
lable at ScienceDirect

Journal of Cleaner Production 292 (2021) 126043
Contents lists avai
Journal of Cleaner Production

journal homepage: www.elsevier .com/locate/ jc lepro
Decentralization & local food: Japan's regional Ecological Footprints
indicate localized sustainability strategies

Kazuaki Tsuchiya a, b, *, Katsunori Iha c, Adeline Murthy c, David Lin c, Selen Altiok c,
Christoph D.D. Rupprecht b, Hisako Kiyono d, Steven R. McGreevy b

a Graduate School of Agricultural and Life Sciences, The University of Tokyo, Yayoi 1-1-1, Bunkyo, Tokyo, 113-8656, Japan
b FEAST Project, Research Institute for Humanity and Nature, Kamigamo Motoyama 457-4, Kita, Kyoto, 603-8047, Japan
c Global Footprint Network, 1528 Webster Street, Suite 11, Oakland, CA, 94612, USA
d WWF Japan, Mita Kokusai Bldg 3F 1-4-28 Mita Minato, Tokyo, 108-0073, Japan
a r t i c l e i n f o

Article history:
Received 18 September 2020
Received in revised form
18 December 2020
Accepted 16 January 2021
Available online 19 January 2021

Handling editor: Bin Chen

Keywords:
Multi-regional input output table
Household expenditure
Land use
Carbon footprint
Food
Sustainable consumption
* Corresponding author. Graduate School of Agricu
University of Tokyo, Yayoi 1-1-1, Bunkyo, Tokyo, 113-

E-mail address: aktcy@g.ecc.u-tokyo.ac.jp (K. Tsuc

https://doi.org/10.1016/j.jclepro.2021.126043
0959-6526/© 2021 The Authors. Published by Elsevier
a b s t r a c t

Sustainable management and informed policy making at the sub-national level requires an under-
standing of regional resource base regeneration and the demand it places on wider geographical areas.
Ecological Footprint is one of the most widely used and accepted ecological accounting methodologies
and available for calculating multiple consumption categories such as food, housing and transportation.
Japan's 47 prefectures are diverse in their urbanization and ageing situations and provide an opportunity
for understanding the relationship between regional socioeconomic and demographic factors and
Ecological Footprint outcomes. To assess potential environmental impacts and planning implications of
future urbanization and ageing, we analyzed the existing relationships between the proportion of urban
and elderly populations and incomes, and the total and categorical Ecological Footprint per capita. We
used a standard top-down scaling methodology to quantify the Ecological Footprint of prefectures, that
included three steps: 1) acquiring national level data of Ecological Footprints, 2) applying environmental
extended multi-regional input-output model to derive Ecological Footprint values by economic sector,
and 3) scaling down Ecological Footprints to the prefecture level with household expenditure survey and
other data sources. We show that Ecological Footprint per capita varies considerable among prefectures,
being highest in Tokyo (5.24 global hectare) and lowest in Yamanashi (4.06 global hectare). Prefectures
with a higher proportion of urban and elderly population had high total and food Ecological Footprint per
capita. Prefectures with higher income per capita also had higher total and food Ecological Footprint per
capita. Lower Ecological Footprints of less urbanized prefectures provide an argument for economic
decentralization. Policy makers in ageing regions should consider supporting local food activities with
elderly populations, as processed food dominates majority part of the food Ecological Footprint.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Human well-being of current and future generations depends
on a secure and reliable supply of natural resources (Diaz et al.,
2018). This realization drives a growing interest in accounting
methodology to track the sustainable consumption of natural re-
sources (Hoekstra and Wiedmann 2014; O'Neil et al., 2018). Three
of nine planetary boundaries related to critical Earth-system
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processes (biogeochemical flows, biosphere integrity, and land-
system change) identified in the planetary boundaries framework
are currently at high levels of risk (Steffen et al., 2015). Over-
shooting these boundaries will result in biodiversity loss and
declining human well-being (Diaz et al., 2018). Resource de-
pendency can vary highly among regions and sectors, thus actions
for reducing pressures on resources and mitigating negative con-
sequences should consider regional and sectoral contexts (Dearing
et al., 2014). Moreover, recent policy gridlocks at the national and
international levels has led to local actors such as cities and
counties emerging as frontrunners in ecological governance. As
local governments are taking responsibility for sustainability ac-
tion, cities and regions are setting ambitious local targets and
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forming multinational alliances (Otto-Zimmermann, 2012; Petit-
Boix and Leipold 2018; Schr€oder et al., 2019).

Sustainable management of a territory (whether city, region, or
country) requires an understanding of its regenerative resource
base and the demand it places on wider geographical areas. This
can be achieved through ecological accounting or themeasurement
of environmental “footprint” indicators (Hoekstra and Wiedmann
2014). Ecological Footprint is one of the most widely used and
accepted ecological accounting methodologies (Yu et al., 2019)
among recent footprint indicators (O'Neil et al., 2018). Developed
byWackernagel and Rees (1996), the Ecological Footprint measures
humanity's consumption of biological resources, such as cropland
for food and fiber, fisheries, and forest land for timber and wood
products, summarized in the global hectare (gha) unit. The
Ecological Footprint stands in contrast to biocapacity, or the Earth's
capacity to regenerate biological resources each year, including the
capacity for ecosystems to absorb carbon emissions (Borucke et al.,
2013). Currently, humanity is in ecological overshoot, meaning the
total Ecological Footprint exceeds what the Earth's ecosystems can
regenerate (Lin et al., 2019). Recent global estimates showed that
humanity's Ecological Footprint is 75 percent higher than global
biocapacity in 2016 (Global Footprint Network, 2018). Industrial-
ized countries have higher per capita Ecological Footprints (Moran
et al., 2008; O'Neil et al., 2018; Oswald et al., 2020). Ecological
Footprint accounting can be applied at various geographic scales,
from cities, regions, and countries to a global level. Although a
standard methodology and comprehensive accounting system has
been established at the national and global scale (Lin et al., 2019;
Global Footprint Network, 2018), a formalized accounting system at
the sub-national scale is lacking. However, policymakers needmore
localized data to craft strategies that address the unique socio-
ecological contexts of each region, and thus to respond to sus-
tainability challenges. Recent research has taken up the challenge
of filling in this knowledge gap by providing seamless footprint
assessments across scales, from local to regional and national levels
(e.g. Galli et al., 2020; Baabou et al., 2017; Isman et al., 2018).

