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Abstract: The abandonment of traditional agricultural land is a global phenomenon, especially in
mountainous areas. Although there are many mountainous villages where traditional agriculture,
based on wild-plant mulching systems, is still practiced in Japan, the extent of land use change in
these areas has not been quantitatively assessed. Economic theory predicts the systematic allocation
of land to its maximum net value in response to distance from residential centres or demand. We
tested this theory to determine whether: (1) grassland and cropland abandonment occurs far from
residential centres and (2) new grassland becomes established near residential centres because its
products (i.e., wild plants) are essential to traditional agriculture. We interviewed farmers from the
traditional mountain village of Kosuge, Japan, to examine land use change at a parcel scale over the
period 1940-2019. Our predictions were confirmed in that cropland and grassland were abandoned,
while regrowth forests and plantations became established thereafter in the more inaccessible areas,
in terms of distance from the village centre and slope aspect. Furthermore, new grassland developed
near the centre of the village, leading to the ‘advance’ of grassland into the residential centre. Our
results indicate that spatiotemporal patterns of land use change in traditional agricultural landscapes
can be predicted and used to inform policies designed to sustainably maintain these landscapes and
their ecosystem function.

Keywords: agricultural abandonment; Miscanthus sinensis; Satoyama; steep slope; unmanned aerial
vehicle (UAV); von Thiinen

1. Introduction

There has been a rapid global decline in traditional agricultural landscapes, including
in Europe [1-3], South Asia [4], Southeast Asia [5,6], and East Asia, including China [7]
and Japan [8-11]. A traditional agricultural landscape is a landscape in which traditional
sustainable agricultural practises are currently carried out and where biological diversity,
including agrobiodiversity, is thereby conserved [12]. For example, in Japan, the traditional
agricultural landscape known as ‘Satoyama’ [13] extends between the cities and the deep
mountains and combines various environments such as vegetable fields, rice paddies,
grassland, irrigation ponds, ditches, woodland, and residential areas [9]. This Satoyama
is located mostly in forested hilly or mountainous areas and covers roughly 67% of the
total area of the country [8]. However, this traditional agricultural landscape is declining
rapidly because it is usually located in hilly or mountainous areas that are strongly affected
by the factors that lead to agricultural abandonment, such as unfavourable environmental
conditions (e.g., remote and isolated areas, higher elevations, steeper slopes, poorer soils,
and poorly ameliorated agricultural fields), farms with smaller areas, and land owned by
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part-time farmers and older landowners [14]. Although the abandonment of traditional
agricultural land may have positive effects on ecosystem services, such as an increase
in carbon storage due to forest regrowth, it also has significant negative effects, such as
soil erosion, a reduction in biodiversity, water provisioning, landscape heterogeneity, and
cultural and aesthetic amenity [15,16].

The economic model developed by von Thiinen [17] can be used to predict spatial
patterns of land use and its abandonment. This model is based on the assumption that
land is allocated to the activity that provides the maximum net value (‘rent’ in economic
terms), which, in turn, is the largest gain from the land minus the costs incurred to obtain
that gain [18,19]. Figure la shows bid-rent curves and land use derived from the von
Thiinen model, illustrated by [19]. The upper part of the figure shows the equilibrium
bid-rent curves; i.e., the rent that farmers would be willing to pay at any given distance
from the isolated town, for three crops. The solid line, the envelope of the rent curves,
defines the rent gradient. Along each of the three segments of these lines, growers of one
of the crops are willing to pay more for land than the others. Therefore, concentric circles
of cultivation develop, with the bottom half of the figure showing a quarter section of
the layout [19]. Similarly, the model can be applied to a Japanese mountain village with
traditional mulching agriculture in the past (before ca. 1950) (Figure 1b). The landscape
consists of several land use types providing products of different value and laid out in
concentric circles as follows: a central residential area surrounded by cultivated areas such
as rice fields and cropland for vegetables and millet, followed by seminatural grassland
that provides wild plants for fodder, roofing, and mulching materials, and this is enclosed
by managed woodland that provides firewood and charcoal (Figure 1b) [8].

The model can also predict spatial patterns of land abandonment (e.g., [20]), and
furthermore, can also predict the differences in land abandonment patterns between a
village that uses conventional agriculture relying on chemical fertiliser (Figure 1c) and
a village that uses traditional agriculture based on wild-plant-derived organic fertiliser
(Figure 1d). In both figures (Figure 1c,d), the rent in the residential centre (i.e., intercept)
has been arbitrarily reduced to two-thirds of the original value, because the economic value
of agricultural and wood products has been declined. On the other hand, the relationship
between rent and distance from the village (i.e., slope) was assumed to remain unchanged,
because transportation costs did not change significantly over time in the mountain village
on steep slopes with negligible road density. As a result, in both types of village, cropland
still surrounds the residential area because of its relatively high value, and the woodland
on the outermost fringe, previously used to produce firewood, has been converted to tree
plantations and now has the second highest economic value following the shift from wood
to oil as fuel.

In a village using conventional agriculture, all of the grassland will have been con-
verted to tree plantations because the wild plants produced from the grassland are no
longer needed (Figure 1c). By contrast, grassland will be maintained in a village using
traditional agriculture (Figure 1d). Figure le, which shows an enlarged image of the lower
half of Figure 1d, specifically indicates that the grasslands will either be maintained as
grassland (zone 3) or converted into tree plantations (zone 4). Surprisingly, new grassland
will be rather established on the abandoned cropland just outside the current cropland
(zone 2 in Figure 1d,e). This new grassland is created because the products from the
grassland (i.e., wild plants) are essential for the traditional mulching practises.

