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Abstract
This study presents the environmental impacts of agricultural policy instruments as evi-
dence from an ex-ante farm-level policy simulation model in Japan. Simulations did indi-
cate that all types of agri-environmental payments achieved the environmental benefit for
the land studied. Conversely, market price support does not inevitably increase nitrogen
runoff or greenhouse gas emissions at any time since paddy fields themselves have the
function of purifying water pollution and work as a biodiversity nursery. The direction
and magnitude of the policy impacts are an empirical matter that should be considered
carefully at a local level.
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Introduction

There is vast literature investigating the environmental risks of agricultural support pol-
icies (e.g., Wu, Mapp, and Bernardo 1994; Lewandrowski, Tobey, and Cook 1997; Smith
and Goodwin 2003; Eagle, Rude, and Boxall 2016; Babu, Mavrotasa, and Prasaia 2018).
In the past two decades, the Organization for Economic Co-operation and
Development (OECD) countries have enacted agricultural policy reforms to reduce
negative environmental impacts (e.g., OECD 2013). Some literature studies have sug-
gested that, on simple economic theory, with all other things being equal, market
price support (MPS), output payments (per output unit produced), and input subsidies
(e.g., fertilizers, pesticides, water, and energy) are all environmentally harmful, since
these provide the greatest incentive to increase commodity production (OECD 2013).
The OECD categorized agricultural policies into four categories: potentially most harm-
ful, potentially less harmful, potentially more beneficial, and potentially most beneficial
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policies. Potentially most harmful supports consist of MPS; payments based on com-
modity output, without imposing environmental constraints on farming practices;
and payments based on variable input use, without imposing environmental constraints
on farming practice (OECD 2005, 2013). As quantifying the link between agricultural
policies and environmental impact is complicated, and the relationships are
site-specific, the impacts were qualified as “potentially.” In reality, the environmental
impact should depend on the country, production technology, production system,
and trade of agricultural goods.

Therefore, Henderson and Lankoski (2019, 2020) studied agricultural support policy
based on the OECD Producer Support Estimate (PSE), drawing on results from ex-ante
modeling frameworks on agricultural policies’ marginal environmental impacts at mar-
ket and farm levels using European Union (EU) data. The report concluded that MPS
and payments based on unconstrained variable input use were the most environmen-
tally harmful, and decoupled support payments based on noncurrent crop area were
the least harmful. However, the study indicated that some conditions affect the strength
of the relationship between agricultural support measures and their environmental
impacts; therefore, “Insights from the analysis are limited to the farming systems and
regions considered in the study. The analysis of other farming systems, such as more
specialized farms in other OECD countries with different economic and agronomic
conditions, could generate different analytical findings” (Henderson and Lankoski
2019, p. 7).

Thus, the impacts of some support measures are not defined (OECD 2017). The
direction and magnitude of the impacts of specific agricultural policies on the environ-
ment are considered an empirical matter. Ex-ante modeling analyses on the marginal
environmental impacts of agricultural policies at farm levels targeting Asian monsoon
countries have not been conducted. Therefore, this study focuses on Asian paddy farm-
ing, analyzing farm-level data using policy instruments based on OECD PSE categories.
In Japan, most agricultural land is located in the Asian monsoonal zone, which is favor-
able for rice production. The Japanese agricultural landscape results from a long history
of human interaction with nature: groundwater recharge and flood prevention are made
possible by maintaining paddy fields and irrigation systems. The “Satoyama”1 landscape
with paddy fields plays a crucial role in providing landscapes and buffer for water flows
and contributes to food security (Uetake 2015). Estimating environmental impacts
based on paddy field characteristics may differ significantly from those based on field
crops and livestock farming. Therefore, farm-level policy simulation is worthwhile for
policy-design perspectives from an academic point of view. In Japan, reports on ex-ante
policy analysis for policy development and evaluation at the farm level are few except
for Sasaki (2012), and Uetake and Sasaki (2014). The model used in this study quan-
tifies how the following policy measures influence agricultural production practices and
environmental effects: nitrogen (N) runoff, greenhouse gas (GHG) emissions, and bio-
diversity in paddy fields. For the first time, this study looks at an ex-ante quantitative
assessment of agricultural policy impacts on biodiversity in paddy fields. Specific land-
use patterns in Japan can influence a policy’s environmental impact, especially rice pad-
dies that dominate agricultural land use (54.4 percent of Japan’s cultivated land in
2018). The characteristics of rice paddies should be considered when examining

1“Satoyama” denotes a mosaic of different landscape types that has sustained rural societies for millennia
in Japan.
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environmental impacts. Rice paddies are artificial wetlands that supply people with sev-
eral types of noncommodity outputs.

At the farm level, positive and negative environmental impacts of agricultural poli-
cies occur in several pathways. In general, agricultural policies’ potential environmental
effects are explored by analyzing policy impacts on the following: (1) crop production’s
intensive margin (e.g., the selection of inputs and the intensity), (2) crop production’s
extensive margin (e.g., the allocation of land between different crops or different pro-
duction technologies), and (3) the entry-exit margin for crop production (e.g., land allo-
cation between cultivated cropland and other uses). Policies that incentivize an increase
in production on the intensive margin can have negative environmental impacts.
However, determining the impact on the (3) entry-exit margin offers a challenge
when the paddy’s multifunctional roles, such as seminatural habitat and artificial wet-
land, are considered. For example, unlike other crop fields, leaving cultivation and an
abandoned paddy field might negatively affect biodiversity since well-maintained
paddy fields themselves provide biodiversity. Therefore, the final criteria should con-
sider various regional situations.

The study provided several key findings. As a result of the simulation, MPS’ effect is
complex and not straightforward. Under the specific parameter setting in this analysis
where typical Japanese paddy farms have been studied, MPS does not necessarily
increase nitrogen runoff or total GHG emissions, unlike the findings in the
European livestock and upland farming case in Henderson and Lankoski (2019).
Also, all types of agri-environmental payments achieved greater environmental benefits.
Currently, agri-environmental payments cover only 2 percent of Japan’s cultivated area,
and the share of the payments with voluntary agri-environmental constraints in pro-
ducer support is quite low. Thus, there is potential to rebuild the Japanese farm support
policy, which currently does not have environmental requirements.

The outline of this article is as follows. A theoretical framework is presented in the
next section, followed by empirical specifications, where a new formula for biodiversity
in paddy fields is outlined. Then follows the policy simulations section where agricul-
tural policies based on the PSE category are reported. Sensitivity analyses are also con-
ducted to check the robustness of key conclusions. Finally, concluding remarks are
presented.

Theoretical framework

Land-use allocation

In general, policy analyses at the farm level can be grouped into mathematical program-
ming (i.e., linear/nonlinear programming), econometric, and advanced programming
techniques. This article uses the mathematical programming approach. This type of
approach has several advantages that justify its recent increased use. For example, the
approach allows the explicit representation of behavior that facilitates interdisciplinary
research on agri-environmental interactions and agricultural systems’ environmental
assessment (Ciaian et al. 2013).

Following the modeling exercise of paddy farming in Sasaki (2012), land is divided
into rectangular fields that are uniform in size and homogeneous in land quality (pro-
ductivity: q) but heterogeneous between fields, an idea originally proposed by
Lichtenberg (1989, 2002). Each field is an assumed 0.1 ha, and the total surface area
of cultivated land is 6 ha (60 fields). Japanese national statistics data on a 5–7 ha
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farm size are used in this study to estimate the profit function assuming a full-time
commercial farmer. The structural transformation of Japanese agriculture toward
more productive, profitable, and larger-scale farms has been a major policy goal. The
area covered by farmers with more than 5 ha of farmland has been increasing in recent
years, accounting for more than 60 percent in some regions.

