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1 ABSTRACT

Urban agriculture plays a role in modern food systems to reduce transportation energy, improve local
production for local consumption, and so on. However, the demand for local food, the supply of farmland,
and even the attitudes of farmers may vary with the process of urbanization as well as the urban structure of
cities. This is significant particularly in Asian megacities such as Tokyo, where the built-up areas have
mostly spread to suburbs along rail lines and expanded outward from train stations on topographic and
historical fundamentals. Furthermore, urban agriculture in Tokyo is facing strong pressure from urban
development, the aging of farmers, and depopulation. Few previous studies have discussed the performance
of urban agriculture in a megalopolis like Tokyo based on detailed evidence.

The aim of this study was to clarify the relationship of food, water and energy in Tokyo through input-output
analysis ofresource use and vegetable production. We created a database of water and energy resource
inputsfor greenhouses, fertilizers, and pesticides, etc., for farming and vegetable production. We
quantitatively calculated the input-output efficiency of energy and water resources per unit of food
production in the Tokyo metropolitan area and visualized regional characteristics by hierarchical cluster
analysis.

We found that Tokyo produced 75,566t of vegetables per year, or an average of about 5.5kg per capita for its
13.8 million population, with 426.1TJ of energy consumed,especially in greenhouses and manufacturing
compost, and 8.7 ML of water, especially in manufacturing phosphorus fertilizer. With cluster analysis
identified four types of urban agriculture in terms of environmental load: “lowenvironmental load,”*“medium
environmentalload,”“highwaterload,” and ‘“highenergyload.” In summary, the closer to the CBD, the more
intensive the agriculture type in the sense of environmentally burden, due to the impacts of urbanization; the
central part of the Tama area, with more open space for agriculture, shows moderate consumption of energy
and water; and the farmlands in western Tama far from the CBD are less intensive and often cultivated with
low environmental load.

These findings suggest that the conservation and promotion of urban agriculture in Tokyo should consider
geospatial characteristics. As land prices rise, could become more intensive, meanwhile, with a possible
transition from “low environmentalload” to “mediumenvironmental load” and from “mediumenvironmental
load” to “high water load” or “high energy load” to environment. This is a challenge for urban policymakers
to manage the synergistic effects and conflicts in agriculture-inclusive urban development.

Keywords: Urban structure, environmental load,input-output efficiency,hierarchical cluster analysis

2 INTRODUCTION

Many cities expect that urban agriculture plays an important role in improving the sustainability of the
modern food system (Morgan, 2015; Mohareb et al., 2017; Howe & Wheeler, 1999).Cities typically depend
on the outside for resources such as food and consume them in large quantities, and have an enormous
environmental load.Moreover, the environmental impact of the food system is in many cases the leading one
(Goldstein et al., 2017). Large amounts of food consumption are required to support huge urban populations,
but their production and distribution processes need to be rethought to reduce the environmental impacts.
Urban agriculture, on the other hand, has diverse ecological, economic, and social-environmental benefits
(Lovell, 2010; Lovell & Johnston, 2009; Peng et al., 2015), andcan serve five major functions: energy
generation, urban symbiosis, supply chain efficiency, and in situ and ex situ environmental improvement
(Goldstein et al., 2016b). From a food system perspective, shorter transportation distances reduce food miles
and the environmental impact of production and distribution, while also providing a fresh and diverse supply
of vegetables. With growing awareness of the high environmental load and the verified environmental
benefits of urban agricultural food systems over the past two decades, cities try to reconnect with urban
agriculture.
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Nevertheless, urban agriculture is not free from environmental loads. In many cases, agriculture consumes
resources such as fertilizers and pesticides to increase vegetable production (Foley et al., 2011) and emits
large amounts of greenhouse gases (Weber & Matthews, 2008). It has been pointed out that despite the
environmental benefits of urban agriculture, it also hasenvironmental impacts, such as high water
consumption, inability to respond to local conditions, and soil management problems (Sanyé-Mengual et al.,
2018, 2019). Meanwhile, inefficient siting, production practices, and transportation methods can lead to
greater environmental impacts; one study found that urban agriculture did not necessarily lead to carbon
reduction, using tomato and lettuce cultivation in Boston as a case study (Goldstein et al., 2016a). Although
there arecurrently only a few studies that show urban agriculture is rather environmentally burdensome, the
environmental impacts in urban agriculture may be contrary to the intentions of cities to reduce
environmental impacts. Therefore, it is necessary to evaluate the relationship between the input resources for
production and the vegetables produced, i.e., the input-output efficiency, when developing urban plans aimed
at the environmental performance of urban agriculture.

