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Abstract 

In scenario studies of biodiversity and ecosystem services, the population distribution 

is one of the key driving forces. In this study, we developed a coupling method for 

narrative scenarios and spatially explicit residential and working population designs 

for all of Japan as a common data set for ecosystem scenario analysis implemented by 

5-year project entitled “Predicting and Assessing Natural Capital and Ecosystem 

Services (PANCES)”. Four narrative scenarios were proposed by the PANCES project 

by using two axes as major uncertainties: the population distribution and the capital 

preference. The residential population and the working population in primary 

industries were calculated using a gravity-based allocation algorithm in a manner 

consistent with the storylines of the PANCES scenarios. By using the population 

distribution assumption by scenario, the population was overlaid with the natural 

capital and the supply potential of ecosystem services. The results supported to 

understand the gaps between natural capital and maintainability, the potential of 

ecosystem services and realizability. The spatially explicit population distribution data 

products are expected to help design the nature conservation strategy and 

governance option in terms of both social system and ecological system. 

 

keywords: ecosystem services, natural capital, scenario analysis, population 

distribution, spatially explicit 
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Introduction 

Population is one of the most important indirect drivers of change that ultimately 

cause environmental change through shaping direct drivers such as land use change 

and agricultural expansion (e.g. IPCC 2000; MA 2005a), thereby playing important 

roles in exploring possible impacts on the environmental futures caused by alternative 

development trajectories. While existing global scale scenarios such as IPCC-SRES 

and Shared Socioeconomic Pathways (SSP) develops and distribute their population 

data for the use by wider audience, the spatial resolution of the such data is too often 

coarse and thus needs to be downscaled to an appropriate spatial scale for regional 

and local assessments (IPBES 2016). Also, assumptions embedded in global scenarios 

in the form of storylines do not necessarily capture local realities and uncertainties. 

This is one of the central reasons why the Millennium Ecosystem Assessment (MA) 

conducted Sub-Regional Assessments around the world at different spatial scales to 

better capture local conditions while hearing voices of local stakeholders (MA 2005b). 

Similarly, European countries developed their own scenarios to meet local policy 

needs such as land use and agricultural policy (Westhoek et al. 2006; Volkery et al. 

2008). 

Against this background, we are conducting a joint development project 

called “PANCES (Predicting and Assessing Natural Capital and Ecosystem Services)” 

to forecast the prospects of changing Japanese ecosystems under climate change, the 

fate of Japanese natural resources, and the transformation of Japanese social 

wellbeing (PANCES 2016). In this project, the entire system including natural 

ecosystems and social ecosystems are viewed as “Socio-Ecological Systems” and an 

integrated simulation model is being developed to project future scenarios for Japan. 

Japanese socio-ecological systems are now thought to face four types of crises (MOE 

2012): the degradation of natural ecosystems due to human overuse, the decline in 

the quality of natural ecosystems caused by the underuse of Satoyama (Takeuchi et al. 

2006), the disturbance by invasive species, and the transformation of natural 

ecosystems evoked by global environment change. 

Of these four crises, the Japan Biodiversity Outlook warned that impacts of 

underuse (the second crisis) and global environmental change (the fourth crisis) on 

biodiversity and ecosystem services will increase in Japan into the future (JBO 2010). 

The main mission of the PANCES project is to better forecast these impacts, 

incorporating indirect driving forces such as low economic growth, population decline, 
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and climate change on social wellbeing, and to backcast effective governance options 

proactively. The design of future scenarios and the development of simulation models 

are keys to quantitatively projecting and visualizing plausible futures. Figure 1 shows 

all the components of the integrated simulation system of socio-ecological systems in 

Japan under development (PANCES 2016). The module configuration consists of five 

modules (from the left side of Fig. 1): 

(i) describing future scenarios and parameterizing the direct and indirect 

driving forces that impact socio-ecological systems; 

(ii) developing the basic framework (demography, industry, land use, and 

natural capital) that respond to the indirect driving forces; 

(iii) modeling the dynamics of the terrestrial and ocean ecosystems and 

developing logics to quantify the flow of ecosystem services under 

direct driving forces, 

(iv) establishing a quantitative evaluation framework of the economic value 

of natural capital and ecosystem services and social wellbeing; and 

(v) designing governance structures and policy intervention options for all 

Japanese socio-ecological systems. 

Especially for (ii), it has been pointed out that indirect drivers, such as population size, 

distribution, and age structure, exert significant anthropomorphic pressure on the 

environment, such as biodiversity and ecosystem (IPBES 2016). In the field of climate 

change research, the development of spatially explicit population projection is 

progressing. Grübler et al. (2007) reported spatially explicit scenario interpretations 

for population and economic activity for the time period of 1990–2100 based on 

scenarios from the IPCC Special Report on Emissions Scenarios (SRES). The finest 

spatial resolution in this study was 0.5° × 0.5°. Using the downscaled indirect drivers, 

Kindermann et al. (2008) estimated the forest-cover change. Jones and O'Neill (2013) 

presented spatially explicit 100-year projections for the continental United States 

consistent with two different SRES scenarios. Jones and O'Neill (2016) presented a 

new set of globally and spatially explicit population scenarios, as did Jones and O'Neill 

(2013), that are consistent with the new Shared Socioeconomic Pathways (SSPs) 

developed to facilitate global change research. Jones and O'Neill (2016) demonstrated 
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vulnerable populations existing in low-elevation coastal zones under alternative 

scenarios. And recently, Reimann et al. (2018) interpreted global SSP scenarios in 

local scenarios in the specific context of the Mediterranean region and estimated the 

plausible population distribution by region under different scenarios. 