In this study, the land-use allocation is assumed to include rice paddies, upland
crops, and abandoned land (Figure 1). It is assumed that rice paddy is cultivated on
the low q (productivity, drainage ability) land, and soy and wheat are cultivated on
high q land. Most of Japan’s land have been paddy fields, and the government is pro-
moting shifting cultivation, such that the land with good “drainage conditions” and
high productivity is now converted to wheat and soy cultivation. Compared with
rice, the profit margins of soybeans and wheat are quite low.

There is some trade-off between paddy fields and upland crops in terms of environ-
mental externalities. For example, although methane emissions from upland fields
amount to zero, N2O emissions are higher (Nishimura et al. 2004). Consequently, it
is beneficial to analyze rice paddy and the upland crop cultivation in a continuous ana-
lytical framework by formulating their main characteristics from both economic and
environmental perspectives. It is assumed that land reforms in paddy fields (drainage
canal and subsurface drainage) have already been initiated; this implies that a farmer
may allocate land based only on the profit generated from each field; therefore, it is
not necessary to incorporate “the land conversion cost” exogenously (OECD 2010).

Lichtenberg (1989, 2002), Lankoski and Ollikainen (2003), Lankoski, Lichtenberg,
and Ollikainen (2004), Lankoski, Ollikainen, and Uusitalo (2006), and developed a
framework for analyzing the joint production of commodity and environmental outputs
as well as negative externalities under heterogeneous land quality, which provides the
foundation for the modeling in this study. Details of the theoretical framework are
explained in the Annex.

Empirical specification

The following empirical specification section is based on Sasaki (2012), but the profit func-
tion and nitrogen response function are revised using the most recent available data. The
nitrogen response function of soy and the relationship between chemical fertilizer applica-
tion and biodiversity are newly introduced in this study.

Profit functions

Farmers’ profits from production in the absence of government intervention are:

pi = piyi − cxi − wini − oi for i = 1, 2, 3 (1)

where pi refers to crops’ price, yi to the yield/10a, c to the fertilizer (nitrogen) price, wi to
wage rate per hour, ni to labor input, and oi to other costs. The model employs a qua-
dratic nitrogen response function, yi = ai + aixi + bix

2
i , where xi refers to the amount

of N application (kg/10a) estimated for crop 1 (rice), crop 2 (wheat), and crop 3 (soy).
When farmers consider the use of organic fertilizer application xoi in addition to (or
partially converting) chemical N fertilizer xci, the total amount of N application to
the agricultural field is the summation of N fertilizer and N content of organic matter.
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Despite the recommended organic matter application amount (e.g., 1.0–1.5 t/10a for
paddy fields in Japan), the implementation is inactive due to the following barriers: dif-
ficulties in realizing the manure application effects from the farmers’ viewpoint due to
the diverseness of manure quality; a huge amount of the application is needed com-
pared with the chemical one (high spreading cost); a lack of cooperation among crop
and livestock farming (high transportation costs).

The average N content in organic fertilizer (cow manure) is set at 0.7 percent based
on Sasaki (2012), and then the total amount of N application is expressed as:

xi = xci + 1,000†xoi†0.007 (2)
where 1,000 represents the conversion of the unit from tonne to kg.

Generally, N requirement * substitution rate (%) = the amount of organic fertilizer
(kg/10a) * N content rate (%) * Fertilizer efficiency (%), where fertilizer efficiency is
30 percent.

Suppose that the positive effect for yield is expressed as Φi(xoi) and that of paddy is
approximately 105 percent and that of wheat and soy 110 percent under the 1 t appli-
cation, based on the several field survey data. The profits function is expressed as fol-
lows taking into consideration the additional cost for organic matter application:

pi = pi(ai + aixi + bix
2
i )Fi(xoi)− cxci − (cop + cot + cos)xoi − wini − oi for i

= 1, 2, 3 (3)

where cop refers to the price of organic matter (JPY/tonne), cot to transportation cost
(JPY/tonne), and cos to the spreading cost (JPY/tonne).

The quadratic nitrogen response function of rice paddy was estimated using data
from over 50 sample field surveys, which were collected by Toriyama (2002), and
recently collected field experiment data in 12 field studies from the 1990s to 2010s:

y1 = 384.9+ 44.8x1 − 2.4x21(R
2 = 0.50) (4)

Even without fertilizer, nutrition in irrigation water affects yield. It is generally said
that the yield without fertilizer decreases only by 1/5 due to the paddy’s high fertility. To
reflect actual yield in paddy fields, ai is given as a fixed value to exclude the effect of

Figure 1. Spatial Characteristics Assumed in the Model. The Land-Use Allocation Assumed to Include Rice
Paddies, Upland Crops, and Abandoned Land.
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irrigation water, and then the land quality q is incorporated into the response function.
The response function is expressed as:

y1 = 384.9+ (e0 + e1q)x1 − (m0 + m1q)x
2
1 (5)

Following the above field data, the yield spread is about 30 percent under the average
N application amount. Thus, each of the parameters is obtained. Also, a positive yield
effect Φi(xoi) of applying manure plays a significant role because the pros of manure
application for farmers are expressed only by this positive yield effect in the model. In
the model, a positive relationship between manure application and yield effect is
expressed as quadratic equations based on field survey data (e.g., Shibahara et al. 1999;
NARO 2007). Then, Φi(xoi) is now expressed for rice paddy and wheat (=soy) as follows:

F1(xo1) = −0.0274x2o1 + 0.0796xo1 + 1.0 (6)

F2(xo2) = −0.0051x2o1 + 0.1518xo1 + 1.0. (7)
The quadratic nitrogen response function of wheat (converted from rice paddy culti-

vation) was estimated using the National Agricultural Centre data sets (1989) and recently
collected field experiment data of 14 field studies in Japan from the 2000s to 2010s:

y2 = 183.4+ 47.2x2 − 1.8x22(R
2 = 0.14) (8)

The wheat response function to nitrogen is expressed as:

y2 = 183.4+ (h0 + h1q)x2 + (h0 + h1q)x
2
2 (9)

Since the yield spread is about 30 percent under the average N application amount,
each parameter is obtained. In general, wheat yield is more responsive than paddy rice
to nitrogen applications.

Soy’s quadratic nitrogen response function is also estimated as follows based on data
of 23 field studies in Japan from the 1980s to 2010s:

y3 = 289.4+ 7.33x2 − 0.40x22(R
2 = 0.99) (10)

The soy response function to nitrogen is expressed as:

y3 = 289.4+ (h0 + h1q)x2 + (h0 + h1q)x
2
2 (11)

The spread using the average N application amount was assumed, and then each of
the parameters was estimated to reflect the actual plotted yield data.

The parameters for the profit function are summarized in Table 1, and data sources
used for the nitrogen response function are outlined in Table 2.