Understand existing relationships between the socioeconomic
and demographic characteristics of regions and their Ecological
Footprints is important to develop strategies that address the
unique contexts of regions. Previous studies showed the influence
of income levels on sub-national variations of Ecological Footprint
(Baabou et al., 2017), but other socioeconomic and demographic
factors are less understood. The relationships between sub-national
Ecological Footprint and these factors can vary among different
consumption categories, such as food, housing and transportation
(Baabou et al., 2017; Isman et al., 2018). Detailed regional Ecological
Footprint by category can help develop more nuanced policy for
natural resource use. Moreover, previous studies on sub-national
Ecological Footprint have focused on cities in Europe and North
America (Baabou et al., 2017; Isman et al., 2018). Analysis on Asia is
scarce, despite its significant role as a site of current urbanization,
ageing and economic growth (Seto et al., 2012; UN 2019). Countries
in Asia can provide an opportunity to compare Ecological Footprint
between subnational regions that vary considerably in their so-
cioeconomic and demographic characteristics, including the degree
of urbanization (WWF 2012; Lin et al., 2016).

Here we propose a standard methodology for subnational
Ecological Footprint accounting and calculate a baseline ecological
accounting dataset of sub-populations across Japan, including all 47
prefectures (i.e. regions, Fig. 1). This allows for comparison across
regions, an understanding of how socioeconomic and demographic
variations influence regional Ecological Footprints, and enables
policy goal setting. A comprehensive Ecological Footprint
2

assessment specifically for Japan is valuable for several reasons.
First, Japan's geography is characterized by pronounced regional
disparities, with stark contrasts in the everyday lifestyles of urban
residents and residents of highly rural areas. Second, Japan is un-
dergoing a demographic transition with significant projected
ageing and decline in population (National Institute of Population
and Social Security Research, 2017). Preparing for this de-
mographic shift will require extensive changes in policies and
planning, which should be informed by the resource dependency of
Japan's varied populations. The outcomes of this study have im-
plications beyond Japan, as other nations in the East and Southeast
Asia (e.g. China, Singapore, South Korea and Thailand) are on
similar demographic trajectories. The extent to which regional
differences (e.g. urban vs. rural) are reflected in the size of regional
footprints could inform strategic decisions on whether or not to
leverage the ongoing demographic shift in the transition towards a
more sustainable society. For example, a recent scenario study
(Saito et al., 2018) suggests that Japan faces a path-dependency-
driven choice between “urban compactification” and “dispersed
population” (i.e. decentralization). A lower Ecological Footprint of
more urbanized regions could suggest urbanization as a preferable
strategy, while a lower Ecological Footprint of less urbanized areas
would provide an argument for decentralization. Yet data to sup-
port such decisions are currently unavailableda task we take up in
this paper.

The aim of this study was thus to identify general patterns be-
tween the total and categorical Ecological Footprint per capita in
Japanese 47 prefectures, and the socioeconomic and demographic
characteristics of those prefectures. The paper begins with an
overview of Japan and its current resource use by looking at nation-
wide Ecological Footprint trends. Ecological Footprint outcomes are
inextricably tied to the unique social, economic, and geographic
features of each country, so an overview of the underlying context
is warranted. Next, we present the sub-national Ecological Foot-
print accounting methodology and data sources that are applied in
a consistent and comparable way across all regions of this study.
Then we explain methods for a statistical analysis, examining both
overall and categorical footprints (i.e. food, housing and trans-
portation) of prefectures. The results of the analysis are followed by
a discussion of what can be learned from comparing the resource
demand of regions from an Ecological Footprint accounting
perspective, and how the results can inform local policy and
resource management.

2. Overview of Japan's Ecological Footprint

Japan is characterized by its mountainous, volcanic terrain, with
more than two-thirds of the country covered by forest (Statistics
Bureau of Japan 2018, Fig. 1). Cities are clustered in habitable
areas along the coast, in plains, and valleys (Fig. 1). Japan has one of
the largest economies in the world, after the United States and
China (International Monetary Fund, 2019). Its primary economic
sectors are manufacturing (e.g. vehicles, electronics) and the ser-
vice sector, the latter of which accounts for nearly three-quarters of
Japan's GDP (Statistics Bureau of Japan 2018). The country has one
of the longest life expectancies in the world (Roser et al., 2013), but
its population is rapidly ageing due to a sustained decrease in birth
ratesdBy 2060, it is estimated that nearly 40% of the population
will be over the age of 65, with its population declining to 93
million (National Institute of Population and Social Security
Research 2017). Japan is composed of 47 administrative divisions,
or prefectures.

Since the mid 1990s, after Japan's “bubble economy” has



Fig, 1. Land use, 47 prefectures and Ecological Footprint of Japan. A) Map of land use and prefectures (MLIT of Japan 2014). B) Ecological Footprint from 1961 to 2014 (Global
Footprint Network 2018).

K. Tsuchiya, K. Iha, A. Murthy et al. Journal of Cleaner Production 292 (2021) 126043
collapsed (Okina et al., 2001; Statistics Bureau of Japan, 2018), the
country tightened and improved its environmental legislation
(OECD 2002). In this phase, Japan's Ecological Footprint per capita
peaked in 1995 at 5.73 gha per person, and declined to 4.74 gha in
2014, a 17 percent decrease (Fig. 1). After the 2011 Fukushima
Daiichi nuclear disaster, which led to the closure of Japan's nuclear
fleet, Japan significantly increased its reliance on fossil fuel imports
(Statistics Bureau of Japan 2018). The agricultural, forestry, and
fishing sectors in Japan are steadily declining, employing a smaller
labor force and contributing less to the country's GDP, than its peak
in the 1960s (Statistics Bureau of Japan 2018). With only 12% of the
land under cultivation, Japan is the number one net importer of
agricultural products (Statistics Bureau of Japan 2018). Japan's
global fish catch has also declined since its peak in the late 1980s,
yet the country remains one of the top producers of marine capture
in the world (FAO 2018). Although Japan's Ecological Footprint has
steadily decreased since the late 1990s, Japan remains in bio-
capacity deficit, relying heavily on importing biocapacity (i.e. the
amount of biological resources available within a territory) from
other countries. In 2008, the nation's Ecological Footprint was 2.82
times higher than the world's average biocapacity (WWF Japan
2012).

