbon storage
function and economic value, as there is a lack of related data for fukugi (Garcinia subelliptica) trees.
The findings of this study can inform local policymakers with quantitative data of the ecological and
economic values of homestead windbreaks. Public awareness regarding global warming is growing
rapidly, and our findings will help promote the appreciation of greening landscapes by the public.

2. Materials and Methods

2.1. Survey Sites

Okinawa Prefecture, located at the southernmost part of Japan, encompasses two-thirds of the
Ryukyu Archipelago, extending over 1000 km long. The inhabited islands are typically divided into
three island groups, Okinawa Islands, Miyako Islands, and Yaeyama Islands. The Miyako Islands and
Yaeyama Islands are also called Sakishima Islands. Okinawa Prefecture has an area of 2280.9 km2.
The population was 14.5 million in July 2019.

The climate of Okinawa is influenced by the latitude, surrounding ocean, the Black Current,
monsoon, and typhoons. In the long term, the annual average temperature of the Okinawa area
has been rising at a rate of 1.16 ◦C per 100 years [24]. The extreme high temperature has increased,
while the extreme low temperature has decreased in the past 100 years [24].

The sites surveyed in the present study were distributed across the archipelago. We selected
10 sites (Figure 1 and Table 1), which have the best-preserved homestead trees, for data collection
and analysis. Five sites are located on the Okinawa Islands toward the north of Okinawa Prefecture,
and another five sites are on the Sakishima Islands, the southernmost part of Okinawa Prefecture.
The three islands of Tonaki, Aguni, and Tarama are among the five least developed islands in the
Okinawa Prefecture. Taketomi Island is situated near Ishigaki Island, which is the third biggest island
in the Okinawa Prefecture and has become a popular tourist destination. Bise hamlet has been of
interest to tourists recently, and the tourism industry has grown rapidly [25].
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good management can store 79 tons of carbon per hectare, approximately 290 tons of CO2, assuming 
there are 1000 stand trees on a hectare [33].  

Because the fukugi tree is commonly used as homestead windbreak in Okinawa, it did not have 
an established market price. Hence, we propose that the plantation and management costs of 
Japanese cedar, [34] can be used to estimate the economic value of fukugi trees in terms of its function 
of carbon sequestration. 

3. Results 

The results are presented in the following two groups: the Okinawa Islands, where the capital 
city of Okinawa Prefecture is located, and the Sakishima Islands, including the Miyako Islands and 
Yaeyama Islands, which are 287 km and 411 km away from Okinawa Island, respectively. 

3.1. Height–diameter regression model 

The R2 value of the model was 0.487, with a significance of 0.00, indicating that the regression 
model predicted the dependent variable of tree height significantly well. The R2 value is less than 0.5, 
although it may be subject to the pruning of homestead trees, which results in a wide range of tree 
height predictions. The coefficients table is presented in Table 2. The regression equation can be 
presented as: 

Tree height = 2.061+0.298*DBH-0.003*DBH2 (4) 

3.2. General Dimensions of Fukugi Trees 

A total number of 9406 fukugi trees were surveyed at five survey sites (hamlets) on the 
Sakishima Islands. The mean DBH ranged from 23 cm to 28 cm and the mean tree height ranged from 
6 to 7 m in the different hamlets (Table 3).  

A total number of 13,150 fukugi trees were surveyed at five survey sites (hamlets) on the 
Okinawa Islands. The mean DBH ranged from 17 cm to 38 cm and the mean tree height ranged from 
7 to 10 m in the different hamlets. The deviations for DBH and tree height in the Okinawa Islands 
were much higher than those of the mainland Okinawa, partly due to the difference in survey 
methods applied. Among the five survey sites, two sites in Bise and Imadomari, and two sites in 
Aguni Island, only data for trees larger than 25 cm DBH were available. The two sites of Bise and 
Imadomari are located in the northern part of Okinawa, where we observed fukugi trees that were 
higher than those on the isolated islands. The wind speeds are much higher at the isolated islands, 
particularly for the Sakishima Islands, compared to the wind speeds on the Okinawa Islands (Table 
1). 

 
Figure 1. Locations of the survey sites. Figure 1. Locations of the survey sites.






