Seminatural grassland is one of the essential components of a traditional agricultural
landscape in the temperate zone, and is an ecosystem rich in biodiversity with a high
conservation value [21,22]. However, in line with the global trend of agricultural abandon-
ment, grassland has also declined rapidly. Grassland declined by 47% between 1960 and
2013 in England [23], and by 21% between 2002 and 2019 on the Iberian Peninsula [24].
Grassland covered 14% of Japan’s total land area at the beginning of the 20th century,
but had decreased to 1% by 2010 [25,26]. The decline in economic value (and therefore
the area) of grassland in Japan can be attributed to societal, economic, and technological
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changes that began between the 1950s and 1970s, such as the change from wild-plant-based
organic fertilisers to chemical fertilisers as agricultural inputs, a shift from draft animals to
oil-fuelled machinery for both farming and transportation, and a decrease in thatched-roof
houses [26]. Although many studies have reported the spatiotemporal patterns associ-
ated with the abandonment of seminatural grassland (e.g., [24,27]), no study has reported
the model-predicted spatiotemporal pattern of the new establishment of grassland, even
during the ongoing process of agricultural abandonment. The temporal continuity of
grasslands increases plant diversity and can be an indicator of grasslands with a high
conservation priority [21]. This indicates that recently established “young” grassland (zone
2 in Figure 1d,e) and long-standing “old” grassland (zone 3) may have relatively lower
and higher conservation priorities, respectively. Understanding not only the total area of
grassland, but also the relative area and spatial patterns of young and old grasslands is
important for land use planning and identification of grasslands with a high conservation
priority, but this has rarely been examined.
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Figure 1. Schematic diagrams of the von Thiinen model and its application to a traditional rural
landscape in Japan. Bid-rent curves and land use derived from the von Thiinen model, illustrated
by Fujita et al. (2001) [19] (a). The model applied to a Japanese mountain village with traditional
mulching agriculture in the past (b), conventional agriculture (c), and traditional agriculture in the
present day (d). Spatial pattern of land use in a village with traditional agriculture, showing as circles
enlarged the lower half of Figure 1d (e).

Studying past land use allows us to understand the direction of change, dynamics
and sustainability of landscape, providing practical and useful information to aid today’s
conservation planning [28]. In traditional Japanese agricultural landscapes in mountainous
areas, land use type usually varies at a small parcel scale (often less than 100 m?). To our
knowledge, no study has examined past land use at a parcel scale for a long term (more than
around 50 years), because land use change studies usually used the historical land use maps
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and aerial photographs with spatial scales coarser than the parcel scale [28-31]. Interviews
with elderly farmers can be one effective way to overcome this gap in spatial resolution.
Many studies on long-term vegetational succession have used the interview for confirming
the past land use in a few specific locations. However, it rarely used for elucidating the
long-term land use change in each of the parcels at settlement to village scales.

The aims of this study are to elucidate whether abandonment patterns of different
valued land in mountainous agricultural landscape follows the prediction based on the
Thiinen model, and determine which factors were effective in regulating changes in the
landscape structure. Land use change of the village of Kosuge, central Japan, at parcel
scale over the period 1940-2019 were determined by GIS analysis of past land use data
obtained from interviews with farmers and other residents of the village. Given the rapid
and extensive decline of mountainous agricultural lands in Japan as well as across the
world [32], studying past land use in Kosuge, a typical mountainous village with traditional
agriculture, can provide the useful knowledge about future direction of change and plan-
ning of the landscape. We hypothesised as follows. (1) The area of cropland and grassland
decreased, whereas that of tree plantations and abandoned secondary forest increased
during the study period. (2) Such agricultural abandonment occurs mainly in areas with
unfavourable environmental conditions (e.g., steeper slopes, further from residential areas,
or cooler north-facing slopes), smaller farms, and land owned by older farmers. (3) New
grassland develops just outside the current cropland, even under the ongoing process of
such agricultural abandonment. By exploring the hypotheses, we elucidate the model
predictability in agricultural abandonment at typical mountainous areas and put forward
countermeasures and management strategies, providing a reference for the research ideas
of cropland and grassland abandonment in similar mountainous areas.

2. Materials and Methods
2.1. Study Sites
2.1.1. The Village of Kosuge

This study was conducted in four settlements within the village of Kosuge, Yamanashi
Prefecture, which is about 70 km west of Tokyo, Japan (35°45’ N, 138°56’ E, 660 m above
sea level (asl) at village office, Figure 2). The mean annual temperature for the period
1991-2020 was 12.3 °C (range 11.2-13.2 °C, n = 30) at the nearest meteorological station
(~10 km from the village: Ogouchi station, 530 m asl). Over the same period, the mean
monthly temperatures in January (the coldest month) and July or August (the warmest
months) were 1.3 °C (range 0.0-3.2 °C) and 23.8 °C (range 20.9-25.4 °C), respectively. Mean
annual precipitation was 1592 mm (range 1121-2478 mm). The region forms part of the
Chichibu tectonic belts in which most of the rocks are derived from Jurassic to Cretaceous
accretionary deposits [33]. Kosuge is an isolated, rural mountain village of 5265 ha in area,
of which 95% is covered by forest, mainly secondary forest and coniferous plantations. The
secondary forests are dominated by Pinus densiflora forest and oak (Quercus serrata subsp.
serrata var. serrata and Q. crispula var. crispula) coppice forest, and they have been managed
by periodic tree cutting and are used for firewood and charcoal. The revolutionary change
to the widespread use of propane gas drastically decreased the use of firewood and charcoal
(Figure S1), leading to abandonment of the Pinus and oak coppice forests in the early 1970s.
The natural vegetation types in these mountainous areas are Fagus crenata and F. japonica,
which dominate the slopes, Fraxinus spaethiana and Pterocarya rhoifolia, which dominate the
valleys, and Tsuga densiflora, which dominates the ridges, but such natural forests cover
only a limited area [34].
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Figure 2. Map of the study sites. Maps of Japan (a), Yamanashi Prefecture (b), and village of Kosuge
(c) are shown. HS: Hashidate, NK: Nakagumi, SR: Shirasawa, NG: Nagasaku.

