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Abstract

The agro-food system perturbs the nitrogen (N) cycle through its N loads to the environment. The
present study focused on food-related consumer-level N loads in Japan from 1961-2015, with a
particular focus on food loss and protein overconsumption. Gender and age differences were also
analyzed. Consumer-level food loss was negligible until the 1970s, when it began to slowly increase,
accounting for an average of 13.2% of the annual net supply during 2011-2015. Japanese people have
consumed more protein than the World Health Organization’s recommended intake since 1961.
Protein overconsumption increased until the mid-1990s, when it began to decrease, but it still
accounted for an average of 32.3% of total annual protein consumption during2011-2015. The
national mean of food N footprints (total release of reactive N into the environment related to
individual food consumption) in the same period was 18.3 kg N capita™' yr~!, of which food loss

accounted for 4% and protein overconsumption for 37%. The food N footprint of each sex/age class
varied from 16.0-21.6 kg N capita™' yr', males had a larger footprint in each age class. Seven scenarios
to reduce the N footprints were evaluated; a scenario that included halving protein overconsumption,
livestock meat consumption, and food loss was estimated to reduce the food N footprint by 31%.
Thus, there is room for reducing consumer-induced N loads to the environment. Campaigns aimed at

boosting healthy and environmentally friendly diets should consider the diverse consumption

patterns of different sex and age classes.

1. Introduction

Global anthropogenic creation of reactive nitrogen
(Nr; all nitrogen [N] species except inert molecular
N,) increased from 15 Tg (10" g) N Yfl in 1860 to
156 Tg N yr' in 1995 to 187 Tg N yr' in 2005
(Galloway et al 2008). The Haber—Bosch process, the
industrial process that fixes N, asammonia, has largely
contributed to Nr creation since its development in
the early 20th century (Erisman et al 2018). Most fixed
N is used for food production as fertilizer, because N is
required for protein and nucleic acid formation. At

present, world food production is dependent on the
application of mineral fertilizers (Erisman et al 2008,
Bouwman et al 2017), but the agro-food system has a
low N use efficiency (NUE). The world cropping
systems’ NUE has remained at approximately 47%
over the last three decades (Lassaletta et al 2014a), and
N recovery in animal products ranged only from 5% to
20% in 2000 (Bouwman et al 2013, Leip et al 2014).
Emissions of Nr to air, soil, and water from the agro-
food system (Nr loss) to the environment can have
harmful impacts on environmental quality, green-
house gas balance, and ecosystems (Sutton et al 2011).

© 2018 The Author(s). Published by IOP Publishing Ltd
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Therefore, improving NUE in the agro-food system by
considering the full production chain is necessary for
the sustainable use of N (Lassaletta et al 2016, Erisman
etal2018).

Consumers located at the end of the agro-food sys-
tem are key players in human-induced N loads to the
environment. Changes in food consumption alter
food production and supply through effects on
demand (Westhoek et al 2014, Lamb et al 2016). Eco-
nomic growth generally results in a transition towards
a diet higher in animal protein (Shindo et al 2006, Til-
man and Clark 2014, Lassaletta et al 2014b, Bai et al
2018). A preference for livestock products increases Nr
loss to the environment because of the low NUE of
livestock production (Smil 2002).