Nitrogen response function

It is difficult to formulate the relationship between N application and its impact by the
easy-to-use way because N runoff from irrigation and meteoric water might affect the N
balance in paddy fields. Generally, N runoff from paddy is explained as follows: [N
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runoff (surface runoff + subsurface flow)] = [The effect of irrigation water-load] + [The
effect of meteoric water-load] + [The effect of N application]. We tried to estimate the
relationship between N application and runoff by an exponential form (e.g., Tabuchi
and Takamura 1985, p. 70):

zi = xiexp(dixi) (12)

where zi refers to the amount of N runoff (surface and subsurface) and xi is the amount
of N application.

Paddy fields could be N removal sites or pollution sites depending on agricultural
activities and irrigation water nitrogen concentration. It is well known that paddy fields
and wetlands effectively improve water quality by removing nitrogen due to denitrifica-
tion and absorption, which is effective only when irrigation water is highly
concentrated.

Although the nitrogen movement in paddy is not simple, the relationship was esti-
mated in Sasaki (2012) using available field survey data in Kunimatsu and Muraoka
(1989). An exponential relation was found between the amount of N application and
runoff.

z1 = 0.0062e0.465x1 − 1.14(R2 = 0.54) (13)

In a precise sense, soil condition, crops, cropping season, and methodological condition
could affect N runoff. Nevertheless, approximately 30 percent of applied N could runoff as
the average in the Japanese condition. However, a linear function is not appropriate for
optimization. Consequently, the exponential form was estimated based on Japanese field

Table 1. Parameter values in the profit function

Parameter Value

Price of crop: (JPY/kg)

Rice (p1) 219

Wheat (p2) 26.3

Soy (p3) 144.8

Chemical fertilizer price (c) 319

Organic fertilizer–related cost (JPY/t)

Price of organic fertilizer (cop) 5,000

Transportation cost (cot) 1,000

Spreading cost (cos) 2,000

Other cost: (JPY/0.1 ha)

Rice (o1) 62,832

Wheat (o2) 37,826

Soy (o3) 41,783

Source: 2016 MAFF stat.
Parameters to estimate the profit function, following OECD’s (2010) and Sasaki (2012)’s specification.
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data, which were worked out by the National Institute for Agro-Environmental Science
(NIAES), and the function was revised using new data as follows:

z2 = 2.614e0.035x2 (R2 = 0.11) (14)
where z2 refers to the amount of N runoff and x2 to the N application.

Due to the lack of observation and data, R2 is not sufficiently high. The linear functions
and general nitrogen runoff ratio were compared in to verify the robustness of the estimated
exponential curve. There is consistency with the other estimation results under the average
amount of N application, such as lower than 20 kg/10a.

GHG (CH4, N2O) emission and carbon sequestration function

Agriculture does not account for a high percentage of the total GHG emissions in
Japan,2 although agriculture is an important anthropogenic source of CH4 and N2O
emissions. GHG emissions from agricultural land (IPCC’s 4C category rice cultivation
and 4D category agricultural soils) derived from chemical and organic fertilizer appli-
cations account for approximately 80 percent of total emissions. In this analysis, there-
fore, fertilizer application amounts could be considered as control variables. Rice
cultivation is a main anthropogenic source of CH4 (methane) emissions. Fertilizer

Table 2. Data sources of the nitrogen response function

Function Description
Data collected sites and years of

data collection/publication Source

Nitrogen
Response
Function

Relationship
between
fertilizer
application and
yield

Paddy: Nationwide survey in
Toriyama (2002), Fukuoka Pref.
(1999–2000), Kagoshima Pref.
(2004–05), Niigata Pref. (2000–
07), Akita Pref. (2000–13), Gifu
Pref. (2003, 2005), Ibaraki Pref.
(2004), Hokkaido (2004–06),
Hiroshima Pref. (2014)

Wheat: Mie Pref. (2014–15), Kagawa
Pref. (2007–08), Ibaraki Pref.
(2008–09), Ibaraki Pref. (2008–09),
Ibaraki Pref. (2010–12), Hokkaido
(2011), Iwate Pref. (2001, 2002),
Niigata Pref. (2013–14), Nagasaki
Pref. (2009–12)

Soy: Aomori Pref. (1980, 81), Aichi
Pref. (2002–03), Ibaraki Pref.
(2002–05), Ibaraki Pref. (2009),
Ibaraki Pref. (2011), Niigata Pref.
(1990, 1991), Hokkaido (1990–94),
Hokkaido (1992–94), Hokkaido
(1993–94), Kyusyu (1980–85),
Ibaraki (2004, 2005)

Paddy Field
• Toriyama (2002)
Soil Science &
Plant Nutrition 48
(3): 293–300.

• 12 field studies in
Japan

Wheat:
– 15 field studies in
Japan

Soy
– 23 field studies in
Japan

2Emissions of IPCC category 4C (rice cultivation) and 4D (agricultural soils) occupied only 1 percent of
total emissions.
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application and plowing of organic soil cause ammonium ions in the soil, and then N2O
is emitted. N2O is also emitted via denitrification.

Since the amount of fertilizer application is the control variable in the profit function
(nitrogen response function), it is possible to incorporate the CH4, N2O, and carbon
sequestration function into the model; then, the net GHG emission (CO2 equivalent)
is explained by using the following equation3:

GHG(CO2eq) = 21†CH4 + 310†N2O+ CO2. (15)

It is a fact that rice cultivation is a primary anthropogenic source of CH4 emissions.
Sasaki (2012) estimated the CH4 emission (t CH4/0.1 ha/year) equation based on IPCC
guidelines as follows:

CH4 = 0.001296× (1+ 1.4xoi)
0.59 (16)

Conversely, methane is not generated in other uplands because upland soils are nor-
mally oxidative and aerobic.

The fertilizer application and plowing of organic soil cause ammonium ions inside
the soil. Then, N2O is emitted in the process of oxidizing the ammonium ions into
nitrate-nitrogen under aerobic conditions. Also, N2O is emitted via denitrification.
Sasaki (2012) estimated the N2O emissions associated with fertilizer application as

N2Odirect i = 1
1, 000

× EFdi × xi × 44
28

(17)

where N2Odirect_i refers to direct N2O emissions derived from fertilizer application in
land use i (t N2O), 1/1,000 means the conversion of the unit from kg to tonne, EFdi
to emission factors (kgN2O-N/kgN) (for paddy: 0.0031 and upland crop: 0.0062), xi
to the amount of N application (kgN), and 44/28 means the conversion of N2O-N emis-
sion to N2O emission.

When Eadi is N2O emissions associated with atmospheric deposition (kgN2O) and Eli
is emissions associated with nitrogen leaching and runoff (kgN2O), indirect emission
N2Oindirect_i is expressed as follows:

N2Oindirect i = Eadi + Eli (18)

Sasaki (2012) estimated emissions from atmospheric deposition as

Eadi = 1
1,000

× 0.01× RF× xi × 44
28

(19)

where Eadi refers to N2O emissions from atmospheric deposition, 1/1,000 means the con-
version of the unit from kg to tonne, 0.01 refers to emission factors (kgN2O-N/kgN), RF
is the rate of deposition from fertilizer (for chemical fertilizer: 0.1 and for organic fertil-
izer: 0.2), and xi refers to the amount of nitrogen application.

3CO2 emissions derived by agricultural machinery use are not included due to the lack of data.
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Emissions from nitrogen leaching and runoff (Eli) are defined by Sasaki (2012) as

Eli = 1
1,000

× 0.0124× Zi(xi)× 44
28

(20)

where 1/1,000 means converting the unit from kg to tonne, 0.0124 is the emission factor
from nitrogen leaching and runoff (kgN2O-N/kgN), and Zi refers to the runoff amount
(kgN).