Several subnational Ecological Footprint assessments have
already been conducted in Japan, including Kawasaki City (Geng
et al., 2014), Kyoto City (WWF Japan 2016), and four prefectures
(WWF Japan 2012). Geng et al. (2014) employed a bottom-up
approach for calculating yields and equivalence factors of Kawa-
saki City, which is difficult to apply to other areas due to the lack of
data sources. The top-down approach applied in Kyoto City and four
prefectures (WWF Japan 2012 and 2016) are similar to the one we
used in this study, but these previous studies focused only on
specific cities and regions. Without means to compare results to
other Japanese regions and their unique local contexts (e.g.
3

demographic, social, and economic characteristics), the insights
gained from area-specific studies are limited and difficult to apply.
For this reason, a comprehensive assessment of Japanese subna-
tional Ecological Footprints is required.
3. Methods

3.1. Calculating subnational Ecological Footprint of Japan

We calculated the sub-national Ecological Footprints of Japan's
47 prefectures using a standard top-down scaling methodology
developed by Global Footprint Network (Isman et al., 2017; Baabou
et al., 2018; Galli et al., 2020). The methodology includes three
steps: 1) calculating the national level Ecological Footprint of Pro-
duction (EFP) for Japan, 2) developing an environmentally extended
multi-regional input-output (EE-MRIO) with the national EFP re-
sults in order to derive Ecological Footprint of final demand ac-
cording to economic sector, and 3) scaling down Ecological
Footprints to prefecture levels with household expenditure survey
and other data sources (Fig. 2).

The three steps outlined above are well established and widely
applied methodologies, summarized below. Ecological Footprint
data for Japan was derived from the 2018 Edition of the National
Footprint and Biocapacity Accounts, or NFA (Global Footprint
Network, 2018). The dataset measures a population's demand on
biological resources (Ecological Footprint) by aggregating produc-
tion and trade data fromUN datasets, spatial data from CORINE and
Global Land Cover, and energy data from the International Energy
Agency (Borucke et al., 2013). Biological resources demanded by a
population include food, fiber, livestock, fish products, timber and
other forest products, space for the built environment, and land
area needed for ecosystems to assimilate waste (CO2 absorption
from burning fossil fuels). Ecological Footprints in the NFA have six



Fig, 2. The flowchart of the calculation methodology for the Ecological Footprint of Japan's 47 prefectures.
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demand types: cropland, grazing land, fishing grounds, forest
products, built-up land, and carbon footprints. Unless otherwise
specified, the term “Ecological Footprint” in this article specifically
refers to the Ecological Footprint of consumption, which includes
resources harvested within the country's geographical boundaries
(Ecological Footprint of production), plus resources that are im-
ported (Ecological Footprint of imports), and minus resources
exported (Ecological Footprint of exports). Ecological Footprint and
biocapacity are expressed in global hectares (gha), a unit repre-
senting a hectarewith world-average bio-productivity (Kitzes et al.,
4

2007). The general formula to derive Ecological Footprint from
associated with each land type:

EFf ¼
X6

j¼1

Xn

i¼1

Ti
Yw; i

,� EQFj

where i refers to the n-input needed to produce the flow f
throughout its production chain; j refers to the six different types of
ecological assets tracked by EFA; EQFj is the equivalence factor of
the j-th asset/land type; EQFs captures the difference between the
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productivity of a given asset/land-type and the world-average
productivity of all biologically productive assets/land-types (Galli,
2015). Accounting methodology and the underlying data sources
are regularly revised and most recently documented by Borucke
et al. (2013) and updated by Lin et al. (2018).

As the second step we applied Japan's Ecological Footprint of
production results from the NFA as an environmental extension to
the multi-region input-output model (Leontif, 1970). The Global
Trade Analysis Project (GTAP) database version 9 (Aguiar et al.,
2016) was used as the base MRIO model develop a standard envi-
ronmentally extended multi-region-input output model (EE-MRIO;
Weinzettel et al., 2014; Kitzes 2013; Munoz and Steininger 2010;
Wiedmann et al., 2006, Miller and Blair 2009). The purpose of this
step was to derive Ecological Footprint for Japan associated with
final demand and disaggregated by economic sector. Ecological
Footprints are calculated via EE-MRIO using the following general
formula:

EFc ¼ FðI � AÞ�1 YN

where F is the environmental extension matrix (direct EFP of sec-
tors normalized per unit of sector output, which is expressed in gha
$�1) derived from the initial allocation of EFP for the 6 assets/land-
types (crop-, grazing-, forest-, built-up and carbon-sequestration
land as well fishing grounds) to each of the 57 producing eco-
nomic sectors identified by GTAP 8 (Galli et al., 2017); YN is the
country total final demand for goods, expressed in $; I is the
identity matrix (a matrix of zeros for 57 columns and rows with
diagonal consisting of one's); A is the technical coefficients matrix
(representing the Leontief inverse), which reflects the monetary
exchange between each sector to produce one currency unit worth
of output from a specific sector of the economy.