Population growth also increases consumer-dri-
ven N flow. Consumer-level food loss through food
that is supplied but uneaten contributes to N loads to
the environment (Grizzetti et al 2013, Vanham et al
2015, Zhang et al 2018). Protein overconsumption
also contributes to increased N loads through the pro-
duction and supply of overconsumed protein (i.e. pro-
tein that is nutritionally unnecessary). Changes in
population and age structure also affect food con-
sumption qualitatively and quantitatively. Socio-eco-
nomic development contributes to declines in birth
rates and increases in longevity, which lead to a shrink-
ing share of children and a growing share of older per-
sons (population aging, UN 2017). Japanese
experiences with changes in consumer-level N flow
might provide insight to the future of other countries
with aging populations because Japan is home to the
world’s oldest population (UN 2017). The traditional
Japanese diet is characterized by high consumption of
soybean, fish, seaweed, vegetables, fruits, and green
tea; this diet contributes to reduced risk of cardiovas-
cular disease and diabetes (Shimazu et al 2007) and
thereby to longevity (Yamamoto et al 2016). However,
Japanese consumers now eat more meat and less cereal
(Oita et al 2018), especially those in their 20 s and
younger (Shibata et al 2014). Japan depends on food
and animal feed imports; in 2015, it was only 39% self-
sufficient in food and 28% in animal feed
(MAFF 2017). Imported food and feed lead to envir-
onmental Nr losses in the exporting countries (Shibata
et al 2014, Oita et al 2016a). Japan also has spatially
intensified Nr losses because of its dense population in
some areas, thereby intensifying N loads per unit area
in those areas (Liang et al 2018).

Although some studies have analyzed the evol-
ution of human demand and the effect of dietary chan-
ges on the N cycle (e.g. Bodirsky et al 2014, Billen et al
2015, Davis and D’Odorico 2015, Lassaletta et al
2016), no study has analyzed the effect of consumer-
level food loss and protein overconsumption in the
long term. The aim of the present study was to analyze
the net supply and consumption of N associated with
consumers in Japan from 1961 to 2015 (figure 1). Con-
sumer-level food loss is the difference between net

P Letters

supply and consumption, and overconsumption is the
difference between consumption and recommended
intake of the World Health Organization (WHO). The
relationship between consumption and body compo-
sition was of interest because long-term over-
consumption could have health effects and further
affect food consumption via possible changes in diet.
Differences in consumption patterns were also eval-
uated by gender and age. To quantify the N loads to the
environment resulting from consumer-level food loss
and protein overconsumption, corresponding food N
footprints were calculated for the period from
2011-2015. Nitrogen footprints quantify the total Nr
released into the environment in direct and indirect
relation to individual consumption (Leach et al 2012).
Finally, the potential for the reduction of food N foot-
prints was evaluated under several reduction
scenarios.

2.Data and methods

2.1.Net supply and consumption

The national means of per-capita daily net supply of
protein from 1961-2015 in Japan were obtained from
agricultural statistics (MAFF 2017; supplementary I is
available online at stacks.iop.org/ERL/13/124027/
mmedia), where the net supply corresponds to the
edible part of foods estimated from the gross supply
(figure 1). Food categories in the original data were
reclassified into livestock products, fish products,
cereals, and other plant-based foods (others). The per-
capita net supply of protein was converted to N by
assuming a 16% mass fraction of N in protein
(FAO 2003). The per-capita daily value of net supply as
N was converted to an annual value, and the national
total annual net supply as N was then calculated by
multiplying the annual net N supply by the total
population in each year (MIAC 2017).

The national means of per-capita daily consump-
tion of protein from 1961-2015 in Japan were
obtained from the national nutrition survey
(MHW 1968, 1982, 1992, 2000, MHLW 2017; supple-
mentary II). The original data include total protein
consumption and animal or plant protein consump-
tion. The per-capita annual consumption of protein as
N and the national total of annual consumption as N
were calculated as for net supply. Data on per-capita
daily consumption of energy and fats were also col-
lected. Energy conversion factors of 4 kcal g”* for pro-
tein and 9 kcal g1 for fats (FAO 2003) were used to
separate protein and fat intake from total energy
intake. For 1995 and beyond, data for sex and age class
(every year for juveniles and every 5-10 years for
adults) were obtained from Japan’s annual national
nutrition survey (MHW 1997-1999a, 2000, MHLW
2001-2004a, 2005-2009a, 2010-2012a, 2013, 2014a,
2015-2017). The per-capita annual protein consump-
tion as N from 1995-2015 for each sex and age class
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Figure 1. Nitrogen (N) flow in the agro-food system. Solid lines denote N flows and dashed lines factors affecting N flows. Blue words
denote the target N flows and red words denote the reduction targets of consumer-induced N loads.

| <
<

(juveniles, 0-17 years; adults, 18—64 years; elderly,
>65 years) was calculated, where the population of
each sex and age class in 1 year intervals (MIAC 2017)
was used as the weight for the calculations of the
reclassified age classes.

