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Comparison of old and new vegetation maps is an effective way to detect vegetation dynamics. Recent developments in computer technology have made it possible to accurately compare old paper vegetation maps with current digitized vegetation maps to reveal long-term vegetation dynamics. Recently, a 1:50,000 scale vegetation map of the Hakkoda Mountains in northern Japan, located in the ecotone of cool temperate and subalpine forests in northern Japan under an East Asian monsoon climate, from 1930 was discovered. We compared the 1930s vegetation map with the most recent 2010 vegetation map to test the following hypotheses: 1) the occurrence of upward expansion of the upper limit of cool-temperate deciduous forests, and 2) whether designation as a national park in 1936 would have reduced forestry and land use, expanded beech forests, and cool-temperate deciduous forests. To compare vegetation changes, 67 types of vegetation legends for the 1930 and 2010 maps were unified to 21 based on plant species composition. Consequently, vegetation has changed substantially over the past 80 years. 1) In the subalpine zone above 1,000 m, the coniferous forest area decreased by half. In the cool temperate zone below 1,000 m, the area of beech forests increased 1.48 times, and some of them could be shifted upwards, replacing subalpine fir forests in the lower part of the subalpine zone. 2) In areas below 700 m, deciduous oak forests once used as thickets were almost halved. Instead, climax and beech forests expanded. However, we also found that even after the area was declared a national park, oak forests were cleared and converted to commercial forests such as cedar plantations, cattle ranches, and horse pastures in some areas. These results will be useful for future ecosystem and biodiversity research/conservation and will provide baseline information for climate change adaptation policies.
Keywords: beech forest, climate change impact, cool temperate forest, deciduous oak forest, ecotone, forest underutilization, subarctic forest, vegetation monitoring
1 INTRODUCTION
Studies from permanent plots or resurveys of old plots improve our understanding of long-term vegetation dynamics and provide valuable information for ecosystem and biodiversity conservation, climate change adaptation, and historical natural resource use and management (Chytrý et al., 2019; Salinitro et al., 2019). Vegetation maps provide fundamental data for continuous environmental monitoring and are widely used in various disciplines such as ecology, environmental science, land use planning, biodiversity conservation, and natural resource management (Pedrotti, 2013). Comparing old and new vegetation maps is an effective way to detect vegetation dynamics spatially (Pedrotti, 2013). Recent developments in geographic information systems (GIS) and computer technology are improving the digitalization of old and analog paper maps (Pedrotti, 2013; Chytrý et al., 2019). Advances in these technologies have allowed vegetation scientists to easily and accurately compare old vegetation maps with current maps and identify vegetation dynamics over time.
Long-term vegetation monitoring and comparisons of vegetation maps have shown that climate change and land-use change (e.g., afforestation, cultivation, grazing, residential development, and long-term forest use) affect vegetation through direct or indirect impacts (Kapfer and Popova, 2019). Global land surface temperature has increased by an average of 1.59°C over the past century (IPCC, 2023), and vegetation has shifted poleward or upward in boreal, temperate, and tropical ecosystems since 1700 (e.g., Settele et al., 2014; Sittaro et al. 2017; Moret et al., 2019; Boisvert-Marsh et al., 2019; Parmesan et al., 2022). One-third of the world’s land area has undergone some form of land-use change in the last 60 years (Winkler et al., 2021). After World War II, there was a surge in demand for timber, which led to the clearing of natural forests in various regions, and the expansion of monospecific conifer plantations in Japan (Matsushita, 2015; Forestry Agency, Japan, 2019). Furthermore, the 1960s fuel revolution decreased the demand for firewood and charcoal, which led to the underutilization of formerly coppiced forests close to populated areas (Tsuji and Hoshino, 1992; Fujimura, 1994). Consequently, these secondary forests have transitioned to the final stage of old growth.
Despite this, little information is available on the long-term vegetation dynamics in mountainous areas over half a century by comparing old and new vegetation maps at the landscape scale (Kapfer et al., 2017). Since vegetation generally takes more than 100 years to return to its original natural state after land use is discontinued (Faliński, 2003), long-term monitoring is essential to detect these changes. Alternatively, if we had vegetation data from 100 years ago, we might have been able to compare it with current data to show the vegetation dynamics of the two periods, although continuous changes cannot be confirmed.