Developing region-specific scenarios and interpreting qualitative storylines 

for quantitative population distributions consistent with these scenarios is important 

not only in the field of climate change but also for biodiversity and ecosystem services 

studies. For example, Thorn et al. (2017) developed spatially explicit future scenarios 

for land cover, population density, and impervious cover in New Hampshire for the 

period of 2020–2100. This population projection made it possible to evaluate 

environmental indicators such as agricultural cover (agricultural land available per 

capita), water shortfalls (population duration of water supply stress), and flood risk 

(population duration of potential flood impact) (Samal et al. 2017). 

In this paper, we developed a coupling method for (i) narrative scenarios and 

(ii) spatially explicit residential and working population distributions. In the next 

section, we introduce the Japanese population projection that is the basis of our 

development of population assumptions. In the methods section, the design 

processes of the residential and working population assumptions are presented. In 

the results section, we show the results of the population distributions and sample 

analyses using the quantitative data of the population assumptions. Finally, the 

discussion section includes conclusions, caveats, and directions for future work. 

 

 

Methods 

 

Outline of the population in 2010 and the BaU projection in 2050 

Figure 2 shows the observed residential population distribution in 2010 (Fig. 2a) and 

the residential population distribution in 2050 (Fig. 2b) estimated by MLIT (2014a). 

This forecasting was estimated in grid cells with a 1-km2 grid resolution using the 

cohort component method conducted by NIPSSR (2014). This estimation was based 

on the assumption of a middle level future birth rate. In the designing process of 

population assumptions, the residential population in 2050 projected by MLIT (2014a) 
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was selected as the BaU (Business as Usual) projection. As a baseline trend, Japan is 

a highly aging society with fewer children (CAO 2016; Muramatsu and Akiyama 2011). 

The population is expected to decrease from 128 million in 2010 to 97 million in 2050. 

According to the shrinking population, the inhabited areas will decrease from 180,219 

km2 to 145,516 km2, which means that, according to the BaU projection, the 

residential population will disappear from 20% of the current living area over 40 years 

(the yellow grids in Fig. 2b). This severe depopulation will cause large impacts on the 

management of Japanese natural ecosystems. 

Figure 3 shows the working population distribution in 2010 according to SBJ 

(2010) and ZGI (2018). The working population in 2010 is 63 million. However, the 

proportion of aged population (over 65 years old) will be more than 40% of the 

residential population and the proportion of the working population (15–64 years old) 

will decline to 50% in 2050 (NIPSSR 2014). The working population decline will also 

affect the labor forces of primary industries such as agriculture, forestry, and fishery. 

The proportion of the working population in primary industries in Japan against the 

total workers was 33.9% in 1953. However the decrease was continuing exponentially 

and the proportion was 3.4% in 2017. And the proportion of aged population (over 65 

years old) in primary industries was 11.9% in 1968 and dramatically increased to 

49.3% in 2017 (MIAC 2018). Japan is expected to enter a serious situation of 

underusing nature. The decline in the working population and worker aging will 

significantly affect the fate and the sustainability of both the Japanese society and its 

ecosystems. 

 

Population assumptions development 

Based on the residential population in 2010 and the BaU projection, four alternative 

population distribution assumptions were designed in this study consistent with the 

storylines of the PANCES scenarios. The PANCES project developed future scenarios 

for all of Japan to the 2050 time horizon (Saito et al. 2018). The future scenarios were 

designed based on the scenario axis method (van’t Klooster and van Asselt 2006) 

extending the future scenarios developed in the Japan Satoyama Satoumi 

Assessment (JSSA 2010) more systematically and quantitatively. In the scenario 
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developing process, an intensive expert workshop to extract the candidates of driving 

forces and two repeated surveys asked a hundred experts and policy makers to judge 

the likelihood and impact of these drivers based on the manner of Delphi method 

(Dalkey and Helmer 1963). The direct and indirect drivers affecting the natural capital 

and ecosystem services in the 2050 future Japanese society were identified in the 

expert workshop, and the impact and likelihood level of the driving forces were 

evaluated via web surveys. As a result of a consistency check test, “low economic 

growth” and “population decline”, which were evaluated as high impact and high 

consensus of likelihood, were set as the baseline-trends. And two axes, which were 

high impact but low consensus of likelihood, were extracted as major uncertainties in 

the future society: the population distribution (urban compactification or dispersed 

population) and the capital preference (natural capital basis or produced capital basis). 

For the first axis, an urban compactification society promotes compact cities and 

rewilding/greening of underutilized land, while in a dispersed population society, rural 

communities will be maintained and people live in harmony with nature. For the 

second axis, the natural capital basis type promotes ecosystem-based infrastructure 

development, disaster risk reduction, land management, and ecotourism, while the 

produced capital basis type relies more on conventional man-made infrastructure and 

technologies. Detailed information is available in Saito et al. (2018). 