Kosuge is situated in steep mountainous terrain, where the small areas of flat or gently
sloping land are used mainly for housing (Figure 3a). As the croplands in Kosuge are
too steep for terracing, the cropland is set directly on the steep slopes without terracing
(Figures 3b, S1 and S2). Farmers have cultivated vegetables, millet, and ‘Konjac’ (a type of
yam: Amorphophallus konjac) on this steeply sloping cropland and often practise shifting
cultivation [35-37]. Konjac, which is native to subtropical Asia, is cultivated mainly on
warm south-facing slope in the village [36] (Figure S2c). Traditional agriculture in Kosuge
relies on mulching with cut wild plants such as small shrubs, silvergrass (Miscanthus
sinensis, Poaceae), and other herbaceous species, which contribute to soil formation, help
to prevent weeds, soil erosion, and frost damage, and provide organic fertiliser [35,36]. In
the seminatural grassland near the cropland, farmers mow grassland, leave it in ca. 3 m
high mounds to dry (locally called ‘Kapposhi’, or ‘Boushi” if containing mainly silvergrass)
from October to November, and use it as mulch on their cropland from June to September
(Figure 3c,d). Such mulching cultivation set directly on the steep slopes can be found in
other mountainous areas in Japan, for example in Nishi-Awa in Tokushima Prefecture,
which was registered by the UN Food and Agriculture Organization (FAO) as a Globally
Important Agricultural Heritage System (GIAHS) [32].

The residential areas are located at about 600-760 m asl and are surrounded by steep
mountains. There were 2244 residents with 376 households in 1955, but the population
had diminished to 726 residents with 337 households by 2015, indicating a decline in the
number of residents per household from 6.0 to 2.2 between the two periods (Figure S3a).
The proportion of people aged 65 and over increased rapidly from 4.9% to 45.2% during
the same period. The total area of cropland (mostly for vegetables, konjac, and ‘Wasabi’
(Eutrema japonicum; Figure S2e), paddy fields, orchards, and mulberry (a primary food
of silkworms)) decreased rapidly from 117 to 4 ha between 1965 and 2015 (Figure S3b).
In contrast, the area of fast-growing Japanese cedar and cypress plantations (Cryptomeria
japonica and Chamaecyparis obtusa, respectively) increased from the 1950s to the 1970s
(Figure S3c), following a reforestation programme promoted by the Japanese government
after World War II to rebuild the country’s wood stocks. There are no statistical data on
area change in seminatural grassland.

Various policies for rural development have been implemented in Kosuge, including
subsidies for agriculture and forestry, infrastructure development, and the attraction of
public facilities and private companies over the study period. Specifically, two unique
initiatives, a roadside station (“Michinoeki’) and rural revitalisation volunteers (‘Chiiki
okoshi kyoryokutai’), which have widely been acknowledged as important models for
rural revitalisation, have been implemented since 2015 and 2011, respectively. Michinoeki,
a government-designated roadside station in rural areas that began in Japan in the mid-
1990s, sells local foods and crafts, promotes local tourism, and provides a resting place for
drivers [38]. The village office is also set up beside the michinoeki, both a hot spring and a
Forest Adventure, a profitable adventure park where visitors walk between standing trees
in the forests using ropes, boards, and ladders [39]. Chiiki okoshi kyoryokutai, launched
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by the government in 2009, targets urbanites in their 20s to 40s and financially supports
them in working with the local government for 1-3 years to revitalise rural areas and create
a niche livelihood [40]. Similarly, diverse policies on rural development have globally been
implemented by a variety of stakeholders, for example, community-level rural revitalisation
through arts and cultural development [41] and various financial supports for agricultural
programmes by the EU [42].

Figure 3. Views of traditional agricultural landscape in Kosuge, Yamanashi Prefecture, Japan. Photo
credits: (a) S. Ishizaka S, (b) K. Yano, and (c¢,d) A. Okamoto.