Recently, a 1:50,000 scale vegetation map and vegetation survey report of the Hakkoda Mountains, northern Honshu, Japan, was discovered at the Forestry and Forest Products Research Institute. It was believed that the Aomori Forestry Bureau’s Vegetation Survey Section created these materials in the 1930s (Figure 1; Niiyama et al., 2020; Shibata et al., 2023). Mt. Hakkoda is a heavy snowfall area with a maximum snow depth of approximately 3–5 m. In February 2013, a snow depth of 566 cm was recorded at Sukayu (890 m above sea level) on Mt. Hakkoda. This is the highest snow depth ever recorded in Japan since the start of measurements by the Japan Meteorological Agency’s Automated Meteorological Data Acquisition System (AMeDAS), which has been the country’s primary source of snow depth records since its inception (Tanaka et al., 2014). This area contains an ecotone between cool temperate deciduous broadleaf forests (mainly Fagus crenata forests) at lower elevations and subalpine evergreen coniferous forests (Abies mariesii forests) at higher elevations in the East Asian monsoon climate. Both species are endemic to Japan and are highly tolerant of climates with heavy snowfall. The distribution of forests on this mountain and the age of the vegetation map creates favorable conditions for detecting the effects of climate change on vegetation. In addition, since the area around Lake Towada, located south of the Hakkoda Mountains, has been inhabited for more than 300 years (Iwabuchi, 1999), it may be possible to detect the influence of the history of forest use in this area from 80 years ago to the present on the dynamics of vegetation. Mt. Hakkoda has been the focus of much attention as an important site for vegetation dynamics because the area is a unique region in the world, a volcanic island in East Asia with a heavy snowfall climate. In addition, as a large amount of pollen fossils have been found in the area, vegetation changes since the last glacial period have been revealed. As a site for monitoring vegetation changes due to recent climate change, it is also attracting attention (e.g., Tanaka et al., 2014; Tsuchihashi et al., 2023). Tanaka et al. (2014) found that the distribution of subalpine conifer forests has shifted to higher elevations in response to warming over a 30-year period. Tsuchihashi et al. (2023) resurveyed historical moorland plots in 2020, which were surveyed once in 1933, and observed a landscape-wide increase in the occurrence of woody species and non-moorland species despite potential resampling errors. By building upon previous research, our investigation will provide important insights into understanding long-term vegetation succession in the region.
[image: Figure 1]FIGURE 1 | The title page of the 1930 vegetation survey report for the Hakkoda Mountains prepared by the then Vegetation Survey Section of the Aomori Forestry Bureau (A) and the 1:50,000 vegetation map of the study site (B). The report was handwritten and no printed or published material was found.
In this study, we compared an old vegetation map with a current vegetation map (Biodiversity Center of Japan, 2010) to elucidate vegetation dynamics over the past 80 years in the area and characterize these changes. Therefore, we formulated the following hypotheses: 1) We hypothesized that the upper limit of cool temperate deciduous forests would expand upward owing to climate change. Tanaka et al. (2014) reported that the distribution of fir forests has shifted to higher elevations owing to warming over a period of approximately 30 years. If this is the case, the vegetation map comparison in this study would yield similar results. Although northward range expansions of cool-temperate beech (F. crenata) forests at their northern range limit have been reported (Kitamura et al., 2015; Aiba et al., 2022), an upward shift has not been reported to our knowledge. 2) The lack of regular forest use, such as logging or coppicing for fuelwood and charcoal, particularly in the vicinity of human settlements, was our hypothesized cause of some of the vegetation change in the area. In Japan, the energy revolution in the 1960s led to the reduced use of coppice forests, and the transition from coppice to climax forests occurred. Moreover, human activities would have been regulated, and natural vegetation would have expanded because the study area was designated as Towada National Park in 1936. Most of the area changed from deciduous oak forests to beech forests. There was no increase in the number of plantations.