In addition to CH4 and N2O emissions, agriculture could significantly reduce the
risk of climate change by taking carbon out of the atmosphere and storing it in the
soil.4 Japan has country-specific continuous survey data undertaken in 52 areas for
paddy and 26 areas for upland crops. Soil samples are taken from the top surface up
to 30 cm depth, and the amount of soil carbon is measured at the field level. Gray low-
land soil and Gley soils for paddy and Andosols for upland crop data, the dominant soil
types in Japan, are used in this study to reduce the uncertainty (of measurement
depending on soil type).

The overall average data reveal that organic matter applications increase the amount
of carbon sequestration: 1 t/10a manure application cause 40.6–77.4 kgC/10a sequestra-
tion in paddy fields, and 1.5 t/10a manure results in 37.3–170.9 kgC/10 sequestration in
uplands. The amounts of carbon sequestration via organic matter application differ
among soil types. These soil types are some of the representative soils widely found
in Japan. Also, the use of the dominant soil type could permit extrapolation to a
more spatially aggregate level.

The amount of carbon sequestration is expressed as follows:

Ci =
∑

Seqi†
44
12

(21)

Regarding specification of function form, since there is an upper bound for carbon
sequestration capacity, polynomial functions are estimated using data from the MAFF,
which include the amount of application per year and the increased amount of soil car-
bon in each soil type. Then, carbon sequestration is estimated for paddy and upland
fields, respectively.

Seq1 = −0.0062x2o + 0.052xo(R
2 = 0.80) (22)

Seq2 = −0.0013x2o + 0.022xo(R
2 = 0.69) (23)

Biodiversity

This study examined the relationship between chemical fertilizer usage and biodiversity
using empirical evidence from Japanese biologists’ field surveys. Katayama et al. (2019)
indicated a negative relationship between production intensity (conventional,

4Adopting no-tillage is unlikely to be a promising technique in Japan to suppress carbon release from
arable soils because of Japan’s high humidity and high-temperature climate (vigorous weed growth is a seri-
ous bottleneck). The appropriate amount of organic input seems feasible to increase soil carbon content
and stimulate reductions in total GHG emissions, given weather conditions.
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environmentally friendly practice, and organic farming) and paddy fields’ many types
of flora and fauna. Based on their study, the following relationship is derived when BD,
defined using the Native Plants Species Richness Index for paddy fields, gives organic
farming paddy fields a score of 100. Native plants data were used in this study because
they are most heavily affected by farming practices.

BDpaddy = exp (4.605− 0.02865xc1) (24)

In addition, Koshida and Katayama (2018) found that rice-field abandonment’s
effect on biodiversity was negative overall in a first comprehensive meta-analysis in
Japan. Species richness decreased 56–72 percent after abandonment. This reduction
is unlikely to recover and continues for plant species richness even 10–15 years further
on from abandonment. These results suggest that rewilding (land renewal) may not be
achieved by rice-field abandonment. The Native Plant Species Richness Index value of
the abandoned area is expressed by using data recalculated from Koshida and Katayama
(2018)5 as:

BDabandoned = BDconventional∗0.66 = 49.92 (25)

where BDconventional is 75.64, using the average chemical fertilizer application of conven-
tional farming (Katayama et al. 2019).

The Native Plants Richness Index calculation for paddy fields is based on equations
(24) and (25) (Figure 2). The summated biodiversity value BD in the baseline is nor-
malized as 1 for easy comparison with the results of each simulation.

While surrounding environments might affect species richness in general, it is
assumed that other arable lands and paddy fields do not usually affect each other’s bio-
diversity. As the study considers a relatively large farm with a plain field, land-use diver-
sity is not considered.

Data sources, data collection sites, and methods for the environmental impact esti-
mation are summarized in Table 3.

Policy simulations and results

Agricultural support policies

The study uses a benchmark scenario excluding the policy called “Baseline (market sol-
ution)” to compare the performance of individual policy instruments. Each support
policy simulates payment increases or MPS equivalents by 10 percent of the value of
each commodity and simultaneously applies these to the following commodities.
Following this revenue-oriented rule, for example, MPS represents the price increase
of rice, wheat, and soy by 5.5, 27, and 13 percent, respectively, to achieve a 10 percent
revenue increase accounting for fertilizer application/yield changes before and after
policy shocks. This MPS setting will encourage rice paddy’s cultivation due to the
high profitability. Prices in the mathematical programming model are given, and
they change in scenarios; then changes in acreage/production will not impact prices.
So, there are no indirect effects on policy scenario runs.

5The effect size of native plants’ richness (log Ratio) is calculated based on the most plausible 25 studies
as −0.4100062 (95 percent CI: −0.03635411 to −0.7836583), and then −66 percent is obtained by exp
(−0.4100062).
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The individual policy instruments analyzed are:

• market price support (MPS),
• payment based on variable input (nitrogen fertilizer subsidy),
• payment based on the noncurrent area (decouple payment),
• agri-environmental payment for complying with fertilizer application constraint
(50 percent) plus organic fertilizer (manure) application,

• agri-environmental payment for complying with fertilizer application constraint
(100 percent),

• agri-environmental payment for complying with fertilizer application constraint
(50 percent) plus cover crop (hairy vetch for paddy field, rye for arable land,
and rotary tilling).

This revenue-oriented rule does not apply to “Payment based on variable input
(nitrogen fertilizer subsidy)” since the nitrogen fertilizer price is low and does not sig-
nificantly impact the profit function. The chemical fertilizer price reduction was tech-
nically unable to produce a 10 percent increase in revenue, so a 20 percent reduction of
the chemical fertilizer price per kg is introduced as a reference. Details of these scenar-
ios and parameter changes are summarized in Table 4.

The baseline scenario specifies that rice paddy receives 75,000 JPY/0.1 ha, wheat
receives 82,000 JPY/0.1 ha, and soy receives 62,000 JPY/0.1 ha as area payment. This
subsidy is consistent with the Japanese government’s introduction of a subsidy for
arable crops to ensure competitive incomes with rice paddy. Also, this subsidy was
designed to incentivize crop diversification so that farmers would shift from rice pro-
duction to other crops (e.g., wheat and soybean), but the payment is assumed to depend
on the production type, not on the production level. This direct payment for rice paddy
was abolished in 2018. However, data in the profit function were extracted from 2016
national statistical data, so direct payment for rice paddy remains in the model.