Accordingly, Kosuge is an isolated, rural village located on a steep slope, where
traditional agriculture incorporating a wild-plant mulching system has long been prac-
ticed [35,36,43]. The village is composed of eight small settlements with the different rates
of depopulation (see below). The typical land use pattern of concentric circles changing
from a residential centre to cropland, then seminatural grassland, and woodland in the
outermost ring can be seen in aerial photographs taken in 1948 (Shimojima et al. unpub-
lished). Despite conventional agriculture having been applied to most agricultural land in
Japan, traditional agriculture using the wild-plant mulching system has continued until
the present day in all the settlements of Kosuge. This unique setting (i.e., several isolated
settlements, carrying out the traditional agriculture, with varying demographic characteris-
tics) enables us to examine the predictability of the Thiinen model on land abandonment,
and the relationship between the rate of agricultural abandonment and its causative factors
in mountainous traditional agricultural landscape.
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2.1.2. Four Blocks Studied

We studied four of the eight settlements that comprise the village of Kosuge; i.e.,
Nagasaku (NG), Hashidate (HS), Shirasawa (SR), and Nakagumi (NK) (Figure 2c). The
demographic characteristics differ among the four settlements. NG has showed the rapid
depopulation, while NK has showed the unchanged population, rather increased number
of households over the period 1950-2020 (Figure S3d). As of 2020, there were 17-61 house-
holds and 44-125 residents in each settlement (Table 1). The average age was the highest in
NG (61 years old) while the lowest in NK (47 years old) in 2020 (Table 1). The demographic
characteristics of HS and SR are intermediate between those of NG and NK.

Each settlement consists of several smaller blocks, and we studied the blocks called
Kurahone in NG, Kamiwarima in HS, Shirasawa in SR, and Mafujikubo in NK. Hereafter,
we consistently use the names of the four study sites as follows: NG, HS, SR, and NK.
Land area of the four blocks ranges between 2.1 and 3.4 ha (Table 1). All four blocks are
located adjacent to the residential area. Each block is divided into many parcels of land
(90252 parcels per block, with 710 parcels in total; Table 1, Figures 4 and 5). A parcel is the
minimum unit of land use. The mean size of a parcel ranges from 142 to 382 m? among the
four blocks. Several parcels have been owned and inherited by a household. For example,
in NG, 90 parcels have been owned by 25 households (Table 1).

(a) NG (Nagasaku)

(b) HS (Hashidate)

- Village land use
- Grassland
- Woodland
- Plantation
- Abandoned |and
|_ Orchard
[—| Cropland

Figure 4. Land use patterns in the 1940-1950s, 1960-1970s, 1980-1990s, 2000s, and 2010s in (a) NG
and (b) HS.
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Figure 5. Land use patterns in the 1940-1950s, 1960-1970s, 1980-1990s, 2000s, and 2010s in (a) SR and
(b) NK.

Table 1. Demographic and geological characteristics of the four settlements in 2020.

NG HS SR NK

Settlement

No. household 25 51 17 61

Population 48 111 44 125

Average age 61.3 60.9 55.1 472
Block studied

Total land area (ha) 34 3.1 34 2.1

No. parcel 90 252 222 146

Mean (£SD) size of parcel (m?) 382 + 618 142 + 190 164 4+ 383 153 £+ 189
Dominant slope aspect S S SE N
Mean slope (°) 25 22 23 12

Mean distance from nearest

entrance points to parcels (m) 188 64 91 55

2.2. Interviews

We carried out a series of semi-structured interviews with landowners to obtain infor-
mation regarding land use changes in the four blocks at the parcel scale over five periods
(i-e., 1940-1959, 1960-1979, 1980-1999, 20002009, and 2010-2019). For simplicity, hereafter,
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we will refer to these five periods as the 1940-1950s, the 1960-1970s, the 1980-1990s, the
2000s, and the 2010s. Although we divided the study period unevenly (i.e., 20 year spans
for the 1940-1950s, 1960-1970s, and 1980-1990s, but then 10 year spans for the 2000s and
2010s), the effect of these uneven time periods (i.e., using these five time spans rather than
four periods of the same length) was minimised by using the rate of change in the cropland
areas (% year~!) when analysing different time periods in the same statistical analysis [44].

We conducted these interviews during the off-season for the farmers (i.e., winter)
over the periods of November 2010 to January 2011 and November 2019 to March 2020.
Interviews lasted between 1 and 4 h each, averaging 2 h for most interviews. Most intervie-
wees were elderly farmers in their 70s and 80s who had been engaged in agriculture for
much of their lives. In NG, HS, SR, and NK, the number of interviewees was 9, 9, 9, and
10, respectively, for the first interview and 2, 2, 4, and 3 for the second. We used both a
questionnaire and maps of each block showing the parcels. We first asked about the land
use type in each parcel that they owned during each of the five periods and then asked for
more detailed information. For example, in the case of cropland, information on products,
techniques, management, and fertilisation was obtained. We also asked about the land use
type of the parcels adjacent to their own parcels to act as a cross-check. The interviewees
were interviewed in their homes, but we confirmed the parcel boundaries together in the
field when the boundary was unclear. We took photographs of all of the parcels in the four
blocks and also obtained old photographs, especially from the 1940-1950s and 1960-1970s
(Figure S1). We showed these photographs to the interviewees to increase the accuracy of
the data obtained for the older periods.

Based on these interviews, as well as our field observations and the aerial photographs,
the land use types for each parcel were separated into the following seven types: cropland,
orchard, grassland, woodland, abandoned land, plantations, and village land use. In this
classification, ‘cropland’ is agricultural land used to grow vegetables, konjac, wasabi, millet,
and rice; ‘orchard’ contained fruit trees, managed mulberry, and bamboo forest; ‘grassland’
is seminatural grassland managed by mowing a few times per year; ‘woodland’ is wood-
land dominated by oak and managed by periodic tree cutting; ‘abandoned land’ is cropland,
orchard, grassland, or woodland abandoned for various time periods; ‘plantations’ are
coniferous plantations of Japanese cedar and cypress; and “village land use’ is farm roads,
farm sheds, and (in a few cases) residential areas.