Some studies have been conducted to clarify the input-output efficiency of urban agriculture. In a study of
urban and surrounding areas, researchers compared environmental indicators, including life-cycle carbon
emissions and water use in lettuce production for five farms near and far from Sydney (Rothwell et al.,
2016). Another study assessed the possibility that life-cycle carbon emissions could be reduced by using
urban agriculture in Lisbon, with the challenge of assessing the entire food system rather than a single
commodity(Benis & Ferrao, 2017). Even within cities, the input-output efficiency of urban agriculture under
different conditions has been compared and characterized.Researchers comparedtwo conventional and
organic farming systems in urban Seville, Spain, and characterized their life-cycle energy demand and CO2
emissions (Pérez-Neira & Grollmus-Venegas, 2018).Another study compared life-cycle greenhouse gas
emissions based on economic value for conventional and home delivery agriculture in Beijing (Hu et al.,
2019). Thus, it is important not only to clarify the input-output efficiency of urban agriculture from
comparisons between areas inside and outside the city, but also to reveal the diverse input-output efficiencies
of urban agriculture based on several different characteristics in recent years.

This study asked how the urban structure of a region affects the input-output efficiency of urban agriculture
production. Tokyo and other Asian megacities have developed in complex ways from the CBD to the
suburbs and from train stationsoutwards through rail lines development. As a result, urban land use sprawls
in a wedge shape along the rail lines, and agricultural land is relegated to areas stretching away from train
stations and more distant suburbs (Yamamoto et al., 1977). We can assume that urban structure factors such
as topography, distance from CBD, and population,affect input-output efficiency. However, few studies have
quantified such differences. To reconnect urban agriculture to urban planning, it is important to understand
the underlying urban structures, and such an understanding would be a great advantage in formulating new
strategies.

Therefore in this study, we aim to clarify the relationships between urban structure, resource use and the
production of vegetables, in order to assessinput-output efficiency for municipalities. To achieve this, we
constructed a framework that combines the food-water-energy (FEW) nexus approach with input and output
analysis.Using this analysis, we quantitatively calculated the efficiency of energy and water resources per
unit of food production for cities in the Tokyo metropolitan area and visualized regional characteristics by
hierarchical cluster analysis.

3 METHODOLOGY

3.1 Food-water-energy nexus approach

In this study, we use the nexus approach of FEW to quantify the input-output efficiency of urban agriculture
in different municipalities. The nexus approach is based on the idea that integrated management across
sectors and scales can produce synergistic effects as a system (Hoff, 2011). In particular, food, energy and
water are core factors at the heart of sustainable development, and the visualization and management of their
nexus is an important issue (Liu et al., 2018). A literature review showed that the study of the FEW nexus is
rapidly expanding, with nearly 1,000 papers published up to 2017 (Newell et al., 2019).

One of the features of the FEW nexus approach is that it can quantitatively show the relationships among
water and energy used for food production, food and energy used for water production, and food and water
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used for energy production, and thereby the interrelationships can be clarified. Looking at agriculture,
vegetables are obtained by using water and energy.Examples of applying FEW to urban agriculture are
sprouting up(Caputo et al., 2021).

One study focused on wastewater-based irrigation to evaluate its impact on energy use, food production, and
health (Miller-Robbie et al., 2017). It found that the use of treated wastewater can lead to reduced energy use
and increased food productivity while clearing pathogens. Other researchers reviewed individual farming
methods, materials, and resource uses, and summarized the indirect and direct energy uses and their impacts
in urban agriculture from the perspective of the FEW nexus (Mohareb et al., 2017). They discussed the
possibility of efficiency variations and trade-offs between energy and water. The results of the review
suggested that there was a need to study urban agriculture in individual regions, paying close attention to the
context of operations, crops, and climates.