 

Residential population distribution assumption 

Two types of residential population assumptions were developed by reallocating the 

residential population distribution in the BaU projection based on the storylines of the 

PANCES scenarios. According to the BaU projection, the total population in Japan in 

2050 was assumed to be 97 million. Population decline was set as the baseline trend 

and precondition, so the uncertainty of population distribution and capital preference 

was assumed as dependent drivers and not to affect the total population. Therefore, 

in all scenarios, the total population size was same but the population distributions 

were different in response to the storylines of whether Japanese society heads in the 

urban compactification or dispersed population directions (abbreviated as Cmp and 

Dsp, respectively). In the allocation calculation process, a simple gravity-based 
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algorithm was employed in this study. Gravity models can easily expand or alter 

parameters to generate population distribution assumptions in exploratory research 

(Tamura and Masuda 2017; Jones and O'Neill 2013); therefore, this will be the basis 

for additional analyses to further investigate scenarios. The details are shown below. 

In the Cmp scenario, people are assumed to abandon rural areas and move to 

the centers of cities. Therefore, to express urban compactification, the number of zero 

residential population grid cells in 2050 was set to double that of the BaU projection in 

the Cmp scenario. First, the grid cell with the highest residential population density 

was selected as the center of a city and then the Euclidean distances between the city 

center and all the grid cells were calculated. Second, the population was assumed to 

move from the low population density areas far from the city centers to the dense 

urban areas. In the BaU projection, 34,703 km2 were estimated to be vacant in 2050; 

therefore, an additional 34,703 grid cells were selected as additional vacant areas in 

the Cmp society using the following optimization calculation. Note that the reallocated 

population was confined within each prefecture. The objective function to decide the 

zero residential population grid cells is 

min∑
𝐶𝑖𝑗∙𝑝𝑜𝑝2050𝑏𝑎𝑢𝑖𝑗

(𝑑𝑠𝑡𝑖𝑗+1)

𝑁𝑗

𝑖=1
; for 𝑗 = 1, 2, … , 𝑁𝑝𝑟𝑒𝑓,    (eq. 1) 

which is subject to 

𝑁𝑐𝑚𝑝𝑗 = 𝛽𝑝 ∙ 𝑁𝑏𝑎𝑢𝑗,       (eq. 2) 

∑ 𝐶𝑖𝑗 =
𝑁𝑗

𝑖
𝑁𝑐𝑚𝑝𝑗; for𝑗 = 1, 2, … , 𝑁𝑝𝑟𝑒𝑓,    (eq. 3) 

where 𝐶𝑖𝑗 is the binary design variable of whether the residential population in the 

grid cell i in the prefecture j in 2050 will be zero or not (1: zero , 0: non-zero), 𝑁𝑗 is 

the total number of grid cells in the prefecture j, 𝑝𝑜𝑝2050𝑏𝑎𝑢𝑖𝑗  is the residential 

population in the grid cell i in the prefecture j in 2050 of the BaU projection, 𝑑𝑠𝑡𝑖𝑗 is 

the distance from the grid cell i to the city center in the prefecture j, 𝑁𝑝𝑟𝑒𝑓 is the total 

number of prefectures in Japan, 𝑁𝑏𝑎𝑢𝑗 and 𝑁𝑐𝑚𝑝𝑗 denote the numbers of grid cells 

where the residential population will be zero in the prefecture j in 2050 of the BaU 
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projection and the Cmp scenario, respectively, and 𝛽𝑝 is the urban compactification 

parameter to determine the residential population distribution in scenario p (𝛽𝑝 >

1: 𝑐𝑜𝑚𝑝𝑎𝑐𝑡𝑖𝑓𝑖𝑒𝑑, 0 ≤ 𝛽𝑠 ≤ 1: 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒𝑑). 𝛽𝑝 was set to two in the Cmp scenario in this 

study. After 𝐶𝑖𝑗  was decided via the optimization calculation, the residential 

population of grid cell i in the prefecture j (𝐶𝑖𝑗 = 1) in the Cmp scenario (𝑝𝑜𝑝2050𝑐𝑚𝑝𝑖𝑗) 

was allocated to the grid cells (𝐶𝑖𝑗 = 0) via the following equation: 

if 𝐶𝑖𝑗 = 1 then𝑝𝑜𝑝2050𝑐𝑚𝑝𝑖𝑗 = 0, 

else if 𝐶𝑖𝑗 = 0then 𝑝𝑜𝑝2050𝑐𝑚𝑝𝑖𝑗 = 𝑝𝑜𝑝2050𝑏𝑎𝑢𝑖𝑗 + ∆𝑝𝑜𝑝𝑖𝑗;  

for𝑖 = 1, 2, … , 𝑁𝑗 and𝑗 = 1, 2, … , 𝑁𝑝𝑟𝑒𝑓,    (eq. 4) 

where ∆𝑝𝑜𝑝𝑖𝑗 is the increased/decreased residential population in the grid cell i in the 

prefecture j calculated by 

∆𝑝𝑜𝑝𝑖𝑗 =
𝑝𝑜𝑝2050𝑏𝑎𝑢𝑖𝑗

∑ 𝑝𝑜𝑝2050𝑏𝑎𝑢𝑖𝑗
𝑁𝑗
𝑖=1

∙ ∑ 𝐶𝑖𝑗 ∙ 𝑝𝑜𝑝2050𝑏𝑎𝑢𝑖𝑗
𝑁𝑗

𝑖=1
.   (eq. 5) 