The four blocks studied were occupied mostly by cropland and seminatural grassland
in the 1940-1950s (see Results). Based on the aerial photographs taken in 1948, grassland
was also distributed to the more mountainside beyond the four blocks (Shimojima et al. un-
published). This indicates that this study cannot directly demonstrate the model-predicted
spatiotemporal pattern of the conversion from grassland to coniferous plantations (zone 4
in Figure 1d,e) or from woodland to coniferous and secondary forest (zones 5 and 6) on
an absolute area basis. Instead, this study focused on the pattern of change in the area of
cropland and grassland (zones 1, 2, 3, and part of zone 4). It is expected that our approach
of interviewing the landowners from these blocks is the best technique that is currently
available for quantifying long-term spatiotemporal changes in the extent of cropland and
grassland at the parcel scale.

2.3. Land Use Change

To produce the land use maps for our five study periods in the four blocks, we
used a cadastral map delimited by parcel and created by the village office using the
AutoCAD software (Autodesk, San Francisco, CA, USA). These maps were transferred to
the geographical information systems (GIS) software and georeferenced to the universal
transverse mercator (UTM) coordinates. We took aerial photographs of the four blocks
using a multi-spectrum camera attached to an unmanned aerial vehicle (UAV: Phantom
4, DJI, Shenzhen, China) in October 2019 and used these images as reference maps for
georeferencing (Figure S4). The number of photographs, altitude, and ground sampling
distance fell within the ranges of 36-173 per block, 54-146 m, and 1.5-3.8 cm per pixel
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(n = 4), respectively. The geometric correction was achieved with the aid of a set of ground
control points, with two points per block at road junctions and land use boundaries in the
locality. The estimation error ranged between 24 and 300 cm per 99.8-103.0 m (n = 4). Itis
expected that the error was negligible for the subsequent analysis because the area covered
by the blocks was small, and the aim of this study was to demonstrate the change in the
area of each land use type in each block, but not to directly compare the rate of area change
between blocks.

The parcel boundaries were traced on the maps of five time periods, preparing vector
data. Based on the interview data, data related to the land use type, landowner name, and
parcel number were assigned to each polygon (i.e., parcel) as attribute information.

2.4. Causative Factors of Land Use Change
2.4.1. Accessibility

We examined the effects of slope angle, slope aspect, and distance from the nearest
entry points to each parcel on land use change. The values of slope angle and aspect were
calculated for each grid from the 5-m digital elevation map of the basic map information by
the Geospatial Information Authority of Japan (Figure S4). The farmers entered the blocks
via several entry points near the residential area and walked to their cropland (Figure S2f).
To calculate the distance from the nearest entry points to each parcel, we determined such
entry points based on the interviews, calculated the centre of each parcel, and calculated
the minimum distance between the entry points and the centre of each parcel.

To examine the effects of accessibility on land use change from the 1940-1950s to the
2010s, we calculated the accessibility index at the parcel scale. Two major characteristics,
i.e., slope angle and distance from the nearest entry point to each parcel, were significantly
positively correlated with each other (n = 710, r = 0.496, p < 0.0001, from Pearson’s corre-
lation using the cor.test function in R). Therefore, we conducted the principal component
analysis (PCA) between the slope angle and distance using the princomp function in the
Remdr package, and we used PCA 1, which explained 78.4% of the total variation, as an
accessibility index. The accessibility index was divided into four equal scores (with 1 being
the most accessible and 4 being the least).

We used accessibility as a major explanatory factor for predicting the abandonment
pattern of differently “valued” land (Figure le). However, a fundamental concept of
Thiinen’s theory is based on the difference in land rent but not the difference in accessibility.
Rent is calculated from yield, production cost, market price, transportation cost of the crop,
and distance from the market. We could not obtain data other than accessibility (e.g., yield
and production cost of the crop) because of the difficulty of obtaining these data for each
parcel. In general, cropland far from the farmer’s residence is less profitable because the
labour expense is high due to the longer time spent to travel to the cropland. Therefore,
farmers either grow more labour-extensive crops [45], grow more extensively when the
same crop is grown [46] or are more likely to abandon cropland in such remote areas. An
increase in slope angle may also increase in time spent travelling to the cropland. Therefore,
we considered that accessibility is the most important factor in determining a land use
type in each parcel at a given time period and used it as a surrogate of land rent. Many
previous studies [20,47,48] also used slope angle and distance from the residential area as
explanatory variables for the degree of agricultural abandonment.

Furthermore, Thiinen’s theory is based strictly on conditional assumptions. The model
assumes isolated, flat, uniformly fertile land having no interactions (trade) with the outside
and no significant transport infrastructures (e.g., river, major road). In actuality, the four
settlements in Kosuge are relatively isolated and have no paved roads within a block except
for a very short distance. However, residential areas of the four blocks are connected
to each other by a paved road. As mentioned earlier, rural revitalisation policies have
been applied over the study period. Such land conditions and policies do not follow the
economic model and can potentially cause unexplained variations in the patterns of land
use along a land rent. This may be one reason why empirical studies of this economic
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model have been conducted mainly in developing countries with subsistence agriculture,
having a few factors affecting agricultural land use patterns [49]. Therefore, this study is a
challenge, but if the predictive land use pattern (Figure le) can be found, it enables us to
demonstrate the significant contribution of accessibility on shaping the land abandonment
patterns even in a complex mountainous environment.