We used trade data for Japan across all 57 GTAP commodity
sectors, for year 2011, the latest available year at the time of this
study. The Ecological Footprint of final demand calculated by
multiplying the Ecological Footprint intensity by domestic final
demand. The Ecological Footprint intensity is calculated by multi-
plying direct footprint intensity by the Leontief inverse (Leontief
1970) to consider the entire supply chain of final demand. The
direct footprint intensity is calculated by dividing the Ecological
Footprint production of each land type by the total output for final
demand, including imports. The domestic final demand of the
Ecological Footprints includes household consumption, govern-
ment consumption, and gross fixed capital formation. Household
consumption represents short-lived consumption by households
(e.g. food, housing maintenance, goods and services paid for and
consumed within a fiscal year); Government consumption repre-
sents short-lived consumption by governments (e.g. public ser-
vices, schools, policing, defense, etc.); Gross fixed capital formation
represents long-lived assets, purchased by households (e.g. new
houses, white goods), firms (e.g. machinery), and governments (e.g.
transport infrastructure). The Ecological Footprint of final demand
are then translated to household consumption categories using a
GTAP-COICOP (Classification of Individual Consumption According
to Purpose, UN (2018)) concordance table. The concordance table
describes all relationships between GTAP sectors and COICOP cat-
egories through many-to-many relationships, and the Ecological
Footprint is allocated based on COICOP household expenditures.
We have followed the broad structure of the COICOP category (UN
2018) and broken down the food category of COICOP into seven
food types (Cereals, vegetable/fruits/nuts, meat, dairy, fish, food
products, others) following Galli et al. (2017). “Food products”
category here is equal to “Food products n. e.c.” sector in GTAP and
it is mainly consisted of processed fishery, wheat, vegetable, and
fruits products but not including processed rice, meat, dairy and
5

beverage products. Appendix A explains overall categorical struc-
ture used in this paper. For each consumption category, we calcu-
lated the Ecological Footprint on six different land use types
resulting from final purchases in each consumption category (Galli
et al., 2017). The resulting dataset is called the COICOP Land Use
Matrix (CoLUM).

Starting with the CoLUM of Japan, we then derived CoLUM
datasets for each sub-national jurisdiction (i.e. 47 prefectures) by
following a scaling procedure based on sub-national household
expenditures, consumer price index, and local CO2 intensity of
energy consumption (Table 1). We used the survey Household
Expenditure Survey, Month Receipts and Disbursements per House-
hold by Area for the year 2014 (Statistics Bureau of Japan, 2014). This
national survey reports household expenditure data of 104 detailed
consumption categories for all 47 prefectures. In this study, we used
data from 44 detailed or aggregated consumption categories
(Appendix A). Scaling factors were obtained from dividing pre-
fecture's expenditure in a given category by national average and
followed by the adjustment using consumer price Index for the year
2013 (Statistics Bureau of Japan, 2013), since no price data was
available for 2014.We also used the data of carbon dioxide emission
per electricity production (t-CO2/kWh, Ministry of the
Environment Japan, 2014) to adjust carbon footprint in “Elec-
tricity, gas, other fuels” category in the CoLUM.

In the following analysis, we used total and categorical Ecolog-
ical Footprint of prefectures as an environmental indicator of
regional consumption. We have focused on three major Ecological
Footprint categories (food, housing and transportation), because
they account for the majority of overall Ecological Footprint
(Baabou et al., 2017; Isman et al., 2018). Here, the food Ecological
Footprint of prefectures includes COICOP categories “Food and non-
alcoholic beverages” and “Alcoholic beverages”. The housing
Ecological Footprint of prefectures referred to “Housing, water,
electricity, gas and other fuels” category. The transportation
Ecological Footprint of prefectures was equal to the COICOP cate-
gory of “Transport”.

3.2. Statistical analysis

We considered three explanatory parameters to potentially in-
fluence total and categorical Ecological Footprint of prefectures: the
proportion of urban population, the proportion of elderly popula-
tion, and income per capita. The proportion of urban population
(0e1) was defined as the proportion of Densely Inhabited District
(DID) population to the total population. DID is commonly used
definition of urban areas of Japan (Statistics Bureau of Japan, 1996)
and includes districts following criteria: 1) population density is
4000/km2 or more, 2) total population of neighboring districts is
more than 5000. The proportion of elderly population was defined
as the proportion of the population of 65 years old or older to the
total population. Both urban and elderly population data were
obtained from the population census of Japan in 2015 (Statistics
Bureau of Japan, 2016). Income per capita data was derived from
Prefectural Accounts of Japan 2014 (Cabinet Office Japan 2020),
which follows UN's 2008 System of National Accounts standards.
This indicator may not sufficiently represent economic well-being
as it neglects nonmonetary aspects, however, more nuanced and
established indicators were not available at the prefectural level.

The total and categorical Ecological Footprints of prefectures
were modeled using a generalized linear mixed-effect regression
model. The categorical Ecological Footprint of prefectures included
food, housing and transportation categories. In each model, the
climate region was specified as a random effect to account for po-
tential non-independence between cities which share common
climate environment, which can influence food, housing and



Table 1
Data sources for sub-national scaling of the Ecological Footprint of Japan.

Data Data
year(s)

Description Data provider

NFA, 2018 Edition 2014 Japan Ecological Footprint results Global Footprint Network
GTAP 9 2011 Input-Output data for 140 regions Global Trade Analysis Project at Purdue University
MRIO-FA, 2018 Edition 2011

(2014)
Ecological Footprint by 57 sectors; Consumption Land Use Matrix by COICOP
category (CoLUM)

Global Footprint Network

Household
Expenditure

2014 Month Receipts and Disbursements per Household by Area National Survey of Family Income and Expenditure,
Statistics Bureau of Japan

Consumer Price Index 2013 Regional Difference Index of Consumer Prices by Ten Major Groups Retail price survey, Statistics Bureau of Japan
Carbon Dioxide

Emission Factor
2014 The CO2 Emission Factor of Electricity Ministry of the Environment, Japan

Population 2014 Population by Sex and Sex ratio for Prefectures - Total population, Japanese
population, October 1, 2014

Population Estimates, Statistics Bureau of Japan

Fig. 3. CoLUM (COICOP Land Use Matrix) details for food, housing and transportation
categories at the Japan national level.
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transportation related behaviors. The climate regionwas defined by
Japan Meteorological Agency and divided into three: northern,
eastern and western Japan. Here, we included Okinawa-Amami
climate region into the western Japan. All response variables
were positive and infinite values thus modeled with Gamma dis-
tribution with log-link function (Faraway 2006). The explanatory
variables were the proportion of urban population, the proportion
of elderly population, and income per capita. All statistical analysis
was conducted with R 3. 5. 2 (R Core Team, 2018) and lme4 package
(Bates et al., 2015), The pseudo-marginal and conditional R2 values
of all models were assessed with the piecewiseSEM package
(Lefcheck, 2016).