In the Dsp scenario, the local people are assumed to remain in the rural area 

to manage natural areas that are familiar to them. A total of 34,703 km2 would be 

vacant from 2010 to 2050 in the BaU projection; however, it was assumed that this 

vacancy would not occur in the Dsp scenario. The residential population in 2010 was 

preserved by means of people moving from the cities to the rural areas. It was 

assumed that the areas that are far from the city center but easy to live in would be 

preferentially preserved. Therefore, the grid cells that had high population density in 

2010 despite being far from a city center were selected as preserved areas by Eq. (6). 

The objective function to select the grid cells where the residential population were 

preserved at the 2010 level in 2050 is 

max∑ 𝐶𝑖𝑗 ∙ 𝑝𝑜𝑝2010𝑖𝑗 ∙ 𝑑𝑠𝑡𝑖𝑗
𝑁𝑗

𝑖=1
 for 𝑗 = 1, 2, … , 𝑁𝑝𝑟𝑒𝑓,    (eq. 6) 

which is subject to 

𝑁𝑑𝑠𝑝𝑗 = 𝛽𝑝 ∙ 𝑁𝑏𝑎𝑢𝑗,      (eq. 7) 
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∑ 𝐶𝑖𝑗 =
𝑁𝑗

𝑖
𝑁𝑑𝑠𝑝𝑗 for𝑗 = 1, 2, … , 𝑁𝑝𝑟𝑒𝑓,     (eq. 8) 

where 𝐶𝑖𝑗 is the binary design valuable (1: preserved, 0: not preserved), 𝑝𝑜𝑝2010𝑖𝑗 is 

the residential population in the grid cell i in the prefecture j, 𝑁𝑑𝑠𝑝𝑗 is the number of 

grid cells where the residential population is preserved at the 2010 level in the 

prefecture j in 2050, and 𝛽𝑝 is the same parameter as in Eq. (2). 𝛽𝑝 was set to one in 

this study. 𝑑𝑠𝑡𝑖𝑗, 𝑁𝑗 , and 𝑁𝑏𝑎𝑢𝑗 have the same definitions as in the Cmp scenario 

above. After the values of 𝐶𝑖𝑗 were decided, the residential population of the grid cell 

i in the prefecture j in the Dsp scenario (𝑝𝑜𝑝2050𝑑𝑠𝑝𝑖𝑗) was reallocated using the 

following equation: 

if 𝐶𝑖𝑗 = 1then𝑝𝑜𝑝2050𝑑𝑠𝑝𝑖𝑗 =𝑝𝑜𝑝2010𝑖𝑗,  

else if 𝐶𝑖𝑗 = 0then 𝑝𝑜𝑝2050𝑑𝑠𝑝𝑖𝑗 = 𝑝𝑜𝑝2050𝑏𝑎𝑢𝑖𝑗 − ∆𝑝𝑜𝑝𝑖𝑗; 

for𝑖 = 1, 2, … , 𝑁𝑗 and 𝑗 = 1, 2, … , 𝑁𝑝𝑟𝑒𝑓,    (eq. 9) 

where ∆𝑝𝑜𝑝𝑖𝑗 is the same as in Eq. (5). 

 

Working population distribution assumption 

It is very important to divide the service potential and the realized services and to 

identify the demand and supply structure (Jones et al. 2016). The residential 

population distribution is the basic proxy to arise the demand of ecosystem services. 

Conversely, the working population in primary industries is absolutely necessary to 

manage the natural capital and its ecosystem functions and to realize a supply of 

ecosystem services. The distribution assumptions of the working population in 

primary industries provide essential information concerning the supply potential. 

Consequently, it enables to analyze spatially explicit demand and supply gaps of 

ecosystem services. In this study, the working population distribution was first based 

on the residential population distribution and then adjusted by the capital preference: 

natural capital or produced capital based societies (abbreviated as Ntr and Prd, 

respectively). First, the workers engaged in agriculture and forestry were designated 

according to 
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𝐹𝐴𝑊𝑃2050,𝑖,𝑠 = 𝑃2050,𝑖,𝑠 ∙ 𝑊𝑃𝑅2050,𝑖 ∙ 𝑃𝑊𝑃𝑅2050,𝑖,𝑠 ∙ 𝐹𝐴𝑊𝑃𝑅2050,𝑖,  (eq. 10) 

 

where FAWP2050,i,s, P2050,i,s, and PWPR2050,i,s are the working population in agriculture 

and forestry, the residential population, and the proportion of the working population 

in primary industries in the grid cell i in 2050 under scenario s, respectively and 

WPR2050,i and FAWPR2050,i denote the proportion of the working population and the 

working population in agriculture and forestry in 2050 in the grid cell i, respectively. 

