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Preface

Monsoon Asia is a sizeable region of the Earth that extends from the Indian sub-continent in
the west to Japan in the east, taking in China and the Korean peninsula, and to Indonesia and the
rest of South East Asia to the south. The countries of the region enjoy favorable natural
conditions for agriculture, namely a warm and humid seasonal climate and expanses of fertile
lowlands that are the result of the unique geographical features of the region. Paddy rice farming
and the environmental conditions under which it developed in this region have provided high
productivity and a sustainable staple food supply for thousands of years. Through paddy
farming, the countries of the region sustain more than 50% of the world’s human population
within only about 16% of its land surface. In the 21st century, however, the social, economic, and
natural environment surrounding agriculture has been changing quickly. Rapid growth in the
region’s human population and economies requires a significant increase in agricultural
production. This is an enormous challenge for farmers in monsoon Asia, as it is worldwide. In
addition, environmental problems related to agriculture are increasing in number and severity.

Climate change has become a major threat to global agricultural production. Rising
temperatures and shifts in precipitation patterns affect agriculture. Extreme weather events such
as drought and severe storms have increased in frequency and intensity, seriously damaging
agricultural production. Therefore, making agriculture more resilient to climate change is a
pressing need. At the same time, the agriculture sector must mitigate greenhouse gas emissions
due to its position as a major generator of anthropogenic greenhouse gases.

Today, awareness of the close link between biodiversity and sustainable development is
continually rising. The abundant biodiversity on this planet and associated ecosystems form the
basis of our shared wealth, health, and well-being. Although agriculture depends on biodiversity
and ecosystem services, it is also a major driver of terrestrial biodiversity loss. Much effort is
needed to ensure the compatibility of biodiversity conservation and agricultural production in
agroecosystems. The restoration of ecosystem services in agricultural landscapes must be
included in these efforts.

Soil is the basis for terrestrial agricultural production. However, soil degradation has become
an increasingly significant issue that threatens global food security. About 80% of the world’s
arable soils have suffered some degree of degradation. The 68th United Nations General
Assembly declared 2015 as the International Year of Soils. Soil plays a crucial role in food
security, climate change adaptation and mitigation, provision of essential ecosystem services,
poverty alleviation, and sustainable development. Therefore, an increasing awareness by society
of the importance of soils and their sustainable management and protection is urgently required.
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Agriculture in monsoon Asia faces the range of agro-environmental issues mentioned above.
Almost all environmental issues are cross-border in nature. Thus, close international networking
and cooperation are imperative to promote agro-environmental research that attempts to meet the
challenges faced. Within this context, a group of institutes from several regional countries with
overlapping interests launched the Monsoon Asia Agro-Environmental Research Consortium,
MARCO, in 2006 to promote the development of agro-environmental research in monsoon Asia
to achieve productive, sustainable and environmentally sound agro-ecosystems. Since its
inception, MARCO has promoted international collaboration to advance research activities in
agriculture and the environment in monsoon Asia. MARCO has hosted international symposia
and workshops each year since it was established, has set up a website as a venue for exchanging
consortium information, and has helped train the people who will carry out the consortium
activities. 

This volume is a collection of 17 selected research papers presented either at the MARCO
symposium held in Tsukuba, August 2015, entitled “Next Challenges of Agro-Environmental
Research in Monsoon Asia”, or at the MARCO workshops held separately from the symposium.
The aims of the symposium and workshops were to describe the current state of agro-
environmental problems in monsoon Asia, to report the latest research findings, and to discuss
ways to strengthen collaboration to meet the challenges identified. The participants exchanged
research findings on various issues relevant to agriculture and the environment in the region, and
earnestly discussed the future directions of cooperative research among the member institutions
of MARCO.

The selected papers presented herein include both invited and voluntary contributions that best
represent the aims of the symposium and workshops. I express my deepest gratitude to all the
contributors. I believe that this book will facilitate advancing international collaboration to cope
with the increasingly acute agro-environmental challenges being faced in monsoon Asia.

Kiyotaka Miyashita
President

National Institute for Agro-Environmental Sciences
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Abstract

Monsoon Asia is blessed with natural resources for agriculture by the warm and seasonal humid
climate and the fertile large alluvial plains. The dominance of rice cultivation and family-owned
small-scale agriculture in this region, which is the consequence of longstanding human activities in
its unique fu-do, has led to the development of agro-ecosystems with long-term sustainability of food
production and biodiversity conservation. However, Monsoon Asia is facing rapid changes in both
socio-economical and natural aspects, causing changes of land use and management systems over the
region. Climate change is an additional source of risks to the region. These changes have significantly
impacts on the status of agriculture and food production in the region, and have resulted in substantial
negative ecological consequences, including increased greenhouse gas emissions, a loss of
biodiversity, deteriorated air and water quality, and soil degradation. The impacts of environmental
constraints may limit future increases of food production to meet the demands in the region.
Therefore, researchers, engineers, and administrative authorities in this region must develop close
international collaborations to meet the region’s growing agricultural needs, while harmonizing the
human systems with the natural systems that support them.

Keywords: agriculture, climate, environment, impact, sustainability

1. Introduction

The Japanese word fu-do (風土) literally means “Wind and Earth (or Soil)” as a general term
for the natural environment of a given land, including the climate and weather, geological and
productive nature of the soil, and the topographic and scenic features. The significance of fu-do

was extended by the Japanese philosopher Tetsuro Watsuji (1889–1960) to the concept of an
entire interconnected network of influences that together create entire attitudes and values of
people (Watsuji, 1961). This concept sees fu-do not merely as a collection of natural phenomena,
but also as the agent by which human life is objectified. In particular, fu-do is even more obvious
in the case of agriculture and food as it is, along with the climate, most intimately connected with
the production of food.

Monsoon Asia, which includes countries in the regions of East, Southeast and South Asia, is
blessed with natural resources for agriculture because of the warm and seasonal humid climate

Fu-do and Food in Monsoon Asia:
A Brief Agro-Environmental Outlook

Kazuyuk i  Yag i

National Institute for Agro-Environmental Sciences

3-1-3 Kannondai, Tsukuba, Japan
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and can therefore sustain large populations within its limited land area. The dominance of rice
cultivation and family-owned small-scale agriculture in this region, which can be recognized as
the consequence of human activities for thousands of years in its unique fu-do, has led to the
development of agro-ecosystems with long-term sustainability of food production and
biodiversity conservation. On the other hand, the agro-ecosystems in Monsoon Asia have been
intensively disturbed or managed by human activities for many centuries and are now suffering
from rapid economic, social, and environmental changes. As a result, drastic deterioration of
some of these ecosystems has been observed recently because of the combined effects of climate
change, urbanization, pollution by toxic chemicals, and invasion by alien species. Therefore,
these problems must be solved to meet the region’s growing agricultural needs, while
harmonizing human systems with the natural systems that support them. 

This introductory chapter of the book briefly looks at the present status of agriculture and the
environment in Monsoon Asia, while discussing the major environmental impacts and issues on
agriculture in the region.

2. Fu-do of Monsoon Asia

Most of the areas in the Asian region are strongly influenced by the Asian monsoon, which is
a seasonal reversing wind accompanied by corresponding changes in precipitation. Thus, this
region is often called “Monsoon Asia.” The Asian monsoon is a most significant component of
the global climate system, and it influences lifestyle and livelihood while providing water
resources in the region (Salinger et al., 2014). The East Asian monsoon carries moist air from the
Pacific Ocean and Indian Ocean to East and Southeast Asia in summer. Reversely, it carries cold
and dry air from the Eurasian Continent in winter. In South Asia, winds blow from the southwest
direction from the Indian Ocean onto the Indian landmass during the months of June through
September, which brings rain to most parts of the subcontinent. Subsequently, around the month
of October, the winds reverse direction and start blowing from a northeasterly direction from the
subcontinent to the Indian Ocean, which carries less moisture and brings rain to only limited
parts of India. However, the dry area extends to the northwestern interior parts of the region
because of the decreased influence of oceanic winds. 

The region is stratified into different agro-ecological zones (AEZs) because of the wide
diversity of climates. Figure 1 shows the AEZs in Monsoon Asia as classified by the global AEZ
methodology, which is based on principles of land evaluation developed by the Food and
Agriculture Organization of the United Nations (FAO). The map shows the AEZs in the region
by the number of days that are available in 1 year for a standard crop to grow, based on the
conditions of temperatures >5 °C and the availability of sufficient water. Based on the results
shown in the figure, the crop cultivation potential clearly increases from the northwest to
southeast in the region. Moreover, it is important to point out that the area that has more than 180
available days for a standard crop to grow extends to more than half of the region, which is
notably larger than other regions in the world.

In addition to the climatic factors, Monsoon Asia is also blessed with great advantages to
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agricultural production by the geographical and topographical features of the region. The map of
Asia shows many vast rivers, including the Yellow, Yangtze, Mekong, Chao Phraya, Irrawaddy,
Ganges, Brahmaputra, and Indus. Many of Asia’s major rivers have their source in the
Himalayas and adjacent plateaus, of which the main range runs for more than 2,400 km and
separates the Indian subcontinent from the rest of Asia. The rivers create fertile land for farming
with large alluvial plains and deltas. Although the scale is relatively smaller, such fertile land is
also developed in a number of chain islands (or island arcs) located at the east and southeast
shores of the continent, because of mountainous landscape with volcanic activities and high
precipitation. 

3. Food Production in Monsoon Asia

If we appoint the area of Monsoon Asia to be all Asian countries on the east side of
Afghanistan, then this area will host approximately 4.0 billion people, which represents 54% of
the world’s current human population (Table 1). Like most of the world, Asia has a high growth
rate in the modern era. For instance, during the 20th century, the population in Monsoon Asia
nearly quadrupled, as did the world population. Although the rate of population increase in the
area is gradually decreasing, the area is projected to host an additional 0.3–0.6 billion people by
2030, which represents nearly 40% of  projected increase in population in the world (United
Nations, 2015). 

If we focus on the rural population, it is remarkable that Monsoon Asia has a larger proportion

3Fu-do and Food in Monsoon Asia

Fig. 1 Agro-ecological zones in Asia categorized by the number of days that are available in one year for
a standard crop to grow (i.e., T > 5 °C and sufficient water available: source: IIASA/FAO, 2012).



of rural population to the total population than other regions of the world, with the exception of
Africa. As a result, the average value of arable land area per rural population in Monsoon Asia is
calculated to be as high as 0.19 ha person–1, which is much lower than that in other regions of the
world (Table 2).

Another distinctive feature of Monsoon Asia is the very high share of the area and production
for rice. The unique combination of the monsoon climate and the exceptionally large lowland
area is the driving force that makes this region rightly deserve to be named the “rice granary” of
the world (Kyuma, 2004). Approximately 90% of the total acreage, as well as annual output of
rice, are concentrated in the region. The large amount of precipitation that is generally
concentrated during the rainy season and the occurrence of extensive lowlands are the two
determining factors for the dominance of rice cultivation in Monsoon Asia. Particularly, the vast
expanse of lowlands that result from the combination of geological instability and large
precipitation is a unique feature of the region. Rice cultivation emerged as an adaptation to the
extensively inundated lowlands, but with time it was expanded even to the land that could
support rice only with irrigation. High productivity and high sustainability are the outstanding
advantages of rice cultivation, and this has assured the sustainability of staple food production
for a long time and has further enabled these countries to sustain a large population within
limited arable land.

Rice production in the sub-regions of Monsoon Asia has increased by 2.8, 4.4, and 3.1 fold in
East, Southeast, and South Asia, respectively, from 1961 to 2011. Nonetheless, the per capita

4 Fu-do and Food in Monsoon Asia
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production of rice has remained almost constant in East and South Asia during this period (Fig.
2(a)), indicating that the rice production has increased in parallel with the population. In contrast,
the per capita production of rice in Southeast Asia has steadily increased during the same period,
because of the rapid increase in the quantity of rice exports from countries such as Thailand and
Vietnam. The same statistical analysis was applied to the total cereal production and increasing
trends were confirmed in East Asia with some fluctuations, and slight increases were observed in
South Asia (Fig. 2(b)).

5Fu-do and Food in Monsoon Asia

Fig. 2 Trends of per capita production of rice (a) and cereals (b) by sub-region of Monsoon Asia (original
production data were obtained from FAOSTAT, http://faostat3.fao.org/home/E).

Table. 2 Rural population and arable land area in Monsoon Asia and other regions of the world in 2013



4. Major Impacts and Issues on Agro-ecosystems in Monsoon Asia

1) Land Use Change
Monsoon Asia has experienced dramatic land transformations within a historical context. In

the last several decades, the demand for food to satisfy its growing population has resulted in
dramatic changes in the composition and area of forests, the expansion and intensification of
agriculture, and rapid urbanization (Collins, 2011). Southeast Asia has the highest deforestation
rate of any major tropical region. In addition, 11 of the 19 megacities in the world that have more
than 10 million inhabitants are in Monsoon Asia. The land use activities in this region have
resulted in substantial negative ecological consequences, including increased anthropogenic CO2

emissions, deteriorated air and water quality, alteration of regional climate, increases of disease,
and a loss of biodiversity (Zhao et al., 2006). 

Although land use change occurs at the local level, it prone to cause ecological impacts across
local, regional, and global scales. A major challenge for most of the developing countries in
Monsoon Asia is the reduction of the negative environmental impacts of land use change, while
maintaining economic viability and social acceptability.

The monitoring of land use changes in the Monsoon Asia region is essential for the sustainable
management of natural resources, environmental protection, air quality, agricultural planning,
and food security. There is an increasing need to develop consistent land use products in this
region with adequate spatial and temporal resolutions, so that scientific communities and
resource managers can use them for proper development planning and policy-making. 

2) Climate Change
Warming trends and increasing temperature extremes have been observed across most of the

Asian region over the past century. The impacts of climate change on food production and food
security in Asia will vary by region, with many regions expected to experience a decline in
productivity (Hijioka et al., 2014). Comprehensive reviews in previous Intergovernmental Panel
on Climate Change (IPCC) Assessment Reports have showed that higher temperatures will lead
to lower rice yields as a result of shorter growing periods (Porter et al., 2014). However, carbon
dioxide (CO2) fertilization may at least in part offset the yield losses in rice as well as other
crops. Hasegawa et al. (2013) reported a significant positive effect of elevated CO2 concentration
on the grain yield of rice, which averaged 17% over the four common cultivars based on free-air
CO2 enrichment (FACE) experiments at two sites in Japan.

Although the effects of climate change on precipitation are largely uncertain, water scarcity is
expected to be a major challenge for most of the region as a result of increased water demand
(Hijioka et al., 2014). Integrated water management strategies could help adapt to climate
change, including developing water-saving technologies, increasing water productivity and
water reuse.

Contrary to the negative impacts of climate change on agriculture, activities for agricultural
production themselves may contribute to the changes of climate system by acting as sources or
sinks of atmospheric greenhouse gases. Agriculture, forestry, and other land use (AFLOU)
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activities are responsible for just under a quarter (ca. 10–12 Gt CO2eq yr–1) of anthropogenic
greenhouse gas emissions mainly from deforestation and emissions from livestock, soil and
nutrient management (Smith et al., 2014). All of rice cultivation, enteric fermentation, and
manure management systems are major sources of atmospheric methane, whereas fertilized
agricultural soils and manure management systems are major sources of atmospheric nitrous
oxide. Meanwhile, it is being shown that AFOLU emissions could change substantially in
transformation pathways, with significant mitigation potentials provided by agriculture, forestry,
and bioenergy mitigation measures (Smith et al., 2014). The enhancement of soil carbon
sequestration in crop and forest lands is recognized as one of the promising options to mitigate
global warming.

3) Biodiversity
Monsoon Asia encompasses some of the world’s greatest biological, cultural, and economic

diversity. The vast scale of human activities in this region poses a direct challenge to the
resilience of the regional ecosystem. The serious negative effects of these activities are already
evident today, as rapid economic development in this region has led to massive changes in
lifestyle and increases in correlated indirect drivers of biodiversity loss. In 2008, the highest
number of threatened species in the world was recorded in Asia and the Pacific. Many of the
most serious problems are found in Southeast Asia, where 6 of the 10 countries in the region
have the highest numbers of threatened animal and plant species (UNEP, 2010).

The intensive use of pesticides may harm vital ecosystem services, particularly aquatic fauna
like fish and waterfowl (Cochard et al., 2014), and continuing patterns of pesticide use will
damage the biodiversity in production areas (Ramsar Convention, 2012). The challenge will be
for farmers to intensify production in a sustainable way while meeting the increasing demand for
food both in the present and in the future. These concerns have led governments to promote more
efficient uses of diminishing resources by farmers (i.e., Save and Grow concept), and better
management and use of agro-ecological processes for sustainable intensification of agricultural
production. FAO launched the Regional Rice Initiative in 2013 in Indonesia, Lao PDR, and the
Philippines to focus on the goods and services produced by and available from rice ecosystems
and landscapes so that the farmers could identify and undertake sustainable rice production
practices to enhance resilience and increase efficiencies in rice production to improve food
security (Abubakar et al., 2015). 

Invasive alien species, particularly plants and insects, constitute a substantial threat to
agriculture and local biodiversity and their negative impacts can be widespread. The first step in
managing invasive alien species is to identify them, including those that have stealthily entered
the ecosystems and those that have the potential to do so.

There is an increasing tendency to introduce genetically modified (GM) crops both in
domestic production and in imported food and feed crops, such as rice, soybean, and maize. In
2011, five countries in Monsoon Asia (China, the Philippines, India, Pakistan, and Myanmar)
grew GM crops domestically, and GM crops might make their appearance in other countries in
Monsoon Asia. The country growing GM crops has been improving its management and
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approval systems while making extensive research progress in developing GM crops and
biosafety assessment protocols (Matsuo, 2012). 

There are activities to evaluate the effects of environmentally friendly farming on the
conservation of both the wildlife inhabiting the agro-ecosystems and the overall biodiversity. To
address this issue, a manual that describes indicator animals and explains the survey and
evaluation methods used was published as a product of a research project in Japan (Tanaka,
2016).

4) Contamination 
Contamination in the agro-ecosystems is caused by the presence of chemicals at hazardous

levels in the environment. Sources of contamination of arable land in most Monsoon Asian
countries include parent materials, mining and smelting activities, agrochemicals and sewage
sludge applications, and livestock manure uses. The causes of diffuse contamination tend to be
dominated by heavy metals and other inorganic contaminants, persistent organic pollutants
(POPs), and excessive nutrient and pesticide applications. 

There is an urgent need to decrease the hazardous heavy metal concentrations of cadmium
(Cd), arsenic (As), and other elements, especially in paddy soil and rice grains. Approximately
19% of the farming land in China has high levels of Cd, nickel (Ni), and As, causing an
estimated reduction in the food supply of more than 107 t annually (Wei and Chen, 2001). In
many regions of Monsoon Asia (Bangladesh, India, China, Vietnam, Taiwan, Thailand, and
Nepal), the risk management of heavy metal contamination in rice grains is a priority issue
posing a great challenge for the population of the region. Several risk minimization methods for
Cd and As are introduced in a later chapter of this book as an overview of the state-of-the-art
technologies that have been developed in Japan, including breeding cultivars, phytoremediation,
and chemical remediation (Makino et al., 2016).

POPs are organic chemical substances that are very resistant to natural breakdown processes,
and thus are extremely stable and long-lived. These pollutants accumulate in the fatty tissue of
living organisms, and are toxic to both humans and wildlife. The eastern Asian region is a
potential source of pollution, particularly by emerging contaminants such as polybrominated
diphenyls ethers (PBDEs). This group of contaminants, together with polychlorinated biphenyls,
exhibit either decreasing or increasing trends depending on the extent of industrialization in the
Asian developing region (Tanabe, 2011). Comprehensive and long-term monitoring programs
are still urgently needed with close collaboration and proper capacity building in developing
countries to mitigate the emission of POPs and their risk on ecosystems and human health.

The increased use of nitrogen (N) and phosphorous (P) fertilizers has allowed for the
increased food production necessary to support a rapidly growing human population, and for
increasing the per capita overall consumption of meat and milk in particular (Galloway and
Cowling, 2002). However, significant fractions of the mobilized N are lost through emissions of
ammonia (NH3), nitrous oxide (N2O), and nitric oxide (NO). Also, large fractions of the
mobilized N and P in watersheds enter groundwater through leaching and surface runoff, and are
transported in freshwater toward coastal marine systems. This has resulted in numerous negative
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impacts on human health and the environment, such as groundwater pollution, loss of habitat and
biodiversity, and eutrophication of surface water and coastal areas. 

Negative soil nutrient balances have been reported for N, P, and potassium (K) in many South
Asian countries, whereas large excesses of nutrients, in particular N, have caused serious
environmental problems in water bodies and the atmosphere in most of the East Asian and some
of the Southeast Asian countries (Xiong et al., 2008). Based on the results of a nitrogen flow
model, Shindo et al. (2006) suggested that nitrogen loads due to food demand have shown drastic
increases in the last several decades in East Asian countries, and these loads will continuously
increase until at least 2020.

5) Soil Degradation
The majority of the world’s soil resources have been reported to be in only fair, poor, or very

poor condition (FAO and ITPS, 2015). Regional soil assessments, such as the Global Assessment
of Human-induced Soil Degradation (GLASOD) in the 1980s and an Assessment of Human-
Induced Soil Degradation in South and South-East Asia (ASSOD) in the 1990s, revealed that
human-induced soil degradation in Asia was the highest amongst all global regions (Oldeman,
1991; van Lynden and Oldeman, 1997). Based on the report by Oldeman (1991), the GLASOD
project estimated that the percentages of degraded soils by water erosion, wind erosion, chemical
degradation, and physical degradation in Asia (including west Asian countries) were 59%, 30%,
10%, and 2%, respectively. Deforestation was identified as the most dominant causative factor
for soil degradation in Asia, followed by agricultural activities and overgrazing.

Based on a recent qualitative assessment of peer-reviewed scientific literature, the most
significant threats to the soil functions in Monsoon Asia are soil erosion, loss of soil organic
carbon (SOC), salinization/sodification, and nutrient imbalance (Yagi et al., 2015). Serious water
erosion occurs in areas of South and East Asia that have pronounced dry and wet seasons,
particularly in hilly and mountainous landscapes. The change in SOC in Asian countries differs
amongst sub-regions. Increases in nutrient inputs, crop yields, and biomass production result in a
retention and sometimes an increase in SOC across the croplands of East and Southeast Asia,
whereas the SOC is decreasing in South Asia through the removal of crop residues or through
land use change, which presents a major threat. The degradation of grassland has also caused
great losses of SOC stock. Throughout the region, the threat of salinization/sodification is very
widespread, although to varying extents. In the semiarid and arid zones of central Asia, salt-
affected soils are widely distributed. Salt-affected soils also develop in certain coastal areas in
the monsoon zones of South and Southeast Asia, mainly through salt water intrusion. Negative
soil nutrient balances have been reported for N, P, and K in many South Asian countries, whereas
large excesses of nutrients, in particular N, cause serious environmental problems for water
bodies and for the atmosphere. Contamination by heavy metals and pesticides, acidification,
waterlogging, compaction, sealing, and loss of biodiversity are also identified as threats to the
soil. Although limited information is available for soil biodiversity in the region, the greatest
potential contributor to soil biodiversity loss in Asia is land use change.