2.4.2. Characteristics of Farmers in NG

Settlement NG experienced the fastest depopulation among the four studied settle-
ments (Figure S3d). Focusing on this settlement, we examined the characteristics of farmers
on land abandonment. At the interviews in NG, we obtained additional information regard-
ing the number of farming households, as well as the number and age of active farmers in
each farming household from 1959 to 2019. The number of farming households at the end
of the 1940-1950s, 1960-1970s, 1980-1990s, 2000s, and 2010s was 14, 14, 7, 3, and 1, respec-
tively. Except for the 2000s and the 2010s, when the number of farming households was
extremely low, Pearson’s correlation between cropland area change (% year~!) and land
tenure (total land area owned by each household), demographics (the number and average
age of farmers), and geological characteristics (accessibility index and percentage with a
southerly slope) were examined using the cor.test function in R. We used the R software
(version 4.0.5, RStudio, Boston, MA, USA) for all statistical analyses in this study [50].

3. Results
3.1. Geological Characteristics

For the four blocks, the dominant slope aspect is either S, SE, or N, and the mean slope
angle ranges between 12° and 25° (Table 1). NG is located on the steepest slope (25°) and is
furthest from the nearest entry points to each parcel (188 m; Table 1). By contrast, NK is
located on a more gentle slope (12°) and is closest to the nearest entry points to each parcel
(55 m). The geological characteristics of HS and SR are intermediate between those of NG
and NK.

3.2. Area Change
3.2.1. Cropland and Abandoned Land

During the 1940-1950s, cropland accounted for between 55% and 81% (n = 4) of
the total land area in each of the four blocks studied, and no blocks had any abandoned
land (Figures 4-6). Cropland declined sharply from the 1960-1970s to the 1980-1990s and
accounted for between 1% and 36% in the 2010s. This indicates that between 48% and 99%
(average 76%) of the cropland was abandoned during the study period.

The pattern of decline in the cropland differed among the four blocks. For NG,
which had the oldest population (average age = 61.3 years in 2020; see Table 1), greatest
depopulation, and least accessible block, the area of cropland decreased rapidly from 62%
in the 1940-1950s to only 1% in the 2010s (Figure 4a). Therefore, the amount of abandoned
land increased rapidly from the 1980-1990s and accounted for 47% of the total area by
the 2010s. In contrast, in NK, with the youngest average age (47.2 years) and the most
accessible block, the area of cropland decreased slowly from 70% in the 1940-1950s to
36% in the 2010s, and the amount of abandoned land remained fairly stable (Figure 5b).
The patterns of change in the area of cropland and abandoned land in HS and SR were
intermediate between those seen in NG and NK (Figures 4b and 5a). HS, the block with the
second oldest average age (60.9 years), showed a relatively rapid increase in abandoned
land compared with SR.
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Figure 6. Land use patterns in the 1940-1950s, 1960-1970s, 1980-1990s, 2000s, and 2010s in (a) NG,
(b) HS, (c) SR, and (d) NK.

3.2.2. Seminatural Grassland

Grassland accounted for 10-37% of the total land area in each of the four blocks in the
1940-1950s and still accounted for 7-19% in the 2010s (Figure 6). This equates to an 8-73%
(average 47%) decline in grassland area during the study period, indicating that grassland
did not decrease as rapidly as cropland (76% decline).

There are two types of grassland (Figure 7); the first is grassland that has remained
unchanged from the previous study period (‘old’, corresponding to zone 3 in Figure 1e),
and the second is the new grassland that has become established through the conversion of
cropland (‘new’, corresponding to zone 2). The proportion of old grassland decreased from
the 1960-1970s to the 1980-1990s, and at the same time, new grassland began to emerge
(Figure 7). The area of such new grassland reached a maximum in the 1980-1990s but then
gradually declined to the present day. Although grassland accounted for 7-19% (n = 4) of
the total land area in the 2010s, between 70% and 100% of the current grassland was newly
established through the conversion of abandoned cropland after the 1980-1990s.
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Figure 7. Change in grassland area in (a) NG, (b) HS, (c¢) SR, and (d) NK from 1940 to 2019. Two
types of grassland are shown separately: grassland that has remained unchanged from the previous
period (old) and recently established grassland (new).
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3.2.3. Other Land Use Types

The area occupied by woodland increased from the 1980-1990s onwards and accounted
for between 10% and 19% of the total land area by the 2010s (Figure 6). The area of
plantations also increased from the 1960-1970s, except in NK. While village land use was
not appeared in NG irrespective of the time period, the area of village land use in the other
three blocks was either unchanged (HS and SR) or increased (INK) over the study period.

3.3. Causative Factors of Land Use Change
3.3.1. Accessibility

During the 1940-1950s, the area of village land use tended to decrease with an increase
in the accessibility index (Figure 8a). Cropland covered most of the land area, but the effect
of the accessibility index was unclear (Figure 8b). Grassland was mainly distributed in
inaccessible areas (Figure 8c). There was almost no woodland, coniferous plantations, or
abandoned land during the 1940-1950s (Figure 8d).
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Figure 8. Area proportion (%) of each land use type by accessibility index (1-4) and block in the
1940-1950s (a—d) and the 2010s (e-h). An index of 1 indicates the most accessible parcel and an index
of 4 indicates the least accessible parcel. na = not available.