The first item P2050,i,s
 on the right side of Eq. (10) was decided by the residential 

population distribution assumptions explained in the previous section. Here, the 

second item WPR2050,i on the right side of Eq. (10) was calculated as 

 

𝑊𝑃𝑅2050,𝑖 = 𝑊𝑃𝑅2010,𝑖 + 4(𝑊𝑃𝑅2010,𝑖 −𝑊𝑃𝑅2000,𝑖),   (eq. 11) 

 

where WPR2000,i and WPR2010,i are the observed proportions of the working population 

in 2000 and 2010 in the grid cell i, respectively. Aging is the baseline-trend of the 

PANCES scenarios; therefore, the second item (WPR2010,i − WPR2000,i ) is basically 

assumed to be negative. Then, the third item PWPR2050,i,s in Eq. (10) is calculated as 

 

if(𝑃𝑊𝑃𝑅2010,𝑖,𝑠 − 𝑃𝑊𝑃𝑅2000,𝑖,𝑠) < 0then  

𝑃𝑊𝑃𝑅2050,𝑖,𝑠 = 𝑃𝑊𝑃𝑅2010,𝑖 + 𝛾𝑐 ∙ 4(𝑃𝑊𝑃𝑅2010,𝑖 − 𝑃𝑊𝑃𝑅2000,𝑖), (eq. 12a) 

elseif(𝑃𝑊𝑃𝑅2010,𝑖,𝑠 − 𝑃𝑊𝑃𝑅2000,𝑖,𝑠) ≥ 0then  

𝑃𝑊𝑃𝑅2050,𝑖,𝑠 = 𝑃𝑊𝑃𝑅2010,𝑖,     (eq. 12b) 

 

where 𝛾𝑐  is a parameter in accordance with the primary industry activity level 

depending on the capital preference c ( 0 ≤ 𝛾𝑐 < 1:Naturalcapitalbasis, 𝛾𝑐 ≥

1: producedcapitalbasis). Japan is a representative developed country; therefore, the 

industrial structure has shifted to tertiary industries such as commerce, 

communication, finance, and services (MIAC 2018). According to this background, the 

difference between PWPR2010,i and PWPR2000,i in Eq. (12) is assumed to be negative. In 

a Ntr society, the domestic primary industry is assumed to be active in order to 

maintain the self-sufficiency of natural resources such as food and timber. Therefore, 
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𝛾𝑐 was set to zero in the Ntr scenario, which means that the activity level of the 

primary industries was maintained at the 2010 level. Meanwhile in the Prd scenario, 

the domestic primary industries were assumed to have shrunk because Japan will be 

highly dependent on external natural resources via the global market in this scenario. 

Therefore, the parameter 𝛾𝑐 was set to two, which means that the primary industries 

shrink at twice the rate of the current tendency. The fourth item, FPWPR2050,i, is 

generally characterized by the geographical and environmental conditions of the grid 

cell i; therefore, FPWPR2050,i was calculated as 

 

𝐹𝐴𝑊𝑃𝑅2050,𝑖 = 𝑚𝑒𝑎𝑛(𝐹𝐴𝑊𝑃𝑅2000,𝑖, 𝐹𝐴𝑊𝑃𝑅2010,𝑖).   (eq. 13) 

 

Finally, 𝐹𝑆𝑊𝑃𝑅2050,𝑖 was calculated using the equation 

 

𝐹𝑆𝑊𝑃𝑅2050,𝑖 = 1 − 𝐹𝐴𝑊𝑃𝑅2050,𝑖.     (eq. 14) 

 

 

Results 

Residential population distribution by scenario 

Figure 4 shows the residential population distributions under the different scenarios. 

The inhabited areas in the Cmp and Dsp scenarios were 110,813 km2 and 180,219 

km2, respectively. As shown on the map, the change to compact cities in the Cmp 

scenario and the preservation of the residential populations in the rural areas in the 

Dsp scenario were observed, which means that the optimization calculation worked 

successfully and that the results were consistent with the storylines of the PANCES 

scenarios. The characteristics of compactification and dispersion were different for 

each prefecture. In the Cmp scenario, the most depopulated area was Hokkaido, the 

most northernmost prefecture in Japan. The residential population was disappeared in 

93% of the grid cells in the Hokkaido Prefecture. The climate zone of Hokkaido is 

subarctic, and boreal forests cover approximately 70% of the land (Hokkaido 

Prefecture 2018). The Shiretoko Peninsula in northeastern Hokkaido is a natural world 

heritage site (UNESCO 2018a). Forestry, fisheries, and dairy farming flourish in this 
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region. Compared to the Dsp scenario, the depopulation in the Cmp scenario could 

cause a lack of ecosystem management and have a large impact on the maintenance 

of the natural capital and regulating ecosystem services. Severe depopulation, a more 

than 50% decrease, was also observed in western Japan, especially Shikoku inland 

and Chugoku region. Between Shikoku island and Chugoku region, there is a national 

park, the “Setonaikai sea,“ which includes a cultural world heritage site, the 

“Itsukushima Shinto Shrine” (UNESCO 2018a). It is suggested that depopulation 

could affect not only cultural ecosystem services but also indigenous traditional 

culture. 