2 MATERIALS AND METHODS
2.1 Study area
The Hakkoda Mountains, the study area, are now registered as part of the Towada-Hachimantai National Park (Figure 2). This national park covers the Aomori, Iwate, and Akita prefectures and includes Lake Towada and the Hakkoda Mountains in the Aomori Prefecture (Ministry of the Environment, Japan: https://www.env.go.jp/park/towada/intro/index.html). The study area includes the Towada-Hakkoda region, which was formerly designated Towada National Park in 1936. More than ten peaks, with Mt. Odake (1,585 m) at its core, form the Mt. Hakkoda range, including Mt. Akakura (1,548 m) and Mt. Takada-Odake (1,552 m) (Miyawaki, 1987). Many wetland communities have developed on the slopes of the Hakkoda Mountains (Figure 3). Lake Towada (400 m above sea level) is the largest crater lake in Honshu, Japan (Figure 2). The Oirase River, which features numerous rapids, waterfalls, and a picturesque gorge, is the only river that drains the lake. This creates a picturesque combination of forests, wetlands, lakes, and rivers within the national park.
[image: Figure 2]FIGURE 2 | Location of the study area (A) and topography of the study area (B).
[image: Figure 3]FIGURE 3 | Views of the Hakkoda Mountains. (A) subalpine fir (Abies mariesii) forest; (B) sasa (Sasa kurilensis) grassland; (C) wetland and subalpine forest; and (D) regenerating beech (Fagus crenata) forest.
The region from approximately 1,000 m to the ridge is subalpine, with evergreen coniferous forests composed mainly of fir (A. mariesii). The nomenclature of the subalpine forests in this zone is confusing, and they are sometimes referred to as subarctic, subfrigid, or subboreal forests. They are referred to as subalpine forests because they best reflect their distribution in Japan (Sasse, 1998). In addition, alpine scrub communities grow in areas with strong winds and heavy snowfall and are dominated by Sorbus commixta, Acer tschonoskii, dwarf bamboo (mainly Sasa kurilensis). In contrast, cool-temperate deciduous broad-leaved forests dominated by beech (F. crenata) and oak (Quercus crispula var. crispula) developed below 1,000 m. Horse chestnuts (Aesculus turbinate), Pterocarya rhoifolia, and Cercidiphyllum japonicum are the main species found in the riparian forests that cover the valley’s sides.
The study area has an East Asian monsoon climate. The mean (1991–2020) annual temperature at Sukayu Hot spring Resort (890 m above sea level), located halfway up Mt. Odake, is 5.2°C (minimum −7.5°C in January, maximum 18.4°C in August), with annual precipitation of 1,832 mm and a maximum snow depth in January of 454 cm (Japan Meteorological Agency, 2023).
2.2 Digitization of vegetation map
The vegetation legends of a 1930 paper vegetation map were created based on the results of 412 survey sites. The legends in the map were mapped onto topographic maps at a scale of 1:50,000 based on vegetation units defined by physiognomy, which is defined by the dominant tree species and plants growing in the forest. We accurately scanned a 1930 paper vegetation map at 600 dpi, georeferenced it with latitudinal and longitudinal coordinates, and converted it into an ESRI shapefile format that can be read in GIS (Supplementary Figure S1). After scanning, all vegetation legends were accurately traced and polygonized to determine the area of each polygon. The map was projected using the UTM 54 coordinate system. Next, a 1:25,000 scale vegetation map was obtained from the Biodiversity Center of Japan (2010), and the same study area as the 1930 vegetation map was established. This made it possible to overlay old and new vegetation maps in GIS and detect changes in vegetation and land use over the past 80 years in the Hakkoda Mountains. Analyses were performed using R 4.1.2 software (R Core Team, 2021) using the raster sf package. The 1930 vegetation map in shapefile format was converted to 10 m grid cell data using a Digital Elevation Model based on Fundamental Geospatial Data (FGD) provided by GSI. The total number of grid cells for each vegetation type was used to calculate the area.