3.2 Research framework

In this study, to quantitatively examine the input-output efficiency from resource utilization to vegetable
production, it is first necessary to define the system boundary. In the life-cycle assessment study of vegetable
production and distribution in Japan, the energy used for cultivation, fertilizer, pesticide, heating, cooling,
and drying was defined as production energy (Nishizono & Moteki, 2007). Of these, our study usedfertilizer,
pesticides, and heating in the production sector. In the case of fertilizer, potassium (K20, hereinafter referred
to as K), phosphorus (P205, hereinafter referred to as P), nitrogen (N), and compost are mainly required
(Nishizono & Moteki, 2007; Tokyo Metropolitan Government, 2003). Irrigation is not considered for open
field cultivation because rainfed agriculture is the main form of agriculture in the suburbs of Tokyo, and
water use is considered only in greenhouse production. Thus, rainwater use was not considered as a load.

Within the system boundary, the amounts of energy and water used as inputs were converted into joules and
liters, respectively, and added up. The intensity of use of each resource was quantified and visualized in a
Sankey diagram. The vegetables produced were shown by weight for each item. This ability to visualize the
relationship among FEW is a unique feature of the FEW nexus approach.

3.3 Analysis and dataset

Within the system boundary of this study, energy and water consumption and vegetable production were
calculated from the following formulae. Growing vegetables usedsome resources:fertilizer (energy:
IE tertitizer-Water: IWe g i2iz0p), pesticide (IEpgseigigeand [Wygsrigge), and greenhouse (IE g goppouss and
I L-L’grﬂﬂnhwjﬂ). Vegetable production (OF,, gsmb:as) is defined as fruit vegetables (O F:rmir)’ root vegetables

(OF,55¢), leafy vegetables (O Fygq ¢), and tubers (OF; ypers)-

JTExagamb:as = IEfarﬁ!Ezﬂr + JTEpa.s-ricida + IEgrﬂanho:u-a #('1}
IWyegerapies = IWrarsitizer + IWpesticide T IWgreannouss #(2)
OFsegatattes = OFpruie + OFroor + OFicap T OFrupers#(3)
To compare the food production of different regions, a cluster analysis was conducted to classify the
municipalities using the amount of energy input per unit weight of vegetable production(ie,, go¢ ap12s) and the

amount of water input(iw 55)- We normalized these to mean O and variance 1. The datasets were

vegetabl
subjected to hierarchical cluster analysis using the “scipy.clujster.hierarchy” library in a Python 3 runtime
environment.

'FEL‘EQEI tables

1Epagatables = OF o getabtos #(4)
. ”'Vvagarﬂ.b las
l""'rzragarrzb!as = m #(Sj

3.3.1 Vegetables
We used the Tokyo Metropolitan Crop Production Survey, published annually by the Tokyo Metropolitan
Government (2015).The survey providesdata on production items, volumes, and cropping area. We
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obtainedQFy,..,is. OFppor,O0F aqp, and OF;pgpfor 2013. We also obtain the cropped area (4,)for each

vegetable. In general, it is not easy to grasp the actual situation of urban agriculture, but the Tokyo
Metropolitan Government has started to conserve and promote urban agriculture earlier than the national
government (Tokyo Metropolitan Government, 2019), and this survey can be a valuable dataset to grasp the
actual situation of urban agriculture.

3.3.2 Fertilizer

It is difficult to understand the actual situation of fertilizers used in agricultural production because of the
wide variety of fertilizers used and the lack of statistical data available. Therefore, in this study, based on
some studies(Chen et al., 2018; Kobayashi & Sago, 2001; Nishizono & Moteki, 2007; Tokyo Metropolitan
Government, 2003), we used the amount of fertilizer used per cropped area(K,, F,, N, and COM,,), energy
used per unit of vegetable production(ieg, iep, iey, and iEspmpese) and water (iwg, iwp, iwy, and

Weg m’ppsz)'

IEfertizzer = l€g * Z(Hv ®A,)+ iepx Z(PL * Ay)+ dey * Z(Ny wA,)
Fiepompont * Z(comy £ A,)#(6)

IWr areitizer = IWg * ZU{” AL+ iwp * Z(ﬂ, # AL+ iwyy ZEN" *A,)
W eompost * Z(mmp A,)#(7)

3.3.3 Pesticides

It is difficult to obtain statistical data on pesticide use, and the wide variety of pesticides makes it difficult to
understand life-cycle costs. In existing data(Ministry of Economy Trade and Industry, 2016), average cost
and unit price were used to calculate pesticide use per unit of area for each crop(PES,,). The amount of input
energy per unit of pesticide use(i€pqsricics=250MIJ/kg) and the amount of water(iwpyzzz;zi2.=4.0909kg/kg)

were obtained from previous studies(Natalia & Robert, 2016; Nishizono & Moteki, 2007).
IE pesticide = 1€pasticids * Z(PE‘SL‘ + A,)#(8)
”’V*ﬂﬂsricidﬂ = Wpesticids * Z(PESL‘ * Au} #(9)