The management of land and water resources has been identified as one of the priority issues
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for achieving sustainable food security in Monsoon Asia. This requires raising land productivity,
reversing land degradation and water loss, and increasing biodiversity and the quality of the
environment. 

5. Conclusions

Monsoon Asia is blessed with natural resources for agriculture and therefore sustains a large
human population. Food production in Monsoon Asia has steadily increased during the last 50
years to meet the demands in the region, as seen by the trends in the per capita production of rice
and other cereals. However, as mentioned above, Monsoon Asian countries are currently facing
rapid changes in both socio-economical and natural aspects, which have extraordinary impacts
on the agro-environment in the region. Rapid economical development and urbanization are
changing land use and management systems in many countries. Climate change is an additional
source of the risks. These impacts have extended to the status of agriculture and food production
and may limit the future increase of food production to meet the demand in the region.
Therefore, the researchers, engineers, and administrative authorities of this region must develop
close international collaborations to meet the region’s growing agricultural needs, while
harmonizing these human systems with the natural systems that support them. 

To meet this requirement, the Monsoon Asia Agro-Environmental Research Consortium
(MARCO) was organized through an agreement among the participants at an international
symposium entitled “Evaluation and Effective Use of Environmental Resources for Sustainable
Agriculture in Monsoon Asia: Toward International Research Collaboration,” held in December
2006 in Tsukuba, Japan. Since then, MARCO has promoted international collaboration to
advance research on agricultural and environmental issues in Monsoon Asia by hosting 40
international symposia or workshops in the last 9 years (see Annex of this book), setting up a
website as a venue for exchanging information, and helping train the people who will carry on
the activities proposed by the consortium. Because the challenges lying ahead of us are still
immense, further promotion to strengthen the collaboration to address the agro-environmental
challenges in Monsoon Asia is essential.
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Abstract

In this study, we confirm the strategies that enhance resilience to climate, ecosystem changes, and
socioeconomic fluctuations by combining traditional knowledge with modern technology –– the
mosaic system –– in rural Vietnam, Indonesia, and Sri Lanka. In particular, we present intervention
options with respect to both traditional and modern bioproduction systems of each country, and
demonstrate the potential to strengthen resilience by building mosaic systems that integrate
traditional and modern systems. 

Keywords: adaptation, climate and ecosystem changes, modern technology, mosaic systems,
resilience, traditional knowledge 

1. Introduction

Climate change and changes in ecological systems affect the bioproduction systems that are
main sources of livelihood in almost all developing countries; needless to say, the people
residing in these countries are most vulnerable to climate and ecosystems changes.
Bioproduction systems are particularly vulnerable to the direct and indirect impact of ecosystem
and biodiversity changes (Dharmarathna, Weerakoon and Herath, 2012). Therefore, it is
necessary to establish methods to enhance the resilience to climate and ecosystem changes in
bioproduction systems in developing countries with rapidly increasing population and
urbanization. Thus, it is recognized that the enhanced resilience to climate and ecosystems
changes is essential to establish sustainable societies. Although climate and ecosystem changes
should be addressed in an integrated manner because of their interconnectivity, they have been
separately discussed in the global community. Issues of climate change have been discussed in
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the Intergovernmental Panel on Climate Change (IPCC), and ecosystem changes are discussed in
the Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES).

Generally, bioproduction systems are rooted in economic, environmental, social, political, and
cultural circumstances, which must be understood before investigating adaptations to climate
change (Clements et al., 2011). An effective adaptation is a change that prepares an
agroecosystem or community for a new or different environment without simplification (CBD,
2006). Moreover, bioproduction systems provide a range of productive and sustainable practices,
which creates less negative environmental and social effects while seeking to sustain
productivity (Altieri and Nicholis, 2005; FAO, 2008; IAAST, 2008; Ensor, 2009; De Schutter,
2010). The systems use both traditional knowledge of farming and selected modern technologies
to manage diversity, incorporate biological principles and resources into farming systems, and
intensify agricultural production (Clements et al., 2011). According to the Olivier De Schutter
(De Schutter, 2010), “agroecology/bioproduction systems deliver advantages that are
complementary to better known conventional approaches, such as breeding high-yielding
varieties. And it strongly contributes to the broader economic development (p. 1).” This report
suggests that bioproduction systems are now extensively supported as a crucial strategy for
enhancing the resilience and sustainability. Groups including the scientific community (IAAST,
2008) and international agencies and organizations such as the United Nations, Food and
Agriculture Organization (FAO, 2008), the United Nations Environmental Program (Altieri and
Nicholis, 2005), Bioversity International (SARD, 2007), and IPBES (Diaz et al., 2015)
emphasize the importance of scientifically understanding traditional knowledge. Consequently,
traditional knowledge is used in combination with modern technologies and sustainable societies
with increased resilience can be established.

This study provides evidence on a range of activities that built sustainable societies with
enhanced resilience on the basis of mosaic systems that combine traditional knowledge and
modern technology for sustainable bioproduction to address climate and ecosystem changes.
Herein, both climate and ecosystem changes are considered in integrated manner. This study
primarily aimed to contribute to building sustainable societies by enhancing the resilience to
climate and ecosystem changes by creating mosaic systems that combine indigenous knowledge
and modern technology. The research objectives are to (1) quantitatively evaluate resilience with
respect to climate and ecosystem changes and socioeconomic vulnerability and (2) present
countermeasures that enhance the resilience of rural regions on the basis of biodiversity,
traditional knowledge, and technologies. Vietnam, Indonesia, and Sri Lanka were targeted as
these countries have experienced rapid economic growth and introduced modernized agriculture
after the Green Revolution. However, it had been rather easy for them, Indonesia and Sri Lanka
in particular, to introduce the high-yield varieties developed in the Green Revolution owing to
the role traditional irrigation systems played before installing the modern irrigation systems
packaged with high-yield varieties. Moreover, they have traditional home garden systems. The
traditional home garden systems have retained resilience in the rural area of those countries for
long time. 

The rest of the paper is organized as follows. Section 2 presents concept of mosaic system for
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bioproduction. Section 3 shows the adaptation to climate change and enhancing resilience on
bioproduction. Traditional home garden systems in rural Asia integrate traditional knowledge
with modern technologies to enhance resilience, are discussed in sections 4 and 5. Section 6
summarizes the study’s findings. The conclusions are provided in section 7.

2. The Concept of Mosaic System for Bioproduction

Figure 1 shows the concept of mosaic systems that integrate modern and traditional crop
production systems. The modern crop production systems include farm houses, irrigation, water,
fertilizers, and pesticides and have produced higher outputs of paddy with low biodiversity. The
systems heavily rely on inputs and actions exterior to them. Moreover, the outflow of drainage,
fertilizers, and pesticides affect the environment. Contrarily, a traditional crop production system
depends only on rainfall and irrigation water, and it does not use inorganic fertilizers and is
characterized by low output and high biodiversity in the crop production. Subsequently, the
synthesis of traditional crop production systems with modern crop production systems would
enhance the resilience of crop production to climate and ecosystem changes. The use of
traditional knowledge and modern technology may become a policy option. Thus, it is critical to
scientifically understand traditional practices before combining them with modern technology.

Figure 2 shows the proposed mosaic systems in this study. On the basis of the mosaic system
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concept, we examined three cases which combine traditional knowledge and modern technology;
the adaptation of bioproduction systems to climate and ecosystem changes in Vietnam,
bioproduction in harmony with biodiversity conservation (agroforestry and commercial forestry
production systems) in Indonesia, and resilience enhancement by using traditional practices and
technologies that involve traditional tanks and modern irrigation systems in Sri Lanka. The
structure of the mosaic system can build sustainable societies that combine traditional practices
and modern technologies to address climate and ecosystem changes as well as socioeconomic
changes. To address climate and ecosystem changes, sustainable societies are expected to be
based on mosaic systems that combine traditional knowledge and modern technologies.
Understanding those three successful cases in detail, we may propose resilient societies by
means of mosaic systems that combine traditional and modern knowledge and technologies to
address climate and ecosystem change. 

3. Adaptation to Climate Change and Enhancing the Resilience of
Bioproduction

The impact of climate change on rice production in Vietnam is analyzed first. Vietnam has
become the second largest exporter of rice in the world, recently. First, the change in agricultural
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productivity was analyzed by estimating the total factor productivity (TFP) to overview
historical trends of agricultural production in Vietnam. Then, the impact of climate change on
agricultural production systems was assessed on the basis of rice production. Climate change
projections for each country herein using statistical downscaling methods were implemented.
The fourth assessment report (AR4) was primarily based on the emissions scenarios (SRES) A2
and B2 of the IPCC. Using these climate change projections, we estimated the impact on the rice
production because rice is the principal crop in Asia (Dharmarathna, Herath and Weerakoon, 2012).

The TFP is measured by using the Malmquist index approach defined in Thirtle et al. (1995)
and described in Coelli and Rao (2005). The estimated Malmquist TFP is decomposed into
various components including efficiency and technical change. Table 1 lists the Malmquist
indices of agricultural productivity growth, efficiency change, and technical progress for
Vietnam. The average agricultural productivity growth in Vietnam was 0.07% in 1985–2007 but
–0.23% in 1985–1995. Although the efficiency growth was stagnant during 2002–2005, the
average efficiency growth was 0.09% in 1985–2007, 0.55% in 1985–1995, and –0.02% in
1996–2007. The technical progress was negative in 1985–2007, 0.17% in 1985–1995, and
–0.10% in 1996–2007. Agricultural productivity in Vietnam improved in 1985–2007, but the
first half of this duration was different from the second. Although the technical efficiency and
efficiency change were positive, the TFP in Vietnam from 1985 to 1995 was negative. This
means that technological progress was not documented, whereas the opposite was seen in
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1996–2007. The results of the Green Revolution, which was introduced in the 1960s, were seen
in the 1980s in general. However, there were results that were documented in the late 1980s or
early 1990s in Vietnam. Modern agricultural technology brought in by the Green Revolution had
diffused by that time, which is reflected in the increased TFP in 1996–2007.

Rice yield changes in Vietnam were simulated with the Decision Support System for
Agrotechnology Transfer (DSSAT), which is a set of computer programs for simulating
agricultural crop growth by using predicted weather conditions and atmospheric CO2

concentration under the emissions scenarios A2 and B2. The results suggest that the forecasted
rice yield changes in the wet season in the A2 scenario will be 5.3 kg ha–1 in 2020, 5.2 kg ha–1 in
2050, and 5.2 kg ha–1 in 2080. In the B2 scenario, the rice yields are nearly similar in all the
simulated years (Fig. 3). However, the projected rice yields in the dry season are higher than the
wet season. The simulated yields of hybrid rice crop varieties under the A2 scenarios in 2020,
2050, and 2080 decrease, e.g., 6.6, 6.2, and 5.9 kg ha–1. However, under the B2 scenario, the
simulated rice yields decrease in 2020 and 2050 and slightly increase in 2080.

We examine possible adaptation strategies by using results of case studies. First, using
traditional knowledge and practice is considered. Table 2 lists the possible adaptation strategies
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Fig. 3 Predicted yield changes for the wet and dry seasons in Vietnam

Table. 2 Simulated rice yields under the A2 and B2 scenarios for the 2050 dry season in Sri Lanka and
Vietnam, (from Dharmarathna et al., 2012)



to the expected climate change changes according to scenarios A2 and B2 by using the early and
late rice varieties, which are non-hybrid or traditional varieties in Sri Lanka. The early varieties
Bg 250 and At 307 show decreasing yields, which account for more than 10% of loss. However,
in case of the late Bg 357 and Bg 379-2 varieties, the rice yield drop is less than 6%. Under the
B2 scenario, the early and late rice varieties show similar results, but that of rice yield drop is
lower in the early and late varieties by 6% and 2%, respectively. Second, we consider
combination of traditional knowledge and practice with modern technology. The predicted rice
yield changes for the hybrid and normal varieties were also estimated for Vietnam. As expected,
the hybrid rice variety yields (6.9 t ha–1) are higher than the normal variety yields (5.2 t ha–1). The
results clearly suggest that hybrid varieties improved the yields. However, it is uncertain whether
the hybrid varieties will respond to climate change and unexpected events such as floods and
droughts. To satisfy the production demand and to enhance the resilience of agricultural
production, effective adaptation strategies should optimize production in response to
vulnerabilities (Rennie and Singh, 1996). Remarkably, the integration of traditional varieties and
modern hybrid varieties gives higher yields under the A2 and B2 scenarios (Fig. 4). This
suggests that is possible to increase the resilience to climate change in rural Asia. 

4. Traditional Home Garden Systems in Rural Asia

According to Niñez (1984), “a traditional home garden is a small-scale production system
supplying plant and animal consumption and utilitarian items either not obtainable, affordable,
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Fig. 4 Simulated rice crop yield changes in the dry season under the A2 and B2 scenarios in 2050



or readily available through retail markets, field cultivation, hunting, gathering, fishing, and
wage earning. Home gardens tend to be located close to dwellings for security, convenience, and
special care. They occupy land marginal to field production and labor marginal to major
household economic activities. Featuring ecologically adapted and complementary species,
home gardens are marked by low capital input and simple technology (p.15).” The traditional
home garden systems in rural Asia, including Indonesia, Sri Lanka, and Vietnam, are still active
even after the recent socioeconomic changes. Most importantly, these home gardens maintain the
high ecosystem diversity and provide several ecosystem services. One of the main future
challenges will be to integrate such traditional home gardens with modern technologies and the
global market economy to enhance resilience. For instance, Indonesia has different land uses as
well as different bioproduction and home garden systems in different areas (Michon and Mary,
1994; Mohri et al., 2013). Generally, individuals manage to produce various products such as
timber, fruits and vegetables, and spices to obtain some cash income all year around (Clements et
al., 2011). We focused on the typical traditional home garden system in Java, known as
Pekarangan in Indonesia. In the case of Sri Lanka, the Kandyan home garden is a source of
income in the country’s midlands, which is a mix of agriculture and natural landscape
(Pushpakumara et al., 2010). The expected expansion of agriculture production in Vietnam may
cause significant changes in the traditional bioproduction systems and rural land use such as the
Vuon-Ao-Choung (VAC) system, which is garden–pond–livestock pen in the Red River delta
and the midlands of northern Vietnam (Trinh, 2003). Figure 5 shows the traditional home garden
systems in the rural areas of Asia covered herein.
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Fig. 5 Traditional home garden systems in rural areas of Asia (adopted from Mohri et al., 2013).



Biodiversity refers to the genes and species, and enhances the ecosystem resilience to variable
environmental conditions and stresses. However, genetically diverse populations and species-
rich ecosystems are more likely to adapt to climate change (FAO, 2007). Diverse ecosystems
exhibit resilience to new pests under the new climate conditions and require regulatory functions
that will enable them to adjust to the changing conditions. The communities or individuals will
make the necessary changes to their livelihoods in response to the various shocks and
disturbances. These productive and modern components of adaptation are important if small
farmers are to address the future uncertainties and the regionally specific nature of climate
changes (Ensor, 2009). However, to enhance the resilience to climate and ecosystem changes, it
is essential to use diverse crop varieties and use mixed production systems that combine
agroforestry, aquaculture ponds, and livestock. 

Socioeconomic changes also would affect the species diversity of traditional home gardens
(Gajaseni and Gajaseni, 1999; Trinh, 2003; Coomes and Ban, 2004; Kehlenbeck and Maass,
2004; Galhena et al.,  2013). Species diversity is greater in tropical and humid regions than in
that in temperate and arid areas (Niñez, 1984). This would enhance the resilience to
socioeconomic changes because ecosystem services may be retained by selling high value-added
products certified by international certification organization to the international markets. Such a
system offers incentives to small-scale farmers to maintain the richness of the ecosystem.

5. Integration of Traditional Knowledge with Modern Technologies to Enhance
Resilience 

1) Integrating Traditional and Modern Bioproduction in Vietnam
To tackle the effect of climate and ecosystem changes on bioproduction systems, we focused

on the salinization and its effect on crop production in Vietnam. Several communes (the smallest
administrative unit) were selected on the periphery of the Xuan Thuy National Park in the Nahm
Dinh District, Vietnam at the estuary of the Red River Basin on the South China Sea. 

The strategy for countering the salt infiltration is to use floodgates upstream when the salt
infiltration progresses. Figures 6a and b show a map of canals and water intake gates in the Red
River Delta and average salinity concentration in three stations from January 2003 to 2012. Fig
6b shows that the salinity ratio at the floodgates near the sea is high. Salinity ratios at Con Nhat
which is the nearest water intake gates to South China Sea are higher in all the years than other
two water intake gates, Ha Mieu and Nao Dong, which are the farthest and the middle water
intake gates to South China Sea, respectively. In addition, it is identified from Fig 6b that the salt
infiltration in this area become severe in recent because the salt infiltration has been found at the
farthest water intake gates to South China Sea,  Ha Mieu, since 2007. The engineering measures
to cope with ecosystem changes are to use floodgates, but we also need ecological strategies to
address salinization. Farmers switched from high-yield varieties in fields undamaged by
salinization to traditional varieties or to glutinous rice, or switched from rice to rushes in fields
affected by salinization.

We also discuss the importance of socioeconomic risks on the bioproduction in modifying the
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traditional VAC systems in response to market-oriented economics. To achieve high profits while
holding back from pursuing excessive efficiency, the markets use certification systems, such as
the Vietnamese version of good agricultural practices (GAP). Using such strategies, we can
improve the resilience of bioproduction to climate, ecosystem, and socioeconomic changes.
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Fig. 6a Map of canals and water intake gates in the Red River Delta

Fig. 6b Average salinity concentration in the three stations in January 2003 to 2012



2) Bioproduction Systems in Harmony with Biodiversity in Indonesia
The Gunung Kidul Regency is on a limestone plateau with high water drainage and long dry

seasons. Thus, it is a region that has experienced chronic water shortages and is highly resilient
to climate change. The area is moderately fertile and appropriate for commercial plants. A
survey was conducted focusing on traditional bioproduction systems, such as home gardens,
tegalan (mixed crop fields), and teak forests in a rural village in Gunung Kidul (Michon and
Mary, 1994). The survey results were subsequently implemented to modern bioproduction
systems of Kayu Putih (Melaleuca leucadendron), Sengon (Albizia chinensis), and other single-
species plantations at locations of industrial forest plantations (Hutan Tanaman Industry, HTI) on
land primarily owned by the Sultan in the same region. 

Pekarangans (teak planting, woods around their homes) are traditional home gardens that
protectively act against various kinds of shocks and socioeconomic changes. Pekarangans are
important to the communities; for instance, trees can be cut and be sold as high-price teak and
mahogany to cover healthcare and education expenses, and for disaster recovery (savings
function). Large trees are typically approximately 300 years old. One of the prominent features
of traditional bioproduction systems is the high level of biodiversity. Plant diversity is high,
typically maintaining 49 species and variety of biota, e.g., 10 species of mammals, 30 species of
birds, and 15 species of amphibians. They also promote and improve services that are essential to
retain the richness of ecosystems.

The sustainability of modern bioproduction systems depends on methods and technologies,
and have negative environmental effects such as land degradation, pest diseases, and loss of
plant and animal biodiversity (UNEP, 2010). To demonstrate the effectiveness of the various
intervention options, a survey focused on a teak forestry cooperative that was affiliated with a
company, which had obtained forest management certification (group certification) for small and
low-intensity forest from the internationally active forest stewardship council (FSC). However,
the forest certification system (FCS) provides benefits and incentives to regulate the use of
agrochemical on seedlings and protects forests of high conservation value, putting a premium on
the certified materials and expanding sales channels. Additionally, it encourages farming
between forests that contributes to the high biodiversity, e.g., a group of 96 farmers acquired
certification for a small teak forest in 2012 for 330.5 ha and the farmers were offered 30% higher
prices for the certified materials.

Biodiversity conservation (agroforestry) and forest certification systems offer increased
protection against socioeconomic changes owing to commercial reforestation, which is
economically and ecologically very efficient. Nevertheless, the integration of traditional and
modern bioproduction practices will enhance the resilience and lead to sustainable production.

3) Integration of Traditional and Modern Irrigation Systems in Sri Lanka
A study site of a modern irrigation system in Sri Lanka was selected to understand the water

distribution after discussing with the local water resource management organizations how they
handle the new and old irrigation systems (Wong and Herath, 2014). Traditional irrigation
systems with the potential to form an integrated water resources management system were
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selected in cooperation with the irrigation authorities (Avtar et al., 2013). A memorandum of
understanding was concluded with the Sri Lankan irrigation authority to study the joint
management options and create a methodology and guidelines. The agreement was to use the
results of the study, and it was formally concluded with the director of the irrigation authority in
February 2014 in Colombo. 

The area under the water catchment of Deduru Oya is the sixth largest river in Sri Lanka and
covers 2620 km2, which is 90% near and 10% wetlands. However, about 60% of the water has
not been used and been drained to the sea. So called Deduru Oya Project managed by the
irrigation department plan to use the drained water to solve water shortage in dry area with
infrastructure development such as building dam. The construction of the reservoir started in
2007 and was scheduled for completion in 2014. We use the Hydrologic Modeling System
(HEC-HMS) and SimHydr model for predicting river flor to traditional tank and the reservoir.
According to results of the simulation, traditional systems cannot meet the irrigation needs of the
existing and new rice crops, whereas the new reservoir would meet the demands in a normal year
but would be insufficient during drought years (approximately once in every five years). However,
the combination of traditional tanks and the new reservoir can improve this and the water
demand cannot be fulfilled if the water distribution is separate. Particularly, it should be
emphasized that using traditional tank as priority with reservoir in complementary use meets
total demand of water for drought period, September, in drought year. Integrated management of
traditional tank with reservoir which can be considered as modern technology is really needed.
Figure 7 shows that constructing reservoir contributes to fulfilling 75% of total water demand in
drought period of drought year although both traditional tank and reservoir are operated
separately with each other. Figure 8 shows the operations for meeting the water demand in a
drought period. The simulation of the integrated operation in a drought year, especially in the
month of September, showed that it would meet the total water demand by preferentially using
the water in the traditional tanks and then using the new reservoir.
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Fig. 7 Integration of modern reservoir and traditional tanks in Sri Lanka (Nguyen et al., 2016)



6. Research Findings

Table 3 lists the assessment of the resilience of bioproduction systems. The assessment of
resilience mainly focused on traditional home garden systems and the integration of modern and
traditional systems for sustainable bioproduction systems. The effects of climate, ecosystem, and
socioeconomic changes such as floods, long dry seasons, rainfall pattern changes, pest damages,
saltwater infiltration, market adaptation, and market economy penetration were examined for
traditional home garden systems such as VAC in Vietnam, Pekarangan in Indonesia, and
Kandyan in Sri Lanka. The resilience was high for decreased biodiversity conservation and low
for increased high socioeconomic changes that affect the food efficiency, commercial crops, and
livestock production. However, after several adaptation measures, such as forest certification
systems, group communities implemented mixed production and strengthened the safety net,
resulting in high resilience and high conservation of biodiversity.