In the 2010s, the area of village land use increased in accessible areas (Figure 8e).
The area covered by woodland, coniferous plantations, and abandoned land increased
significantly, and it increased with the increase in the accessibility index (Figure 8h). The
area of cropland decreased significantly, and the decline occurred mainly in inaccessible
areas (Figure 8f). Grassland also declined mainly in inaccessible areas (Figure 8g). As
a result, a land use pattern of concentric circles changing from a residential centre, then
village land use, cropland, and seminatural grassland, to plantations and abandoned land
at the outer edge had developed by the 2010s.

3.3.2. Characteristics of Farmers in NG

At the household scale in NG, the number of active farmers per household, total parcel
area per household, and accessibility index showed no statistically significant correlation
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with the change in the area of cropland (% year~!) irrespective of the time period (Table 2).
However, the proportion of the area on southerly slopes was significantly correlated with
the change in cropland area from the 1960-1970s to the 1980-1990s (r = 0.76, p < 0.001,
n = 14; Table 2). This indicates that cropland on south-facing slopes was more likely to be
retained, whereas cropland on other slope aspects was more likely to be abandoned.

Table 2. Correlation between change in cropland area (% year ') and underlying driving forces in
each of the three study periods in NG (Nagasaku). * p < 0.1, ** p < 0.05, *** p < 0.01.

From 1940-1950s 1960-1970s 1980-1990s
To 1960-1970s 1980-1990s 2000s
No. active farmers/household -0.19 -0.19 0.58
Total parcel area/household —0.01 0.39 —0.05
Accessibility index —0.37 —0.38 0.65
Proportion of south slope 0.08 0.76 *** —0.36
Average age/household 0.06 0.55 ** 0.68 *

Contrary to our expectations, the average age of active farmers per household was
positively correlated with changes in the cropland area during two time periods (between
the 1960-1970s and 1980-1990s, and also between the 1980-1990s and 2000s; r = 0.55 and
0.68, p <0.05 and < 0.1, n = 14 and 7, respectively; Table 2). This indicates that households
with older farmers were less likely to abandon their cropland.

4. Discussion
4.1. Cropland Abandonment and its Causative Factors

The extent of cropland in the study area has declined rapidly over the last 80 years,
but the rate of decline varied among the four blocks as a result of the varying geological
and demographic characteristics in this mountainous region of central Japan. The area
of cropland in Kosuge decreased by 76% during the study period (Figure 6), and this far
exceeds the rate of decline in farmland area across the whole of Japan of 28% over the period
1960-2019 [51]. The settlements of NG, with the oldest population, greatest depopulation,
and least accessible block, and HS, with the second oldest population, showed the highest
and second highest rates, respectively, of cropland abandonment (Figure 6a,b). In contrast,
NK, with the youngest population and the most accessible block, showed the lowest
rate of cropland abandonment (Figure 6d). The rapid abandonment of cropland in the
mountainous areas of Japan has also been reported in previous studies [9,10,52-54] and
has been attributed to broad, interrelated factors, such as increases in off-farm wages,
depopulation and ageing, subsistence farming, and poor natural conditions. An increase
in off-farm wages in the cities attracts young villagers to move away from agricultural
activities, leading to an absence of young successors and a resultant labour shortage
for agriculture. Subsistence farming is dominant in Japan because governments in post-
war Japan have nurtured small, part-time farmers, whereas non-farm capitals such as
general corporations have been denied access to cropland, unlike in most industrialised
countries [55]. Self-sufficient farming households that have few labourers, no young
successors, and are located on steep slopes are more likely to abandon their cropland [54].
The negative impacts of such causative factors of cropland abandonment are likely to be
amplified by lower accessibility and increasing average age, leading to the varying rates of
cropland abandonment seen among the blocks studied here.

The results indicated that, at both the parcel and household scale, geological and
demographic characteristics also significantly affect the rate of cropland abandonment. At
the parcel scale, cropland and grassland were more likely to be abandoned in inaccessible
areas, and regrowth forests and plantations became established in their place (Figure 8). In
addition, in accessible areas, village land use has increased, while the area of cropland has
been maintained from the 1940-1950s to the 2010s (Figure 8). It has also been reported that
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accessibility is a major determinant of cropland abandonment over various spatial scales
(e.g., [14]), although we note that studies of long-term land use change at the parcel scale
remain scarce. As a result of this accessibility-dependent pattern of land abandonment, we
found that a concentric land use pattern that changed from the residential centre to village
land use, then cropland and seminatural grassland, and to plantations and abandoned land
at the edge of the block in the 2010s. These spatiotemporal changes in differently valued
land areas are essentially consistent with the von Thiinen model-predicted land use pattern
(Figure 1d,e). These findings can be used to predict the direction of change in landscape
and identify areas that are at high risk of abandonment.

At the household scale, in NG, cropland on slopes that were not south facing was more
likely to be abandoned (Table 2). Farmers in Kosuge have selected south-facing slopes,
which receive more direct sunlight than north-facing slopes, for agriculture, especially
for konjac [36]. Such favourable environmental conditions result in higher land rent (via
lower production cost and higher yield of crops, enabling the production of konjac at a
high price), leading to less frequency of abandonment. In addition, households with older
farmers were less likely to abandon cropland (Table 2). This contrasts with the general
trend that households with a young successor are less likely to abandon cropland [54].
This may indicate that elder household heads retain a passion for traditional agriculture
even without a successor. However, cropland abandonment will occur quickly as soon
as the elder household heads retire. In contrast, the total cropland area owned by each
household did not correlate with the rate of cropland abandonment (Table 2). The total
cropland area per household may have two contrasting effects on its abandonment, i.e.,
if farmers own more farmland, they may simply abandon more farmland, or they may
abandon less farmland due to a higher dependency on farm income [53]. The lack of a
relationship between total cropland area and the abandonment rate in our study may be
caused by the balancing of these two contrasting effects.