4. Results

At the national level, household consumption comprised 67.97%
of Japan's total Ecological Footprint. Government consumption and
gross fixed capital formation comprised 11.18% and 20.85%. Three
major household consumption categories (food, housing and
transportation) account for 75.16% of the Ecological Footprint of
household consumption (27.17%, 27.04%, 20.95%, respectively). The
food Ecological Footprint mainly consisted of cropland (32.44%),
carbon footprint (31.87%) and fishing ground (27.56%), while carbon
footprint accounted for most of the housing and transportation
Ecological Footprint (88.91% and 93.21%, respectively) (Fig. 3). The
largest sub-category of food was food products, which comprised
50.45% of food Ecological Footprint, followed by non-alcohol bev-
erages (13.64%), fish (7.95%) and meat (6.82%) (Table 2). The cate-
gory “Electricity, gas, other fuels” accounted for 81.28% of housing
Ecological Footprint (Table 2), while 70.69% of transportation
Ecological Footprint was comprised of automobile-related footprint
(“Purchase of vehicles” and “Operation of personal transport
equipment”). Full categorical details of 47 prefecture Ecological
Footprint are shown in Appendix B. The proportion of Ecological
Footprint categories and sub-categories was similar across all pre-
fectures (Appendix B).

The total and categorical Ecological Footprints showed consid-
erable variation among prefectures (Fig. 4). The total Ecological
Footprint of the highest prefecture was 1.29 times higher than that
of the lowest, while factors were 1.37, 1.50, and 1.76 for food,
housing and transportation categories, respectively. The total
Ecological Footprint per capita was highest in Tokyo (5.24 gha), the
capital and most populated prefecture in Japan, and lowest in
Yamanashi (4.06 gha), a mountainous prefecture located immedi-
ately west of Tokyo. The food Ecological Footprint was also highest
in Tokyo (0.97 gha), and lowest in Okinawa (0.71 gha), the south-
ernmost prefecture of Japan. Overall, prefectures with higher pro-
portion of urban and elderly population and higher income per
6

capita had significantly higher total and food Ecological Footprint
(Tables 3 and 4). The proportion of urban populationwas highest in
Tokyo (0.98) and lowest in Shimane (0.24), the second least
populated prefecture in Japan, and the proportion of elderly pop-
ulationwas highest in Akita (0.34), a northern prefecture in Tohoku
region, and lowest in Okinawa (0.19) (Fig. 4). Income per capita was
highest in Tokyo (5.41 million yen) and lowest in Okinawa (2.07
million yen) (Fig. 4).

The housing Ecological Footprint per capita was highest in
Okinawa (1.05 gha) and lowest in Tottori (0.70 gha), the least
populated prefecture in Japan. The energy intensity was highest in
the Okinawa region (8.16*10�4 t-CO2/kWh) and lowest in the
Chugoku region (7.09*10�4 t-CO2/kWh), where Tottori prefecture is
located (Figs. 1 and 4). The prefecture with the highest trans-
portation Ecological Footprint was Tochigi (0.81 gha), and the city
with the lowest transportation Ecological Footprint was Okinawa
(0.46 gha). The housing and transportation Ecological Footprint of
prefectures showed no significant relationship with the proportion
of urban population, the proportion of elderly population, or in-
come per capita (Tables 5 and 6).



Table 2
Sub-sectoral break down of food, housing and transportation Ecological Footprints of Japan.

Food Ecological Footprint (gha per
capita)

Housing Ecological Footprint (gha per capita) Transportation Ecological Footprint (gha per capita)

Food products 0.44 Electricity, gas other fuels 0.71 Operation of personal transport equipment 0.42
Non-alcoholic beverages 0.12 Water supply and miscellaneous dwelling services 0.08 Purchase of vehicles 0.06
Fish 0.07 Others 0.09 Transport services 0.20
Meat 0.06
Others 0.18
Total 0.88 Total 0.87 Total 0.67

gha: global hector.

Fig. 4. The ecological footprint of Japan's 47 prefectures and related socioeconomic variables.

Table 3
Generalized linear mixed effects model for total Ecological Footprint (Gamma distribution with a log-link function).

Factor Coefficient Standard error 95% CI T p

Intercept 1.06 0.12 0.83e1.30 8.94 <0.001 ***
Urban population (ratio, 0e1) 0.17 0.047 0.075e0.26 3.55 <0.001 ***
65þ population (ratio, 0e1) 0.76 0.32 0.13e1.39 2.37 0.018 *
Income per capita (million yen) 0.053 0.015 0.024e0.082 3.55 <0.001 ***

Marginal R2¼ 0.43. Conditional R2 ¼ 0.43. ***p < 0.001, **p < 0.01, *p< 0.05.

Table 4
Generalized linear mixed effects model for the Ecological Footprint of food category (Gamma distribution with a log-link function).

Factor Coefficient Standard error 95% CI T p

Intercept �0.75 0.10 �0.95e�0.55 �7.24 <0.001 ***
Urban population (ratio, 0e1) 0.21 0.042 0.13e0.29 5.01 <0.001 ***
65þ population (ratio, 0e1) 1.07 0.30 0.49e1.65 3.62 <0.001 ***
Income per capita (million yen) 0.061 0.015 0.031e0.090 4.06 <0.001 ***

Marginal R2¼ 0.58. Conditional R2 ¼ 0.61. ***p < 0.001, **p < 0.01, *p< 0.05.
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Table 5
Generalized linear mixed effects model for the Ecological Footprint of housing category (Gamma distribution with a log-link function).

Factor Coefficient Standard error 95% CI T p

Intercept �0.22 0.25 �0.71e0.27 �0.88 0.38
Urban population (ratio, 0e1) 0.083 0.10 �0.12e0.29 0.79 0.43
65þ population (ratio, 0e1) 0.25 0.69 �1.10e1.59 0.36 0.72
Income per capita (million yen) �0.021 0.034 �0.087e0.046 �0.62 0.54

Marginal R2¼ 0.017. Conditional R2 ¼ 0.082. ***p < 0.001, **p < 0.01, *p< 0.05.