In contrast, the assessment of resilience in the Xuan Thuy district in Vietnam showed damages
in the VAC system and rice production owing to salt infiltration and rainstorm or flooding.
Typically, shock-resistant indicators were practiced, such as commercial livestock production,
shifting irrigation water sources upstream, and selection of appropriate rice varieties. However,
intervention such as integrating VAC and rice farming systems, combining traditional and
modern varieties, using certification systems, and improving the quality of plant varieties clearly
enhanced the resilience to climate and ecosystem changes and socioeconomic changes.
Likewise, in Indonesia, the intervention to the forest certification and resource management
systems enhanced the resilience to climate and ecosystem changes and socioeconomic changes
in Pekarangan systems. In commercial reforestation systems, the resilience increase to
ecosystem and socioeconomic changes was mixed. Similarly, the case studies for Kilinochchi
and Deduru Oya Nahaweli H in Sri Lanka assessed the resilience before and after the
interventions to the selected traditional storage water tanks and new irrigation systems.
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Fig. 8 Distribution of drainage with respect to the number of traditional tanks in Sri Lanka
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Interestingly, after combining the new and old irrigation systems, the communities developed
appropriate resource management systems to avoid drought. The results clearly suggest that a
mosaic system, which integrates modern and traditional systems, enhances the resilience to
climate and ecosystem changes in rural Asia.

7. Conclusions and Implication for Policy

This study demonstrated that the combination of traditional systems with modern systems
utilize the merits of both. Nevertheless, some kinds of intervention are necessary to further
strengthen them, i.e., the building of a mosaic system has the potential to create a system more
resilient to climate, ecosystem, and socioeconomic changes. Traditional and modern systems are
seen in the rural communities in monsoon Asia. It may be possible to enhance resilience by
combining them and implementing intervention options by constructing mosaic systems that
integrate traditional knowledge and modern technologies. Mosaic systems can help achieve more
resilient societies.

A framework was developed for assessing and analyzing resilience in detail and concrete
strategies to enhance resilience were formulated in accordance with case studies. Field surveys
and statistical analysis demonstrated that it is possible to develop strategies to adapt to climate
and ecosystem changes by primarily using traditional varieties of crops that can adapt to climate
change in combination with modern varieties. This is different strategy from improving varieties
on which the success of the Green Revolution was based. Nevertheless, it was shown that home
garden systems are generally highly resilient to climate and ecosystem changes or
socioeconomic changes. At the same time, it was shown that enhancing the home garden systems
and helping them to adapt to particular environmental or socioeconomic changes makes them
more resilient.

As seen in the VAC systems and rice crops of Vietnam, the pekarangans and commercial
reforestation of Indonesia as well as the traditional tanks and a new reservoir of Sri Lanka, it is
possible to develop resilience-enhancing measures that depend on ecosystem services and differ
from conventional technological solutions using mosaic systems that integrate traditional and
modern systems.
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Abstract

This paper summarizes mechanisms and the current status of carbon (C) sequestration in soils and
greenhouse gas (N2O and CH4) emission from soils. In terrestrial ecosystems, C cycles among
atmospheric, biomass and soil pools. Because the size of biomass C pool is constant in cropland,
increasing soil C can decrease atmospheric CO2. We can increase soil C by increasing C inputs into
soils through the application of organic matter and by reducing decomposition through the use of no-
tillage and reduced-tillage techniques. Soil C sequestration contributes to both climate change
mitigation and sustainable agricultural production, a win–win relationship, along with the
maintenance of soil fertility. Field observations from many valuable long-term experiments have
supported the development of soil C modelling. The RothC soil C turnover model has been validated
in Japan and modified for Andosols and paddy soils. Linking of RothC with spatial databases of
weather, soil, land use and agricultural activities has allowed the development of a system for the
calculation of soil C nationwide, which was adopted in the National Greenhouse Gas Inventory
Report of Japan. The model also has been validated in other Asian countries with long-term field
datasets. The mechanisms of CH4 and N2O emissions and options for their mitigation are being
uncovered, and modelling studies have progressed, but further studies of N2O in particular are
needed. Collaboration between modelling and monitoring studies will become increasingly
important. Because of a trade-off between CO2 mitigation by soil C sequestration and increases in
emissions of CH4 and N2O, the evaluation of all greenhouse gases by life-cycle inventory analysis is
necessary. A web-based application to visualize greenhouse gas emissions provides a tool for
supporting farmers’ decisions on soil management to achieve sustainable food production and
environmentally friendly agriculture.

Keywords: climate change, cropland management, life-cycle assessment, RothC model, soil organic
matter

1. Introduction

Climate change is one of the most important environmental issues of this century. The latest
assessment report on climate change concluded that it is “extremely likely” that human influence
has been the dominant cause of the observed global warming in the past 50 years (IPCC, 2013).
This conclusion is an upgrade from “very likely” in the previous report (IPCC, 2007). It is
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therefore urgent that we reduce greenhouse gas (GHG) emissions as much as possible. Recently,
adaptation to climate change has become important for many stakeholders; almost all economic
sectors have already been affected by climate change, and agriculture is no exception. But at the
same time, we have to practice mitigation of climate change by reducing GHG emissions.
Developed countries, including Japan, have a particular responsibility.

The first priority for reducing GHGs applies to sectors such as energy and transport, because
fossil fuel combustion is the major source of GHGs. But other sectors also emit GHGs. Notably,
the “agriculture, forest and other land use” sector contributes about a quarter of global GHG
emissions (Smith et al., 2014). Even in Japan, where its contribution is very small (GIO, 2015),
we have to make efforts to reduce GHGs from this sector. As technologies to reduce GHGs from
agriculture are no more expensive than those in other sectors (Smith and Martino, 2007), it is
therefore possible and worth doing. Strategies include the sequestration of soil carbon (C) and
the mitigation of methane (CH4) and nitrous oxide (N2O) emissions.

This paper introduces mechanisms and the current status of soil C sequestration in soils and
N2O and CH4 emission from soils; emphasizes that the evaluation of total GHG emissions must
consider a trade-off among those GHGs; and examines how to mitigate climate change without
disturbing agricultural productivity.

2. Soil Carbon Sequestration

In terrestrial ecosystems, C cycles among atmospheric, biomass and soil pools (Fig. 1). In
forest, the size of the biomass C pool increases with tree growth, and therefore forest is
considered to be a sink of atmospheric CO2. In cropland, on the other hand, the size of the
biomass C pool can be considered to be constant on a scale of decades or centuries, because most
crops are annual plants. Therefore, increasing soil C through the addition of organic matter (OM)
in cropland can decrease atmospheric CO2.

Soil C sequestration can additionally improve food security through improvement of soil
quality, because soil C content is one of the basic soil productivity indices (Lal, 2004).
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Fig. 1 Carbon cycling in cropland.



Historically, farmers all over the world have maintained their soils by the application of OM.
This practice is now additionally recognized as a means to mitigate atmospheric CO2.
Appropriate OM management on agricultural land is therefore considered a win–win strategy,
achieving both climate change mitigation and sustainable production.

We can increase soil C by increasing C inputs (black arrows in Fig. 1) or by reducing soil C
decomposition by microorganisms (white arrow in Fig. 1). The application of OM can increase C
inputs, while no-tillage or reduced-tillage practices can reduce C outputs due to decomposition.
Much evidence shows that soil OM management is effective for increasing soil C (Lal, 2004;
Smith and Martino, 2007; Smith et al., 2014).

Long-term datasets of field observations are valuable because changes in soil C are generally
slow and difficult to detect in the short term. The longest-running field experiment in the world
has been under way since 1843 at Rothamsted Research, UK (Jenkinson and Rayner, 1977).
There are a number of such long-term experiments in Japan, too, but it is regrettable that some of
them have been discontinued owing to lack of labor or funding. The importance of long-term
field experiments (Richter et al., 2007) needs to be emphasized.

On the other hand, modelling approaches are effective for future projection or larger-scale
evaluation of the effects of changes in agricultural management and climate. A number of soil
OM models have been published (McGill, 1996). Among them, the RothC (Coleman and
Jenkinson, 1996), CENTURY (Parton and Rasmussen, 1994) and DNDC (Li et al., 1992) models
are widely used in Europe and the USA, although not in Asia.

The RothC model (Fig. 2), developed in the UK, was recently tested in Japan by using long-
term experimental datasets and found to be applicable to non-volcanic upland soils (Shirato and
Taniyama, 2003) (Fig. 3), but not to Andosols (Shirato et al., 2004). The model was modified for
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Fig. 2 Structure of the RothC model and photograph of long-term experiments at Rothamsted Research, UK.



Andosols by slowing down the decomposition of the humus pool, taking into account the
mechanisms that stabilize humus in Andosols (Shirato et al., 2004) (Fig. 3). It was also modified
for paddy soils by slowing down all four active C pools to reflect the slower OM decomposition
in submerged soils (Shirato, and Yokozawa, 2005) (Fig. 3). Collectively, these three versions of
RothC can simulate soil C in all Japanese agricultural soils.

Because long-term experimental datasets are limited in Asia, and especially in the tropics,
RothC has been tested against long-term experimental datasets only in China (Jiang et al., 2013)
and Thailand (Shirato et al., 2005) (Fig. 4). RothC successfully simulated the changes in soil C
with time, with some exceptions. For example, it omitted the significant contribution of soil
fauna (e.g. termites) in decomposing OM in tropical Thailand. More study will be required to
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Fig. 3 Validation and modification of the RothC model for Japanese agricultural soils.

Fig. 4 Validation of the RothC against long-term experimental datasets in Thailand (from Shirato et al., 2005).
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test the model with available long-term field data and to reveal the mechanisms of soil C
dynamics in tropical Asia, and to modify the model if necessary. The search for long-term
datasets is valuable and should be continued.

A country-scale calculation system was developed in Japan (Yagasaki and Shirato, 2014a; b)
(Fig. 5), using the unmodified version of RothC for non-volcanic upland soils (Shirato and
Taniyama, 2003), the Andosol version (Shirato et al., 2004) and the paddy soil version (Shirato
and Yokozawa, 2005) (Fig. 3). This system links the models with spatial datasets of weather,
soil, land use and agricultural activity. The spatial resolution of the simulated unit of soil C stock
change is 100 m over the whole country. Soil and land use information was compiled at a spatial
scale of 100 m. Weather data had a spatial resolution of 1 km. The amount of C input into soils as
crop residue and farmyard manure was calculated for each of the 47 prefectures for every year
since 1970 and for four land uses (paddy field, upland crop field, orchard and grassland)
separately. Future projections used two soil management scenarios: “business as usual” (BAU),
in which current agricultural management continues; and “mitigation” (C sequestration), in
which C inputs from crop residue increase with increased yields or cover crop usage and
increased application of farmyard manure. Several future climate change scenarios were used.

By comparing CO2 emission or removal derived from soil C stock change between 1990 and
each commitment period (e.g. 2008 to 2012 is the first commitment period), this calculation
system can be used for accounting under the Kyoto Protocol. It was adopted in the National
Greenhouse Gas Inventory Report (NIR) of Japan (GIO, 2015) from 2015 in reporting CO2

emissions derived from soil C stock change in cropland and grassland soils. This is the most

Fig. 5 Spatial calculation of soil C in Japanese agricultural land. BAU = business as usual.



advanced tier 3 approach (modelling), as recommended by the guidelines of the Intergovernmental
Panel on Climate Change (IPCC, 2006).

3. CH4 and N2O

CH4 is produced in paddy fields where soils are submerged during the rice cropping period
and are thus in a reduced condition. Water management and OM management are important for
the mitigation of its emission because, for example, increasing OM inputs may increase CH4

emissions; and continuous flooding may result in more emissions than intermittent flooding due
to midseason drainage and intermittent irrigation.

Global CH4 emissions were estimated by using emission factors, as was the potential for their
mitigation through water and OM management (Yan et al., 2009). At the field scale, extending
the period of midseason drainage was found to be effective for reducing CH4 emissions (Itoh et
al., 2011) in Japanese paddy fields. This result was based on field measurements at 10
experimental sites in Japan. We expect this cheap and easy method to be widely applicable in
Japan and elsewhere in Asia. Since Japan’s area is small, its mitigation potential is small, too. It
is therefore important to think about extending mitigation technologies throughout Asia where
similar paddy field-based agriculture is predominant.

Modelling of CH4 has made progress, too. The DNDC-Rice model (Fumoto et al., 2008) was
developed and tested against field data. Emission factors derived from a country-scale simulation
using DNDC-Rice (Hayano et al., 2013; Katayanagi et al., 2016) were adopted in the NIR of
Japan from 2015 (GIO, 2015).

N2O is produced from soil nitrogen (N), which is derived from fertilizers and crop residues.
The application of less N is therefore a simple way to reduce N2O emissions. The application of
appropriate rates of N fertilizer and OM is therefore important, although the rates should be
calculated primarily to ensure crop yield and quality. This approach will also reduce fertilizer
costs and other environmental impacts such as the leaching of N to groundwater. Other
techniques, such as a change in fertilizer type or the use of a nitrification inhibitor, are also
effective for mitigation (Akiyama et al., 2009). The mechanism of N2O emission is complicated,
and more research is still needed to fully understand it. The combination of field monitoring and
modelling approaches is essential.

4. Mitigation of Total Global Warming Potential: Life-cycle Inventory Analysis

Although soil C sequestration promotes sustainable agricultural production, increasing OM
input into soils creates a trade-off between CO2 mitigation by soil C sequestration and increased
CH4 and N2O emissions. It is therefore important to evaluate these three GHGs together by using
the global warming potential (GWP) of each gas (Fig. 6). This can be achieved by combining the
RothC model (Yagasaki and Shirato, 2014a; b) for soil C, DNDC-Rice (Fumoto et al., 2008;
Hayano et al., 2013; Katayanagi et al., 2016) for CH4, and an empirical N2O model (Mu et al.,
2009) combined with RothC, with the support of field observations.
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Fossil fuel consumption derived from agricultural machinery, plastic film, fertilizer, pesticides
etc. should be included in the total GWP. This is the role of life-cycle inventory analysis.
However, there are still only a few examples of life-cycle inventory analysis of GHGs in
agriculture in Japan (Koga et al., 2006; Harada et al., 2007). In addition, other environmental
impacts such as acidification and eutrophication, and other factors such as biodiversity, should be
included for the evaluation of the total environmental impact. Future research on the total
evaluation of environmental impacts and benefits is necessary.

A web-based decision support tool called “Visualization of CO2 absorption by soils” (Fig. 7,
available at: http://soilco2.dc.affrc.go.jp/) allows users to easily calculate changes in soil C, CH4
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Fig. 6 Evaluating total GWP (Global warming Potential) by using models at country scale considering
trade-off between soil carbon sequestration and emission of other greenhouse gases.

Fig. 7 Decision-support tool “Visualization of CO2 absorption by soil” on the web



and N2O emissions, and fossil fuel consumption. With this tool, farmers can see how to improve
the environmental sustainability of their products. The development of such user-friendly tools
may help spread mitigation options widely.

5. Conclusion

Soil C sequestration can help achieve climate change mitigation and sustainable agricultural
production with the maintenance of soil fertility. Field observations from many valuable long-
term experiments have supported the development of modelling approaches. The mechanisms of
CH4 and N2O emission and options for their mitigation are being uncovered, and modelling
studies have progressed, but further studies of N2O in particular are needed. Collaboration
between modelling and monitoring studies will be a key. To achieve the mitigation of total GWP,
the evaluation of all GHGs with a life-cycle inventory analysis is necessary. The inclusion of
other environmental impacts will be required. The development of a web-based application to
visualize GHG emissions provides a tool for supporting farmers’ decisions on soil management
to achieve sustainable food production and environmentally friendly agriculture. The
development of such user-friendly tools may help spread mitigation options widely and achieve
both sustainable agricultural production and reduced environmental impacts in soils.
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Abstract

Most South Asian countries receive up to 70–80% of their annual rainfall from June to September
during the southwest monsoon. Most economic sectors, including agriculture and water resources, are
heavily dependent on monsoonal rain. Recently, however, the southwest monsoon has been showing
abnormal behavior with regard to, for example, the dates of onset and withdrawal and the occurrence
of high frequency rainfall events. In the present study simulations of General circulation models
(GCMs) from Coupled Model Intercomparison Project Phase 5 (CMIP5), along with Climatic
Research Unit and Global Precipitation Climatology Centre gridded datasets, have been used to
quantify past rainfall and temperature changes during the monsoon season, and to project them to the
end of the 21st century. Past climate in eight South Asian countries during four climatological mean
periods, 1901–1930, 1931–1960, 1961–1990, and 1991–2005,was analyzed, and future scenarios
were constructed for 2006–2099. Most countries experienced a cooling trend during 1901–1930,
whereas rainfall showed an increasing trend except in Bangladesh and Bhutan. After 1960,
temperatures tended to increase, and the rate of warming became high during 1991–2005. The
warming rate during 1991–2005varied from country to country, with the highest rate recorded in
Afghanistan (ca. 0.10 °C year–1) followed by Bhutan (ca. 0.08 °C year–1), and the lowest rate (0.02 °C
year–1) recorded in Sri Lanka. During these years, Bhutan, Sri Lanka, India, and Pakistan experienced
decreasing rainfall, whereas rainfall increased in Afghanistan, Nepal, and Bangladesh. A CMIP5
multi-model ensemble (MME) approach was used to predict future possible climate changes for each
country by using four different Representative Concentration Pathway (RCP) scenarios. The
warming trends projected by the MME varied over a wide range, depending on the RCP: 0.4–5.8,
0.6–3.8, 0.5–4.1, 0.4–4.1, 0.5–3.5, 0.3–3.9, and 0.6–5.0 °C, for Afghanistan, Bangladesh, Bhutan,
Nepal, Sri Lanka, India, and Pakistan, respectively, at the end of the 21st century. Irrespective of the
RCP, the MME results projected increases in rainfall in most South Asian countries, particularly in
Nepal, Bhutan, and India, but Afghanistan and Pakistan were projected to experience a nominal
decreasing trend during 2006–2099.

Keywords: CRU, GCM, GPCC, monsoon, precipitation, RCP, South Asia, temperature

1. Introduction

Climate change and global warming have jointly emerged as one of the most widely discussed
environmental issues of our time, and they attract public attention globally. Although climate
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change is a global issue, its diverse and often adverse impacts on ecosystems, agricultural
productivity, water resources, and socio-economic activities are felt on regional and sub-regional
scales. Many countries in the world have already, either individually or as part of a regional
collaboration, taken the initiative to address this issue. Stakeholders at many levels are
demanding accurate estimates of country-scale past and future climate changes for contingent
and long-term planning at both national and regional levels. In addition to meteorological
observations, simulations performed with general circulation models (GCMs) and regional
climate models (RCMs) are valuable for quantifying historical climate change signals and
projecting future changes at both regional and sub-regional scales. For example, Das and Lohar
(2005) estimated global climate information to generate local climate changes in eastern India
through statistical downscaling and Loo et al. (2015) used thermometric records to study the
connection between global warming and monsoon rainfall over South Asia and found that
rainfall distribution is dependent on neighboring weather system of South Asia.

South Asia, which is the most densely populated geographic region in the world, comprises
eight countries: Afghanistan, Bangladesh, Bhutan, India, Maldives, Nepal, Pakistan, and Sri
Lanka (Fig. 1). These countries also compose the South Asian Association for Regional
Cooperation (SAARC), although Afghanistan did not join SAARC until 2006. According to the
study by Desai et al. (2002) and Encyclopedia Britannica, Asian Continent, the boundaries of
South Asia are not all clear cut, but it covers approximately 4.4 million km2, which is 10% of the
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Fig. 1 Study area showing the South Asian domain (0–40˚N, 60–100˚E), which comprises eight
countries: Afghanistan, Bangladesh, Bhutan, India, Maldives, Nepal, Pakistan, and Sri Lanka.



Asian continent and 3.3% of the world’s land surface area. In addition, about 45% of the
population of Asia (and over 25% of the world’s population) lives in South Asia. The South
Asian climate is varied: some places receive extremely high amounts of rainfall (e.g.,
Cherrapunji, located in one of the North-East state of India named as Meghalaya), other places
such as Thar (India and Pakistan) and parts of Afghanistan are deserts or semi-deserts, and
mountainous areas such as the Himalayas have huge glaciers. The northeastern part of South
Asia is dominated by the Himalayas, including Mt. Everest, the world’s highest mountain, and
the southern part is occupied mainly by the plains of the Deccan Plateau. Three major water
bodies (the Arabian Sea, the Bay of Bengal, and the Indian Ocean) enclose peninsular South
Asia. The climate of this vast region varies considerably from country to country and even from
place to place within a country. Its major climatic zones range from tropical monsoon in the
south to temperate in the north. In 2003, the United Nations Environment Programme (UNEP,
2003) reported that South Asian regions are among the most disaster prone in the world. The
Third Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) predicted
that the area-averaged annual mean warming over the land regions of Asia would be about 3˚C
during the 2050s and about 5˚C during the 2080s as a result of future increases in the
atmospheric concentrations of greenhouse gases (Lal et al. 2001). The rise in surface air
temperature was projected to be most pronounced over boreal Asia in all seasons. These
projected temperature increases are particularly alarming because the glaciers in the mountains
of South Asia are vulnerable to rapid melting, which will increase the frequency of glacier lake
outburst floods, whereas coastal regions will experience intensified cyclonic activity, frequent
storm surge, and decreases in the availability of adequate fresh, drinkable water as a result of
saltwater intrusion and sea-level rise. At present, very few scientific studies have attempted to
construct country-specific climate change scenarios by using the results of simulations
performed with advanced models available in the Couple Model Inter-comparison Project, phase
five (CMIP5). Past and present climate trends in South Asia are characterized by increasing air
temperatures, and these increases are more pronounced during winter than in summer. According
to Gruza and Rankova (2004), IPCC (2007) and Savelieva et al. (2000) reported that during
recent decades, temperatures have increased at a rate between 1 and 3˚C per century in some
parts of Asia, and surface air temperature increases have been most pronounced in northern Asia.
Although the climate of South Asia shows wide variation both spatially and on inter-seasonal
and inter-annual timescales, studies have in general found a decreasing trend in precipitation,
especially in coastal belts, on the arid plains of Pakistan and Afghanistan, and in some parts of
northeastern India. In Bangladesh, however, an increasing rainfall trend has been observed. Cruz
et al. (2007) have summarized the temperature and precipitation changes in some counties of
South Asia, based on the outputs of CMIP phase 3 GCMs (Table 1).