4.2. Grassland Maintained by Traditional Agriculture

Traditional agriculture that uses a wild-plants-mulching system has continued in
Kosuge until the present day. We predicted that new grassland will develop just outside the
current cropland even during the ongoing process of agricultural abandonment (zone 2 in
Figure 1e) because the products from grassland (i.e., wild plants) are essential for traditional
mulching agriculture. As predicted, new grassland was established through the conversion
of cropland (Figure 7), while it was concomitantly abandoned in the more inaccessible
outermost fringe (Figure 8c,g). This is likely to indicate the ‘advance’ of grassland into
the residential centre, corresponding to the prediction shown in Figure le. As a result of
the gain and loss of grassland, the total area of grassland did not decrease as rapidly as
cropland (47% decline from the 1940-1950s to the 2010s; Figure 6). This contrasts with
previous studies [8,31] that reported that temperate grassland is declining more rapidly
than cropland in agricultural areas based on conventional agriculture. The reasons why
farmers in Kosuge continue to practise traditional mulching agriculture with grassland
management can be inferred from the following typical response of elderly farmers obtained
during the interviews: ‘food crops grown with wild-plant-derived organic fertilisers have
better taste and quality than those grown with chemical fertilisers. Although grassland
management is hard work, I don’t mind because I have been doing it since I was young’.

We found that there are two types of grassland; one is new, young grassland estab-
lished after the 1980-1990s, as mentioned above, and the other is old grassland that has
remained unchanged since at least 1940. Given that the temporal continuity of grasslands
increases plant diversity [21], old grassland may have higher biodiversity than younger
grassland. If these old grasslands show high levels of biodiversity, then they are classified
as ‘hotspot grasslands’ with a high conservation priority [21]. However, only 0-30% of the
present-day grassland is old, and each grassland parcel, including old grassland, is small in
area (180 & 166 m?), with few connections between them. Furthermore, old grassland tends
to be located in relatively inaccessible areas (zone 3), in contrast to the younger grassland
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located just outside the current cropland (zone 2), implying that the old grassland is more
labour intensive to manage and, therefore, more likely to be abandoned. To determine
whether old grassland is, in fact, hotspot grassland, we are currently working on examining
the land use legacy effects on the ecosystem functions of these grasslands by comparing
plant and insect diversity, plant functional traits, and soil carbon and other properties
between old and young grassland (Imai et al. unpublished). Given that the abandonment
of traditional agricultural lands, including grassland, is one of the major causes of biological
extinction in Japan [51], our results and fieldwork may provide better direction on where
conservation efforts should be concentrated.

5. Conclusions

One effective way to better manage and conserve ecosystem services in traditional
agricultural landscapes is to seek more sustainable and effective economic pathways to
conserve the landscape. Some economic policies, such as the direct payment for ecosys-
tem services to farmers in hilly and mountainous areas [53] and the promotion of crop-
land consolidation by strengthening community-based farming and by building farmland
banks [54,55], have been proposed and applied in some of Japan’s mountainous regions,
often showing their effectiveness in preventing agricultural abandonment. However, pre-
venting depopulation and the ageing of the workforce, which are major underlying driving
forces of agricultural abandonment, present significant difficulties [52]. Rural but less-
depopulated areas in southern Europe often manage to keep more residents by redirecting
their interest to tourism, trade, and other services [56]. Similarly, major tourism facilities in
Kosuge (Michinoeki, hot spring, and Forest Adventure, see Methods) are located around
the most accessible settlement of NK, and the settlement has shown the youngest pop-
ulation, increased number of households, and the slowest cropland abandonment. An
increasing off-farm income and employment based on tourism often promote cropland
abandonment [56]. However, our case indicates that increased tourism, related industries,
and services can promote the consumption, trade, and resultant production of unique
agricultural products in rural areas as long as topographically moderate.

Traditional agricultural landscapes based on wild-plants-mulching cultivation are
associated with many irreplaceable ecosystem services [32]. We report the unfortunate,
rapid decline of cropland and grassland in the landscape around the mountain village
of Kosuge and highlight the importance of geological and demographic factors with
respect to this abandonment. We also suggest that such abandonment patterns occur in a
predictable manner based on an economic theory [19], including the ‘advance” process of
grassland. Knowledge of this unique but predictable abandonment process can contribute
to identifying priority areas for conservation and improving land use management in the
frontiers of land abandonment.
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and (c,d,f) A. Okamoto. Figure S3. Change in demographics and land use in Kosuge, Yamanashi
Prefecture, Japan. (References in Text S1.) Figure S4. Maps used for spatial analysis of (a) NG, (b) HS,
(c) SR, and (d) NK. Upper panel: slope aspect, mid-high panel: slope angle, mid-low panel: the
nearest entrance points from the residential area to the block, and the centre of each parcel. Lower
panel: aerial photos taken by UAV. Text S1. References for Figure S3. References [57-61] are cited in
the supplementary materials.
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