2.3 Unification of the vegetation legend
To compare vegetation changes, it was necessary to unify the legends of the 1930 and 2010 vegetation maps. This was because the authors of the old vegetation map used a different vegetation classification from that used in the current vegetation map (Supplementary Table S1). Therefore, we compared the legend of the 1930 vegetation map with that of the 2010 vegetation map and integrated them. We referred to the species composition of each legend in the report created by the Vegetation Survey Section of the Aomori Forestry Bureau in the 1930s (Supplementary Table S2) and the phytosociological study of Miyawaki (1987) when integrating the legends, taking into account not only the names of plant communities indicated by each legend, but also the types and composition of plant species in each legend. The Vegetation Survey Section of the Aomori Forestry Bureau presented a comprehensive report in the 1930s describing various vegetation types in the area. The report included information on the composition and distribution of major plant species (Shibata et al., 2023). Miyawaki (1987) described the vegetation type and species composition for the entire Tohoku region, and the legends are also used in a 1:25,000 vegetation map published in 2010 (Biodiversity Center of Japan, 2010).
2.4 Analysis of vegetation change
After converting the old and new vegetation maps into polygon data and integrating the legends, an overlay of the maps enabled the detection of changes in vegetation from the past to the present. This study identified the location and extent of (1) areas of vegetation change and (2) areas of no change. The nomenclature followed that of Yonekura and Kajita (2003).
3 RESULTS
3.1 Overview of the vegetation in 1930 and 2010
After comparing the 1930 vegetation map of the study area with that of 2010, the vegetation was classified into 21 types (Table 1; Figures 4–6). Based on the area calculations for each integrated legend in GIS, the top five occupied areas in 1930 were deciduous oak forests (27.37%, represented by Q. crispula var. crispula), beech forest (26.03%, F. crenata), subalpine fir forest (16.86%, A. mariesii), riparian forest (11.06%, A. turbinate and Pterocarya rhoifolia), and birch forest (0.91%, Betula ermanii). These five vegetation types account for 82.23% of the study area.
TABLE 1 | Occupied area (km2) of the vegetation and its percentage (%) for the period (1930, 2010) in the Hakkoda Mountains.
[image: Table 1][image: Figure 4]FIGURE 4 | Vegetation map based on 21 uniform legends of the Hakkoda Mountains [(A) 1930; (B) 2010]. See Table 1 or Supplementary Table S1 for legend details.
[image: Figure 5]FIGURE 5 | Changes in the percentage of area covered by vegetation in the Hakkoda Mountains based on 21 unified legends (left: 1930, right: 2010). See Table 1 for legend details.
[image: Figure 6]FIGURE 6 | Elevation range for each of the 21 vegetation types in 1930 (gray) and 2010 (white). See Table 1 for legend details. Boxes for elevation range are shown with median, fifth, 25th, 75th, and 95th percentiles.
According to a 1:25,000 vegetation map published in 2010 (Biodiversity Center of Japan, 2010), of the 21 vegetation types, the top five occupied areas were beech forests (38.60%), deciduous oak forests (15.52%), subalpine fir forests (7.79%), plantation forests (7.45%, Cryptomeria japonica), and Sasa grassland (5.32%, S. kurilensis). These five vegetation types account for 74.68% of the study area. The results of past and current vegetation maps may differ for other types of vegetation with smaller areas because the former may have been created exclusively through field surveys, which would have limited the spatial resolution of those maps. Therefore, the following section focuses primarily on vegetation types with large areas.
3.2 Vegetation changes between 1930 and 2010
The above results were summarized and compared with the increases and decreases in each community, and the following trends in the ratio of increase were observed (Table 1 and Supplementary Table S3): The increased vegetation types in the last 80 years were as follows: beech forest (1.48-fold), plantation forest (nil to 7.45%), Sasa grassland (13.91-fold), birch forest (2.02-fold), pasture land (nil to 1.81%), and pioneer shrubs (Alnus spp. and Pinus spp., 5.34-fold). In contrast, the following vegetation types decreased: deciduous oak forest (0.57-fold), subalpine fir forest (0.46-fold), riparian forest (0.33-fold), natural grassland (0.84-fold), and alpine bog (0.79-fold).