The frequency of intense rainfall events in many parts of Asia has increased and, as a result,
the occurrence of severe floods, landslides, and debris/mud flows has increased in some South
Asian countries (Cruz et al., 2012) .The economies of most South Asian countries are heavily
dependent on agricultural activities, which in turn are highly dependent on monsoonal rainfall.
The southwest monsoon accounts for 70–80% of the annual rainfall in most countries of South
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Asia. The timely occurrence of the southwest monsoon and the monsoonal rainfall distribution in
different months are very important, because both air temperature and rainfall amounts greatly
influence seasonal crop yields. Moreover, South Asian countries have steadily increasing
populations, which translates into a huge increase in the demand for food grains. In addition,
alarming climate change impacts include significant declines in the productivity of most major
crops. Therefore, reliable climate change scenarios need to be generated for each country so that
long-term national climate change policies can be established and suitable strategies for
adaptation and mitigation to projected changes can be developed.

Rainfall in most South Asian countries depends on "large-scale seasonal reversals of the wind
regime" referred to as monsoons (Barry and Chorley, 2009). The word ÅgmonsoonÅh is derived
from the Arabic word mausim, meaning season. Monsoon winds are caused by differential
heating of the land and ocean. The following is a short explanation of how large-scale monsoon
circulation takes place. In summer, land areas in the Northern Hemisphe regain heat more rapidly
than the ocean. As a result, the warm air rises, causing low-pressure areas to form over the land
surface, so cold moist air from the ocean advects into these low-pressure layers. On a local scale,
this phenomenon is called a sea breeze. In addition to differential heating, the Inter-tropical
Convergence Zone also plays a major role in monsoonal circulation. The monsoon climate over
South Asia is operated by regular oscillation of a tropical convergence zone (TCZ) in both hemi
spheres. The TCZ shifts across the equator seasonally in a manner largely determined by the
earth’s rotation and insolation. When it moves north of the equator, it draws winds from the south
that become southwesterly after the equator is crossed. These winds bifurcate into an Arabian
branch and a Bay of Bengal branch. The Asia monsoon season as two main components: the
South Asia monsoon system and the East-Southeast Asia monsoon system. In these systems, the
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Table. 1 Key climate change signals observed in five South Asian countries (data from Loo et al., 2015).



summer winds together with the associated rain are referred to as the summer (or southwest)
monsoon, which blows from late May to September. The other main monsoon regime is the
northeast monsoon (winter monsoon), which blows from November to March. October is a
transition month between the southwest and northeast monsoon seasons (Cruz et al., 2012). The
monsoon climate of South Asia is greatly regulated and influenced by the El Niño southern
oscillation (ENSO), although the nature of this influence is not well studied and still
controversial. El Niño years, the South Asian climate is drier from that of normal years. Study by
Cruz et al. (2007) indicated that the production of rice, maize, and wheat has declined in recent
decades in many parts of Asia owing to increasing water stress, in part due to increasing
temperatures, the increasing frequency of El Niño events, and fewer rainy days. Most studies of
South Asia have reported gradual changes in the temporal distribution of rainfall. Averaged
annual rainfall has decreased by 7.5% in South Asia (significant at the <1% level) during
1900–2005. Droughts have become more common, especially in tropical and mid latitude
regions, since the 1970s (IPCC, 2007). Increased temperatures and decreased precipitation over
land areas enhance evapotranspiration and drying of the land surface, which has caused droughts
in many regions. Since 1970, fewer cyclones have originated in the Bay of Bengal and the
Arabian Sea, but the intensity of cyclones has increased (Ali, 1999); consequently, damage
caused by intense cyclones has risen significantly in India and in neighboring coastal countries.
In most coastal areas of Asia, the current rate of sea-level rise is between 1 and 3 mm/year, which
is slightly higher than the global average.

IPCC (2007) projections show that drier subtropical regions are warming more than the
moister tropics, and warming is likely to be above the global mean in South Asia. The projected
warming was comparatively less (i.e., similar to the global mean) over Southeast Asia, and larger
over South Asia and East Asia; the greatest warming was projected for continental Asia (Central,
West, and North Asia). Liu and Chen (2000) have proposed that the Himalayas are warming at a
faster rate than the global average, especially at higher elevations. In all these regions, the
frequency of extreme events may be affected by seasonal and inter-annual fluctuations of large-
scale climate variation patterns such as ENSO and the North Atlantic Oscillation (Schwierz et
al., 2006). An increase in the occurrence of extreme weather events, including heat waves and
intense precipitation events, is projected for South Asia (Lal et al., 2000), along with an increase
in the inter-annual variability of daily precipitation during the Asian summer monsoon (Lal et
al., 2000; May et al., 2004). Moreover, the area suitable for rainfed agriculture is expected to
decrease, significantly reducing the productivity potential of the land in many continental areas
(Fischer et al., 2002).

In the IPCC Fourth Assessment Report (IPCC, 2007), the focus is on changes in monsoonal
rainfall and temperature over parts of South Asia, but a clear and reliable picture that can be
confidently used as a guideline for policy making by individual countries of South Asia is
lacking. Keeping in mind all available information, research gaps and taking into account the
importance of highly sensitive and vulnerable regions of the South Asia, the major objective of
present study is to construct an ensemble-based past and future climate change scenarios for each
country of South Asia by using the outputs of the latest generation IPCC-CMIP5 GCM
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simulations. In addition, multiple sources of observation data were used to depict historical
rainfall and temperature change signals. Moreover, the future projections were obtained by using
four Representative Concentration Pathway (RCP) scenarios for greenhouse gases. Therefore,
the results of this study may be reliably used as basic climatic input for national-level policy
making and long-term decision taking.

2. Data

Past rainfall and temperature changes in South Asia were reconstructed from the following
data sources. Monthly data sets from the Climate Research Unit (CRU;
http://www.cru.uea.ac.uk/cru/data/hrg/), which are based on data from over 4000 individual
weather stations globally, were used for past temperature information during 1901–2005. The
CRU data are gridded and have a resolution of 0.5˚ latitude x 0.5˚ longitude. For precipitation
data, monthly precipitation data sets from the Global Precipitation Climatology Centre (GPCC;
http://www.esrl.noaa.gov/psd/data/)for 1901–2005were used.

Future climate change scenarios were generated by using the outputs from the IPCC Fifth
Assessment Report (AR5), which was published in September 2013 (IPCC, 2013). AR5 includes
four RCP scenarios for future greenhouse gas concentrations. RCP8.5 projects there to be >1370
ppm (parts per million) CO2 equivalent in the atmosphere by 2100 and a continued rise after
2100; in RCP6.0, the CO2 equivalent concentration stabilizes by 2100 at 850 ppm without any
overshoot; in RCP4.5, the CO2 equivalent concentration also stabilizes by 2100 but at 650 ppm
without overshoot; and in RCP2.6, the CO2 equivalent concentration peaks at 490 ppm before
2100 and then declines. These four RCPs were used with the CMIP5 simulations to estimate
probable future temperature and precipitation changes to the end of the 21st century for each
country in South Asia under various climate scenarios. 

3. Methodology

The non-parametric Mann-Kendall test (Pant and Rupa Kumar, 1997; May, 2004) and simple
linear regression analysis were utilized to assess the country-scale temperature and rainfall
trends respectively for monsoon consisting months from June to September. The Mann-Kendall
test, which is widely used in climatological analysis (Libiseller and Grimvall, 2002; Karabulut et
al., 2008), examines whether a random response variable increases or decreases monotonically
with time. In this test, the null hypothesis of randomness (H0) states that the data (x1, . . .xn) are
samples of n independent and identically distributed random variables. The alternative
hypothesis Ha is that the distributions of xk and xj are not identical for all k, j ≤ n with k ≠ j.
Under H0, the Mann-Kendall test statistic is calculated by using the following equations (Kahya
and Kalayci, 2004):
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S is asymptotically distributed, and the mean and variance of S, for the situation where there
may be ties in the x values, are calculated as

where p is the number of tied groups in the data set, and tj is the number of data points in the
jth tied group. If n is greater than 10, the normality approximation is good provide done employs
the standard normal variate Z given as

Thus, the null hypothesis is rejected at significance level α if |Zs|>Zcrit, where Zcritis the
value of the standard normal distribution with an exceedance probability of 2α. A positive value
of Z indicates that the trend is upward, whereas a negative value indicates a downward trend in
the tested time series (Lazaro et al., 2001; Önöz and Bayazıt, 2003; Kahya and Kalayci, 2004).
Statistically significant trends are generally reported at the 95% confidence level (α= 0.05, two-
tailed test). For analysis of past climate change based on the CRU data and to clearly visualize
how the mean climate over South Asia is changing with the passage of time, the past  time period
of 1901–2005 was divided into four climatological mean periods: 1901–1930 (first period),
1931–1960(second period), 1961–1990 (third period), and 1991–2005 (fourth period). Although
the first three periods are each 30 years long (the typical climatological duration), the fourth
period includes just 15 years.

Similarly, future climate change scenarios were constructed by using the four RCPs available
in CMIP5. Not all CMIP5 models provide results for all of the RCPs, so we considered only
those GCMs providing outputs for all four RCPs. As a result, we used nine GCMs for generating
future temperature scenarios and 21 GCMs to generate future precipitation scenarios. Future
country-scale trends were generated by using methods similar to those used to generate the past
trend analyses. For temperature, nine trends were generated by the nine GCMS for each RCP and
each of the seven countries (excluding the Maldives), and for precipitation 21 trends were
generated by the 21 GCMs for each RCP and each country. Individual models may overestimate
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or underestimate the observed true mean climate; therefore, we used a multi-model ensemble
(MME) of all of the employed models (nine for the temperature ensemble and 21 for the
precipitation ensemble) (Benestad, 2005). In this study, we used the simple multi-model average;
that is, the results of all models were averaged by assigning equal weight to the output of each
GCM. In this way, we determined the MME values for each country for each of the four RCPs.
The significance of the trends produced by all models was calculated at the 95%level.

4. Results and Discussion

1) Past Scenario
Past warming or cooling trends, expressed as ˚C, during the four periods are listed by country

in Table 2. Interestingly, all of the countries except Bangladesh showed a decreasing trend in
temperature during the first climatological period. The cooling trend was significantly high in
Afghanistan (–0.041 ˚C year–1), and it was lowest in Sri Lanka (–0.003 ˚C year–1) (Table 2).
During the second period (1931–1960), Bangladesh did not show any trend, whereas Bhutan
(–0.012 ˚C year–1), Pakistan (–0.001 ˚C year–1), and Afghanistan (–0.016 ˚C year–1) showed
nominally decreasing temperature trends. India and Sri Lanka both showed warming trends of
0.001 and 0.004 ˚C year–1, respectively, but the trends were not significant even at the 95% level.
In the third period, all countries except Pakistan showed an increasing trend, with Afghanistan
showing the highest trend (0.039 ˚C year–1). During 1991–2005, all countries experienced rapid
warming; the warming rate was highest in Afghanistan, followed by Bhutan and India.
Interestingly during these15 years, India experienced an moderate temperature increase of 0.05
˚C year–1, a nominal value compared with that in other countries, though the change was not
significant at the 95% level.

The spatial distribution of warming/cooling trends in the whole South Asian region during
each of the four periods is shown in Fig. 2. In the first period, the cooling trends were
comparatively strong in a V-shaped region in the northern part of the domain (Fig. 2a). In the
second period, the strong cooling trend in the north central part of the domain largely
disappeared, but appeared in southern part of India (Fig. 2b). In the third period, strong cooling
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Table. 2 Past monsoon temperature trends (˚C) in each country in each the four climatological periods



patches were found in the western Himalayas, north central India, extending up to the Tibetan
Plateau, and also in Pakistan, and the magnitude of the warming was higher (Fig. 2c). In the
fourth period, steep warming trends were observed over almost all of South Asia, but the warming
rate was higher in the northeast, as well as in parts of Bhutan and northeastern India (Fig. 2d).

At the beginning of the 20th century (i.e., during the first climatological period), India and Sri
Lanka experienced higher rainfall enhancement (ca. 50 mm 30 yr–1). However, the trend was not
statistically significant. Bhutan experienced decreased rainfall (ca. 140 mm 30 yr–1) in the same
period, and Bangladesh also showed a rainfall reduction of 50 mm. The rainfall changes during
the second climatological period (1931–1960) were almost the opposite; Bhutan and Bangladesh
received increasing rainfall at the rates of ca. 235 and ca. 80 m mm 30 yr–1 respectively, whereas
Sri Lanka and Nepal experienced decreasing rainfall at ca. 20 and 50 mm, respectively. In the
third period, rainfall showed an increasing trend in all South Asian countries except Sri Lanka.
The increasing trend in Bhutan, ca. 180 mm 30 yr–1, was highly significant at the 95% level,
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whereas the trends in the other countries were not significant even at the 95% level. During the
fourth, 15-year period, declining rainfall trends in India, Pakistan, Sri Lanka, and Bhutan, and
increasing trends in Nepal and Bangladesh, were observed. The rainfall change rates (shown in
mm/year) during the four climatological periods are displayed in Table 3.

In the GPCC data, rainfall trends were strongly increasing (10 mm year–1) over central and
central-eastern India during 1901–1930 (Fig. 3a), and during the next 30-year period
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Table. 3 Past monsoon rainfall trends (mm) in each country in each of the four climatological periods

Fig. 3

(a) (b)

(c) (d)



(1931–1960), these regions received decreasing rainfall. Increasing trends were observed over
the western and eastern Himalayas and the Western Ghats in India during this period (Fig. 3b).
During 1961–1990, the rainfall trend was decreasing in the western Himalayas as well as in
north-central India, whereas the trend was increasing in northeastern India and the upper part of
the southern peninsula (Fig. 3c). In the fourth period, adjoining patches of dryer and wetter
regions were observed over central and western India (Fig. 3d).

2) Future Scenario
The future temperature warming trends projected by the nine selected models (see Table 4)

using the four RCPs for seven countries are presented in Table 5.The predicted temperature
trends depended upon the model and the RCP scenario. With the RCP2.6 scenario, the IPSL-
CM5A-MR model simulated a decreasing trend in all countries except Sri Lanka, whereas
MIROC5 predicted that temperatures would decrease in Afghanistan, India, Nepal, and Pakistan.
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Table. 4 TheCMIP5 GCMs used for future projections. Italics indicate models used for the temperature analysis.
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Table. 5 Simulated temperature trends for (Deg C 93 years–1) for each country and each of the RCPs
during 2006–2099



With the RCP4.5 scenario, the bcc-csm1-1 and MIROC5 models both simulated significant
decreasing trends in Afghanistan, Bhutan, Nepal, and Pakistan, and bcc-csm1-1 also simulated a
decreasing trend in India. With the RCP6.0 scenario, MIROC5 and bcc-csm1-1 again predicted
decreasing trends in Afghanistan, Bhutan, India, Nepal, and Pakistan. With the RCP8.5 scenario,
only MIROC5 predicted decreasing trends only over Pakistan and Afghanistan; all other models
projected steep increasing trends varying from 1.00 to 8.88 ˚C in all countries. The country-wise
temperature changes projected by the MME of the nine models from 2006 to 2099 are presented
in Fig. 4. Afghanistan and Pakistan are projected to experience the largest temperature changes
during 2006 to 2099.
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Fig. 4 Ensemble-based future projections of temperature for each country and for each RCP during 2006–2099.



Future rainfall trends projected by the MME-based time series using 21 GCMs for each of the
four RCPs are displayed in Fig. 5 for each country and magnitudes of trends are summarized in
Table 6. With the RCP2.6 scenario, the MME projected highly significant increasing trends of
28.5, 77.4, and 107.2 mm during 2006–2099 in India, Nepal, and Bhutan, respectively, but no
significant trends were projected in Pakistan and Afghanistan. With the RCP4.5 and RCP6.0
scenarios, which assume stabilization of the greenhouse gas concentration, increasing monsoon
rainfall was projected in all South Asian countries except Afghanistan. The highest significant
increasing trends of rainfall were projected for Bhutan, 201.4 mm with RCP4.5 and 186.6 mm
with RCP6.0, and the smallest increasing trends, 6.3 mm with RCP4.5 and 8.8 mm with RCP6.0
were projected for Pakistan. With RCP8.5, the MME projected increasing trends in all countries.
Similar to the other RCPs, with this extreme scenario, higher trends were projected in Nepal and
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Fig. 5 Ensemble-based future projections of precipitation for each country and each RCP during 2006–2099.



Bhutan and smaller trends were projected on Pakistan. The magnitudes of the trends were higher
than the trends projected with the other RCPs, and they were all highly significant, except that
for Afghanistan.
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Table. 6 Simulated rainfall trends (mm 93 years–1) for each country and each of the RCPs during 2006–2099
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5. Conclusion

Past temperature trends were decreasing in almost all South Asian countries except Bangladesh
during 1st climatological period. Increasing trends were observed after 1960 in most South
Asian countries, and the rate of warming was highest during the 15 years from 1991 to 2005. The
gradual tendency toward increasing temperature trends from the mid-20th century is attributed to
anthropogenic activities and the industrial revolution. The highest warming rate of 0.10 ˚C year–1

was observed in Afghanistan, whereas the island country surrounded by the seas, Sri Lanka,
showed the smallest warming trend of 0.02 ˚C year–1 during 1991–2005. All models except
IPSL-CM5A-MR and MIROC5 with RCP2.6 projected warming in all South Asian countries.
Interestingly, MIROC5 projected cooling trends with all RCPs in most countries. Overall, future
temperature trends projected at the end of the 21st century by the MME had a wide range
depending on the RCP: 0.40–5.80, 0.60–3.80, 0.49–4.07, 0.44–4.12, 0.55–3.55, 0.34–3.90, and
0.56–5.02 ˚C for Afghanistan, Bangladesh, Bhutan, Nepal, Sri Lanka, India, and Pakistan,
respectively.

With regard to past precipitation, in the GPCC data, monsoon rainfall in India and Pakistan
showed increasing trends during the first three periods of the 20th century, but a decreasing trend
during the 15 years from 1991 to 2005. In Sri Lanka, the trends were negative except in the first
period, whereas the opposite was the case in Bangladesh. In Bangladesh, trends were positive
during the last three periods, and the trend during 1991–2005 was much higher than in other
countries. Afghanistan faced increasing trends in all four periods, but the magnitudes of the
trends were much smaller compared to those in other countries. Increasing trends were observed
in Nepal in the last two periods, but a high decreasing trend was observed in Bhutan during the
fourth period. From 2006 until the end of the 21st century, with all RCPs, a highly significant
(95%) increasing trend was projected in India, Nepal, and Bhutan. The MME-based projected
enhancement of future precipitation in India ranged from 0.303 to 1.211 mm year–1, whereas it
was 0.823–3.435 mm year–1 in Nepal and 1.140–3.786 mm year–1 in Bhutan. With all RCPs
except RCP2.6, highly significant positive trends were projected in Bangladesh (0.84–2.056 mm
year–1) and Sri Lanka (0.594–1.375 mm year–1). In Pakistan, the trend was insignificant and the
projected change was nominal with all RCPs except RCP8.5.With both stabilization scenarios,
RCP4.5 and RCP6.0, a rainfall deficit was projected for Afghanistan at the end of the 21st
century. 
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Abstract

Rice yield may be reduced substantially when the crop is exposed to the excessive heat predicted
under future climate conditions, but the magnitudes of the yield losses under open-field conditions are
difficult to predict. One reason for this difficulty is the micrometeorological ‘gap’ between the air
above and within the plant canopy, the magnitude of which can differ greatly depending on
environmental factors. To better understand the occurrence of heat stress under field conditions, we
need to accurately measure the thermal environment within the canopy. However, most commercially
available meteorological instrument packages are not well designed for use within a rice canopy, and
special knowledge is required for their installation. Another problem is the supply of power to the
equipment, because electricity is rarely available in a rice paddy. To overcome these difficulties, we
developed MINCER (Micrometeorological Instrument for the Near-Canopy Environment of Rice), a
radiation-shielded, solar-powered, force-ventilated system that is designed to facilitate its use by
researchers. Then, we established a network based on MINCER, called MINCERnet, for monitoring
the thermal environment within the rice canopy in paddy fields and for collecting other crop data. The
network initially included sites in eight of the world’s rice growing regions. Preliminary results
showed that the difference in air temperature (Ta) between the air within the canopy and that above
the canopy varied depending on relative humidity. In addition, Ta at the weather station nearest to
each respective field was higher than Ta above the rice canopy. Ta within the canopy near the panicles
was lower than Ta above the canopy, but the magnitude of the difference varied among sites, because
the degree to which the canopy was cooled by evapotranspiration depended on characteristics of the
ambient environment and the plant canopy. By recording data from different climate zones,
MINCERnet will improve our quantitative understanding of the impacts of climate change on rice
cultivation.

Keywords: air temperature, climate change, heat stress, micrometeorology, monitoring network,
relative humidity, rice canopy

1. Introduction

According to the 5th assessment report of the Intergovernmental Panel on Climate Change, it
is virtually certain that as global mean temperature increases, hot temperature extremes will
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occur more frequently over most land areas, and heat waves of long duration are likely to occur
with high frequency (IPCC, 2013). Excessive heat, even of short duration, can adversely affect
reproductive growth and thereby reduce crop yields. However, because the effects of extreme
heat events on crop growth and yield have not been well accounted for by crop models, we
cannot yet properly predict the negative effects of rising temperature. One of the major
uncertainties in future yield predictions thus involves the effects of extreme heat (Yoshimoto et
al., 2010).

Although rice is well adapted to a range of environments, growth-chamber experiments have
shown that rice is highly susceptible to heat (Satake and Yoshida, 1978; Kim et al., 1996).
Flowering is the most sensitive stage, and heat-induced spikelet sterility (HISS) is the major
cause of yield losses. The threshold temperature for HISS at the time of flowering is around
35˚C, and temperatures this high already occur sometimes under the current climate. The rice
yield loss due to HISS, however, has not been well documented by open-field studies. Filling the
knowledge gap between growth-chamber and open-field studies is therefore an important task
for crop physiology and agricultural meteorology researchers.