Figure 2. Native Plants Richness Index. The Native Plants Richness Index Calculation for Paddy Fields and
Abandoned Area Based on Equations (24) and (25).
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Table 3. Data sources of the environmental impact estimation

Function Description Data collected sites/methods Source

Nitrogen Runoff and
Purification
Function

Relationship between
fertilizer application and
nitrogen runoff/
purification

Paddy: Akita Pref., Ibaraki Pref., Shiga Pref.,
Aichi Pref.
Wheat and Soy: Shiga Pref. (2002), Shiga
Pref. (1985–89), Saga Pref. 1984–85), Gunma
Pref. (1984–90), Kagoshima Pref. (1971),
Ibaraki (2006)

Paddy: Kunimatsu and Muraoka (1989)
Wheat and Soy: Collected by the National
Institute for Agro-Environmental Science
(NIAES) in Japan

CH4 Emission
Function

Relationship between
manure application and
CH4 emission

IPCC 2006 Guideline (country-specific emission
factors)

IPCC (2006)
Yan et al. (2005) Global Change Biology

N2O Emission
Function

Relationship between
manure application and
CH4 emission

IPCC 2006 Guideline (country-specific emission
factors)

IPCC (2006)
Yan et al. (2005) Global Change Biology

Carbon
Sequestration
Function

Relationship between
manure application and
carbon sequestration of
soil

Paddy: Nationwide survey (52 areas)
Wheat and Soy: Nationwide survey (26 areas)

Monitoring of Soil Characteristics of Arable
Lands in Japan by MAFF
(Dojyo-kankyo-kiso-chosa, Japan) (1978–98)

Biodiversity Function Relationship between
chemical fertilizer usage
and biodiversity

Nationwide survey Katayama et al. (2019)
Koshida and Katayama (2018)
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Results of policy simulation

Profit-maximizing choices for alternative agricultural policies per field are aggregated
across heterogeneous 60 fields to analyze regional-level implications for production,
profits, and environmental effects. The environmental effects of agricultural policies
are explored in two methods: (1) crop production’s intensive margin and (2) crop pro-
duction’s extensive margin. In general, policies that incentivize an increase in produc-
tion on the intensive margin have a negative environmental impact. However,
determining the impact on the entry-exit margin is complicated depending on the base-
line of environmental effects.6

Table 4. Details of policy scenarios

Policy instruments Details/Parameter changes in the simulation

Market price support (MPS) MPS (price increase) to achieve a 10% revenue
increase: rice (p1), wheat (p2), and soy (p3) are
5.5%, 27%, and 13%, respectively.

Payment based on variable input (nitrogen
fertilizer subsidy)

20%* reduction of the chemical fertilizer price per
kg (c).
*Technically unable to produce a 10% increase
in revenue only by nitrogen fertilizer’s price
declines, so a 20% reduction of the chemical
fertilizer price per kg is introduced as a
reference.

Payment based on the noncurrent area
(decouple payment)

Farmers are assumed to be risk-neutral in this
simulation. Therefore, decoupled payments
appear to have no impact on production
decisions on the intensive or extensive margins
of production (Henderson and Lankoski 2019).

Agri-environmental payment for complying
with fertilizer application constraint
(50%) plus organic fertilizer (manure)
application

Agri-environmental payments to achieve 10%
revenue increase with a maximum of half
amount of nitrogen application under the level
of the private optimum: 7,900 JPY/0.1 ha for
rice; 8,900 JPY/0.1 ha for wheat; and 6,600 JPY/
0.1 ha for soy.

Agri-environmental payment for complying
with fertilizer application constraint
(100%)

Agri-environmental payments to achieve a 10%
revenue increase with “zero” nitrogen
application under the level of the private
optimum: 12,600 JPY/0.1 ha for rice; 14,800
JPY/0.1 ha for wheat; and 7,300 JPY/0.1 ha for
soy.

Agri-environmental payment for complying
with fertilizer application constraint
(50%) plus cover crop (hairy vetch for
paddy field, rye for arable land, and
rotary tilling)

Agri-environmental payments to achieve a 10%
revenue increase with a maximum of half
amount of nitrogen application plus cover crop
planting under the level of the private optimum
and cover crop cultivation: 5,200 JPY/0.1 ha for
rice; 16,700 JPY/0.1 ha for wheat; and 11,900
JPY/0.1 ha for soy.

6For example, the entry-exit margin allocating land between cultivated cropland and other land uses,
such as pasture, permanent grasslands, forestry, or conservation areas, where decoupled payments are
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Table 5 outlines the impact of policies on land-use allocation, the amount of fertil-
izer application per 0.1 ha, and the total nitrogen input. In all policy simulations, aban-
donment of cultivation does not occur because of the introduction of area payment as a
baseline. When looking at the causes of agricultural land abandonment in Japan, low
profit is not always critical, but socioeconomic drivers (decline and aging of the rural
population) are dominant (MAFF-Japan 2013).7

MPS and payments based on the input used consistently increase the total nitrogen
input. However, MPS increases organic fertilizer (e.g., matured compost) over chemical
fertilizer in rice paddy and soy. All types of agri-environmental payments to comply
with the fertilizer application constraint decrease nitrogen’s optimal level. Payments
based on the noncurrent area (decoupled area payment) have no impact on production
decisions.

Optionally, to analyze the entry-exit margin, the additional hypothetical scenario,
“elimination of baseline payment and application of international price,” is added,
where baseline payments are abolished, and the rice price is cut by 45 percent by align-
ing it to the international rice price (e.g., price of Californian japonica rice). Under this
scenario, land allocation, fertilizer application, and total N input are obtained. However,
this scenario is not realistic. It could be considered a reference, not a baseline, since
high-value-added Japonica rice does not compete with other rice types in Japan.

Table 6 presents the environmental impacts of different policy instruments. This
study conceptually supposes an occurrence of fallow/abandoned land in low-quality
lands, but the simulation results do not indicate that profit per field is negative.
Therefore, cultivation continues in all fields, as this study uses a large and profitable
farm with the consideration of a basic decoupled subsidy. Land abandonment may
occur if a small farm in mountainous regions is studied.

The effect of MPS is mixed. Under the parameter setting in this analysis, where large
farms are considered, MPS does not necessarily increase nitrogen runoff and total GHG
emissions. A higher profit derived from higher product prices allows farmers to use
more organic fertilizers, which, while costly, has a positive effect on the yield by main-
taining good soil conditions. Increased revenue could cover additional input, transport,
and spread of manure costs. The cost for applying organic fertilizer (manure) is calcu-
lated at 8,000 JPY/0.1 ha (fertilizer 5,000 JPY, transportation 1,000 JPY, and spread
2,000 JPY) based on MAFF (Ministry of Agriculture, Forestry and Fisheries) Japan sur-
vey data. Productivity increase is a positive aspect of organic fertilizer. In the baseline
scenario, a small amount of organic fertilizer is applied, but the increased revenue due
to MPS (an increase of product price) could cover a certain percentage of additional
input, transport, and spread of manure costs even though the total nitrogen application

introduced to maintain pastures as semi-natural habitats, is a typical case in the European countries. In
contrast, Japan does not have a high degree of pastoralism and has very little extensive grassland. Also,
the traditional Japanese rice paddy itself can be counted as a semi-natural habitat that supports rich
fauna and fauna (OECD 2003; Sprague and Iwasaki 2009). In addition, a set-aside program for conserving
semi-natural habitats is not a policy option. Instead, maximizing the use of paddy fields is highly prioritized
since it improves Japan’s food self-sufficiency rate, enhancing productivity and sustainability. Flexibility in
various situations is the final criterion to consider.