Recommended values for daily protein intake per
unit body weight were obtained from WHO (e.g.
0.83 g protein kg™' body day ™' for adults >18 years,
WHO 2007). Japanese guidelines for protein and
energy intake were collected for comparison
(MHW 1999b, MHLW 2004b, 2009b, 2014b). The
Japanese guidelines for recommended daily intake
(e.g. 60 g protein capita™" day ') were revised in 1959
and 1969, and then at 5 year intervals. Using the calcu-
lated mean body weights (see section 2.3) and the
population of each sex/age class, the national mean
per-capita recommended daily intake of protein as N
was calculated. The national total protein N intake
corresponding to the WHO guideline was also calcu-
lated, as were the national values for each sex/age class
(0-17, 18-64, >65 years). National sex/age class
values were also calculated for energy and fat intake.

2.2. Consumer-level food loss and protein
overconsumption
Annual national total and per-capita values of con-
sumer-level food N loss and protein N overconsump-
tion were calculated. Consumer-level food N loss was
estimated by subtracting consumption from net
supply (figure 1), and the national mean food loss ratio
was obtained by dividing the estimated food loss by the
net supply. Protein overconsumption as N was esti-
mated by subtracting the recommended intake from
consumption. The composition ratio of animal and
plant protein in overconsumption was assumed to be
the same as that in consumption. The overconsump-
tion ratio was obtained by dividing overconsumption
by consumption. The overconsumption of each sex/
age class was calculated from 1995-2015.

Uncertainty of food N loss expressed as the differ-
ence between net supply and consumption from

different data sources was evaluated by two methods
of determining food loss ratios. One was derived from
the 2009 food loss survey (MAFF 2011). The house-
hold and eating-out food loss ratios for each food cate-
gory were averaged by weighting the values by the ratio
of eating out (FIRI 2018). The mean food loss ratio was
then calculated from the net N supply of each food
category (supplementary III). The other food loss ratio
was derived from the nationwide food loss estimate as
fresh weight from 2012 to 2015 (MAFF 2018). The
estimated national food loss was converted to N using
the water and N contents of household waste
(Oita 2018). The mean food loss ratio was then calcu-
lated by dividing the N amount by the national total
net food supply as N estimated in section 2.1 (supple-
mentary III).

2.3.Body composition

Data on mean body height and weight of each sex/age
class (>1 year; every year for age <25 years and every
5-10 years for age >25 years) were obtained from the
national nutrition survey
(MHW 1968, 1982, 1992, 2000, MHLW 2017). Miss-
ing data in 1974 were obtained through linear
interpolation of data from 1973 and 1975. Mean body
height and weight of babies (<1 year) were available at
10 year intervals from 1960 to 2010 (MHLW 2012b);
these data were linearly interpolated to obtain annual
values. Data for 2010 were used for each year from
2011-2015. National means and the means of each
sex/age class were calculated for body height, weight,
and body mass index (BMI = weight [kg]/height
[m]?) using the population of each sex/age class in 1
year intervals (MIAC 2017).

2.4.Nitrogen footprints and reduction scenarios

The years from 2011-2015 were selected to calculate N
footprints for the national mean and each sex/age
class. This period was chosen so as to base the future
reduction potential of the food N footprint on current
conditions. There are three ways to calculate N

3
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footprints: a bottom-up approach with the
N-calculator method (Leach et al 2012, Shibata et al
2014, Oita et al 2018), a top-down approach with N
input data (Shindo and Yanagawa 2017), and a top-
down approach with multi-region input—output ana-
lysis (Oita et al 2016a). The N-calculator method was
used in the present study, which expresses the N
footprintas (Oita et al 2018):