Thermal conditions in the rice canopy can differ from the ambient air temperature in
unpredictable ways. For instance, Matsui et al. (2014) have demonstrated that panicle
temperatures can be substantially (as much as 6 to 7˚C) lower than the air temperature under hot
and dry conditions in the Riverina region of New South Wales, a major rice production area in
Australia; in contrast, a temperature difference between the panicles and the ambient air of only
around 0.5˚C has been reported in China’s humid Jiangsu Province (Yoshimoto et al., 2005).
This regional difference suggests that the impacts of rising temperatures can be substantially
moderated by factors that affect the canopy’s heat balance.

The temperature difference between the ambient air (above the canopy) and the air within the
rice canopy depends on meteorological conditions, such as solar radiation intensity, wind speed,
and relative humidity, and on field hydrological conditions. Other important factors that
influence canopy and panicle thermal conditions include the physiological and morphological
properties of the rice variety. To properly assess the vulnerability of rice production to
environmental changes, we need better micrometeorological data from open paddy fields under
variable climate and management conditions. Unfortunately, limited information is available on
the relationship between canopy and ambient air temperatures, which limits our ability to assess
the risks of heat damage from excessive heat.

For this reason, we initiated a research project to develop a network of monitoring sites in rice
paddies for recording micrometeorological conditions and crop data for use in assessing heat
damage. We developed a simple system for monitoring air temperature and relative humidity
profiles within the rice canopy that can be easily handled by agronomists and crop physiologists,
and we have established a monitoring network based on this system to bridge the knowledge gap
between growth-chamber and open-field studies and, thus, to improve our ability to assess the
potential impacts of climate change on rice production. In this paper, we describe the design of
the monitoring system and its performance, outline the activities of the monitoring network, and
present preliminary micrometeorological data from eight field sites.
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2. Development of MINCER

To investigate the impacts of heat stress on rice production, we must obtain continuous
measurements of the temperatures of susceptible organs, for example, that of the panicles.
However, obtaining such continuous temperatures requires elaborate measurement systems and
time-consuming work, making such studies prohibitively difficult for most agronomists. As a
result, discussions of heat stress tend to be based on general surface weather data observed at
nearby weather stations, even though those may provide only crude estimates of the temperatures
to which plants are actually exposed.

As a practical compromise to the direct measurement of panicle temperature, we have focused
on measuring the air temperature around the panicle; this measurement process is considerably
easier and the temperatures obtained will be considerably closer to the panicle temperature than
air temperatures observed at remote weather stations. Unfortunately, most commercially
available meteorological instrument packages are not well designed for use within crop canopies,
and their installation requires special knowledge and considerable labor (e.g., the installation of
wiring between the components in muddy and flooded paddy fields).

Thus far, sensors protected by naturally ventilated radiation shields have been most often used,
because they require no electricity for ventilation. However, use of such shields can lead to
measurement errors because when they are heated by solar radiation in the daytime, they emit
longwave radiation into the cavity where the sensors are housed, causing unpredictable increases
in the temperature detected by the sensors protected by the shield. Moreover, cooling of the
shields at night by outward radiation can cause unpredictable decreases in the temperature
around the shield-protected sensors. The magnitude of the increase or decrease depends on
environmental factors such as the intensity of radiation and wind speed, which can vary widely
both temporally and spatially, making it difficult to compare results obtained on different
occasions or at different sites. Although the use of force-ventilated radiation shields can mitigate
this problem, they require substantial amounts of electricity to generate the ventilation, and it can
be difficult to supply this electricity to paddy fields.

To overcome these difficulties, we developed MINCER (Micrometeorological Instrument for
the Near-Canopy Environment of Rice), a stand-alone system with a solar-powered, force-
ventilated radiation shield for accurate monitoring of air temperature (Ta) and relative humidity
(RH) within a rice canopy (Fukuoka et al., 2012).

1) Design and Structure
In MINCER, we integrated all of the functions required for measurement of Ta and RH within

a rice canopy into a single lightweight unit that weighs only 3.2 kg (Fig. 1). The device has a
unique L-shaped flow pathway like that of the meat grinder it resembles. The intake is located at
the end of the horizontal part of the L, and the outlet is at the top of its vertical part. Thus,
MINCER samples air from the layer of interest, such as at the level of the panicles, and the
sampled air flows out of MINCER above the canopy, thereby reducing the risk that it will affect
the air in the layer of interest (Fig. 2). The device is mounted on a stable tripod (F740, Slik Corp.,
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Fig. 1 A MINCER device and its components: (1) Air inlet; (2) double-hulled PVC pipe (length, 15 cm) covered
with polyethylene foam insulation and clad in aluminum (also shown in cross section); (3) single-hulled
PVC pipe; (4) solar-powered ventilator with rechargeable batteries; (5) air outlet; (6) tripod; and (7)
datalogger (inside the horizontal double-hulled pipe), which records temperature and relative humidity.
Sample air flows along the path shown by the arrows (modified from Fukuoka et al., 2012).

Fig. 2 Photograph of a MINCER device installed in a rice
plant community (modified from Fukuoka et al., 2012).



Saitama, Japan), allowing it to be easily installed at the desired height.
A force-ventilated radiation shield with a double-hulled structure and a reflective surface

performs better than one with a single-hulled structure (Hosono et al., 1988). MINCER’s
horizontal duct therefore consists of a double-hulled PVC pipe covered with polyethylene foam
and clad in aluminum. This approach protects the sensors inside the device from heat. Ta and RH

of the continuously sampled air are measured at user-designated time intervals as the air passes
over a small temperature and humidity datalogger (RX-350TH, As One Co., Osaka, Japan, or
LS350-TH, Osaka Micro Computer Inc., Osaka, Japan) located in the inner pipe. The datalogger,
which resembles a USB flash drive, includes an integrated digital temperature and humidity
sensor (SHT11 Version 4; SENSIRION AG, Staefa, Zurich, Switzerland), a microcomputer for
logging the data, and a small lithium battery (CR1220) to permit independent operation. It can
store up to 15 000 data points, which can be retrieved by a computer via a USB connection.
According to the product’s datasheet (SENSIRION, 2010), its accuracy is typically ±0.4˚C for
temperature and ±3.0 percentage points for RH, both at 25˚C. The long-term drift of the sensor is
less than 0.04˚C year–1 for temperature and less than 0.5 pp year–1 for RH. Each SHT11 sensor is
individually calibrated by the manufacturer in a precision humidity chamber, and the calibration
coefficients that are used to internally calibrate the signals are programmed into the one-time-
programmable memory on the chip.

A solar-powered ventilator attached to the top of the vertical part of the duct provides active
ventilation. We used a modified version of the SolarVENT MPV #70441 ventilator (ICP Solar
Technologies, Inc., Montreal, Quebec, Canada). Solar cells on top of the ventilator serve as the
primary power source, which is backed up by two AA-sized rechargeable NiMH batteries
connected in series. According to the manufacturer’s specifications, the airflow is 34 m3 h–1.

The original SolarVENT MPV #70441 ventilator always works at full speed, but the airflow
required by a force-ventilated radiation shield varies depending on the heat load it receives.
Because a much lower ventilation speed is generally required at night, when the heat load is less
than during the day, keeping the fan operating at full speed during the night would waste energy
stored in the batteries. Moreover, because the internal circuitry of the ventilator functions only to
prevent overcharging, the batteries can be ruined if they become discharged completely while
irradiance levels are continuously low. To solve these problems, we replaced the original circuit
board with a proprietary board that we developed for MINCER that provides the following
functions within the same size constraints:
蘆 The fan motor is controlled by pulse-width modulation (PWM; 100% duty cycle in the

presence of light (day), 33% duty cycle at a frequency of 15 Hz in the absence of light
(night) on the board.
蘆 Overdischarge-protection circuitry cuts the supply of electricity to the fan motor when the

battery voltage reaches or falls below the lower limit of 2.1 V.
蘆 Overcharge-protection circuitry limits the maximum charging voltage of the batteries to an

upper voltage limit of 3.1 V.
To optimize the use of stored energy, we replaced the original NiMH rechargeable batteries

with alternatives that have less tendency to self-discharge (Eneloop HR-3UTG, Sanyo Electric
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Co. Ltd., Osaka, Japan; typical capacity, 4.8 W h).
The solar-powered ventilator of MINCER must be positioned above the canopy so that it

obtains maximum power from solar radiation and to prevent the exhausted sampled air (which
may have become heated while passing through the device) from disturbing
micrometeorological conditions within the canopy; this is achieved by directing the exhaust
away from the layer being studied. In MINCER’s standard configuration, the vertical distance
between the solar cells and the intake is 28 cm. Therefore, the sampling height should be no
more than 28 cm below the canopy top. The sampling height above ground level can be adjusted
between 57 and 154 cm by adjusting the standard F740 tripod.

These dimensional specifications have been optimized for measurement of the air surrounding
rice panicles, but they can be modified as needed by using a different type of tripod or a longer
vertical duct.

2) Performance
Electromechanical performance

The ventilation velocity of a MINCER device was tested under both daytime conditions and
simulated nighttime conditions in a dark room. During the trial, power was supplied to the fan
motor by a laboratory DC power supply (ISO-TECH IPS303DD, RS Components Ltd.,
Northamptonshire, UK); the voltage and current supplied were monitored by using the built-in
display. While we varied the supplied voltage between 2.2 and 3.1 V, we measured the
ventilation velocity with a hot-wire anemometer (V-01-AND2N, I Denshi Giken Co., Ltd.,
Ebina, Kanagawa, Japan). Its probe was inserted perpendicular to the direction of the airflow at a
position near MINCER’s temperature and humidity sensor, via a 4-mm-diameter hole that was
bored through the pipe for the purpose of this test.

Figure 3 shows the relationship between the supplied voltage and the ventilation velocity
around the sensor. As the voltage increased, the ventilation velocity increased, and the trends
were well fitted (R2 ≥ 0.98) by parabolic curves under both daytime and nighttime conditions.
Under the daytime conditions, the velocity ranged between 2.2 and 2.9 m·s–1. Under the
simulated nighttime conditions, the pulse-width modulation chopping reduced the power
consumption by 66%, thereby reducing the ventilation velocity to between 0.4 and 0.9 m·s–1,
which was about 25% of the daytime velocity. 

The power consumed with a 100% duty cycle was 139 mW at a typical battery voltage of 2.4
V, and that consumed with a 33% duty cycle was 46 mW. Assuming a 12-h day and a 12-h night,
the total power consumption of a MINCER device during 2 days and 3 nights would be 5.0 W h.
Because the MINCER batteries can typically store 4.8 W h of electricity when fully charged,
most of the electricity required for 2 days and 3 nights of continuous operation can be supplied
without generating solar power. This ventilation system thus eliminates the time-consuming
labor that was formerly required to install electrical wiring to power a monitoring system and
therefore enables anyone to start continuous measurements of air temperature and humidity
within a rice canopy simply by placing a MINCER device within the canopy.
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Performance in an open field

To test the performance of MINCER under open-field conditions, we compared Ta and RH

observed with a MINCER device with values observed by a commercial system. The
commercial system that we used is similar to the thermometer and hygrometer unit of the JMA-
95 Automatic Weather Observing System used at meteorological observatories of the Japan
Meteorological Agency. It combines a force-ventilated radiation shield (JV-250, Ogasawara
Keiki Seisakusho Co., Ltd., Tokyo, Japan) with a platinum resistance thermometer (TS-801C,
Ogasawara Keiki Seisakusho; Pt100 JIS Class A, with a permissible tolerance of ±0.2˚C at 25˚C)
and a humidity and temperature transmitter (HMT333, Vaisala Oyj, Vantaa, Finland). The RH

values output by the HMT333 based on its internal humidity and temperature sensors were
corrected by using the Ta values observed by the TS-801C or the MINCER. The ventilation
velocities around the TS-801C and HMT333 sensors were, in accordance with the
manufacturer’s specifications, 5 and 4 m·s–1, respectively.

Downward shortwave radiation (Rsd) and downward longwave radiation (Ld) were measured
with a pyranometer (LI-200, Li-Cor Inc., Lincoln, NE, USA) and an infrared radiometer (CG4,
Kipp & Zonen B.V., Delft, the Netherlands), respectively. The Rsd and Ld were observed courtesy
of the Weather Data Acquisition System of the National Institute for Agro-Environmental Sciences
(NIAES; Tsukuba, Ibaraki, Japan). The voltage of the batteries in the MINCER was measured
with a voltage datalogger (EL-USB-3, Lascar Electronics Ltd., Salisbury, Wiltshire, UK).

The trials were conducted under open-field conditions at the NIAES weather observation field
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Fig. 3 Relationship between the voltage applied to the MINCER fan motor and
the ventilation velocity around the temperature and humidity sensor.
LVL, lower voltage limit; UVL, upper voltage limit; ***, statistically
significant at P < 0.001 (modified from Fukuoka et al., 2012).



(hereafter, “OF-NIAES”) from dawn on 26 April 2011 until dusk on 1 May 2011. To investigate
the effect of Ld on observed Ta during the night, the period was extended until dawn on 6 May
2011 to secure further data on the variation in Ld. The height of the air intake was set to 1.5 m
above the soil surface for both instruments. The distance between the two instruments was 5.0 m.

The observed Ta values obtained with the JV-250 system and MINCER were strongly
correlated (R2 = 0.99, P < 0.001). There was a moderately strong negative correlation between
the difference in the observed Ta values between the two devices (dTa (M-J) = MINCER value –
JV-250 value) and daytime Rsd (Fig. 4; R2 = 0.53, P < 0.001). As Rsd increased, dTa (M-J)

decreased at a rate of –3 x 10 –4 ˚C / (W m–2). Because Ta observed by MINCER did not show any
tendency to be higher than that observed by JV-250 when Rsd was high, we concluded that
MINCER’s performance during the day, when shelters tend to be heated by solar irradiance, was
comparable to that of the JV-250.

There was a moderately strong negative correlation between dTa (M-J) and Ld at night (Fig. 5;
R2 = 0.39, P< 0.001), with very slight slope (–2 x 10–2 ˚C / (MJ m–2 night–1)). Therefore, MINCER’s
performance at night, when shelters tend to be cooled by radiative cooling, was also comparable
to that of the JV-250, within the observed radiation levels.

Although the ventilation velocity of MINCER was lower than that of JV-250 both in the daytime
and at night, the results showed that MINCER successfully eliminated the adverse effects of both
high irradiance (high Rsd) and radiative cooling (low Ld) on Ta observations in the field.

Performance within a rice plant community

We tested MINCER’s performance within a rice plant community by comparing Ta observed
by a MINCER device with that observed by a system using a conventional, naturally ventilated
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Fig. 4 The observed air temperature difference between the MINCER and JV-250 devices (dTa (M-J) =
MINCER value – JV-250 value) as a function of the intensity of the downward shortwave radiation
(Rsd) during the day. ***, Statistically significant at P < 0.001 (modified from Fukuoka et al., 2012).



radiation shield (Weather Transmitter WXT510, Vaisala Oyj). The trial was conducted in a
paddy field at NIAES (hereafter, “PF-NIAES”) and at OF-NIAES from dusk on 15 September
2009 until dawn on 25 September 2009. At PF-NIAES, the MINCER and the WXT510 devices
were installed in the same plant community far apart 3 rows of plant hills for avoiding interaction
each other, and all observations were made at the average height of the panicles (approximately
0.8 m above the soil surface). The plant community consisted of paddy rice (‘Angelica’) grown
at a planting density of 20 cm x 20 cm, and the measurements were obtained during the rice
flowering stage. Rsd and Ld were measured with a pyranometer (MS-800; Eko Instruments Co.,
Ltd., Tokyo, Japan) and an infrared radiometer (PIR, Eppley Laboratory Inc., Newport, RI,
USA), respectively, located at near the paddy field. Raw data were recorded at 1-min intervals by
the MINCER and the WXT510 devices, and at 10-s intervals by the MS-800 and the PIR
instruments. At OF-NIAES, which was located 550 m east-southeast of PF-NIAES, Ta and Ld

were observed courtesy of the NIAES Weather Data Acquisition System. Ta was also measured
at heights of 1.2 m above ground level with platinum resistance thermometers (OW-1-1, Ota
Keiki Seisakusho Co., Ltd., Tokyo, Japan; Pt100 JIS Class A) protected by force-ventilated
radiation shields (PVC-04, Prede Co., Ltd., Tokyo, Japan).

Figure 6 shows the difference between the Ta values observed by the two devices (dTa (W-M) =
WXT510 value – MINCER value) as a function of Rsd during the daytime period when flowering
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Fig. 5 The observed air temperature difference between the MINCER and JV-250 devices (dTa (M-J) =
MINCER value – JV-250 value) as a function of the intensity of the downward longwave radiation
(Ld) during the night. Each data point represents the nightly average of dTa (M-J) and the cumulative
value of Ld because radiative cooling in nighttime affects the temperature change rather cumulatively
than instantaneously. ***, Statistically significant at P < 0.001 (modified from Fukuoka et al., 2012).



typically occurs (from 09:00 to 13:00 JST). The WXT510 values became progressively higher
than the MINCER values as Rsd increased. The magnitude of the relative rise in the WXT510
value was substantial but erratic, with the highest dTa (W-M) reaching 5.6˚C under high irradiance
(Rsd = 800W m–2) and low wind speed (0.9 m s–1 at 2.5m height) condition around noon. This
result can be explained as follows: In the rice canopy, where the flow of air is restricted by the
plant bodies, the WXT510 shield surrounding the sensor overheated under high Rsd owing to
insufficient natural ventilation to transfer sensible heat away from the device and into the
surrounding atmosphere, leading to overheating of the sensor. Although there was a weak
positive correlation between Rsd and dTa (W-M), the coefficient of determination was very low (R2

= 0.10); thus, it is virtually impossible to estimate actual daytime Ta values from the WXT510
values and the dTa (W-M) values and the corresponding Rsd values.

High positive dTa (W-M) values were observed throughout the day on sunny days (16, 17, and
20 September 2009) (Fig. 7). Because Morita et al. (2002) reported a growth-chamber
experiment in which brown rice quality was degraded by high temperatures during the day (and
night), such an erratic rise in Ta during the day would make it difficult to assess the impact of
heat stress on grain quality (i.e., the results might be ambiguous or even wrong). Furthermore,
the time of day when flowering of rice typically occurs is slightly before (or the same as) the
times when Rsd and dTa (W-M) reached their daily maximum. Because accurate observation of Ta

within the canopy during flowering is especially important for studies of HISS, such a severe
artifact by naturally ventilated radiation shields in measurement of Ta at flowering times is not
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Fig. 6 The observed air temperature difference between the WXT510 and MINCER devices
(dTa (W-M) = WXT510 value – MINCER value) as a function of the intensity of the
downward shortwave radiation (Rsd) during the typical flowering period of rice (09:00 to
13:00 LT). ***, Statistically significant at P < 0.001 (modified from Fukuoka et al., 2012).



acceptable at all. Therefore, our results suggest that the use of naturally ventilated radiation
shields during the day is not appropriate for instruments that measure Ta within the rice canopy,
and this is especially true for HISS-related studies.

There was a strong and significant positive correlation between dTa (W-M) and Ld at night (R2 =
0.79, P > 0.001) (Fig. 8). The Ta values observed by the WXT510 became progressively lower
than those observed by MINCER as Ld decreased. Therefore, the WXT510 was more prone than
the MINCER to an erratic drop in Ta during the night. This result can be explained as follows:
Within the rice canopy, where the wind velocity was low, the WXT510 shield surrounding the
sensors was radiatively overcooled at low Ld owing to insufficient natural ventilation to transfer
sensible heat from the surrounding atmosphere; as a result, the sensor was overcooled. In
contrast, MINCER successfully reduced this adverse effect of low Ld through slow but steady
forced ventilation (Fig. 5).
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Fig. 7 Time courses of changes in (a) Rsd, (b) Ld, (c) Ta, and (d) dTa (W-M) during the first 5 days of
the measurement period. All data, except for the Ta data obtained in the NIAES weather
observation field (OF) at 1.2 m above ground level (AGL), “OF 1.2 m AGL”, were obtained at the
NIAES paddy field. Rsd, downward shortwave radiation; Ld, downward longwave radiation in the
paddy field; Ta, observed air temperature; dTa, difference in Ta (W-M = WXT510 value –
MINCER value; O-M = “OF 1.2 m AGL” value – MINCER value). Vertical orange bars indicate
the typical hours of rice flowering (09:00 to 13:00 LT) (modified from Fukuoka et al., 2012).



Economics of MINCER

The cost of a single MINCER device, including the datalogger, is approximately ¥70 000 (about
USD600) in lots of 50 units. This cost compares favorably with retail prices of approximately
¥600 000 for the JV-250 and ¥300 000 for the WXT510, both without a datalogger. Therefore,
MINCER performs at least as well as these competing devices but costs considerably less.

3. Monitoring Sites and Methods

We established a monitoring network for measuring canopy thermal environments in rice
paddies that we named MINCERnet, after the MINCER micrometeorological instrument
(Yoshimoto et al., 2012). The initial network was deployed in eight of the world’s rice-growing
regions (Fig. 9). 

The MINCERnet sites are experimental fields in Tamil Nadu, India (11˚01’N, 76˚55’E, 431 m
a.s.l.); Ibbagamuwa, Sri Lanka (7˚32’N, 80˚27’E, 138 m a.s.l.); Mandalay, Myanmar (19˚49’N,
96˚16’E, 105 m a.s.l.); Los Baños, the Philippines (14˚08’N, 121˚16’E, 33 m a.s.l.); Hubei,
China (30˚20’N, 112˚13’E, 36 m a.s.l.); Miaoli, Taiwan (24˚29’N, 120˚49’E, 105 m a.s.l.);
Ibaraki, Japan (36˚01’N, 140˚06’E, 24 m a.s.l.); and Texas, U.S.A. (30˚04’N, 94˚17’W, 9 m
a.s.l.). 
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Fig. 8 Observed air temperature differences between the WXT510 and MINCER devices (dTa (W-M) =
WXT510 value – MINCER value) as a function of the intensity of the downward longwave radiation
(Ld) during the night. Each data point represents the nightly average of dTa (W-M) and the cumulative
value of Ld because radiative cooling in nighttime affects the temperature change rather cumulatively
than instantaneously. ***, Statistically significant at P < 0.001 (modified from Fukuoka et al., 2012).
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Fig. 9 Regions targeted in 2010 by the initial MINCERnet monitoring network (modified from
Yoshimoto et al., 2012).