3.3 Characteristic changes in vegetation
In the subalpine zone above 1,000 m, the area of subalpine fir forest decreased considerably (Figure 4; Table 1). In the lower elevation zone, beech forest increased (Figure 7B), whereas Sasa grassland increased in the middle and upper zones of the subalpine fir forest (Figure 7C).
[image: Figure 7]FIGURE 7 | Comparison of elevation zones where vegetation change was detected (box-and-whisker plot). (A) elevation zone that remained unchanged as subalpine fir forest (SuF), (B) elevation zone that changed from subalpine fir forest to beech forest (BeF), (C) elevation zone that changed from subalpine fir forest to dwarf bamboo, Sasa grassland (SaG). See Table 1 for legend details.
In the cool temperate zone (below 600 m), the deciduous oak forest area decreased by almost half in 2010 (Table 1). Around Lake Towada, the deciduous oak forest changed to the beech forest, and in the northeastern plains of the study area, plantation forest and pastureland increased after the decline of the deciduous oak forest (Figures 4–6).
Riparian forests are communities that develop mainly along streams in cool, temperate climates. The study area covers a broad range, from stream banks to flats on river terraces in the Kise River Basin at relatively low elevations. However, large proportions have been converted to beech forests, deciduous oak forests, or plantation forests.
Plantation forests primarily replaced deciduous oak, riparian, and beech forests in terms of land use change. The majority of deciduous oak was converted to pastureland.
4 DISCUSSION
In this study, a comparison of vegetation maps from 1930 to 2010 in the Hakkoda Mountains of northern Japan revealed long-term changes in vegetation. The 2010 vegetation map was more accurate than its 1930 counterpart despite differences in the resolution of the original map and the number of legends. Nevertheless, the necessary information was available to test our hypotheses.
4.1 Upward range shift of vegetation at the ecotone between cool temperate and subalpine forests
Our study suggests that the upward shift of the beech forest was characterized by an upper limit adjacent to the subalpine fir forest (Figures 4, 7). A possible reason for this is current climate change. The average temperature in Aomori City was 9.4°C in 1930, while it was 11.1°C in 2010: an increase of 1.7°C (Japan Meteorological Agency, 2023). If the rate of temperature increases of 1.7°C is converted to an altitude change using a lapse rate of 0.56°C/100 m, the altitude change is about 300 m. Beech (F. crenata) forms a zonal forest, and its nationwide distribution is mainly controlled by climate (Matsui et al., 2004). It can be assumed that the upper range limit of beech forests has shifted upwards over the last 80 years, competing with subalpine fir forests. Tanaka et al. (2014) examined aerial photographs taken over 30 years from 1967 to 2003 in the Hakkoda Mountains, reported a decrease in A. mariesii population density at the lower range limit of 1,000 m or less, and discussed the effects of climate change. Our results showed that beech forests increased in areas of subalpine fir forest decline below 1,000 m (Figure 6). One may speculate that such an upward shift in beech may be due to past logging of A. mariesii trees for timber. However, A. mariesii has not been considered suitable for timber production since the Edo era of the 17th century (Iwabuchi, 1999). In addition, no cut tree stumps were observed during our field observations in July 2021 and July and August 2022.
Alternatively, insect attacks could be the reason for the decrease in A. mariesii abundance. For example, the mass mortality of subalpine fir by the bark beetle (Polygraphus proximus Blandford) is possible (Chiba et al., 2020). The bark beetle is also distributed in the Hakkoda Mountains and flies when temperatures are above 15°C (Masuya, 2018; Chiba et al., 2020). Climate change may have increased the number of days with temperatures above 15°C, leading to increased insect activity. Considering the evidence discussed above, our first working hypothesis, “The upper limit of the cool temperate deciduous forest is expanding upward due to climate change” was likely supported.
However, the 1930s vegetation map may have missed the smaller patches of beech forest in the lower subalpine zone because the map was based only on a field vegetation survey, and the spatial resolution may have been coarser than the 2010 map. We were not able to determine the exact extent of small patches of beech forest at that time because no data showing the vegetation distribution and areas at that time were available other than the 1930s vegetation map shown in this study. Therefore, we conclude that future long-term observations are needed to fully demonstrate the replacement of subalpine fir forests by temperate beech forests.