7This study assumes that the total cultivated land is 6 ha (60 parcels) of plain land, which is a relatively
large-scale profitable farm in Japan. Therefore, profit per parcel will not turn out to be negative. Land aban-
donment may occur under the assumption that data from a survey on small farms in mountainous regions
is used separately.
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Table 5. Land allocation and the amount of fertilizer application

Fertilize use per 0.1 ha (kg)

Total N
applied
(kg)

Land use Rice Wheat Soy

Fallow Rice Wheat Soy Chemical Organic Chemical Organic Chemical Organic

Baseline 0 24 10 26 6.65 0.53 10.93 0.00 4.50 0.10 493.46

Market price support 0 25 9 26 6.47 0.58 11.37 0.00 4.38 0.26 527.57

Payment based on input
use (20% reduction of Nf
price)

0 21 16 23 7.30 0.42 11.35 0.00 5.55 0.03 529.72

Payment based on the
noncurrent area
(decouple payment)

0 24 10 26 6.65 0.53 10.93 0.00 4.50 0.10 493.46

Agri-environmental
payment for N fertilizer
constraint

0 25 9 26 3.32 1.13 5.46 0.20 2.25 0.23 442.29

Agri-environmental
payment for organic
farming

0 26 8 26 0.00 1.72 0.00 1.06 0.00 0.36 438.29

Agri-environmental
payment for cover crops

0 25 8 27 3.32 1.15 5.46 0.38 2.26 0.36 358.73

Private optimum under
international price (45%
reduction of rice price
without any subsidy)

28 32 0 0 8.57 0 0 0 0 0 274.32
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Table 6. Environmental impact of policy instruments

Nitrogen
runoff

(kg/year)

CH4 emissions
(t CO2

eq/year)

N2O emissions
(t CO2

eq/year)

Carbon
sequestration
(t CO2 eq/year)

Total GHG
emission

(t CO2 eq/year)

Native Plants
Richness Index
in paddy fields

Baseline 99.29 0.91 2.00 2.49 0.41 1.00

Market price support 96.42 0.97 2.05 3.12 −0.10 1.05

Payment based on input use (20%
reduction of Nf price)

101.28 0.75 2.30 1.66 1.40 0.82

Payment based on the noncurrent
area (decouple payment)

99.29 0.91 2.00 2.49 0.41 1.00

Agri-environmental payment for N
fertilizer constraint

80.82 1.19 1.61 5.27 −2.47 1.15

Agri-environmental payment for
organic farming

67.86 1.46 1.38 7.90 −5.07 1.31

Agri-environmental payment for
for Nf constraint and cover crop

71.41 1.20 1.61 5.75 −2.94 1.21

Private optimum under
international price (45%
reduction of rice price, without
any subsidy)

−25.76 0.87 0.55 0.00 1.42 1.52
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increases. For wheat, since the nitrogen response function is relatively steep, the farmer
chooses a less expensive chemical fertilizer to achieve high yield and revenue.

Due to the partial transition of chemical fertilizer to organic fertilizer, nitrogen run-
off decreases slightly, CH4 and N2O emissions increase, but carbon sequestration
increases due to manure application. The Native Plant Species Richness Index increases
slightly; the index is normalized at one under the Baseline Scenario.

Scenario for Payment based on input use consistently increases nitrogen and GHG emis-
sions and decreases the Native Plant Species Richness Index value, while scenarios for
agri-environmental payment with fertilizer application constraints constantly improve them.

Among the three types of agri-environmental payments, payment for organic farming
[complying with fertilizer application constraint (100 percent)] achieves the greatest envi-
ronmental benefit. As a cover crop, hairy vetch for paddy fields, rye for arable land, and
rotary tilling data are used. The effect of the cover crop and management of GHG emis-
sions is an increase in carbon sequestration: 0.528 CO2t/year (hairy vetch), 0.800 CO2t/
year (rye), and an increase of N2O emissions; 0.272 CO2t/year (hairy vetch); and
0.233 CO2t/year (rye). The hairy vetch and rye were plowed in as green manure, reducing
chemical fertilizer use (Komatsuzaki 2011). These relationships are incorporated into the
model. As a result, a greater environmental effect is achieved by complying with the nitro-
gen fertilizer constraint compared with standard agri-environmental payment.

Sensitivity analysis

To test the results’ robustness, we conducted sensitivity analyses for private optimum
and MPS for organic fertilizer’s positive effect on yield, chemical fertilizer price, and
organic fertilizer cost by ±10 percent.

Sensitivity analyses were conducted to test the credibility and robustness for different
assumptions and compare the baseline and MPS scenarios. It is difficult to test all
parameters and combinations, so key parameters to determine chemical fertilizer and
organic fertilizer application were assessed. The nitrogen application level and chemi-
cal/organic fertilizer combination are the fundamental drivers of net positive environ-
mental outcomes in the model. Using Pannell’s (1997) and OECD’s (2010) approach,
we estimated the 10 percent shocks in chemical fertilizer prices, the organic fertil-
izer–related costs (collection, transportation, and spread), and the yield effect of organic
fertilizer in the baseline and MPS scenarios. The results are presented in Table 7.

The fertilizer price −10 percent shock indicates that nitrogen runoff becomes relatively
intensive. Per 0.1 ha, nitrogen runoff for the crop has little effect on activity; the changes
reflect shifting the land use to wheat. The functional form used for modeling nitrogen
response implies low price elasticity. Under the MPS scenario, which is the same as the
original scenario, the partial transition of chemical fertilizer to organic fertilizer has
occurred, and nitrogen runoff and GHG emission decrease. In the case of a +10 percent
shock, the nitrogen application and the environmental effect are, in contrast, less intensive.

A decrease in organic fertilizer cost will result in an increase in its application and
reduced chemical fertilizer use, vice versa. A remarkable point here is that nitrogen run-
off increases under the MPS scenario in contrast to the original scenario because land
use is changed from soy to wheat, which requires more nitrogen. The last simulation
relates the long-term application of organic fertilizer, which gives a positive yield effect
change of +10 percent. Under the scenario of a 10 percent increase, all results continue
to hold. Conversely, a −10 percent scenario results in a slight increase in nitrogen run-
off due to land-use change from soy to wheat.
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Table 7. Sensitivity analyses: ±10 percent shocks to chemical and organic fertilizer prices, and organic fertilizer’s positive yield effect on productivity

Baseline

Chemical fertilizer price Organic fertilizer cost
Organic fertilizer’s

positive effect on yield

+10% −10% +10% −10% +10% −10%

Profit (1,000 JPY) Private opt. 3,929.73 3,914.92 3,945.00 3,920.07 3,945.26 3,940.51 3,919.57

MPS 4,324.02 4,309.78 4,340.05 4,310.76 4,344.95 4,343.83 4,309.99

Land use (rice, wheat, soy) Private opt. 24, 10, 26 25, 7, 28 23, 13, 24 22, 12, 26 27, 5, 28 27, 6, 27 21, 13, 26

MPS 25, 9, 26 27, 7, 26 24, 13, 23 22, 15, 23 29, 5, 26 29, 5, 26 21, 16, 23

Rice, chemical (kg/0.1 ha) Private opt. 6.65 6.52 6.77 7.12 6.17 6.31 7.06

MPS 6.47 6.35 6.59 6.91 6.02 6.15 6.86

Rice, organic (t/0.1 ha) Private opt. 0.53 0.56 0.51 0.42 0.65 0.61 0.44

MPS 0.58 0.6 0.56 0.47 0.69 0.66 0.49

Wheat, chemical (kg/0.1 ha) Private opt. 10.93 10.72 11.13 10.95 10.92 10.91 10.96

MPS 11.37 11.19 11.53 11.37 11.34 11.34 11.38

Wheat, organic (t/0.1 ha) Private opt. 0.00 0.00 0.00 0.00 0.00 0.00 0.00

MPS 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Soy, chemical (kg/0.1 ha) Private opt. 4.50 4.00 5.02 4.86 3.89 4.07 4.86

MPS 4.38 3.90 4.82 4.91 3.79 3.97 4.84

Soy, organic (t/0.1 ha) Private opt. 0.10 0.13 0.07 0.00 0.28 0.23 0.00

MPS 0.26 0.29 0.23 0.11 0.42 0.38 0.13

Total N (kg/6 ha) Private opt. 493.46 472.95 514.34 479.06 506.31 504.44 480.95

MPS 527.57 518.00 550.52 526.09 545.46 539.91 529.40

(Continued )
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Table 7. (Continued.)