Figure 5 shows the distribution of the residential population and the land area 

by population density class. The horizontal axis represents the residential population 

density classes, and the vertical axis represents the proportion of the grid cells and 

residential population in each residential population density class. Concerning the 

proportions of the residential population (dotted lines in Fig. 5), 70% of Japanese 

people live in the 2,000–20,000-person/km2 density class in both the Cmp and Dsp 

scenarios. This means that Japanese society is still highly urbanized regardless of the 

future scenario. Conversely, the proportion of grid cells (solid lines in Fig. 5) by 

residential population density class is different within the scenarios. In particular, 

there is a large difference in the low population density areas, e.g., 0–100 person/km2, 

which are generally local areas. The low residential population density area was 40% 

of the total inhabitable area in 2010, while the proportion of low residential population 

density area in the Cmp scenario decreased to 27% in 2050. This suggests that 

depopulation will progress strongly and that the low residential population density 

area will disappear by 2050. Japanese society will withdraw from the management of 

local areas and will not be able to maintain the rural natural capital. Conversely, the 

low residential population density area increases to 53% in the Dsp scenario and this 

population can be expected to sustain the connection to nature and the realization of 

ecosystem services. 

 

Working population distribution in primary industries by scenario 

Figure 6 shows the working population distribution in primary industries consisting of 
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agriculture, forestry, and fisheries under the different scenarios. The vertical category 

represents the population distribution assumptions and the horizontal category 

represents the capital preference directions. Overall, there were no large differences 

between the population distribution directions; however, there was a large difference 

between the directions of the capital preference. 

As shown in Fig. 4, the total number of the residential population is the same 

and most of the people live in the high population density urban areas in both the Cmp 

and Dsp scenarios. The change in the proportion of the working population was −9% 

in the dense grid cells with more than 2,000 person/km2 in 2010. Therefore, urban 

working people decreased at roughly the same level in both scenarios. In addition, the 

change in the proportion of working population was −13% in the sparse grid cells with 

less than 2,000 person/km2 in 2010. In the Dsp scenario, People remained in rural 

areas with low population density; however, the total number is not very large. 

Therefore, the working populations were approximately 39 million and nearly the 

same between the Dsp and Cmp scenarios shown in Fig. 6 (left). Compared to the 

difference in the population distribution assumptions, the direction of the capital 

preference (the Prd and Ntr scenarios) and the regional characteristics of the primary 

industries strongly affected the working population in primary industries, as shown in 

Fig. 6 (right). The change in the proportion of the working population in primary 

industries was dramatically different between scenarios due to the second term on the 

right side of Eq. (12a). The change in the proportion of the working population in 

primary industries in the grid cells with high residential population density (>2,000 

person/km2) and low population density (<2,000 person/km2) in 2010 were −1.3% 

and −29%, respectively. This difference caused a severe decrease in the primary 

industry workers in the under-populated regions. In addition, the parameter 𝛾𝑠 in Eq. 

(12a) was two in the Prd scenario; therefore, primary industry workers especially 

disappeared in most of the low residential population density areas even if the natural 

capital and resources were rich. 

Figure 7 shows the proportion of grid cells by working population in primary 

industries. The difference of scenarios affected the small agribusinesses with sizes of 

less than 200 employees. Especially in the CmpPrd scenario, most of the small-scale 
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primary industries disappeared from rural areas and concentrated in urban areas. 

Therefore, the primary industries will become inactive and people will strongly depend 

on imported ecosystem services. In addition, rewilding will occur in local areas due to 

depopulation. Conversely, in the DspNtr scenario, people sustain their contact with 

neighboring natural capital and benefit from ecosystem services at small scales. At 

the same time, they risk disservices resulting from natural ecosystems such as natural 

disasters and animal injuries. Therefore, the difference in the population distribution 

assumptions has a large effect on people’s lifestyles. 

 

Sample analysis: Natural capital, Provisioning and Cultural Ecosystem 

Services 

In this section, we introduce sample analyses using our spatially explicit population 

distribution assumptions in terms of natural capital, provisioning and cultural services. 

The case study site is the Ishikawa Prefecture, which is in north central Japan and 

includes the biosphere reserve site “Mt. Hakusan” (UNESCO 2018b). 

Figure 8 shows the land cover in the Ishikawa Prefecture and the correlation 

between the working population in agriculture and forestry and natural capital by 

scenario. The representative land cover type in 1-km2 grid resolution is shown in Fig. 

8 (left). In Fig. 8 (right), the X-axis shows the occupancy level of natural capital 

landscapes within each grid cell. Each grid cell (km2) contains the information of the 

land use types within its grid (MLIT 2014b). The proportion of the natural capital 

landscapes in terrestrial ecosystems (forest, farmland, and cropland) was calculated 

and classified into three levels. The Y-axis shows the total number of the working 

population in agriculture and forestry within a 10-km radius of each grid cell. The 

colors represent the CmpPrd and DspNtr scenarios, which had the largest and 

smallest working population in primary industries, respectively. As seen in the 

distributions of the natural capital level, the richer the natural capital landscapes were 

in the grid cell, the more agriculture and forestry workers were allocated in the DspNtr 

scenario. Conversely, few people remained in areas with rich natural capital in the 

CmpPrd scenario. This result is consistent with the storylines of the PANCES scenario 

(Saito et al. (2018)). As shown in Fig. 7, the conservation policies in the low working 
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population density areas will be a key determinant for future natural capital and 

ecosystem services. Our dataset can help evaluate the sustainability of natural capital 

management using population distribution assumptions. 