NF = NFprod + NEons, (1a)
n
NE,a = Y VNF; X Intake Nj, (1b)
i=1
_ Renit =
NEons =11 — 00 Zlntake N, (1c)
i=1

where NF is the food N footprint (kg N capita™ yr™),
NF,0q is the food-production N footprint (kg N
capita”' yr'), NF,yp, is the food-consumption N
footprint (kg N capita™ yr "), and VNF; is the virtual N
factor (VNF) of food category i (kg N kg™' N). VNF
denotes the amount of N released to the environment
per unit N intake of each food category from produc-
tion to just before consumption (Leach et al 2012,
Supplementary 1V). Intake Nj; is the N consumed in
food category i (kg N capita™ yr™"), and Ryenjq is the
average ratio of complete denitrification to N, during
sewage treatment (%). N emissions as N, were
excluded from N loads because of the inert nature of
N,. Rgenit in Japan was set to 32% (Oda and
Matsumoto 2006).

The original VNF involves food loss. A modified
VNF for net supply (VNFns) was derived from the ori-
ginal VNF to evaluate N footprints of food loss:

n
NEya = Y VNFns; x Net supply N;
i=1

+ Food loss N;, (2a)

Net supply N; = Food loss N; + Intake N;,  (2b)

where VNFns; is the VNFns of food category i (kg N
kg™' N), Net supply N; is the net N supplied in food
category i (kg N capita™ yr™"), and Food loss N is the
food N loss in food category i (kg N capita™ yr™).
VNFns; is obtained from equations (10) and (24) as:

1 — Rfoodloss_i
100

Rfoodloss_i
)

3
100 ©)

VUVFnsi::( )VUVE»—

where Rgod1055_i 1s the food loss ratio of food category i
(%), which is theoretically equal to Food loss N;/Net
supply N;. The VNF of each food category and the
corresponding food loss ratio to obtain the VNF in
Japan were derived from Shibata et al (2014) and Oita
et al (2016b). VNFns of each food category was then
calculated (supplementary IV).

N footprints of total, food loss, and protein over-
consumption are expressed as:

P Letters

NF =) VNFns; x Net supply N; + Food loss N;

i=1

+ (1 — M)Intake N,
100

(4a)
n
NFioodioss = »_, VNFns; x Food loss N;
i=1
+ Food loss N, (4b)
n
NEyercons = 9, VNFns; x Overcons N;
i—1
R .
+ (1 - M)Overcons N;, (4¢)
100

NFproperconS = NF — NFfoodloss - NFoverconsy (4d)

Overcons N; = Intake N; — Propercons N;, (4e)

where NFf,od10ss 15 the N footprint of food loss (kg N
capita™ yr'), NFqyercons is the N footprint of protein
overconsumption (kg N capitaﬁ1 yr’l), NFpropercons 18
the N footprint of recommended protein intake (kg N
capita ' yr "), Overcons N; is the N overconsumed in
food category i (kg N capita™ yr™"), and Propercons N;
is the N in properly consumed food (or recommended
N intake) of food category i (kg N capita™ yr™").

To calculate the national mean N footprint, the
Net supply N and food loss ratio (Food loss N/Net sup-
ply N) of each food category were derived from
national statistics (MAFF 2017) and calculated
(MAFF 2018) as explained in section 2.2. Intake N was
calculated from Net supply N and Food loss N. Proper-
cons N was obtained as the WHO guideline of recom-
mended protein intake (section 2.1) X mean body
weight (section 2.3). Overcons N was derived as Intake
N — Propercons N. The N footprint of each sex/age
class was also calculated. Intake N of each sex/age class
was obtained as the national mean Intake N x weigh-
ted ratio of consumption of each food category for
each sex/age class to the national mean. The food loss
ratio of each food category was assumed to be the same
as the national mean because of the lack of relevant
data (see supplementary IV for details). A sensitivity
analysis was performed to evaluate the effect of change
(+10%) in several input parameters on the total N
footprint.