3.3.4 Greenhouse production

As data on greenhouse production, we used the 2015 Census of Agriculture and Forestry published by the

Tokyo Metropolitan Government. We obtained the area of greenhouse production(4,, ..nnouss)- However, it

is not possible to know the use of each greenhouse. The amount of energy required to operate
greenhouses(! E g apnouss)Was obtained by multiplying by A ,.oennouse> the amount of heavy oil A used per

area of greenhouse production, anda coefficient to convert heavy oil A into energy. In the study on
greenhouses (tomatoes), the facility area was 5,848m’* and the fuel power cost was 3,326,000 yen in 266
greenhouses (Japan Finance Corporation Agriculture Forestry Fisheries and Food Business Unit, 2017).
Based on the average monthly price of fuel oil A in 2017 from the Agency for Natural Resources and
Energy, the price was assumed to be 67.7 yen per liter. The conversion factor between A fuel oil and energy
was assumed to be 38.9MJ/L. The amount of water used (IW,,gennouse) Was obtained by multiplying the

area of greenhouseproduction A, .pnouse DY the water consumption and cultivated area ratio obtained from

previous studies. The water consumption was set at 816mm per year and the cultivated area ratio was set at
90% (Nishide, 1990).

3.4 Study area

This study area covers 49 cities, excluding islands and rural areas under the Tokyometropolitan area(Fig.1).
However, some cities donot have farmland, so this study effectively covers 36 municipalities. The central
business district (CBD) is located in the eastern part of the study area, and major sub-districts such as
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Otemachi, Shibuya, Shinjuku, and Ikebukuro are located along and inside the Japan Railway Yamanote Line.
Currently,in terms of population density, most cities in the Tokyo region have a population of more than
4,000persons per km2. The central part of the study area is on the Musashino plateau, which includes
suburban communities. Meanwwhile, in the western part of the study area, the population density is lower
due to topographical conditions such as hills and mountains and reduced accessibility to the CBD.

j' = Municipality beundary Population density (peplkma)
o T e s vamangte Loe 000 ki i B

Raibways 52000 N 3 Municipality boundary Farmland ratio (%) == £20
i 24000 3 -
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Fig.1:Three maps of the study area showing the urban structure.Processed from National Land Information (Railway, Municipal

Data) (Ministry of Land, Infrastructure, Transport and Tourism).(A) shows the topography of the area.Processed from "National

Land Survey" (Ministry of Land, Infrastructure, Transport and Tourism). (B) shows the population density. Processed from 2015
Census. (C) shows the farmland ratio.

4 RESULTS

4.1 Descriptive statistics

Fig.2 shows the input-output indices for vegetable production. Energy consumption in greenhouseswas the
greatest.Greenhouses in the study area include 1,674 facilities with a total of 13,168 m2 in area, but a large
amount of input energy per unit area (32,679.5MJ/m2). To produce one ton of vegetables, they consume
energy at 5,714MJ/t on average, or 426.1TJ for the study area. However, there is a large difference among
municipalities. Manufacturing compost(from mulch, manure, organic waste, etc.) consumed an average of
3,234.3MJ/t of energy, or 241.2T]J for the study area. Compost accounted for 85.6% of the total energy of
fertilizer. Manufacturing pesticides consumed an average of 1,704.5MJ/t of energy, or 127.1TJ for the study
area. In contrast to the above, the values of various fertilizers other than compost were very small.
Manufacturing nitrogen consumed an average of 326.6MJ/t and 24.4T] for the study area, phosphorus
consumed an average of 208.3MJ/t of energy and 15.5TJ for the study area, and potassium consumed an
average of 11.3MJ/t of energy and 0.84TJ for the study area. In total, the energy input of Tokyo as a whole
amounted to 835.1TJ. The energy consumption per farm unit of area was 19.1MJ/m?2.