Table 6
Generalized linear mixed effects model for the Ecological Footprint of transportation category (Gamma distribution with a log-link function).

Factor Coefficient Standard error 95% CI T p

Intercept �0.62 0.27 �1.14e�0.088 �2.29 0.022 *
Urban population (ratio, 0e1) �0.16 0.11 �0.37e0.058 �1.43 0.15
65þ population (ratio, 0e1) 0.22 0.77 �1.30e1.73 0.28 0.78
Income per capita (million yen) 0.086 0.044 �0.00096e0.17 1.94 0.053

Marginal R2¼ 0.16. Conditional R2 ¼ 0.17. ***p < 0.001, **p < 0.01, *p< 0.05.
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5. Discussion

5.1. Relationships between demography, income, and Ecological
Footprint at a sub-national level

The proportion of urban and elderly population and income per
capita showed significant relationships with Ecological Footprint
per capita because these factors are associated with differences in
regional lifestyle, economic structure, and level of affluence
(Hubacek et al., 2009; Lenzen and Murray 2001). In general, pre-
fectures with higher average incomes had a higher Ecological
Footprint per capita; a finding that is consistent with a previous
study in Mediterranean cities (Baabou et al., 2017). Our results
showed that the impact of income can be observed at a regional
level (i.e. including non-city areas) andwith controlling the effect of
other demographic variables (Table 3). Households in higher-
income prefectures may have extra spending on luxuries beyond
daily necessities and thus have additional embodied carbon and
land footprints (Baabou et al., 2017; Jiang et al., 2020; Lenzen and
Murray 2001). These relationships are particularly significant in
the food footprint (Table 4). The effects of income in the food
footprint resemble those observed in the carbon footprints of Jap-
anese cities (Jiang et al., 2020). Households in higher-income pre-
fectures may choose diets with more animal-based products than
their counterparts, resulting in a higher food Ecological Footprint
(Galli et al., 2017).

Households in more urbanized prefectures had larger total and
larger food Ecological Footprints per capita (Tables 3 and 4). In
general, cities have larger total Ecological Footprints per capita
compared to the countries where they are located (Hubacek et al.,
2009; Rashid et al., 2018). Urbanized areas are likely to contain
large numbers of commercial districts that can stimulate overall
consumption activities among residents, resulting in a larger total
Ecological Footprint per capita. A relatively higher coefficient of
proportion of urban population in the food footprint (Table 4) in-
dicates that some parts of the urbanization effect on total Ecological
Footprint per capita (Table 3) were coming from the food footprint.
The relationship between the food Ecological Footprint and ur-
banization can be related to the consumption of “food products”,
which makes up more than half of the food Ecological Footprint of
Japan (Table 2). “Food products” consist of processed fish, wheat,
vegetable, and fruit products. Processed foods require packaging
materials and produce additional food wastes during processing
8

(Williams andWikstr€om, 2011), and can consume higher amount of
land and energy throughout a supply chain (Galli et al., 2017; Sims
et al., 2015).

Prefectures with a higher proportion of elderly population had a
larger total and larger food Ecological Footprint per capita (Tables 3
and 4), a patternwhich has been observed for the carbon footprints
of Japanese cities (Jiang et al., 2020). Populations 65 years old and
older are typically retired from their jobs and have a large amount
of savings that can be used for various expenses (Iwaisako et al.,
2016), which may result in higher total Ecological Footprint.
Similar to the findings for urban populations, a relatively higher
coefficient for the ratio of population aged 65 and above in the food
footprint results (Table 4) indicates that some portion of the ageing
effect on total Ecological Footprint per capita (Table 3) was derived
from the food footprint. The diet of Japanese elderly has the char-
acteristics of washoku, traditional Japanese cuisine, but these di-
etary habits were not passed on to the next generation (Yokoyama
et al., 2019), resulting in generational differences in food con-
sumption. Populations 65 years old and older in Japan consume
more fish products than younger generations (Yokoyama et al.,
2019) so elderly populations may have a larger Ecological Foot-
print related to fishery supply chains (e.g. fishing ground use in
aquaculture and energy use in food processing). Unlike the case of
Japan, Christis et al. (2019) pointed out that higher expenditure on
meat products resulted in a higher carbon footprint for older gen-
erations in Belgium, and such differences in key food category
among countries indicates a need for taking food traditions into
account when analyzing generational differences in food footprints.
Currently, the positive relationships between proportion of urban
population and Ecological Footprint per capita is mostly not exac-
erbated by the additional footprint linked with elderly populations
(Fig. 4). However, projected increases in elderly population for ur-
banized prefectures in Japan (National Institute of Population and
Social Security Research, 2017) suggests that the future may see
such overlaps of factors correlated with higher footprint. In sum-
mary, the relationships between population ageing and Ecological
Footprint can be diverse and dynamic, as several studies showed
higher carbon footprints with ageing (Christis et al., 2019; Zhang
and Tan 2016) while others indicate the opposite (McDonald
et al., 2006). There is a growing consensus on the importance of
age structure due to its significant influence on resource con-
sumption patterns (Hu et al., 2020), and further studies are needed
for testing the effects of ageing on footprints.
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Unlike the food footprint, housing and transportation footprints
were not significantly linked with the proportion of urban and
elderly populations or with income per capita (Tables 5 and 6).
These results were expected, because housing and transportation
Ecological Footprint can be also related to the intensity and quan-
tity of energy consumption as carbon footprints dominate most of
the footprint of these categories (Fig. 3). As “Electricity, gas other
fuels” subcategory accounted for the majority of housing-related
Ecological Footprint (Table 2), the carbon efficiency of electric po-
wer sources may strongly influence the Ecological Footprint in the
housing category. The regional variations of energy intensity in
Japan (Fig. 4) are currently undergoing a transition phase following
an energy system reform after the Fukushima Daiichi nuclear
disaster in 2011. The introduction of renewable energy sources and
energy saving technologies can help reduce housing Ecological
Footprints (WWF Japan 2012). The non-significant relationships
between housing Ecological Footprint and income (Table 5) may
also be partly because of rich households choosing smaller houses
in a convenient place (e.g., near a railway station). While there has
been a global call for a smaller home size for less energy con-
sumption (e.g., for heating) (Cohen 2020), the effectiveness of such
policymay depend on a country's housing style. In Japan, home size
does not have strong correlations with household expenditure, nor
does it influence household energy use significantly (Lenzen et al.,
2006). The transportation Ecological Footprint of Japan was domi-
nated by carbon and automobile-related footprints (Fig. 3 and
Table 2), indicating that urban structures influenced
transportation-related Ecological Footprint through the choice of
everyday transportation modes. For example, the transportation
Ecological Footprint for Kyoto City is smaller than Japan's national
average due to the high availability of public transportation across
the city area (WWF Japan 2016). While previous studies at the sub-
prefectural level (Jiang et al., 2020) found significant negative im-
pacts of population intensity on transportation-related carbon
footprint among Japanese cities, we did not find such a pattern
between proportion of urban population and Ecological Footprint
(Table 6). This may be partly because of differences in indicators (i.e.
population intensity and proportion of urban population) and
scales (i.e. cities and prefectures).