Three scenarios were modeled to evaluate the
potential for reduction of consumer-level N foot-
prints: A, 50% reduction in livestock meat consump-
tion (due to its lower NUE than other protein sources;
e.g. Billen et al 2018); B, 50% reduction in food loss;
and C, 50% reduction in protein overconsumption.
The following combinations were also modeled; D,
A+BEA+GFB+CandG A+B+C. A
50% reduction in livestock meat corresponds to halv-
ing the consumption of livestock meat as N; however,
the reduced N consumption as livestock meat is com-
pensated for by an increase in the consumption of
other foods, with their original composition ratios
used as a weighting factor in the calculations.
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Figure 2. Net supply and consumption of protein as nitrogen in Japan from 1961-2015: (a) national annual total net supply, (b)
national annual total consumption, (c) composition of national annual total consumption by sex and age classes, (d) per-capita annual
net supply, (e) per-capita annual consumption, (f) per-capita annual consumption for each sex/age class.
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Figure 3. (a)—(e) Net nitrogen supply of (a) livestock products, (b) fish products, (c) cereals, (d) others, and (e) all food commodities.
(H—(j) Contributions of per-capita changes (blue) and population changes (red) to the net N supply of (a)—(e), respectively, with 1961
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3. Results and discussion

3.1. Net supply and consumption

The national total net protein supply as N was 396 Gg
N yr " in 1961, peaked at 649 Gg N yr™' in 1996, and
then decreased to 578 Gg N yr™' in 2015 (figures 2(a)
and (d)). The Japanese population increased from 94
million in 1961 to 128 million in the late 2000s and
then started slowly decreasing, whereas the elderly
population (=65 years) increased from 5.8% in 1961
t0 26.6% in 2015 (figure S2). The population increase
accounted for 59% of the cumulative increase in the
net N supply (from 1961-2015), and the rest was a

result of the increase in per-capita net N supply
(figure 3). The per-capita net N supply started to
decrease in the 2000s, and by 2015 was only slightly
larger than it was in 1961 (figure 2(d)). The changes in
per-capita net N supply were the result of a large
increase in the net N supply of livestock products
(from 11% in 1961 to 38% in 2015), partly counter-
balanced by a decrease in that of cereals (from 40% to
24%). The net N supply of fish products did not
change greatly in its contribution to the total (18% to
24%), because people consistently preferred fish
products throughout the period. The estimated
national total net N supply was lower than estimates in
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Shindo et al (2009) and Lassaletta et al (2016), but it
followed a similar trend (figure S3).

The national total protein consumption as N was
384 Gg N yr! in 1961, peaked at 599 Gg N yr™' in
1995, and then decreased to around 510 Gg N yr" in
the latest decade (figures 2(b) and (e)). The population
increase accounted for 70% of the cumulative increase
in protein consumption (from 1961 to 2015), and the
rest was a result of changes in per-capita protein con-
sumption. National total protein consumption
increased through the 1970s owing to increases in both
per-capita protein consumption and population. The
increase continued until about 2000 as a result of
population increase, but then the trend reversed
because of decreased per-capita protein consumption.
After an initial increase, per-capita protein consump-
tion was mostly flat from 1970-2000 and then
decreased to about the 1961 level. The national total
protein consumption of each sex/age class has
increased among the elderly but decreased among oth-
ers since 1995. The protein consumption by the elderly
increased by 69Gg N yr' between 1995-2015
(figure 2(c)); the increase was attributed to an increase
in the elderly population because their per-capita pro-
tein consumption slightly decreased during the same
period (figure 2(f)). A decrease in per-capita protein
consumption since 1995 was a common feature across
all sex and age classes (figure 2(f)).

In terms of uncertainty, the net supply data are
provided as national derived statistics; they are rela-
tively reliable information based on a top-down
approach to determine the food supply (supplemen-
tary I). The consumption data are obtained from the
national nutrition survey, which was based on random
sampling, e.g. about 15000 people in 2015
(MHLW 2017; supplementary II). However, this sur-
vey is conducted once a year in November and might
include some biases, such as seasonality in diet (Yuize
and Miura 2004, supplementary IIT). Yuize and Miura
(2004) reported