We selected these sites to cover a wide range of continental and coastal climates in low- and
mid-latitude regions. Figure 10 shows the normal monthly mean air temperatures and monthly
precipitation variations in the participant countries. In India, Sri Lanka, Myanmar, and the
Philippines, the monthly mean air temperature is over 25˚C throughout the year, and there are
dry and rainy seasons, depending on the direction of the monsoon winds. In Taiwan, Hubei
(China), Japan, and Texas (U.S.A.), temperatures are hotter and precipitation is higher in
summer and it is colder with less precipitation in winter. The maximum monthly mean air
temperature during July and August is 29˚C in Taiwan, 28˚C in Hubei, 25˚C in Japan, and 29˚C
in Texas. Annual precipitation in Hubei, Japan, and Texas is generally less than in the tropical
monsoon areas, but in Taiwan, it is more than 2000 mm, which is comparable to that in Sri Lanka
and Myanmar. The general rice cropping calendar at each of the MINCERnet sites is shown in
Fig. 11. In tropical zones such as India, Sri Lanka, and Myanmar, two or more rice crops are
grown each year. In the Philippines, rice is conventionally cultivated in the dry season. In the
temperate zones (Hubei, China, Japan, and Texas, U.S.A.) and in the subtropical zone (Taiwan),
rice is cultivated during the summer, when temperatures and precipitation are higher. 

At each site, field trials are conducted in three replicate plots with a standard cultivar. Fields
are flooded and use the management practices that are conventional for each study region. Each
plot is large enough to maintain a uniform microclimate within the rice canopy. One MINCER
device is installed inside each plot, at least 5 m from the nearest plot edge to avoid edge effects,
and it monitors air temperature, Ta, and relative humidity, RH, at panicle height for a period of
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Fig. 11 General rice cropping calendars in the MINCERnet participant countries. S, sowing; T, transplanting; H
harvesting. The double-headed arrows show the periods during which micrometeorological measurements
were made in 2010 in the MINCERnet fields in each country/region (modified from Yoshimoto et al., 2012).

Fig. 10 Normal values of monthly mean air temperature and monthly precipitation variations in the
MINCERnet participant regions/countries. All of the data are from National Astronomical
Observation of Japan, 2011 (modified from Yoshimoto et al., 2012).



about four weeks, from rice flowering to maturity, during each cropping season. In addition, a
fourth MINCER device is installed in the same field to measure Ta and RH above the rice canopy
at a height set to twice the canopy height. Within and above the canopy, Ta and RH are recorded
at 2-min intervals over a 24 h day.

Each replicate plot has a flowering monitoring area and a yield sampling area, in addition to
the MINCER installation area. In the flowering monitoring area, temporal data on flowering
(panicle emergence dates and times of flower opening) and canopy structure data (canopy height,
panicle height, and the leaf area index) at the flowering stage are collected, because these
parameters are closely related to the temperature difference between the panicles and the
ambient air. In the yield sampling area, the sterility percentage, general yield components, and
grain quality are measured at maturity.

4. Preliminary Results from MINCERnet

The purpose of MINCERnet is to fill the knowledge gap between growth-chamber and open-
field experiments in studies of the impacts of climate change by measuring the thermal
environment experienced directly by plants under open-field conditions. The
micrometeorological data, which are obtained by using a common methodology across sites in
different climate zones, together with the crop data that result from these growing conditions,
will improve our quantitative understanding of the impacts of climate change on rice
communities. We report here the results of preliminary analyses of micrometeorological data
collected in 2010. Table 1 shows the periods when the micrometeorological data were collected
by MINCERnet; these periods correspond to the flowering-to-maturity period at each site.

1) Daily Variations
Figure 12 shows typical daily changes in Ta and RH above the canopy during the flowering-to-

maturity period in the MINCERnet rice paddy fields. The daily maximum Ta, which is
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Table. 1 Periods of micrometeorological measurement, from rice flowering to maturity, in the
MINCERnet fields (data from Yoshimoto et al., 2012).



commonly used in analyses at growth-chamber experiments or crop models as the variable that is
correlated with HISS, ranged from 32 to 36˚C across all sites. Depending on the climate,
however, the minimum nighttime Ta varied more widely, ranging from 17 to 28˚C, and the daily
amplitude of the change in Ta ranged from 6˚C at the site in Hubei, China, to 15˚C at the sites in
India and Sri Lanka. The nighttime Ta and the daily amplitude of the Ta change are closely
related not only to grain quality but also to HISS, because rice plants have a heat susceptible
stage before flowering when the effects of elevated nighttime temperatures on sterility are
second only to the effects of high temperature at the flowering stage (Satake and Yoshida, 1978).

Relative humidity during the daytime also differed greatly among the sites. Although the
relative humidity fluctuated along with Ta in response to daily weather changes, the daily
minimum RH was often 40% or less at the sites in India and Sri Lanka, whereas it was never less
than 50% at those in Myanmar, Hubei, Taiwan, Texas, and Japan; it was especially high (around
70%) at the sites in Hubei and Taiwan. Because RH strongly affects the degree of evaporative
cooling of the plant canopy, the canopy and panicle temperatures are likely to be lower than the
Ta above the canopy at the sites in India and Sri Lanka, whereas the high humidity in Hubei and
Taiwan is likely to reduce evapotranspirational cooling, resulting in increased canopy
temperatures. Therefore, the daytime temperatures of the rice canopy and panicles are likely to
differ greatly among sites, even when the daily maximum Ta is similar.

2) Differences of Ta and RH between Air within and above the Canopy
Figure 13 shows the Ta and RH values at the eight study sites above and within the rice

canopy, averaged over the period between 10:00 and 12:00 LT each day; this period is generally
considered to be the time of day that rice flowers (Kobayasi et al., 2009). The RH above the
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Fig. 12 Typical daily changes in air temperature (solid lines) and relative humidity (dashed lines) above
the rice canopy during the period from rich flowering to maturity, assessed in each MINCERnet
rice paddy (modified from Yoshimoto et al., 2012).



canopy was lowest at the site in India, followed by the sites in Sri Lanka and the Philippines. At
these three sites, Ta within the canopy tended to be lower than Ta above the canopy, because dry
air enhances canopy evapotranspiration, leading to greater evaporative cooling of the plant
canopy and a decrease of Ta within the canopy. In contrast, where RH above the canopy was high
(at the sites in Hubei and Texas), Ta within the canopy was close to (Hubei) or even higher than
Ta (Texas) above the canopy.

The Ta gradient between the air within and above the canopy can be explained to some extent
by the effect of RH on canopy evapotranspiration. However, the magnitude of this Ta difference
did not necessarily coincide with the RH distribution among the sites. For instance, although the
RH above the canopy was similar at the sites in Myanmar, Taiwan, and Japan, the Ta decrease
within the canopy was large in Myanmar but very small in Taiwan. Furthermore, among the
three sites with low humidity (in India, Sri Lanka, and the Philippines), the Ta decrease within
the canopy was largest in the Philippines, where the RH was higher than it was in India and Sri
Lanka. The explanation is that Ta within the canopy is also affected by plant traits such as
physical structure, leaf area index, and canopy transpiration, as well as by RH and other
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Fig. 13 (a) Air temperature (Ta) and (b) relative humidity (RH) above and within the rice
canopy, and the difference in (a) Ta (dTa) and (b) RH (dRH) between the air
within and that above the canopy (dashed lines), during the general flowering
time (averaged from 10:00 to 12:00 LT) (modified from Yoshimoto et al., 2012).



meteorological factors (e.g., solar radiation and wind speed) through their effects on the heat
balance between the canopy and the air. It is noteworthy that as the RH difference between the air
within and that above the canopy becomes larger, the Ta decrease within the canopy also tends to
be larger (Figs. 13a and b, dashed lines). This relationship implies a “trade-off” between
evapotranspiration and its cooling effect. Larger canopy evapotranspiration causes both the Ta

decrease and the RH increase to be larger within the canopy. Therefore, the Ta difference
between the air within and that above the canopy can be largely explained by differences in
canopy evapotranspiration due to differences in plant traits such as leaf area and transpirational
conductance among sites. To quantify the mechanisms that control the thermal environment
within the canopy, it is thus essential to analyze these relationships by using the data collected by
MINCERnet together with a heat balance model (for example, Yoshimoto et al., 2005; 2011) that
accounts for the effects of these plant traits.

RH within the canopy varied over a wide range among the sites, depending on both the climate
and plant canopy traits. This variation is important: RH is one of the key variables used in heat
stress studies because it directly affects panicle temperatures via its effects on panicle
transpiration. At the six MINCERnet sites (excluding those in India and Sri Lanka) where RH

within the canopy was high, the panicle temperature is likely to be higher than Ta within the
canopy when irradiance is high or wind speed is low, or when both conditions occur together.

3) Differences between Paddy Fields and Nearby Weather Stations
We compared Ta measured above and within the canopy with Ta at nearby weather stations.

Figure 14 shows the differences between the daily mean Ta measured above the canopy and at a
nearby weather station, as well as the temperature difference between the air above and within
the canopy. These Ta differences are averaged over the measurement periods from flowering to
maturity (Table 1). All of the nearby weather stations are located on the same research station
campus and at the same altitude as the MINCERnet monitoring site, and none of the stations are
at urbanized sites. The distance between the weather station and the MINCERnet site was around
500, 300, 600, 560, and 800 m at the sites in the Philippines, Hubei, Taiwan, Japan, and Texas,
respectively. Even though the weather stations were at non-urbanized sites close to the
MINCERnet monitoring sites and Ta is measured by force-ventilated radiation shield, Ta at the
weather stations was typically higher than Ta above the canopy (Fig. 14, upper bars), because the
stations were not in paddy fields. Ta within the canopy near the panicles was lower than Ta above
the canopy (Fig. 14, lower bars) because of canopy evapotranspiration, as discussed in the
previous section.

These differences suggest that if general weather station data are applied directly in heat stress
studies, errors in the magnitude and variability of the results will arise owing to temperature
differences between the weather stations and the field sites, thereby obscuring the differences
among sites. At the site in the Philippines, for instance, the daily mean Ta above the canopy was
0.76˚C lower than that at the weather station, and Ta within the canopy was 1.6˚C lower than that
above the canopy, resulting in a total difference of 2.4˚C between the Ta directly experienced by
plants within the canopy and that measured at the weather station. The magnitudes of these
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differences in daily values were large enough to greatly affect the plant response predicted by a
simple crop growth model that uses cumulative temperatures, or by a rice development model
such as those of Horie et al. (1995), Bouman et al. (2001), and Tao et al. (2008). These
differences would similarly affect the results of heat stress analyses.

Another key problem is that the observed differences in Ta were not constant; they varied
among the sites because the effect of canopy cooling by evapotranspiration differed depending
on both the climate and plant canopy traits. At the site in Texas, for instance, the difference in
daily mean Ta between the air above and that within the canopy was 0.23˚C, which is much less
than the corresponding difference at the site in the Philippines, mostly because of the wetter
climate at the Texas site; these differences resulted in a net difference of 0.8˚C between Ta within
the canopy and that measured at the weather station, even though the Ta difference between the
weather station and the air above the rice paddy was just 0.57˚C.

On the basis of the preliminary findings presented here, we expect MINCERnet to contribute
greatly to our quantitative understanding of the factors that affect air temperatures around rice
plants. Data from this network will be useful for parameterizing climatic and environmental
factors and plant canopy traits in various models, thereby reducing uncertainties in predictions of
future crop production according to predicted climate change over the next century.
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Fig. 14 Differences between the daily mean air temperature (Ta) measured above the canopy and at a
nearby weather station (upper bars), and between Ta measured above and within the canopy
(lower bars). *, no daily mean Ta data available at a nearby weather station. Values represent
means ± S.E. during the measurement period (see Table 1) (modified from Yoshimoto et al., 2012).



5. New Phase of MINCERnet

On the basis of investigations of HISS in field-grown rice, Matsui (2009) reported that HISS
becomes detectable at a daily maximum Ta of around 35˚C, and that Ta over 40˚C can lead to
substantial decreases in fertility. High nighttime temperatures, furthermore, adversely affect
grain yield (Peng et al., 2004; Cheng et al., 2009), single-grain weight, and brown rice quality
(Morita et al., 2002). Peng et al. (2004) reported that rice grain yield declined by 10% for each
1˚C increase in the minimum growing-season temperature during the dry season, whereas the
effect of the maximum temperature on crop yield was insignificant; they pointed out that a
greater fundamental understanding of the effects of nighttime temperatures on the physiological
processes that govern crop growth and yield is needed. Cheng et al. (2009) reported that high
nighttime temperatures during the rice reproductive growth stage reduced the stimulatory effect
of elevated CO2 on brown rice yield; they pointed out that more field studies of the interactions
between elevated CO2 and nighttime temperatures performed under artificially increased
nighttime temperatures to simulate future climate warming scenarios are needed to confirm their
growth-chamber results. Morita et al. (2002) reported that, in a growth-chamber experiment,
single-grain weight was reduced by high nighttime temperatures, whereas brown rice quality was
degraded by high temperatures whether during the day or at night. These studies show that there
is high demand for an instrument that can accurately observe Ta within the rice canopy at night
under field conditions.

The grain-ripening period of rice after flowering is about 40 days long, so the effect of Ta on
grain ripening can be cumulative. As a result, in studies of the effect of heat stress on ripening,
even a very small error in observed Ta should be eliminated if possible, even though the absolute
value of the erratic temperature differences during the night was generally smaller than that
during the day (e.g., dTa (W-M) in Fig. 7d). Therefore, MINCER devices have a clear advantage
over systems with naturally ventilated radiation shields as an instrument for Ta observation
within the rice canopy at night and also, needless to say, in the daytime.

The rice canopy micrometeorological data that we obtained by using a standardized
methodology across sites in different climate zones, when combined with crop data, will
improve our understanding of the impacts of future climate change on rice communities. Our
preliminary micrometeorological data showed that RH, the daily amplitude of the Ta change, and
nighttime Ta differed greatly among the eight sites in the network, and all of these factors
strongly affect panicle temperatures and rice reproduction processes. The Ta difference between
the air above and within the canopy varied widely, depending on the RH in each region;
therefore, both factors are useful for characterizing the susceptibility of rice to heat. Ta at the
nearby weather stations was higher than that above the rice canopy, and, because weather
stations are generally not located in paddy fields, this difference must be carefully accounted for
in future studies. Ta within the canopy, near the panicles, was lower than Ta above the canopy,
and the magnitude of the difference varied among the regions, because the magnitude of canopy
evapotranspirational cooling depends on the regional climate as well as on plant canopy traits.

Since 2014, three African sites, in Benin, Senegal, and Ghana, have been added to
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MINCERnet, which now covers a wider range of climate conditions and different paddy
ecosystems. In the next phase of MINCERnet research activity, we plan to conduct experiments
that focus on adaptation strategies for the future, for example, by using a heat-tolerant rice
variety. Heat-tolerant varieties of rice have been recently developed (e.g., Jagadish et al., 2008),
but whether their introduction in a given region will be effective likely depends on the climate
zone. Changes in rainfall patterns cause both heat and drought stress, but the effects of such
stresses on yield and quality will differ among regions owing to differences in the
micrometeorological changes caused by the rainfall changes among regions and sites.
Quantification of heat stress processes, acting through canopy micrometeorology, among
different climate zones and evaluation of the global distribution of crop vulnerability to heat and
drought stresses are urgently needed. It is now possible to achieve both these aims, by applying
our novel instrument, MINCER, and by exploiting our global research alliance, MINCERnet,
which has deployed instruments in regions with widely varied climates. Thus, we are hopeful
that MINCERnet will increasingly provide data that can reduce uncertainties in predictions of
future crop production under climate change.
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Abstract

In this study, we observe four combinations of crops: rice (C), rice – maize (MCS1), rice – cassava
(MCS2) and rice – maize – cassava (MCS3) with 3 m x 3 m each plots at two field areas, Saptosari
and Tanjungsari. Both field areas are located in Gunungkidul district, South-Central of Java Island,
with 93% at those areas are 185 to 500 above sea-level and high proportion of multiple cropping
systems. The aim of this study is to observe the effect of multiple cropping systems on growth and
yield response to water of rice based on local climate in rain-fed agriculture. Mathematical models
developed to describe rice growth. The rice height was followed monomolecular function and the
number of tillers followed exponential polynomial function. The results show no significant
differences in the height of rice in monoculture and multiple cropping systems. On the other hand,
rice in monoculture has more tillers than that in multiple cropping systems.

Keywords: growth, multiple cropping systems, rain-fed agriculture, rice, yield

1. Introduction

The island of Java is the biggest contribution of rice production in Indonesia. Around 50% of
farmlands of the island are irrigated, but the southern highland remains as dryland agriculture.
An effort to cope with the threat of food insecurity for highland areas is considered to play an
important role to the food security under climate change.

The main problem of agriculture in highland fields is water scarcity due to less amount of
rainfall (Hoogenboom, 2000). Irawan (2001) indicated that the El Nino had dramatically
decreased the crop yields for this area. An effort to cope with the threat of food insecurity for
areas of highland is considered to play an important role for food security, not only under
climatic factor but also non-climatic factor.

Within this context, an effort in non-climatic factor is improving cropping system in those
areas. Mostly, farmers in the areas of highland are using multiple cropping systems (MCS) in
their cropping pattern. MCS refers to multiple crops that are planted on the same field, but not
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simultaneously, during a season (Beets, 1975). Many studies show that MCS is better than the
monoculture in dryland because it may minimalize chemical fertilizer, pesticides and farm
machinery (Huang, 2003). The objective of this study was to observe the effect of multiple
cropping systems on growth and yield in response to water of rice based on local climate in rain-
fed agriculture and to determine the suitability of crops and cropping systems in the South-
Central of Java.

2. Materials and Methods

Gunungkidul district was selected as a study area (Fig. 1). Based on its topography,
Gunungkidul is divided into three zones: North Zone (Patuk, Gedangsari, Nglipar, Ngawen,
Semin, and northern part of Ponjong sub-district), Central Zone (Playen, Wonosari, Karangmojo,
central part of Ponjong, and northern part of Semanu), and South Zone (Panggang, Tepus,
Paliyan, Rongkop, southern part of Semanu, and southern part of Ponjong). These zones have
elevation ranging 200–700 m, 150–200 m and 0–300 m above sea-level, respectively. 

Gunungkidul is characterized by its karst that is not suitable for farming due to lack of water
during dry season. The average annual rainfall is 2,500 mm. Most of the farmers in this area
practicerain-fed agriculture and cultivate multiple cropping systems. They use pranatamangsa, a
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Fig. 1 The 18 sub-districts of Gunungkidul and its topography. The variations in elevations
show distinct landscape characteristics of each district (Nugroho et al., 2013)



worldview based on the Javanese lunar cyclical calendar, to decide their planting schedule.
Major agricultural product is cassava that once established can endure drought and heat
effectively. Other products include corn, soybean, upland (dryland) rice and legumes. Figure 2
shows rainfall distribution and cropping patterns in various land types in Gunungkidul (Falcon et
al., 1984). Maize is planted first at the beginning of the rainy season, and the cassava that follows
about a month later is left for up to 20 months before harvest. Legumes are interplanted with the
cassava and corn. 

In this study, observations were conducted at Saptosari and Tanjungsari sub-districts, and they
are located at highland agriculture; with 93% of them 185 to 500 above sea-level and high
proportion of multiple cropping systems based on Agricultural Service for Food Crops and
Horticulture (ASFCH), Gunungkidul district (Agricultural Service for Food Crops and
Horticulture, Gunungkidul District, 2009). The mean rainfall is 1400 mm for Saptosari and 1700
mm for Tanjungsari during rainy season based on the record data from 1989-1998. On average,
the wet period lasts for about 4 to 6 months (November to April) and the dry period lasts also for
4 to 6 months (May to October), respectively (Agricultural Service for Food Crops and
Horticulture, Gunungkidul District, 2006). 

The observation design was based on cropping pattern at Saptosari and Tanjungsari, and
arranged in a randomized completely block design. Observations were repeated three times, so
there are 3 x 4 = 12 plots:

1.  Rice monoculture: C
2.  Rice + maize multiple cropping: MCS1
3.  Rice + cassava: MCS2
4.  Rice + maize + cassava: MCS3
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Fig. 2 Monthly rainfall distribution and cropping patterns based on three landform types (level
valley soil, eroded terrace and unterraced hillsides) in Gunungkidul (Falcon et al., 1984)



The seeds of rice, maize and cassava were planted together in each plot with different planting
dates during planting season from September to February, where the spacing of each plant can be
seen in Fig. 3. The difference of planting date was caused by local tradition and decision of
farmers in each field area. Crop samples (five samples in each plot) were taken periodically
every 10 days during the plant growth. Fertilizer and organic nutrients were used by referring
local schedule of the farmers in each field areas.

The growth of rice can be analyzed from the height and number of tillers during the plant
growth. Mathematical model is providing devices to explore the characteristics of rice growth. If
the height of rice is plotted in the graph, it will follow a monomolecular function, and for the
number of tillers, it will follow an exponential polynomial function (Murtiningrum et al., 2011).
The function is shown below:

…………………………………………… (1)

While, 
Tf = the height of rice in the harvesting,
To = the height of rice seed in the beginning of planting, and
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Fig. 3 Spacing in C, MCS1, MCS2 and MCS3



T = the height of rice at day of observation, 
and for the number of tillers, using exponential polynomial function as below:
A = exp ( a0 + a1t + a2t2 ) ………………………………………………… (2)
While,
A = the number of tillers.

Although the main purpose of this study is to observe the height and tillers of rice at rain-fed
agriculture, we collected 10-days cumulative rainfall data during the planting season for two
field areas to interpret the analysis result of this study. Figure 4 shows 10-days rainfall data
during the planting season. The rainfall was relatively low at the beginning of seeding at both
field areas. The amount of rainfall during planting season was also different between both areas,
and these corresponded to the topography in those areas.

3. Results

Observation data of the height and number of tillers were collected every 10-days during
plantings season at Saptosari and Tanjungsari. Figure 5 shows that the highest growth in rice at
the age of 140 days is in MCS2 (84.53 cm) and the lowest growth is in MCS1 (74.80 cm), with C
(81.70 cm) and MCS3 (80.33 cm) in the middle. At Tanjungsari, the highest growth in rice at the
age of 120 days is C (89.20 cm), with MCS2 (82.73 cm), MCS1 (86.73 cm), and MCS3 (82.20
cm) showing closely lower values. Figure 6 that shows the highest number of tillers is in C,
while the least number is in MCS3 at both field areas.

Tables 1 and 2 show coefficient and R2 for the height of rice using monomolecular function 1
and exponential polynomial function 2. The model is fit and represents the growth of rice based
on height and number of tillers (p<0.05). 