5.2. Subnational Ecological Footprint of Japan and environmental
policy implications

The proportion of urban population in Japan has been increasing
slightly over the past 20 years, from 0.65 in 1995 to 0.68 in 2015
(Statistics Bureau of Japan, 2016). Should this trend continue, the
positive relationship between proportion of urban population and
total as well as food Ecological Footprint (Tables 3 and 4) may
weaken due to less pronounced differences in urbanization
obscuring its role as a footprint driver. However, future urbaniza-
tion trends in Japan are highly uncertain. Rapid population decline
in less urbanized prefectures (National Institute of Population and
Social Security Research, 2017) and the promotion of “compact
city” by urban planning authorities (Sakamoto et al., 2018)may lead
to increased urbanization across the country. In contrast, a repre-
sentative survey of residents in four regional cities projected to
shrink suggests a public mandate for leveraging depopulation to
increase public green spaces and urban agriculture (Rupprecht
2017). Nevertheless, current Japanese urban planning policies
represent obstacles to urban agriculture driven sustainability
transitions (Oda et al., 2018). Saito et al. (2018) discussed uncer-
tainty in the future trajectory of Japanese society up to 2050 and
suggested alternative scenarios including a “dispersed population”
which “assumes that rural communities will be maintained by a
decentralized approach”. The relationships between urbanization
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and resource management indicators including Ecological Foot-
prints should be considered for building sustainability strategies by
local policy makers. Proportion of urban population may also be
related to the dependence on resource imports to meet population
demands. Indeed, Japan has been in biocapacity deficit since data
for Ecological Footprint accounting became available in 1961
(Global Footprint Network, 2018). Despite regional variability in
Ecological Footprint, no prefecture is close to avoiding overshoot,
suggesting a strong need for absolute reductions in resource con-
sumption if exploitation of remote resources is to be avoided.
Distant relationships between consumption and production (i.e.
telecoupling) can be a driver for overproduction at croplands and
overharvesting at fishing grounds, resulting in biodiversity loss and
ecosystem degradation in remote areas (Pace and Gephart 2017;
Pascual et al., 2017). Schemes for ensuring sustainable global supply
chains, such as eco-labels, are needed to mitigate the existing
impact of urbanization on carbon and land footprints (Limnions
et al., 2009; Madin and Macreadie et al., 2015).

In Japan, the proportion of elderly as part of the total population
is projected to rapidly increase from 27% to 37% over the next 30
years (National Institute of Population and Social Security Research,
2017). Over the same period, Japan's total population will decrease
by more than 15% (National Institute of Population and Social
Security Research, 2017). The increase in total footprint driven by
aging (due to the positive relationship between proportion of
elderly population and Ecological Footprint (Tables 3 and 4)) may
potentially be offset to some extent by the projected total popula-
tion decline. However, if the elderly population of a prefecture in-
creases at a faster rate than prefectural population declines, an
increase of both per capita and overall Ecological Footprint for that
prefecture is likely. For example, Tokyo's population is projected to
be stable in the coming decades while the proportion of elderly
population will rise (National Institute of Population and Social
Security Research, 2017). Therefore, strengthening environmental
policies, particularly for the food consumption of elderly people, is
crucial for reducing Ecological Footprint of prefectures. Since the
“food products” subcategory was the biggest contributor to the
food Ecological Footprint (Table 2) and food industry is heavily
dependent on fossil fuels and significantly contributes to carbon
emissions (Sims et al., 2015), reducing the consumption of ready-
made meals among elderly populations could mitigate an in-
crease in Ecological Footprint per capita. For example, accessible
local food can support replacing ready-made meals with fresh
foods, potentially reducing carbon footprint throughout supply
chain (Hara et al., 2013) and improving health. The impact of
population ageing on Ecological Footprint can be also important in
other countries in the East and Southeast Asia, such as China,
Singapore, South Korea and Thailand, where rapid population
ageing is projected (UN 2019).

Policy implications of the link between income and EF are
increasingly attracting attention in the international discourse.
Despite its comparatively moderate inequality, for Japan as a
democratic market economy the analysis of overconsumption
drivers and potential solutions outlined by Wiedmann et al. (2020)
applies: affluent citizens are responsible for most environmental
impact, with the structural imperative for growth inhibiting
necessary social change. However, the failure of successive Japa-
nese governments to produce significant economic growth has not
been accompanied by excessive reductions in well-being. Resi-
dents’ preferences for public green space and urban agriculture
over material consumption such as larger housing (Rupprecht
2017) as well as a shift in preference from material to non-
material well-being since the 1980s (Cabinet Office Japan 2019)
suggest room for policy options aiming for sufficiency instead of
economic growth. A diet recommendation balancing
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environmental sustainability and affordability (Benvenuti et al.,
2019; Gonz�alez-García et al., 2020) may support transitions for
sufficiency in food systems.