Baseline

Chemical fertilizer price Organic fertilizer cost Organic fertilizer’s
positive effect on yield

+10% −10% +10% −10% +10% −10%

Nitrogen runoff (kg/year) Private opt. 93.80 85.53 102.06 105.23 75.19 76.71 109.95

MPS 88.89 77.41 97.87 108.10 66.49 67.72 112.73

CH4 emissions (t CO2 eq/
year)

Private opt. 0.91 0.92 0.86 0.79 1.07 1.06 0.76

MPS 0.97 1.05 0.92 0.81 1.17 1.16 0.78

N2O emissions (t CO2 eq/
year)

Private opt. 2.00 1.86 2.14 2.06 1.86 1.87 2.11

MPS 2.05 1.92 2.21 2.23 1.19 1.90 2.28

Carbon sequestration (t CO2

eq/year)
Private opt. 2.49 2.65 2.23 1.68 3.68 3.42 1.65

MPS 3.12 3.48 2.82 2.08 4.34 4.12 2.07

Total GHG emission (t CO2

eq/year)
Private opt. 0.41 0.13 0.77 1.17 −0.75 −0.48 1.21

MPS −0.10 −0.50 0.31 0.96 −1.26 −1.06 0.99

Native Plants Richness Index
in paddy fields value

Private opt. 1.00 1.05 1.00 0.90 1.14 1.14 0.86

MPS 1.05 1.13 1.00 0.91 1.23 1.23 0.87

Using Pannell’s (1997) and OECD’s (2010) approach, we estimated the 10 percent shocks in chemical fertilizer prices, the organic fertilizer-related costs (collection, transportation, and spread),
and the yield effect of organic fertilizer in the baseline and MPS scenarios.
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We found that key results from this study hold even after the sensitivity analysis,
although results rely on assumptions used. Some key assumptions (e.g., combining
chemical and organic fertilizer) would require caveats for model outcomes.

Discussion and conclusion

There is growing interest in phasing out agricultural subsidies that may be adversely
affecting the environment. Policy measures that provide incentives to increase the pro-
duction of specific agricultural commodities could bring marginal land into production
and increase pressure on the environment. In contrast, the policy measures targeted at
specific environmental goals could bring effective compliance. Still today, the impact of
some measures has yet to be defined, as the direction and magnitude of agricultural
policy impacts on environmental performance are an empirical matter.

When discussing agricultural policies’ environmental impacts, it is very important to
carefully define the appropriate baseline for a relative comparison of environmental
impacts depending on regional conditions. For example, understanding the environ-
mental effect of land-use change among oilseed, wheat, and buffer strips such as in
Europe would be simple because wheat is more intensive than oilseed, and there is
solid evidence of a richer biodiversity and water purification function in the buffer
zones than in these agricultural fields. Contrarily, in Japan and other Asian monsoon
countries, the environmental impact of land-use change between paddy fields, other
upland crops, and abandoned land must be carefully considered because paddy fields
are a source of methane and water pollution due to chemical fertilizers and pesticides.
At the same time, paddy fields themselves purify water pollution and work as a biodi-
versity nursery, and this is called “secondary nature.”

In this context, this study presents analyses environmental impacts of agricultural
policy instruments in Japan. The results indicate that environmental effects are
site-specific, and MPS does not inevitably increase nitrogen runoff or total GHG emis-
sions at any time, unlike in Henderson and Lankoski (2019), who analyzed European
crop-livestock land use. In this model, the total N application increases, but the chem-
ical fertilizer application decreases since it is partially replaced with organic fertilizer
under the MPS scenario. As an interpretation of farmer behavior, chemical fertilizer
can be categorized as “inferior goods” compared with organic fertilizer, that is, the
chemical fertilizer demand decreases when farmer income rises. In reality, Japanese
farmers do not fully understand the superiority of organic fertilizer, and there is also
uncertainty and time lag on yield increase effects. Furthermore, switching costs make
farmers’ optimal decisions difficult (this can also be understood as “status-quo-bias”).
Therefore, farmers tend not to necessarily view organic fertilizer positively. However,
the positive yield effects are clearly defined without uncertainty, empirically. The social
indirect cost is assumed to be zero in the model (only manure price, transportation, and
spreading costs are modeled). Then, the optimal level of nitrogen application is
estimated. There may be discrepancies between actual farmer decision-making and
an optimal solution solved in the nonlinear programming problem. This partial shift
of chemical fertilizer to organic fertilizer due to a price increase could occur. There
is no accumulated empirical evidence, but Datai, Sato, and Tanaka (2005) surveyed
farmers in Japan on the conditions of fertilizer application and behavior changes.
They obtained data that 40 percent of farmers would like to increase organic fertilizer
application in the event of any output price hike.
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As an additional important finding from this study, simulations did indicate that all
agri-environmental payments achieved the environmental benefit for the land studied.
Currently, agri-environmental payments cover only 2 percent of Japan’s cultivated area,
and the share of the payments with voluntary agri-environmental constraints in producer
support was 0.2 percent in 2015–17 in Japan compared with 9 percent in the European
Union and 13 percent in the United States in 2015–17 (OECD 2019). Most farmers do
not participate in the agri-environmental payment program, which could potentially
improve their environmental performance. The impact of some support measures should
be carefully defined. Still, it seems that there is potential to rebuild the Japanese farm sup-
port policy, which does not currently require any environmental conditions for farmers.
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Appendix

Annex: Theoretical Framework

Land use

Following the literature (e.g., Lichtenberg 1989, 2002; Lankoski and Ollikainen 2003;
Lankoski, Lichtenberg, and Ollikainen 2004; Lankoski, Ollikainen, and Uusitalo 2006;
OECD 2010), let G(q) denote the cumulative distribution of q (acreage quality q, 0≤
q≤ 1), while g(q) is its density, assuming that g(q) is continuous and differentiable.
We assume that q is a quality of drainage condition directly related to productivity
for wheat and soy. This element is the first propriety when paddy fields are converted
to fields for other crops. The total amount of land in the region is:

G =
∫1

0
g(q)dq. (A1)

To simplify the discussion, it is assumed that only rice paddy and one upland crop
are cultivated in this region, i = 1, 2. Both crops are produced under constant returns to
scale. The output of each crop per unit of the land area is denoted by yi, and yield is a
function of land quality q and fertilizer application xi: yi = fi(xi;q). The applied amount
of fertilizer xi is the combination of chemical fertilizer xci and organic fertilizer xoi. This
production function is increasing and concave in fertilizer and land quality.

Assume that the arable land can be allocated to either paddy rice or an upland crop.
The share of each crop L1 and L2 is represented by:

L1 =
∫q1

0
g(q)dq = G(q1) (A2)

L2 =
∫1

q1

g(q)dq = G(1)− G(q1). (A3)

Land abandonment is not considered in the theoretical part to simplify the theoret-
ical framework.