Comparing water inputs, phosphorus had the largest value, while facilities hada very small value. On
average, manufacturing phosphorus used 116.2L/t per vegetable and consumed 8.7ML in total. The results
were similar except for phosphorus and facilities. Manufacturing potassium consumed at an average rate of
44.5 L/t, and 3.3ML for the study area. Manufacturing nitrogen consumed at an average rate of 33.2L/t, or
2.5ML for the study area. Manufacturing compost consumed at an average rate of 32.3L/t, or 2.4ML for the
studyarea. Manufacturing pesticides consumed 27.9L/t on average, and 2.1ML for the study area. In contrast,
greenhouse production consumed an average of 0.013L/t of water per vegetable production or 957.5L for the
entire area. With these water inputs, 18.9ML was used for the entire Tokyo metropolitan area.Water
consumption per unit of farmland area was 0.434L/m?2.

As for the output of food production, leafy vegetables were the largest category, followed by fruit vegetables,
root vegetables, and tubers (including potatoes, sweet potatoes, taro, konjac, etc.). The output of leafy
vegetables, fruit vegetables, root vegetables, and tubers was 32,566t, 19,964t, 13,192t, and 7,825t,
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respectively, for a total of 75,566t. Among leafy vegetables, cabbage was the most abundant at 8,033,
followed by komatsuna (Japanese mustard spinach) at 7,525t. Tomatoes and eggplants accounted for 5,904t
and 5,872t, respectively, of the fruit crops. As for root crops, 8,097t of radish and 3,669t of carrot were

produced, and 4,310t of potato were produced for tubers. The production per unit of farm area was
1.71kg/m?.

0¥

N EFEE" Farmland sl Leaf
Pesticide 83511
i 75,566t vaglmplu 7.825¢  Tubers
Greenhpuse her ‘ 199648 Fruit
Compost W*:ttr 13,102t =

Fig 2:8ankey diapram showmg the mputs of water and energy znd outputs of vegstables m urban apriculture m the study ares.
Oranpe mdicates energy, blue mdicates water, znd green mdicatez food. The lme widths were normalized zo that the maximum
values for food, water, and energy are equal. The thicker the line, the larpar the volume.

Per umit of weight (tons) of Per unit of area (m?) of farmland
products
E MIty* W{Lt)* EQImN* WLmiF*  Fkgmly*+*
Low envirorumentalload TE6(1.T) 200{17) 12.7(4.8) 0333(0087) 1.67(044)
Medium environmentalload 11.6(2.0% 26428y 200036y 0431(0.101) 1.71(032)
High waterload 18.6(7.0) 40427y 23.7(194) 0313(0262) 128 (067)
High energy load 26.5(8.6) 270(33) 6309(519) 0.733(0.673) 2.60(2.10%

Table 1:Amount of energy and water per unit of production m each cluster and per area of farmland. Mean (standard deviation).
*=.01, **<=0.03, ***=(.1 with Kruzkal Walliz test with SPSS.

] Enicipeity boundary B8 ow srvronmantal load
A Flaitways “eradiam amvirmrmantal ked”

[T

=} T ainarehE L
0 . 1.|:Ikrr- it i “high ey load”

e Ha Tarwlands
Fig 3:Fesults of cluster analysis based on production effictency. The  Fip4:Sankey dizgram m frve cifies 23 2n example. The
numbers m the map arethe arezs mentionsd m the Fig.4, results, and order of the ttems 1z the same 25 m Fig.2. The thickmess
discussion Processed from National Land Information (Railway, of the lmez iz standardired bazed on Nerima.
Municipal Data) (Ministry of Land, Infrastructure, Tranzport and
Tourism).

4.2 Cluster analysis

Hierarchical cluster analysis produced four clusters. The clusters were named “low environmental
load,”*“medium environmental load,”*high water load,” and “high energy load” based on their characteristics
(Table 1).Fig.3 shows a map of the distribution of each cluster, and Fig.4 shows the Sankey diagram for the
five citiesas an example.

The “low environmental load” type was a cluster that uses less energy and water. Totalsfor energy and water
consumption of fertilizer were 2,621.9MJ/t and 177.8L/t, respectively, much lower than other clusters. Water
and energy per unit of area was also minimal.The most significant feature of the cluster was the polarization
of the location distribution. The cluster was mostly located in the central and western parts of the study area.

The “medium environmental load” type was a cluster in which the energy and water consumption was higher
than that of the “low environmental load” type. A total of 18 municipalities fell into this category, making it
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the largest cluster. Many of the regions located on the Musashino Plateau (Fig.1), which are suburban
communities, belonged to the “medium environmental load” type.