Figure 9 shows the total number of the working population in fisheries within 

a 10-km radius of each fishing port in the Ishikawa Prefecture by scenario. The 

number of the working population in fisheries strongly depends on the direction of the 

capital preference. In the Dsp scenario, fisheries remained in the areas with low 

population density comparing to the situation in the Cmp scenario series. In the 

storyline of the PANCES scenario, fisheries are assumed to expand aquaculture and 

enhance the food self-sufficient rate under fishery resource management in the 

DspNtr scenario. Meanwhile, most people live in urban areas and have abandoned 

fishing ports and feeding aquaculture increases based on the ICT system near urban 

areas in the CmpPrd scenario. Our data of spatially explicit population distribution 

assumptions can express these storylines, and the working population distributions in 

primary industries can be used to assess and evaluate the future supply potential of 

provisioning services in more detail, e.g., active or vanishing fishing port identification 

and feeding aquaculture plant allocation planning. 

Finally, Figure 10 shows the poorly accessible natural landscape resources in 

2050 due to the accommodation limitations in the Ishikawa Prefecture. Fig. 10a shows 

the working population density in 2050, and the grid cells with no working population 

are shown in yellow. The number of no working population cells is increased in the 

Cmp scenario compared to that in the Dsp scenario. The working population 

distinction is seen especially on the Noto Peninsula in the northern Ishikawa 

Prefecture, which is famous for its rich satoyama/satoumi and traditional ecosystem 

management (FAO 2018). Fig. 10b shows the distribution of the natural landscape 

resources on the Noto Peninsula. The points show the locations of the famous natural 

landscape resources (MLIT 2014c). The grid cells in cyan and magenta indicate the 

available and disappeared accommodations in 2050, respectively. First, 

accommodation capacities in 2010 were obtained from MLIT (2010). Then, an 

accommodation was identified as disappeared if the working population estimated by 

Eq. (11) became zero in the grid cell. As a result, the red points represent the poorly 
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accessible natural landscape resources where accommodations within a 10-km radius 

disappeared in 2050 due to the working population extinction. In both scenarios, the 

northwestern resources are expected to be poorly accessible due to accommodation 

capacity losses. In the Cmp scenario, more resources in the northeastern and middle 

parts of the peninsula become poorly accessible. This low accessibility can not only 

cause inactivity in the tourism industry but also disturb the succession of traditional 

local culture. 

 

 

Discussion 

In this study, we developed residential and working population distribution 

assumptions depending on the BaU projection by MLIT (2014a). MLIT (2014a) 

forecasted the future population in a prefecture, city and grid cell order and the 

migration rates were considered in each scale. On the other hand, people were 

assumed to move the center of prefecture in this study, and this algorism represented 

very strong centralized society. We need to express multi scale centralized society in 

city level resolution. Furthermore, the population projection itself has large 

uncertainties such as the fertility rate, mortality, and immigration. In the NIPSSR 

(2014), low, middle, and high levels of fertility and mortality rate were set and nine 

projections were conducted. The projected populations were distributed from 91 to 

104 million depending on the assumption. In this study we adopted the middle case as 

the BaU scenario; however we need to evaluate the effect of the baseline trend 

selection to the result of population distribution. NIPSSR (2018) updated the latest 

Japanese population projection by region (modified as low population decreasing rate, 

highly aged population in mega cities, and low numbers of children compared to the 

dataset used in this study); however, this projection has not been spatially allocated. 

We need to modify the assumptions of the BaU projection to develop more plausible 

future scenarios. 

Considering the population structure is also important from social and 

industrial viewpoints. For example, people remain in rural areas in the Dsp scenario, 

and whether a region can secure labor force in primary industries decides the 
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sustainability of the natural capital and ecosystem services in a region. As described 

above, Japan is a highly aging society. From this backdrop, for instance, the Ministry 

of Agriculture, Forestry, and Fisheries is now promoting the opportunity to participate 

in agricultural works for elder people with the help of information and robot 

technology (MAFF 2017) and the technological growth will augment the capability of 

nature management per working population. The participation of retired people in 

ecosystem management is a key factor to sustain local natural capital. MLIT (2017) 

recently released the population forecasting data with age structure in in 500-m grid 

resolution. We need to improve working population design logic considering the age 

structure and express the potential of participation of the retired people for nature 

conservation.  

Furthermore, we treated only the primary industries here; however, the 

tourism industry has large role in linking people to natural capital in terms of cultural 

services (JBO–2 2016). Therefore, we need to describe much more diverse and 

detailed storylines to support governance and policy system designs.  

Concerning the population reallocation process in this study, the small 

number of people living in the vast rural areas moved to the urban centers in the Dsp 

scenario, while a few people living in dense cities were allocated to rural areas in the 

Cmp scenario. However, one plausible scenario could be a large-scale migration from 

urban areas into rural areas with rich nature or, conversely, more people could rush to 

megacities (more than ten million people, such as Tokyo, Osaka, and Nagoya) with 

very high population densities. Extreme scenarios should be constructed in the start 

of scenario analyses (Schoemaker 1993). We need to express more diverse, extreme, 

and plausible population distribution assumptions by adjusting the boundary and 

weight settings of the allocation calculation. 