Profit functions

The profit from agricultural production is expressed as:

pi = pif
i(xi; q)− cxi, i = 1, 2 (A4)

Here, pi refers to the price of crops and c to the fertilizer price, which are both taken
as given. Organic fertilizer causes a yield-increase effect, which depends on the amount
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of application Φi(xoi), defined as 1 <Φi(xoi) with Fi
x . 0 and Fi

xx , 0.8 At the same
time, the additional cost of organic fertilizer collection, transportation, and spreading
are incorporated in the profit function. In the presence of the yield-increase effect and
additional cost of organic application, the profit function is modified as follows:

pi = pif
i(xci, xoi, q)F

i(xoi)− ci(xci, xoi), i = 1, 2 (A5)

Environmental impacts

In this study, aggregate nitrogen (N) runoff is a function of chemical fertilizer use and N
content of organic fertilizer use. N runoff from organic fertilizer is presumed to be 50
percent compared with that from chemical fertilizer. Runoff data of organic fertilizer
vary depending on natural conditions, but organic fertilizer (especially the fully
matured compost used in Japan) does not run off easily. In the Sasaki (2012), the N
content in organic fertilizer was not included in the N runoff function, because N in
organic fertilizer could be a serious problem only when the application amount is sub-
stantial. In their models, the maximum application of organic fertilizer was approxi-
mately 1.5 t/10a due to economic factors (high additional cost of manure
application). However, in this study, aggregate N runoff is defined as a function of
chemical fertilizer and N content of organic fertilizer applied. N-runoff volume due
to organic fertilizer is supposed as half compared with that of chemical fertilizer.
The runoff rate of organic fertilizer varies depending on natural conditions. Still, it is
evident from field surveys that organic fertilizer (especially fully matured compost
used in Japan) does not run off as easily and has fewer environmental impacts.9 One
of the most large-scale field studies in Shiga prefecture reported 48 percent N leaching
reduction because of environmentally friendly farming, where farmers are encouraged
to reduce the use of agricultural chemicals and chemical fertilizers by 50 percent or
more compared with conventional farming.10 Therefore, in the simulation, 50 percent
reduction is used as an approximation based on the Shiga studies.

The runoff of nutrients (kg) from each field is expressed as a function of chemical
and organic fertilizer applied xci and xoi as:

zi = vi[xci(q), xoi(q)] for i = 1, 2 (A6)

8Regarding the manure positive yield effects, there are several studies collecting data on the effect of
organic matter in the past two to three decades in Japan. For paddy in Asia’s hot and humid conditions,
the positive yield effect of manure seems to be more significant. Kobayashi et al. (2007) collected data of 26
consecutive years of application of organic matter in paddy fields and upland crop fields in the Tochigi
prefecture of Japan. Although the benefit of organic matter on rice yield is not clear in the first year,
the manure plot shows a trend of increasing in yield. In the long-term, the effect is clarified. This modeling
exercise did not account for the delay between manure use and the actual yield impact.

9In fact, Gomiero et al. (2011) reviewed the extensive amount of studies on the environmental effects of
organic agriculture comparing with the conventional system, and they pointed out N leaching from the
conventional system is higher than organic and integrated systems in general. As for Japanese data,
there are many types of research showing the effectiveness to reduce N leaching but the reduction volume
varies depending on geographical and climate conditions.

10Result reported by the government of Shiga Prefecture on an ecological farming project promoted
since 2004, which achieved a significant reduction in the environmental impacts of agriculture, according
to an interim report released on June 29, 2006. https://www.japanfs.org/en/news/archives/news_id026463.
html.
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with vx > 0, vxx > 0. Thus, the runoff function is convex in the fertilizer application.
Paddy fields improve water quality by removing nitrogen through denitrification and
absorption. When the total nitrogen inflow in paddy field water exceeds the total out-
flow of nitrogen discharged from the paddy field water, the paddy fields remove nitro-
gen, which means z1 is negative. The total amount of runoff from the land area devoted
to a rice paddy and an upland crop can be expressed as:

z =
∫1

0
{v1[xc1(q), xo1(q)]L1 + v2[xc2(q), xo2(q)](1− L1)}g(q)dq. (A7)

Agriculture is an anthropogenic source of CH4 and N2O. A response curve can
describe the amount of the applied material and CH4 emissions. CH4 generation is
not possible if the soil is not maintained in an anaerobic state. Upland soils are nor-
mally oxidative and anaerobic, and CH4 is not produced. CH4 emission is denoted as:

CH4 =
∫1

0
{m[xo1(q)]L1}g(q)dq (A8)

with mx > 0, mxx < 0. The runoff function is concave in the organic fertilizer application
(Yan et al. 2005; IPCC 2006).

Following the Intergovernmental Panel on Climate Change (IPCC) guidelines, if the
N2O emission is a combination of direct emissions (denitrification) and indirect emis-
sions (atmospheric deposition and nitrogen runoff):

N2O =
∫1

0
{[n1(xc1(q), xo1(q), z1)]L1 + [n2(xc2(q), xo2(q), z2)](1− L1)}g(q)dq (A9)

with nx > 0, nxx < 0, then the emission function is concave in the fertilizer application.
In addition to GHG emissions, agricultural soils serve as a carbon sink. Soil carbon

stock is affected heavily by fertilizer management as well as CH4 and N2O emissions
from agricultural land. Appropriate amounts of organic fertilizer could increase the
soil carbon content and stimulate the total GHG emission reduction. The carbon
sequestration function is:

Seq =
∫1

0
{s1[xo1(q)]L1 + s2[xo2(q)](1− L1)}g(q)dq (A10)

with sx > 0, sxx < 0. Thus, the sequestration function is concave in the organic fertilizer
application.

Consequently, the net GHG emission is expressed as follows:

e =
∫1

1
{m[xo1(q)]L1}g(q)dq

+
∫1

0
{[n1(xc1(q), xo1(q), z1)]L1 + [n2(xc2(q), xo2(q), z2)](1− L1)}g(q)dq

−
∫1

0
{s1[xo2(q)]L1 + s2[xo2(q)](1− L1)}g(q)dq.

(A11)
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In rice paddy fields, the cultivation area plays an essential role as a habitat, and the
factors most negatively impacting biodiversity during the paddy cultivation are pesti-
cides and herbicides. This model does not account for pesticides and herbicides due
to technical difficulty. However, there is a positive correlation between the amounts
of chemical fertilizer used and pesticide and herbicide used. The pseudo-correlation
between the amount of chemical fertilizer used and paddy field biodiversity (and ridges
between rice fields) could be modeled using recent survey data.

Paddy field biodiversity index value BD can be expressed as a function of chemical
fertilizers; this is a good proxy variable of agricultural intensification affecting biodiver-
sity, and BD is expressed as:

BD =
∫1

0
{[BD1(xc1(q))]L1}g(q)dq (A12)

On the other hand, biodiversity in arable lands (i.e., wheat and soy farms) are
not included in the modeling exercise, as there is insufficient scientific evidence for
Japan.

The land is allocated to the highest returning crop for each field, seeking optimal
inputs and profits for each crop. This study estimates the baseline without any pol-
icy intervention and private optimum, which incorporates several agricultural sup-
ports. For private optimum, the farmer ignores the effects of environmental
externalities.

Cite this article: Sasaki H, Katayama N, Okubo S (2021). Are agricultural support policies harmful to the
environment? Evidence from Japanese farm-level policy simulation. Agricultural and Resource Economics
Review https://doi.org/10.1017/age.2021.16

511

50, 485–511.

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/a

ge
.2

02
1.

16
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1017/age.2021.16
https://doi.org/10.1017/age.2021.16