The “high water load” type was a cluster in which water consumption was larger than energy use. This
cluster was characterized by the high consumption of fertilizers and pesticides. The water consumption per
unit of vegetable production was 404.2L/t, or twice that of the “low environmental load” type. In contrast,
the weight of food production per farmland unit of area was the smallest. Only three municipalities are
highly urbanized areas close to the CBD fell into this category.

The “high energy load” type was a cluster that used more energy than water. Itwas characterized by the large
amount of energy used in greenhouses. For example, Ota City(Area 7 in map) consumed 33,700.8MJ/t of
energy per unit of vegetable production. This cluster included only four municipalities, and the energy and
water consumption per unit of area varied greatly, but it tended to be larger than that of other municipalities.

S DISCUSSION

This study clarified input-output efficiency of Tokyo urban agriculture by quantifying energy and water
inputs and vegetable production outputs, then classified and mapped municipality characteristics by cluster
analysis.

5.1 Influence of urban structure on input-output efficiency in Tokyo

The urban structure affected the distribution of each cluster in several ways. First, the “high water load” and
“high energy load” clusters were concentrated in the CBD. In both clusters, the proximity to the CBDis
reflected in the agricultural production of leafy vegetables, as well as the cultivation of a wide variety of
plants, leading to high energy and water consumption. In addition, different topography distinguished these
clusters. The “high water load” cluster was located on the Musashino plateau in the western and northern
parts of the CBD, while the three “high energy load” municipalities in the CBDwere located in the Tokyo
Bay lowlands in the eastern and southern partsof theCBD. It is important to note that greenhouses are used
not only for vegetable production but may also be used for flower cultivation.However, “high water load”
cluster has less food production per unit of area because it produces more low-weight leafy vegetables, while
the “high energy load”cluster produces more intensively. Although some municipalities can be interpreted as
outliers because of their small agricultural scale (Area6 in the map), it is worth considering that Nerima City
was classified as a “low environmental load” type (Area 1). Although Nerimawas not outstanding in terms of
population structure and topography, it hasmany farmlands and boasts one of the highest agricultural yields
in Tokyo. Nerima has the potential to become an advanced case study of urban agriculture in that it can
abundantly produce agricultural products with low impacts despite being in a highly urbanized area (Fig.4).

The plateau area located in the center of the study area isdominated by the “mediumenvironmental load”
type. The plateau isa suburban area for workers commuting to the CBD, with a high density of railway lines
and urbanization around train stations. Fields are present on a small scale further away from train
stations.“Medium environmental load” agriculture in these areasispositioned between intensive agriculture
and less intensive agriculture in the more suburban areas.

In the western and southern regions, there were “lowenvironmental load” and “medium environmental
load”areas. The “low environmental loadareas included two cities with a low degree of urbanization (Area 2
and 10) and small municipalities located along rail lines (Area 8). The “medium environmental
load”areasincluded two cities where urbanization was well advanced (Area9). The former is likely to
haveless-intensive agriculture and a high proportion of fruit crops and tubers. In the latter case, the reason is
not clear, but it is reasonable to interpret it as being relatively less intensive compared to the CBD.

The spatial distribution of the clusters shown above is similar to the distribution of agriculture with the
degree of urbanization traditionally revealed by geography (Kikuchi et al., 2002). However, urban
agriculture is more sensitive to urbanization, and small changes in railway lines, topography, and population
distribution are immediately reflected in clusters. The visualization of urban structure at a detailed level
reveals differences in the input-output efficiencies of urban agriculture. We also found some good examples
of low environmental load even near the CBD, such as Nerima City. Small geographic differences in urban
agriculture appear to make a big difference, but are often not noticed in traditional analysis on a large scale.
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Further studies could provide important data for the conservation and promotion of small-scale and fragile
urban agriculture.

5.2 Impacts of input-output efficiency on urban environmental performance

In the input-output efficiency of urban agriculture in Tokyo, the use of greenhouses, in particular, loaded
energy inputs, while the use of fertilizers and pesticides, including phosphorus, loaded water inputs. In this
study, the total inputs of 426.1TJ of energy and 8.7ML of water resulted in an output of 75,566t of vegetable
production. This efficiencyis similar to that of a study that investigated the input energy for vegetable
production in Gunma Prefecture in Japan (Nishizono & Moteki, 2007). However, the study by Nishizono
&Motekiwas more extensive than the system boundary of this study, and if this study is adapted to their
system boundary, the environmental performance of urban agriculture may produceworse results. This
confirms that urban agriculture has the same or even greater environmental impacts than regular agriculture.
This is contrary to the objectivesof cities that want to use urban agriculture to improvetheir environmental
performance.