In the population allocation process, we need to take into account 

environmental factors such as climate change impacts and the availability of natural 

resources, which effect residence choices. Jones and O'Neill (2016) pointed out that 

climate change may lead to the movement of people away from potentially 

drought-ridden regions or coastal urban areas facing rising sea levels toward currently 

under-developed cooler areas. Especially in Japan, the rate of increase of extreme 
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precipitation is expected to be higher in future climate conditions (Nayak et al. 2017) 

and the intensity of typhoons is likely to increase (Takami et al. 2016). This situation 

will increase serious disasters such as landslides and flooding, and people will avoid 

areas vulnerable to natural disasters and prefer rich natural environments that can 

provide good regulating ecosystem services. We need to implement a residence 

choice model in association with environmental factors in the allocation algorithm. 

In addition to the residential and working population distribution assumptions, 

we need to consider impacts on the local region via visiting population from external 

areas. Now Japan aims to become a "Tourism Nation" (CAO 2012). It is possible that 

the floating population including international visitors largely increases the access to 

the natural resources and activates the local tourism economy. And also the 

nonresident population, who do not live the areas but have strong interests and social 

ties to the region, attracted an attention and be expected to play to maintain and 

revive the local areas (METI 2009). Recently, it is said that agricultural diversification 

has various types (Barbieri and Mahoney 2009). For example in Japan, sixth sector 

industrialization, which means the promotion of primary producer’s diversification 

into processing and distribution by coupling the primary, secondary and tertiary 

industries (METI 2012). From another perspective, non-market transaction has a 

large contribution to the realization of ecosystem services in local communities. For 

example, it was revealed that many types of food were obtained from household food 

production and traditional food sharing customs in typical local communities in Japan 

(e.g. Kamiyama et al. 2016, Tatebayashi et al. 2018). These activities can be 

interpreted that demand and supply of ecosystem services are matched by hidden 

primary industries. These activities can impact on the definition of working population 

and the logic of eq. (10). It will also be an important suggestion to deepen the 

narratives of the capital preference directions. We need to implement the scenarios in 

consideration of the emerging new manners of realizing ecosystem services.  

 

 

Conclusion 

The future population distribution is a key indirect driver for conducting plausible 
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scenario analysis of the demand and supply of ecosystem services. In this study, 

population distribution assumptions under the future scenarios in 1-km grid resolution 

were developed based on the gravity-based models. The scenario axis of the 

population distribution decided the residential population and the scenario axis of the 

capital preference broke down the residential population into working population in 

primary industries. By using the population distribution assumption by scenario, the 

population was overlaid with the natural capital and the supply potential of ecosystem 

services. The results supported to understand the gaps between natural capital and 

maintainability, the potential of ecosystem services and realizability. Thus, the 

spatially explicit population distribution data products are expected to help design the 

nature conservation strategy and governance option in terms of both social system 

and ecological system. 
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Figures 

 

Fig. 1. Overview of the integrated simulation model of the socio-ecological systems in 

the PANCES project (PANCES 2016). 
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a) 2010 (n = 128,057,340) 

 

b) 2050 in the BaU scenario (n = 97,074,889) 

Fig. 2. Residential population distribution in (a) 2010 and (b) 2050 in the BaU 

projection. The population density [person/km2] is shown in red, the uninhabitable 

areas are shown in gray, and the zero population areas are shown in yellow. 
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(n = 63,237,803) 

Fig. 3. Working population distribution in 2010. The population density [worker/km2] 

is shown in blue-red, and the uninhabitable areas are shown in gray. 
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Fig. 4. Residential population distribution in 2050 by scenario (n = 97,074,889 in both 

scenarios). The population density [person/km2] is shown in red, the uninhabitable 

areas are shown in gray, and the zero population areas are shown in yellow. 
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Fig. 5. Proportion of the residential population and the number of grid cells by 

residential population density. 
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Fig. 6. Working population distribution in 2050 by scenario. The population density [worker/km2] is shown in blue-red (working population) and green 

(working population in primary sectors), and the uninhabitable areas are shown in gray. 
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Fig. 7. Proportion of grid cells by working population in primary industries. 
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Fig. 8. Correlation between the working population in primary industries and the 

occupancy class of natural capital landscapes by scenario. 

 

 

Fig. 9. Working population in fisheries by scenario (n = 73). 
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a) Working population in 2050 in the Ishikawa Prefecture. The worker population 

is shown in blue-red as in Fig. 3, the uninhabitable areas are shown in gray, 

and yellow indicates the zero working population in 2050. 

  

b) Distribution of poorly accessible natural landscape resources in 2050 on the 

Noto Peninsula in the Ishikawa Prefecture. The grid cells in cyan and magenta 

indicate the available and disappeared accommodations in 2050, respectively. 

The black points indicate locations of natural landscape resources. The red 

points represent natural landscape resources where accommodations within a 

10-km radius become difficult to maintain in 2050: 1. the wave cut platforms 

in Kaiso, 2. the Sakura Falls, 3. the sea cliffs in Saruyama, 4. the Name Falls, 

5. the sea cliffs in Noroshi, 6. the wave cut platforms in Noroshi, and 7. the 

columnar joint in Honki. 

Fig. 10. Poorly accessible natural landscape resources in 2050 in the Ishikawa 

Prefecture. 
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