4.2 Vegetation dynamics due to forest underutilization
In the vicinity of the villages around Lake Towada, at an elevation of less than 700 m, we found that oak forests, which have a high regeneration capacity due to the frequent use of firewood or charcoal by coppicing, were mainly converted to beech forests, which have a low regeneration capacity by coppicing (Tanimoto, 1993; Yagihashi et al., 2003). These vegetation dynamics were mainly due to vegetation succession caused by the cessation of traditional forest use for firewood and charcoal. These villages have been established around the lake for many centuries (Iwabuchi, 1999), and it is likely that the relatively open coppice forests dominated by oaks were maintained by regular felling or coppicing. Furthermore, grazing was practiced at the time (Yoshii et al., 1940a; Yoshii et al., 1940b; Iwabuchi, 1999). Grazing has often been reported to create gaps in high Sasa bamboo stands and promote beech regeneration (Nakashizuka and Numata, 1982; Ohchi et al., 2009). However, the designation of Hakkoda as Towada National Park in 1936 and the energy revolution after World War II reduced grazing and demand for firewood and charcoal. As a result, the forest type has changed to tall, closed forests dominated by beech, which is more shade-tolerant than oak and is potentially a climax species in the region (Matsui et al., 2018). Furthermore, disturbances resulting in the replacement of stands may have allowed even-aged beech forests to regenerate following clear-cutting. Therefore, we suggest that the proposed second hypothesis, “Designation as a national park in 1936 led to reduced forestry and land use and expanded beech forests,” was likely supported. A similar vegetation change after the abandonment of coppicing has been reported in the Czech Republic and Eastern Europe, where the former deciduous oak-hornbeam forest was changed to lime, ash, and maple forests (Müllerová et al., 2015).
However, some parts of the study area experienced changes in land use, despite the fact that the area is within the national park. Typical examples are the Kise River basin in the central part of the study area and the Tashiro area in the northeastern part of the study area, which is close to the center of Aomori City (Figures 2, 4). The Kise River Basin, which in 1930 was primarily covered by oak, beech, and riparian forests, was home to the majority of sugi cedar (Cryptomeria japonica) plantation forests (Figure 4A). The Kise River Basin is easily accessible from villages in the Yakeyama area at the confluence of the river. According to a 1:50,000 topographic map published by the Land Survey Department of the Dai Nippon Empire (1935), a forest horse railroad was established along the Kise River from Yakeyama at an elevation of 300 m above sea level, extending from 600 to 630 m above sea level to the southern slope of Mt. Norikuradake (1,449 m) in the southern part of the Hakkoda Mountains. River terraces in this area have been largely converted from natural forests to Sugi cedar plantations for economic purposes. In particular, regarding the riparian forests in the Kise River basin, it is believed that the narrow parts of the riparian forests along the Oirase River, which have been of great tourist value since ancient times, have remained untouched and are preserved to this day. However, the area around Tashirotai in the northeast of the study area is flat and easily accessible from Aomori City. Therefore, the demand for land use and development would have been high. As a result, many oak forests in the area were cleared and converted into pastures or Sugi cedar plantations. The study area has historically been a horse and cattle production area (Iwabuchi, 1999). It is thought that the goal of protecting and promoting local industry must have been behind the permission to convert the land from natural forest to pasture, even within the national park.
5 CONCLUSION
In this study, long-term vegetation changes over a period of approximately 80 years were quantitatively detected by digitizing a historical vegetation map, which contained analog data. In the upper part of the mountains, there has been an increase in the distribution of beech forests and a decrease in the distribution of coniferous forests, probably due to global warming. In lowland forests, there has been a shift from coppice forests for firewood and charcoal to beech forests, which are potential natural vegetation sources, probably due to a decrease in the frequency of human use. Various ecological studies have been conducted in the Hakkoda Mountains. Therefore, it is expected that the results of this study will be used by various researchers as important basic data, not only for understanding past vegetation changes and ecosystem conservation but also for climate change adaptation policies for the future.
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