However, in urban agriculture in the study area, a wide variety of vegetables are beingcultivated, mainly
leafyvegetablesfor whichfreshness is important. This freshness and availability of local vegetables is a
service that contributes more to the enrichment of choices, nutrition, preservation of local culture, and
education, rather than production or food self-sufficiency. The 75,566t of vegetablesproduced in Tokyo is
equivalent to 5.5kg per capita, or only 15 days of consumption if we assume that each person consumes 350g
per day aspromotedby national health programs.

In light of the above, the main benefit in terms ofenvironmental performance of cities provided by the input-
output efficiency of urban agriculture is not the reduction of environmental load, but rather the non-material
services and added values arising simultaneously with the supply of food. To increase non-material services
and added value, we can shift from greenhouses to open field cultivation, reduce pesticide use, and shift to
organic farming. Those actions may reduce the food supply, but actually improveinput-output efficiency.

5.3 Hints for policy decisionsaffecting urban agriculture

Based on the impacts of urban structure on urban agriculture and impacts of urban agriculture on
environmental performance of cities, we can find several hints on how cities can be reconnected with urban
agriculture.

In reconnecting cities with urban agriculture, it is important to design, plan, and implement areas based on
evidence. There is a growing movement to explore the policies and possibilities of converting vacant urban
land, rooftops, and brownfields to agriculture(Hara et al., 2018; Saha & Eckelman, 2017). This study
calculated amounts of water and energy per unit of vegetable production and agricultural land area (Tablel).
These values can be included in such measures for preliminary assessments of the environmental
performance of urban agriculture. Alternatively, it is possible to reflect on the current environmental
performance of urban agriculture and explore ways to reduce the environmental impacts of farming. The
approaches used here can also provide an opportunity for farmers and citizens to review the methods of
urban agriculture.

The population of Tokyo is expected to continue growing until around 2030, and then remain high (National
Institute of Population and Social Security Research, 2018). Conversion of farmland to urban uses is
expected to continue due to the pressures of urban development and the aging of farmers. In other words, the
urban structure and the performance of urban agriculture will continue to change, and the input-output
efficiency of urban agriculture may be affected by these changes. Given that urbanization will continue, there
is a great possibility that urban agriculturetypologies will move from “lowenvironmental load” to “medium
environmental load,” and from “medium environmental load” to a ‘“highwater load” or ‘“highenergy
load.”Such shifts would not be favorable changes for urban planning in terms of environmental performance.

Finally, urban planning has important roles to play in predicting how the urban structure of a region will
change in the future, examining things from a wide range of perspectives, including population, nature, and
industry, and in adapting predictions of changes in urban structure to urban agricultural management, or in
adjusting the urban structure to control impacts on urban agriculture.Meanwhile, farmland in urbanized areas
is no longer regarded only as private property but also as public space.If local governments wish to promote
good environmental performance, they must continue to intervene actively in the transformation of urban
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agriculture toward organic farming, in the conservation of farmland, and in providing an environment that
makes it easier for farmers and businesses to continue farming. These efforts can prevent deterioration of
input-output efficiency of urban agriculture and in fact improve it further.These measures are described in
the Basic Plan for Urban Agriculture Promotion, howeverlocal governments should incorporate these
measures more concretely into urban planning. In Japan,Productive Green LandAct helps prevent the
conversion of agricultural land, because owners of Land designated as Productive Green Landcannot convert
it to other land use for 30 years in general (Yagi & Garrod, 2018).Furtehr, it may be desirable to develop new
urban planning strategy such as Location Normalization Plan.

6 CONCLUSION

By visualizing the relationship between vegetable production and the use of water and energy resources in
the case of urban agriculture in Tokyo, we found that small differences in urban structure affected the input-
output efficiency of urban agriculture, and conversely, the input-output efficiency of urban agriculture can
have negative impacts on environmental performancecompared with non-urban agriculture. Based on the
above, the role of urban planning is to use the prediction of urban structure for urban agriculture
management and to adjust urban structure so that it does not affect urban agriculture.Since it is the farmers
who ultimately sustain urban agriculture, a key point for future discussion will be how urban planning can
intervene in the relationship between the agricultural sector of a municipality and the farmers.
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