Figure 6a and Fig. 6b show that the growth of rice is faster at the beginning of planting (10-40
DAP), and then the growth of rice slows and becomes constant until cultivation. It is indicated
that the height of rice is higher in the vegetative phase and slowly in the generative phase. The
height of rice is not significantly different between monoculture and all combinations in multiple
cropping systems (MCS1, MCS2 and MCS3). Figures 6c and 6d show the most optimum tillers
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Fig. 4 Rainfall data during observation at Saptosari (a) and Tanjungsari (b)

a b
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Fig. 5 Height of rice and number of tillers in rice monoculture (C), rice - maize (MCS1), paddy - cassava
(MCS2), and paddy - maize - cassava (MCS3) at Saptosari (a, c) and Tanjungsari (b, d).

Fig. 6 Height of rice using monomolecular function at Saptosari (a) and Tanjungsari (b), and number of
tillers using exponential polynomial function at Saptosari (c) and Tanjungsari (d)

a b

c d

a b

c d



formation is in monoculture, because there is no competition in obtaining solar radiation or soil
moisture. Themaximum tillers are formed during the growth phase, which revolves around the
age of 93 and 65 days after planting. The growth of tillers number in Saptosari and Tanjungsari
show the similar results in each treatment. Rice, which is growing in monoculture have more
tillers rather than in multiple cropping patterns.

The productivity of rice at Saptosari and Tanjungsari (Fig. 7a and Fig. 7b) in monoculture is
higher than multiple cropping systems. Rice in monoculture system is more productive than all
combinations because the plants in the monoculture system have sufficient space to absorb solar
radiation and nutrients than in MCS. Multiple cropping decreased the rice growth and yield due
to competition of each crops. There are competition among different plants to get solar radiation
and affected on photosynthesis process. Further, multiple cropping also increased the
competition between plants to absorb water and nutrients from the soil.

4. Discussion

The height of rice in monoculture and multiple cropping systems is not significantly different.
Small design of plots and closest row spacing caused the competitions among plants for
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Table 1 Models of monomolecular function in the height of rice

Table 2 Models of exponential polynomial function in number of tillers



nutrients, water and light for their growth and development. Basically, multiple cropping patterns
will affect the rate of plant growth among the plant species due to competition for solar radiation.
Multiple cropping patterns require more soil moisture than monoculture systems. In addition, the
suitability of crops in multiple cropping systems is not only dependent on the height of crops but
also on other factors, such as soil conditions, water needed and productivity, but in this study
those other factors are not discussed.

The result in the number of tillers shows difference between monoculture and multiple
cropping systems. Rice in MCS tends to form less tillers and it indicates that the cropping pattern
will affect the growth of plants during the vegetative phase. More tillers were observed in
monoculture systems because they get more solar radiation to grow and no competition with
each crop.

The decisions concerning the suitability of cropping systems, agricultural technologies and
practices should be considered. Determining cropping pattern at rain-fed highland agriculture is
not only based on the height and tillers of rice. Many factors are influenced on these decisions,
for example soil and climate conditions at those areas. But our result can be used as valuable
information to decide the suitability crops in the cropping systems.

5. Conclusions

In this study, we have investigated the influence of cropping patterns on the height and tillers
of rice. This study observes the growth of rice cultivated with multiple cropping systems in rain-
fed highland. Ten-day data of rice height and tillers were collected from every plot containing
rice (C), rice-maize (MCS1), rice-cassava (MCS2), and rice-maize-cassava (MCS3). We used
monomolecular and exponential polynomial functions to model the height of rice and the
number of tillers, respectively. The results show no significant differences in the height of rice in
monoculture and multiple cropping systems. On the other hand, rice in monoculture has more
tillers than that in multiple cropping systems.
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Fig. 7 Productivity of rice at Tanjungsari and Saptosari



Finally, using our methods in this study, global climate indices can be used to predict the crop
yields than precipitation in the highland agriculture of South Central Java. It will become
important information for the improvement of agriculture in the semi-arid areas.
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Abstract

Rice production is essential for humans, but it is now affected by elevated atmospheric carbon
dioxide levels (e[CO2]) and warming climate. Although e[CO2] has the potential to increase rice
production by increasing photosynthesis, this effect depends on other factors such as climate,
availability of other nutrients, and perhaps differences between cultivars. In the worst-case scenario,
the effect of e[CO2] on both yield and quality of rice grains might become negative. Meanwhile, rice
paddies are an important emitter of atmospheric methane (CH4), and e[CO2] also has the potential to
stimulate CH4 emissions by increasing photosynthesis, because photosynthates translocated to the
root zone via exudates and root decay are a good source of methanogenesis. The global warming
potential of CH4 is higher than that of CO2, and the climatic feedback of CH4 emissions from rice
paddies is of future concern. Furthermore, nitrogen (N) availability strongly influences rice
production and the carbon (C) cycle, including CH4 dynamics, and vice versa. N-related processes are
also affected by environmental changes. The question is how we can reveal the whole picture of
complicated interactions between rice production, C cycle, and N cycle in rice paddies and their
responses to environmental changes such as e[CO2] and climate change. One solution is to perform
free-air CO2 enrichment (FACE) experiments. In this chapter, we summarize the current
understanding of responses of rice paddy ecosystems to environmental changes derived from
experiments at two Japanese FACE facilities, and outline further studies.

Keywords: climate change, crop production, elevated CO2 levels, FACE, methane, nitrogen, paddy
rice

1. Introduction

1) Rice Paddy Ecosystem and Environmental Change
Rice is a staple cereal crop; its worldwide production (740,902 Gg) is second to that of maize

(1,018,112 Gg) and higher than that of wheat (715,909 Gg) (FAOSTAT). In 2013, 90.6% of rice
was produced in Asia (FAOSTAT). The production of major cereal crops will need to increase by
70% by 2050 to meet the demand growing mostly as a result of the increasing world population
(Bruinsma, 2009).

The atmospheric concentrations of carbon dioxide (CO2) have increased since 1750 as a result
of human activity (IPCC, 2013). In 2011, the CO2 concentration was 391 ppm and exceeded the
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pre-industrial level by about 40% (IPCC, 2013). Elevated atmospheric CO2 levels (e[CO2])
potentially enhance photosynthesis (so-called CO2 fertilization effect, Parry et al., 2004), which
would increase crop production. However, the fertilization effect observed in laboratory
experiments is not necessarily applicable to actual fields under varying environmental
conditions, as shown by the difference between growth-chamber and open-field experiments
(Hasegawa et al., 2015). Furthermore, ongoing climate change (long-term warming and changes
in precipitation and increased frequency and magnitude of the extremes such as hot spells, heat
waves, heavy rainfall, drought, tropical cyclones, storm surges, and lack of sunlight, IPCC,
2013) makes sustainable crop production uncertain at present and in the future. The
aforementioned increasing demand in crop production must be achieved under the changing
environmental conditions, i.e., e[CO2] and climate change, so any programs to improve crop
production must take these changing conditions into account (Hasegawa  et al., 2013).

Rice paddies are a source of atmospheric methane (CH4), which boosts climate change
because CH4 is a more potent greenhouse gas than CO2. The global warming potential is defined
as the time-integrated radiative forcing due to a pulse emission of a given component relative to
a pulse emission of an equal mass of CO2; the 100-year global warming potential of CH4 is
estimated as 34 (Myhre et al., 2013). The mean global CH4 emission from rice paddies in
2000–2009 has been estimated as 33–40 Tg CH4 yr–1 (9–13% of the anthropogenic CH4

emission) (Ciais et al., 2013). Elevated [CO2] enhances photosynthesis, production of
photosynthates, and transfer of fresh organic matter from roots to soil by rhizodeposition (root
exudates and decayed roots) (Tokida et al., 2010). The current-season photosynthates are labile
and are good substrates for methanogens, and the transfer of photosynthates into soil
consequently increases CH4 emissions from rice paddies (Tokida et al., 2010).

Environmental changes also influence the nitrogen (N) cycle in rice paddies, and conversely,
changes in N dynamics in rice paddies might affect the environment via such processes as
atmospheric emission of nitrous oxide (N2O), which is another potent greenhouse gas and a
stratospheric ozone-depleting substance, emission of ammonia (NH3), which is involved in
atmospheric chemistry and atmospheric deposition, emission of various gases and particles from
open-field burning of rice residues (Hayashi et al., 2014a), and N loading to groundwater, rivers,
and lakes via leaching or runoff. Changes in the N cycle affect the carbon (C) cycle and might
result in a different ecosystem status because of their close relationship via biological activities
of plants and microbes.

Much is still unknown about how e[CO2] and climate change affect rice production and C and
N cycles in paddy ecosystems, and about the feedback from the perturbed C and N cycles in
paddy ecosystems to environmental changes. This is a source of a large uncertainty in future
predictions. This uncertainty must be reduced to enhance the reliability of current assessments
and future predictions and to develop effective countermeasures to mitigate the effects of climate
change and adapt rice production accordingly. Thus, substantial efforts are necessary to elucidate
the mechanisms of the responses of paddy ecosystems to environmental changes under the actual
environment.
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2) Free-Air CO2 Enrichment Experiments
Previously, greenhouses and artificially controlled environment chambers were used to

investigate the effects of e[CO2] on plant growth and production. However, research on plant
responses in a community or at vegetation scale under actual field conditions is necessary to
elucidate how crop production and C and nutrient cycles are affected by changing environmental
conditions in the real world. The first free-air CO2 enrichment (FACE) experiment, i.e.,
cultivation of cotton in an open field while increasing atmospheric CO2 levels without the use of
an enclosure, was conducted in Arizona, U.S.A., in 1989.

Since then, FACE experiments targeting various types of ecosystems, including cropland,
forest, and grassland, have been conducted in many parts of the world. Early FACE experiments
in crop production were mainly aimed at verifying the CO2 fertilization effect in an open-field
system and quantification of the effect of e[CO2] on yield. Meta-analysis of early studies showed
that e[CO2] in open-field systems increased the yields of major C3 crops (rice, wheat, and
soybean) by 10–20% (Kimball et al., 2002; Long et al., 2004; Hasegawa et al., 2005; Morgan et
al., 2005). The increase in yield was ascribed to the enhancement of photosynthesis by e[CO2].
Notably, the increases were much higher in some C3 crops, e.g., 28% in potato (Kimball et al.,
2002) and 89% in cassava (Rosenthal et al., 2012). By contrast, in C4 crops such as maize and
sorghum, e[CO2] photosynthesis increased to a lesser extent and resulted in only small increases
in yield (Kimball et al., 2002; Leakey et al., 2006). The mechanisms underlying the differences
in responses of different crops to e[CO2] are still unknown. An important aspect is the relative
deficiency of macro- and micro-nutrients that are required to match the increased C fixation
because of the enhancement of photosynthesis by e[CO2]. A meta-analysis (Myers et al., 2014)
showed that C3 grain crops and legumes have lower concentrations of zinc and iron under FACE
conditions than under ambient [CO2]. In C3 crops other than legumes, e[CO2] also reduces the
total protein content, whereas C4 crops seem to be less affected.

The main target of crop research using FACE facilities has been shifting from studying the
effects of e[CO2] alone on photosynthesis, biomass, and crop yield to studying the combined
effects of e[CO2] and other conditions such as temperature, soil moisture, and N availability, and
also to the characterization of crop varieties with respect to their adaptation to climate change.
Recently, the quality of harvested crops has become a target of research; understanding the C and
N cycles and their interactions in croplands (agricultural ecosystems) is also an important aim of
research because croplands are interconnected with other ecosystems in the biosphere.

3) Two Rice FACE Facilities in Japan: from Shizukuishi to Tsukuba
The first rice FACE experiment in the world commenced in 1998 in Shizukuishi, Iwate

Prefecture, in northern Japan (39º38'N, 140º57'E, 200 m a.s.l.) (Kobayashi et al., 2006). The
Shizukuishi facility, located in a cool-temperate climate (slightly cold for rice production),
helped to reveal the effects of e[CO2] on rice production in cool regions. Each of the FACE plots
was formed with an octagonal ring. One ring was 12 m in diameter and was composed of eight
horizontal emission tubes, each of which was independently connected to a pure CO2 source.
The target level of e[CO2] was 200 μmol mol–1 above the ambient level. To achieve the target
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level, an automatic system was developed that controlled the release of pure CO2 from each
emission tube on the basis of the real-time data on wind direction and velocity, and the CO2 level
at the center of each ring (Hasegawa et al., 2007). At the Shizukuishi facility, the main focus was
to study the effects of e[CO2] on rice photosynthesis, transpiration, phenology, biomass, and
grain yield. Warming treatment, i.e., heating floodwater by 2 ºC above the ambient temperature
under the continuously submerged condition, was used in the experiments aimed at elucidation
of the combined effects of e[CO2] and warming on rice plants. In addition, research on rice
paddies as an important emitter of atmospheric CH4 was also conducted.

The Shizukuishi facility was closed after the last experiment in 2008, and the experience
gained was used at the Tsukuba facility, which was established in late 2009 in Tsukubamirai,
Ibaraki Prefecture, in central Japan (35º58'N, 140º00'E, 10 m a.s.l.) and started operation in
2010. In addition to the original aims of rice FACE research (studying aspects of the relationship
between rice plants and the C cycle; Fig. 1), the scope of research at the Tsukuba facility was
expanded to include the N cycle (Fig. 2) and microbial ecology (see Section 5). In the Tsukuba
facility, four rectangular bays at farmers’ field are used for experiments. The longer side of each
bay is 100 m, and the shorter sides range from 30 to 70 m. A FACE plot is set in each bay,
accompanied by an ambient plot. Water management and soil properties in both the FACE and
ambient plots are the same within each bay to enable pairwise comparisons (Nakamura et al.,
2012). The shape and the basic control technique of FACE rings at the Tsukuba facility are
similar to those at the Shizukuishi facility, except that the ring diameter is increased to 17 m to
double the area. Since 2011, each FACE plot at Tsukuba has been equipped with two-layered
octagonal rings for pure CO2 release. The CO2 levels at the four ambient plots are monitored
every 5 min, and the lowest level is defined as the reference ambient CO2 level. The target CO2
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Fig. 1 The research focus of our free-air CO2 enrichment (FACE) experiments with
respect to rice production and the carbon cycle in a rice paddy ecosystem



level at the FACE plot is the same as at Shizukuishi, 200 μmol mol–1 above the ambient level.
The FACE equipment automatically regulates CO2 release to achieve the average target CO2

levels (Nakamura et al., 2012). CO2 enrichment is conducted between sunrise and sunset. The
upper ring is fixed at 60 cm above the canopy height of rice plants, whereas the lower one is
slightly above the canopy. The CO2 release from the upper and lower rings alternates in response
to wind conditions (the upper ring is used under calm conditions and the lower ring under windy
conditions) to ensure that the target CO2 concentration is achieved. The larger rings at the
Tsukuba facility enable the area of subplots for temperature and N availability and the number of
rice plants and varieties cultivated to be increased, which encourages participation of various
research topics. Basic layout within a ring slightly differs among research years; Figure 3 shows
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Fig. 2 The research focus of our FACE experiments with respect to the nitrogen cycle in a rice paddy ecosystem

Fig. 3 Layout of a CO2 enrichment plot at the Tsukuba facility in 2012



the layout used in 2012 as an example.
The purposes of this chapter are to summarize the results of Japanese rice paddy FACE

experiments with emphasis on rice production, C cycle (particularly CH4 emission), and N cycle;
and to discuss future challenges for the mechanistic understanding of responses of rice
production and rice paddy ecosystems to environmental changes, which is necessary for
reducing the uncertainty of future predictions.

2. FACE Experiments to Study Rice Production

In this section, we summarize the results obtained at the two rice FACE facilities concerning
the photosynthetic responses to e[CO2], difference in photosynthetic and yield responses among
rice varieties, relationship between yield response to e[CO2] and seasonal mean air temperature,
relationship between e[CO2] responses and grain N contents, and effects of e[CO2] on rice quality.

The effect of e[CO2] on the photosynthesis rate of the rice cultivar Akitakomachi grown at the
Shizukuishi facility was consistently positive over three growing seasons, whereas concurrent
warming by 2 ºC reduced the photosynthesis rate at the grain-filling stage. As a consequence, at
this stage, the photosynthesis rates in warmed plots exposed to e[CO2] were only 4% higher than
those of the control plots without CO2 or warming. At the grain-filling stage, rice plants grown at
e[CO2] in warmed plots showed photosynthesis rates reduced by 23% in comparison with rice
plants grown in the control plots (Fig. 4a). This decrease was attributable to the decreases in the
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Fig. 4 (a) Leaf photosynthesis rate, (b) Rubisco content, (C) whole-plant N uptake, and (d) N
allocation ratio to leaf blades at the mid-grain-filling stage of rice cv. Akitakomachi
cultivated at the Shizukuishi facility. **, p < 0.01; *, p < 0.05; and †, p < 0.1



contents of leaf N (data not shown) and Rubisco (Fig. 4b) by the combination of e[CO2] and
warming. Warming alone increased the total N uptake of rice plants (Fig. 4c); the allocation of N
to leaves at the grain-filling stage was decreased by the combination of e[CO2] and warming
(Fig. 4d). In line with these observations, the combination of e[CO2] and warming lowers the
leaf N content at late growth stages and therefore reduces the photosynthetic ability (Adachi  et
al., 2014).

Leaf photosynthesis and related properties of a high-yielding indica cultivar, Takanari, and a
standard japonica cultivar, Koshihikari, were investigated at several growth stages at the
Tsukuba facility. In both cultivars, e[CO2] increased the photosynthesis rates (Fig. 5); however,
the responses of Takanari to e[CO2] were significantly higher than those of Koshihikari at every
growth stage. Stomatal conductance and the contents of leaf N and Rubisco were higher in
Takanari than in Koshihikari (Fig. 5). These results suggest that Takanari takes up CO2 at a
higher rate owing to its high stomatal conductance and its leaves are relatively rich in N; these
characteristics ensure a more active Calvin cycle and result in higher photosynthesis rates under
e[CO2]. These characteristics, which Koshihikari does not have, are perhaps a major factor of
high yield in Takanari under e[CO2] conditions (Chen et al., 20014).

The following data were obtained using Akitakomachi, a common cultivar. Nine-year data (7
cropping seasons at Shizukuishi and 2 at Tsukuba) showed that e[CO2] increased the average rice
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Fig. 5 Effect of elevated CO2 levels on the photosynthesis rate, stomatal conductance,
and leaf N content of two rice cultivars, Koshihikari (KH) and Takanari (TN),
cultivated at the Tsukuba facility. Amb, ambient CO2 levels; FACE, elevated CO2

levels (ambient  + 200 μmol mol–1 ); ***, p < 0.001; **, p < 0.01; and *, p < 0.05



yield by 13%. However, this effect of e[CO2] decreased with increasing seasonal mean air
temperature, except for one year with a cold summer (Fig. 6). This result implies that the
increasing effect of e[CO2] on rice yield would not be as high as expected in a warmer climate.
Furthermore, the data for cultivars with different properties cultivated at Shizukuishi in 2007 and
2008 and at Tukuba in 2010 revealed that the increasing effect of e[CO2] on rice yield also
differed among cultivars (Fig. 7). The e[CO2]-induced yield increase ranged widely (from 3% to
36%) among 8 varieties cultivated at the Tsukuba facility. Therefore, one can expect that the
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Fig. 6 The effects of elevated CO2 levels (e[CO2]) and the mean air temperature during the growing season on
grain yield, aboveground biomass, and harvest index of rice cv. Akitakomachi cultivated at the
Shizukuishi (7 crop years) and Tsukuba (2 crop years) facilities

Fig. 7 Relationship between the response of grain yield to elevated CO2 levels and the sink
capacity of 4 rice cultivars. Data were obtained at the Shizukuishi facility (S) in 2007
and 2008 and at the Tsukuba facility (T) in 2010. The sink capacity is defined as the
product of the grain number per unit area by the weight of one grain at its maturity



increasing effect of e[CO2] on rice yield can be enhanced through rice breeding. Overall, these
experiments showed that the increasing effect of e[CO2] on rice yield is strongly influenced by
temperature and rice cultivars (Hasegawa et al., 2013).

Enhanced photosynthesis owing to e[CO2] may result in a relative shortage of other nutrients,
typically N, not only in leaves as mentioned above, but also in grains. Rice grains positioned
differently in panicles differ greatly in weight and quality. An experiment using the cultivar
Koshihirari was conducted at the Tsukuba facility to elucidate the effects of e[CO2] on grain
mass and grain C and N accumulation in spikelets attached to the upper primary rachis branch
(superior spikelets; SS) and those attached to the lower secondary rachis (inferior spikelets; IS).
Although e[CO2] increased the yield by 13%, the N concentration in the panicle decreased by
7% on average in two N treatments (no N fertilization and fertilization at a rate of 8 g N m–2) (P <
0.01). The difference between the responses of SS and IS to e[CO2] was particularly noticeable
when N fertilizer was applied. For SS, e[CO2] decreased grain N by 24% (P < 0.01) but did not
affect grain mass. For IS, e[CO2] increased grain mass by 13% (P < 0.05) without changes in
grain N. The reduction in grain N content due to e[CO2] started at the beginning of grain filling.
These results suggest that e[CO2] stimulates the growth of IS grains, most of which are not
marketable due to their small size, at the expense of grain N reduction in SS. Translocation of N
from SS to IS may be a mechanism for the reduction in SS grain N (Zhang et al., 2013). In
addition to the decrease in grain N content in SS, e[CO2] also increases grain chalkiness, thus
degrading the quality of rice. Changes in SS and IS grain growth were assessed at the Tsukuba
facility for three rice cultivars differing in grain size and number, Akita 63, Koshihikari, and
Takanari  (Zhang  et al., 2015). Elevated [CO2] increased grain yield by 15% across 2 years in all
three cultivars. The grain growth responses depended on spikelet position: grain mass increased
only in IS, whereas grain N content decreased in SS but slightly increased in IS. The increase in
IS grain mass was greatest in Takanari, followed by Koshihikari, whereas Akita 63 showed a
slight decrease. Grain chalkiness was increased significantly by e[CO2], with the greatest
damage in Koshihikari, followed by Akita 63 and Takanari (Zhang  et al., 2015).