5.3. Better understanding the relationships between subnational
socioeconomic variations and global environmental overshoot

Our analysis employed a top-down approach to calculate
Ecological Footprint per capita at prefectural level, and to investi-
gate relationships between them and the proportion of urban
population, proportion of elderly population, and income. Subna-
tional studies have used varying approaches to measure the foot-
prints of cities and regions across the world, making comparability
between areas difficult (Baabou et al., 2017). Global Footprint
Network (2009) proposed a standard methodology for top-down
studies (see also Lin et al., 2019), which has been applied in mul-
tiple studies (e.g. Baabou et al., 2017; Isman et al., 2018; Galli et al.,
2020), making it the preferred method for comparability across
different regions. Since data collection standards differ from
country to country, a challenge of the top-down approach is the
availability of data that is consistently collected at the both national
levels and across subnational regions (i.e., “paired datasets”) (Isman
et al., 2018). This can make comparability across subnational areas
more useful within a country than across countries if different na-
tional statistic offices employ different data collection standards.
Moreover, since top-down assessments rely on national statistics,
they have a limited ability to directly measure the impacts of local
policy actions (Aall and Norland, 2005; Wilson and Grant, 2009).
Top-down studies can be further refined using additional sup-
porting data on consumption (e.g. transportation, size of housing,
energy intensity etc.), which increases relevance to local policies
(Moore et al., 2013; Isman et al., 2018). Consistent and comparable
results across multiple cities or regions within a single country are
key for development, monitoring, assessment of national policy.

To our knowledge, this study is the first to investigate re-
lationships between subnational Ecological Footprint and socio-
economic and demographic variations beyond city-level
assessments (e.g. region, prefecture or province). The past two
decades have seen a proliferation of city-level Ecological Footprint
accounting assessments (Baabou et al., 2017), following the first
study in Santiago de Chile in 1998 (Wackernagel 1998). Subnational
studies beyond city-level assessments are less common but have
been applied in several countries (e.g. Bagliani et al., 2008). While
cities are an important target for enabling sustainable use of natural
resources, policy makers and researchers also need to pay attention
to the production and consumption activities beyond city areas,
because rural-urban linkages at a regional level play a crucial role in
transitions to a sustainable society (Seitzinger et al., 2012; Yokohari
et al., 2000). In our study, a prefecture with the highest Ecological
Footprint per capita had additional 1.18 gha resource use than the
lowest prefecture. That difference is smaller than the gaps observed
in Canadian cities (>5 gha, Isman et al., 2018) and Mediterranean
cities (>3 gha, Baabou et al., 2017). Relatively smaller gaps among
Japanese prefectures could be partly explained by the different
administrative levels for analyses (i.e. city and prefecture). While
currently limited, the development of sub-prefectural socioeco-
nomic datasets could help understand differences in rural and ur-
ban Ecological Footprint.

To make more specific predictions about the future Ecological
Footprint of prefectures we require a more nuanced understanding
of the factors which affect the Ecological Footprints of specific
consumption categories. For example, the “food products” footprint
contributes to the substantial part of food Ecological Footprint in
Japan, but breaking down the components of “food products” solely
depending on the available trade database proved difficult. The use
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of other data sources such as nutrition surveysmay help unpack the
relationships between dietary compositions and the food Ecolog-
ical Footprint with increased sub-category detail.

5.4. Limitations

Ecological Footprint and biocapacity are one of the most widely
used indicators in the discipline of sustainability, but also widely
misinterpreted. The accounting framework is providing key infor-
mation which informs the sustainability of a system within a
limited context and assumptions. The framework assumes that of
supply of biophysical, photosynthesis-based regeneration from our
environment, or biocapacity, is a key limitation to the metabolism
of human economies within the context of Earth, and that regen-
eration is tied to earth's bioproductive surfaces (Wackernagel and
Rees 1996). As such, the accounting framework only attempts to
include all human demands for biocapacity (Borucke et al., 2013).
This limitation means that many elements that are often consid-
ered relevant for sustainability are factors which affect Ecological
Footprint and biocapacity outcomes, such aswater and biodiversity,
which are key for ecosystem function. Other sustainability ele-
ments lie outside the realm of the Ecological Footprint accounting
framework, such as the supply of rare minerals, which are not re-
generated through photosynthesis.

As an accounting framework, Ecological Footprint accounting is
similar to financial accounting in that an assessment or statement
provides a static snapshot rather than a dynamic model. Interpre-
tation of a quantitative and static framework should carefully
consider elements not captured in this type of simplistic accounting
framework. Dynamic interpretation and assumption of overall
sustainability are common misconceptions; as a metaphorical
example, while income and expenditure are key measures for the
viability of a business, one cannot assume that a business running
an annual net profit is sustainable, but can assume that a business
running a net loss is currently spending money at unsustainable
rate compared to income generation. As such the Ecological Foot-
print accounting framework has been described as an indicator of
unsustainability (Bagliani et al., 2008). Similarly, an economy that
consumes more resources that it can regenerate or produces more
waste than it can assimilate is inherently unsustainable while the
inverse case does not imply sustainability, but rather that one key
condition of sustainability has been met. Therefore, accounting
snapshots are most useful for identification of Footprint hotspots,
and require deeper complementary research to understand trade-
offs, threshold effects and other complexities when applying real-
world solutions.

6. Conclusions

As regions in Japan are gradually urbanizing and ageing, we can
expect their Ecological Footprint per capita to increase. Among
major consumption categories, food is the most responsible for this
anticipated trend at a household level. Transitions in food con-
sumption behaviors, including the shift from processed to fresh
food and the extension of local food activities, may help mitigate
environmental overshoot and impacts on ecosystems and human
well-being. Comparing city- and regional-level results across
multiple countries will help understand subnational variations in
Ecological Footprint further. Directions for future research could
include 1) inter-regional Ecological Footprint analysis among 47
prefectures using domestic Japan MRIO analysis to better under-
stand the Ecological Footprint distribution and supply chains inside
Japan, 2) scenario analysis at sub-national levels to support envi-
ronmental policy making processes, and 3) a historical Ecological
Footprint analysis for 47 prefectures.
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