Elevated [CO2] lowers stomatal conductance, which generally increases plant body
temperature because of the attendant decrease in transpiration. This might reduce rice quality. An
experiment at the Tsukuba facility showed that the proportion of undamaged grains in five
standard cultivars (Akitakomachi, Kinuhikari, Koshihikari, Matsuribare, and Nipponbare) was
lower in FACE plots (51.7%) than in ambient plots (61.7%). The damage was lower for the heat-
tolerant cultivars Eminokizuna, Wa2398, Kanto 257, Toyama 80, Mineharuka, Kanto 259, and
Saikai 290 (71.3% of grains were undamaged in the FACE plots and 73.5% in the ambient plots)
(Usui et al., 2014). Therefore, our concern is that future warming will reduce rice quality. A 3-
year experiment at the Tsukuba facility revealed that e[CO2] and floodwater warming (by 2 ºC)
combined significantly increased biomass and yield of Koshihikari (by 14% on average), mainly
owing to increased panicle and spikelet density (Usui et al., 2015). Floodwater warming alone
significantly increased biomass but had no effect on yield. Both treatments resulted in a loss of
grain appearance quality; e[CO2] exerted a larger effect than warming did. Moreover, e[CO2] and
warming synergistically reduced grain appearance quality (Usui et al., 2015).
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3. FACE Experiments to Study the Rice Paddy Carbon Cycle

Elevated [CO2] stimulates photosynthesis of rice plants and also increases rhizodeposition of
labile organic matter as good substrates for methanogens. Consequently, e[CO2] boosts CH4

production in paddy soils and eventually increases emissions of CH4 to the atmosphere (Inubushi
et al., 2003; Liu et al., 2012). The radiative forcing of CH4 in the Earth’s atmosphere, including
its indirect effects (e.g., greenhouse effect after oxidation into CO2), accounts for more than half
of that of CO2 (Shindell et al., 2009). Rice paddies are an important anthropogenic emitter of
atmospheric CH4 (Ciais et al., 2013), and increases in CH4 emission from rice paddies might
considerably influence the global climate system. Thus, the effect of e[CO2] on CH4 emissions
from rice paddies has been an important research topic of FACE facilities.

A 2-year study at the Shizukuishi facility in 2007 and 2008 showed that a combination of
e[CO2] (200 μmol mol–1) and warming (2ºC) stimulated CH4 emission from rice paddies by
approximately 80% in comparison with emission under ambient conditions (Fig. 8). This result
revealed a positive climate feedback, namely that climate change would stimulate CH4 emissions
from rice paddies, which would then accelerate climate change (Inubushi et al., 2003; Tokida et
al., 2010) . The effect of e[CO2] by itself on increases in CH4 emissions was ascribed to the
enhanced input of organic matter to the root zone caused by the stimulation of photosynthesis by
e[CO2]. Meanwhile, warming treatment alone increased CH4 emissions from rice paddies by
40% (Fig. 8). Possible mechanisms of this increase are as follows: i) in the early growth stages,
warming stimulated decomposition of soil organic matter without affecting the oxidation
capacity of paddy soil (Fig. 9) and ii) in the late growth stages, warming accelerated senescence
and decay of rice roots, providing additional substrates for CH4 production (Tokida et al., 2010).

The next question is how much the current-season photosynthates contribute to CH4

production in paddy soil and CH4 emission to the atmosphere. An experiment at the Shizukuishi
facility showed that the fraction of C as CH4 (CH4-C) emitted to the atmosphere originating from
the current-season photosynthates accounted for 30% of total CH4-C emission at the panicle
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Fig. 8 Increase in CH4 emissions from rice paddies due to CO2 levels elevated by 200
μmol mol–1 (FACE) and warming by 2 ºC (ET) in comparison with control (CT)



initiation stage and more than 40% after the heading stage (Tokida et al., 2011). These results
demonstrate that the current-season photosynthates transferred to the root zone are important
substrates for CH4 production. The increase in CH4 emissions caused by warming (2 ºC) was
accompanied by an increase in the fraction of CH4-C originated from the current-season
photosynthates (Fig. 10). This result shows that the current-season photosynthates are
susceptible to enhanced decomposition at warmer temperatures. In addition, a decrease in root
biomass after the heading stage supports the hypothesis that warming stimulates root senescence
and decay (Fig. 11) (Tokida et al., 2011).

Transport pathways of CH4 from paddy soil to the atmosphere are also an important research
topic. Diffusive CH4 emission from both the floodwater surface and rice plants is generally
considered to be the primary pathway of CH4 transfer to the atmosphere; however, because of
oxidative conditions at the paddy soil surface, 80–100% of CH4 diffusing through the soil is
oxidized before reaching the atmosphere (Hayashi et al., 2015). A large part of CH4 in paddy soil
is partitioned into the soil gas phase owing to its very low water solubility, which results in the
formation of bubbles containing CH4. It has been estimated that the gas-phase CH4 in paddy soil
accounts for 26–45 % of the total CH4 content at the panicle initiation stage and 60–68% at the
heading and grain-filling stages (Tokida et al., 2013). Although stochastic ebullition of bubbles
to the atmosphere possibly makes a large contribution to the total CH4 emission, our knowledge
about this process is limited. The bubble-borne CH4 pool is closely related to the putative rice-
mediated CH4 emissions measured at each stage across e[CO2] and warming treatments.
However, much variation between different growth stages remains unexplained, presumably
because the CH4 transport capacity of rice plants also affects the emission rate. Gas-phase CH4 in
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Fig. 9 Mechanism of the large increase in CH4 emissions by warming



soil needs to be considered for accurate quantification of the soil CH4 pool. Not only ebullition
but also plant-mediated emission depends on the gaseous CH4 pool and the transport capacity of
the rice plants (Tokida et al., 2013).
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Fig. 11 Effect of warming on root biomass of rice cv. Akitakomachi cultivated at the
Shizukuishi facility at three growth stages. CT, control; ET, warming by 2 ºC

Fig. 10 Effect of warming by 2 ºC on CH4 emission rates at three growth stages of rice cv. Akitakomachi
cultivated at the Shizukuishi facility, and the ratios of C originated from the current-season
photosynthates accounting for the total C emitted as CH4. CT, control; ET, warming by 2 ºC



Quantification of C flows in a soil–rice plant system was once technically difficult to achieve.
Recently, the use of a stable isotope of C (13C) has enabled quantitative tracing of C dynamics.
The CO2 used for FACE experiments originates from fossil fuels, which have a low 13C/12C ratio
compared to that in the atmosphere. This difference can be used as isotope labeling experiments.
The aforementioned findings, e.g., that about half of the emitted CH4 originated from the current-
season photosynthates, were obtained by using this technique. As a spin-off of studies, a fully
automated high-throughput system for the measurement of d13C-CH4 values was developed
(Tokida et al., 2014). Our studies have demonstrated the high potential of this system for
obtaining d13C data useful for process-level understanding of CH4 biogeochemistry with respect
to spatiotemporal variations in CH4 sources and how these variations are affected by
environmental and management factors (Tokida et al., 2014).

It is obvious that reducing atmospheric CH4 emissions is a mitigation option that will be much
more effective than reducing CO2 emissions, because of the larger radiative forcing but shorter
atmospheric lifetime of CH4 compared to those of CO2 (Shindell et al., 2012). Although CH4

emission from rice paddies was already an important research topic at the Shizukuishi facility,
much more attention has been paid to this topic at the Tsukuba facility, where a series of studies
aimed at revealing the mechanisms of the responses of CH4 emissions to combined effects of
e[CO2], warming, and rice cultivars has been conducted since 2010. These studies have shown
that i) the increasing effect of e[CO2] on CH4 emission from rice paddies decreases with rice
growth, similar to the downregulation of photosynthesis responses to e[CO2], and ii) CH4

emission varies greatly among rice cultivars, among which Takanari, which produces high yield
under e[CO2], is also favorable in terms of its lower CH4 emission than that of other cultivars.
Determination of the mechanisms underlying these differences in CH4 emission is a subject of
future studies.

4. FACE Experiments to Study the Rice Paddy Nitrogen Cycle

Nitrogen is an indispensable macronutrient, in particular for synthesis of proteins such as
Rubisco, an essential photosynthetic enzyme. Although e[CO2] enhances photosynthesis, rice
growth does not respond to e[CO2] sufficiently without N fertilization (Zhang et al., 2013). Early
FACE studies paid little attention to the effects of e[CO2] on the N cycle in rice paddies.
However, C-related processes are influenced by N-related processes and vice versa, mostly via
biological processes driven by rice plants and various types of microbes in rice paddy
ecosystems. It is therefore highly possible that changes in the C cycle caused by e[CO2] and
climate change affect the N cycle, and changes in the N cycle provide feedback to the C cycle.

Many processes are involved in N cycling in rice paddies (Fig. 12), including i) N input:
fertilization (chemical fertilizers or manure), application of crop residues from elsewhere,
irrigation, biological N fixation (BNF), and atmospheric deposition (wet and dry N deposition);
ii) N output: harvesting (grains and residues taken away), overflow, leaching, gas emission
accompanied with denitrification, NH3 volatilization, and open-field burning (emissions of N-
containing gases and particles); and iii) internal processes in rice paddies: accumulation and
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decomposition of soil organic matter (accompanied by N immobilization and mineralization),
nitrification, denitrification, and adsorption and desorption of inorganic N, particularly
ammonium. In the future, natural N-related processes will be influenced by e[CO2] and climate
change. In this regard, anthropogenic practices, such as N fertilization to promote rice production
and residue management, are potential options to control the C and N dynamics (e.g., emissions
of CH4 and N2O) in rice paddy ecosystems under e[CO2] and climate change.

A 3-year project focusing on N aspects more than on N as fertilizer (FACE-N) was conducted
during 2010–2012 at the Tsukuba facility. This project included 3 topics with 19 subtopics. The 3
topics were exchanges of reactive N (N compounds other than inert molecular N [N2]) between
rice paddies and the atmosphere, effects of e[CO2] and warming on N processes in a rice paddy
ecosystem, and modeling of the N cycle in a rice paddy ecosystem. A subsequent 3-year project
during 2014–2016 (FACE-CxN) is underway at the Tsukuba facility; its main objectives are to
quantify the relationships between N availability and CH4 dynamics (production, oxidation, and
emission) and to elucidate the mechanisms behind these relationships. Below we summarize our
current understanding of the N processes such as BNF, N deposition, and NH3 volatilization, and
hot topics to be addressed in the near future.

Among the natural N-related processes, BNF is responsible for the largest N input to rice
paddies, owing to the activity of various types of microbes that possess an N fixing enzyme
(nitrogenase), collectively called N fixers. The theoretical maximum total BNF level in rice
paddies is estimated to be 170 kg N ha–1, which is the sum of theoretical maximum N fixation by
free-living phototrophic (70 kg N ha–1), free-living heterotrophic (60 kg N ha–1), and rhizosphere-
associated (40 kg N ha–1) microorganisms (Roger and Ladha, 1992). This potential rate is higher
than the current application rate of N fertilizers for single rice cropping in Japan, which is
typically 60–80 kg N ha–1. Direct measurement of BNF is difficult because of the difficulty in
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Fig. 12 Schematic view of the N-related processes in rice paddy ecosystems with respect to the N budget



measuring the downward N2 flux in the atmosphere containing 78% N2. Labeling with a stable N
isotope (15N) is an excellent approach to measure the N2 flux directly; however, this approach is
practically very difficult to apply in open-field studies such as FACE experiments. Two proxies
are used instead, acetylene reduction activity (ARA) and the change in total N content. The
former estimates the gross BNF rate by measuring the ethylene production rate using the
property of nitrogenase to reduce acetylene to ethylene. The latter approach gives the net BNF
rate during relatively long time intervals (a week to a month) by measuring changes in the total N
contents of soils.

It is known that e[CO2] increases BNF rates measured as ARA (Hoque et al., 2001). However,
this knowledge was obtained from paddy soils that were destructively sampled, and the in-situ
BNF response to e[CO2] and warming and its mechanisms have not been examined yet. ARA
was measured in the laboratory for intact soil cores sampled at the Tsukuba facility in the
cropping seasons of 2011 and 2012. Although e[CO2] significantly increased ARA 96 days after
transplanting, this effect was reduced by warming (the increase was 15% in the control plots and
8% in the warmed plots); in this experiment, N fertilizer was applied at 8 g N m–2. Combined
effects of e[CO2] and N fertilization were also investigated for the following treatments: N0, no
N fertilizer applied; N8, N fertilizer applied at 8 g N m–2; and N12, N fertilizer applied at 12 g N
m–2. The increase in ARA caused by e[CO2] was 15% (N0), 9% (N8), and 14% (N12) in 2011
and 2% (N0), 25% (N8), and 61% (N12) in 2012. Investigation in 2012 showed that soil cores
that did not include rice roots had low ARA values throughout the cropping season, with no
e[CO2] responses. The ARA values of soil cores that included rice roots showed no significant
correlations with either root weight per unit volume or the soil labile C content, contrary to a
hypothesis that e[CO2] enhances activity of heterotrophic N fixers by increasing rhizodeposition.

The net rates of N fixation by free-living microorganisms at the paddy soil surface (at a depth
of 0–1 cm) under submerged conditions were measured at the Tsukuba facility in 2012 (Hayashi
et al., 2014b). Open-incubation of soil was conducted in subplots without N fertilizer from 28
May to 18 August (82 days), after which rice plants were transplanted in the same subplot so that
soil for incubation was isolated from rice roots using open bottles. The changes in total N in the
surface soil compared with the initial total N content. The cumulative net N fixation during the
82-day study period was 47.1 ± 3.7 (mean ± standard error) kg N ha–1 in the FACE plots and 43.3
± 5.8 kg N ha–1 in the ambient plots. The difference between the FACE and ambient plots was not
significant (p = 0.05) (Hayashi et al., 2014b). We expect that e[CO2] will further affect
associative N fixation by heterotrophs by increasing rhizodeposition. 

Human activities result in reactive N emission to the atmosphere. The emitted reactive N is
eventually deposited on the Earth’s surface through atmospheric transport and a variety of
chemical reactions in the atmosphere. Atmospheric deposition of reactive N (referred to as N
deposition) includes wet deposition with rain and snow and dry deposition of gaseous and
particulate reactive N directly to the ground surface. Thus, increases in human-induced
emissions of reactive N to the atmosphere result in increased N deposition. The maximum N
deposition in Japan is estimated to be about 20 kg N ha–1 yr–1 (Hayashi and Yan, 2010), excluding
extreme cases such as areas adjacent to NH3 emitters such as livestock facilities. Anthropogenic
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increases in N deposition may result in N overload in natural ecosystems; in particular,
eutrophication of oligotrophic ecosystems and the attendant loss of their biodiversity are of
concern. The effects of changes in N deposition on the nutritional status of rice paddy
ecosystems seem to be small because of large anthropogenic N input such as fertilization. Even
so, quantification of N deposition at rice paddies is useful to evaluate the N budget and to obtain
necessary information to be used as the input data for numerical models of the N cycle and
benchmark for future predictions. Two-year monitoring of air concentrations and fluxes of
reactive N (gases: NH3, nitric acid, and nitrous acid; particles: particulate ammonium and
particulate nitrate) on a weekly mean basis was conducted at the Tsukuba facility (Hayashi et al.,
2013b). Special attention is needed to monitor dry deposition of reactive N, because chemically
diverse gases and particles with different physicochemical properties relevant for deposition are
involved, as well as gas-to-particle conversion or gas particle interconversion. In this regard,
ammoniacal N (NH3 and particulate ammonium) is of particular importance; NH3 is occasionally
emitted from rice paddies to the atmosphere, and conversion between NH3 and particulate
ammonium causes errors in flux measurements (Hayashi et al., 2012; Hayashi et al., 2013a). We
should quantify both dry deposition and emission to evaluate the N budget by the
atmosphere–rice paddy exchange. The annual net N deposition at the rice paddy was 13.0 (first
year from middle September 2010) and 11.7 (second year from middle September 2011) kg N
ha–1 yr–1. The largest component was wet deposition of ammonium (5.3 and 4.7 kg N ha–1 yr–1,
respectively) followed by wet deposition of nitrate (4.5 and 3.4 kg N ha–1 yr–1). As to dry
deposition, the largest component was NH3 deposition (3.1 and 3.8 kg N ha–1 yr–1) but it was
counterbalanced by NH3 emissions (4.3 and 2.0 kg N ha–1 yr–1); in total, net emission of 1.2 kg N
ha–1 yr–1 in the first year and net deposition of 1.8 kg N ha–1 yr–1 in the second year.

Nitrate in submerged paddy soils is easily lost via denitrification activated under anaerobic
conditions, and paddy rice is an ammonia-philic plant. Therefore, N fertilizers applied to rice
paddies contain ammoniacal N including urea, hydrolysis of which releases NH3. However,
application of ammoniacal N might induce NH3 volatilization loss. Incorporation of applied N
fertilizer into the plowed layer efficiently inhibits NH3 volatilization, whereas surface application
of N fertilizers, urea in particular, induces NH3 volatilization loss, which is occasionally
significant (Hayashi et al., 2006; Hayashi et al., 2008b). Not only CO2 and water vapor but also
NH3 can diffuse through stomata. Although ammoniacal N that plants uptake is a source of N as
a macronutrient, NH3 emission from plants to the atmosphere takes place when soil is
sufficiently rich in N and the atmospheric NH3 level is lower than the NH3 level in stomatal
cavity (compensation point for NH3); some data support emissions of NH3 by rice plants
(Hayashi, et al., 2008a; Hayashi et al., 2011). By contrast, a laboratory experiment has shown
that the NH3 compensation point of rice plants (cv. Koshihikari) is considerably lower than that
of other crops; rice plants can hardly actively emit NH3 at ambient NH3 levels (Miyazawa et al.,
2014). Determination of the sign and magnitude of the atmosphere–rice plant NH3 exchange and
elucidation of possible effects of e[CO2] and climate change on this exchange will be a subject of
future studies.

There are other hot topics to be addressed. One concerns the complicated processes of
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nitrification and denitrification with special emphasis on N2O production, consumption, and
atmospheric emissions (Yano et al., 2014; Hayashi et al., 2015). These processes are entirely due
to the activities of microbes interacting with rice plants and paddy soils. The other topic is N
mineralization, which provides available N to rice plants and microbes in the form of
ammonium. N mineralization accompanies organic matter decomposition in soil, which will be
accelerated by warming. Acceleration of N mineralization seems beneficial for rice production in
the short term, but would result in a long-term degradation of soil fertility.

5. Future Challenge for Rice FACE Experiments

Studies conducted at the Tsukuba facility aimed at finding not only rice cultivars that increase
yield in response to e[CO2], but also those that maintain high grain quality under e[CO2] and
warming. In addition to changes in average temperatures, climate change also causes extreme
weather, which is a serious threat to rice production. Rice sterility due to heat stress is a recent
important concern of Japanese rice production. Elevated [CO2] reduces transpiration by reducing
stomatal conductance (Yoshimoto et al., 2005), which increases the plant body temperature.
Thus, we are very concerned that a combination of e[CO2] and heat stress will cause heavy yield
losses. Introduction of cultivars tolerant to heat stress is also an important subject.

Vigorous research on microbes in rice paddy ecosystems has been conducted, particularly at
the Tsukuba facility (Ikeda et al., 2015; Okubo et al., 2014; 2015). Interdisciplinary studies of
microbial ecology and C and N dynamics are also underway; in particular, a study on the
responses of CH4 dynamics to e[CO2] and N availability with respect to microbe–plant
interactions is ongoing. Note that CH4 we measure at the paddy surface reflects the difference
between production (methanogenesis) and consumption (CH4 oxidation), both of which depend
on different microbial groups and are affected by environmental changes via microbe–soil–plant
interactions (Hayashi et al., 2015). Thus, elucidating the mechanisms of the responses of
methanogenesis and CH4 oxidation to environmental changes is indispensable for disentangling
the enigma of how e[CO2] and climate change will perturb CH4 emissions from rice paddies in
the future.

Much still remains unexplained about how N-related processes in rice paddy ecosystems
respond to environmental changes. Furthermore, even the data on actual conditions are
insufficient, particularly for BNF (which provides the largest N input from the atmosphere to rice
paddies) and N2, N2O, and nitrogen monoxide emissions following denitrification (which are
responsible for the largest N loss from rice paddies to the atmosphere). Both BNF and
denitrification depend on microbial activity. Similar to the research necessary to understand CH4

dynamics, future studies to elucidate the mechanisms of the responses of these processes to
environmental changes will require focusing on microbe–soil–rice interactions.

Development of numerical models of rice production and CH4 dynamics in rice paddies is also
an important research topic, which is progressing (Fumoto et al., 2008; Li et al., 2015). As a pilot
study that should help address future challenges in model development, the FACE-N project
verified a process model for rice paddy ecosystems (DNDC-Rice) with respect to improving the
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description of N-related processes in the model (Katayanagi et al., 2013), improved the model
with special emphasis on describing the aspects of atmosphere–land interactions (SOLVEG)
relevant to enhancing reproducibility of the reactive N exchanges between the atmosphere and
rice paddies (Katata et al., 2013), and analyzed seasonal changes in stomatal conductance of rice
plants on a plant-community scale, which should be useful to complement wide-scale
observations by remote-sensing techniques (Ono et al., 2013).

FACE studies are environmental manipulation experiments under actual open-field conditions.
Complementation with growth chamber and laboratory experiments, which allow variation
factors to be narrowed down, is indispensable for revealing the mechanism of each key process.
We expect that uncertainties in predictive ability of numerical models will be greatly reduced by
incorporating the knowledge obtained from these studies into the models in combination with
wide-scale monitoring data derived from observations using towers, aircraft, and satellites. We
hope that FACE studies will continue to contribute to the establishment of a knowledge base of
environmental change impacts and the development of mitigation and adaptation options to
achieve win-win-win relationships among the rice production and the C cycle and N cycle
aspects of rice paddy ecosystems under future environmental changes.
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Abstract

The effect of changing the planting date on rice production was simulated by using Decision
Support System for Agrotechnology Transfer (DSSAT 4.5) software for both off-season and main
season in the area of MADA under expected climate change. Daily weather data on maximum and
minimum temperature, solar radiation and rainfall up to year 2080 were obtained from the Malaysian
Meteorological Services which are generated from climate model i.e. Providing Regional Climate for
Impacts Studies (PRECIS). Simulations using DSSAT 4.5 were then carried out to predict yield
production under projected weather conditions to analyse the impact of weather trends on yield.
Results showed that averaged seasonal daily solar radiation and seasonal total rainfall have the most
significant impact on annual yield production. DSSAT 4.5 was applied again to simulate future rice
production grown in MADA area for offseason and main season under five different planting dates.
Results show that generally for the main season, shifting planting date increased rice productions
whereas for the off-season, rice production decreased when planting date shifted. This can be
identified as a non-cost climate change adaptation strategy for rice cultivation in MADA area.

Keywords: climate change adaptation, DSSAT 4.5, planting date, PRECIS, rice production

1. Introduction

Malaysia, located in South East Asia, lies between 1˚N and 7˚N of the equator, and 99.5˚E and
120˚E. The country experiences relatively uniform temperatures throughout the year with the
temperature in the lowlands ranging between 21˚C at night and 32˚C during the day. The daily
mean temperature is between 26˚C and 28˚C (Anonymous, 2011). Malaysia receives abundant
rainfall with average annual rainfall ranging from about 2,000 mm to 4,000 mm (Anonymous,
2011). Rice is one of the most important crops in Malaysia as rice is the staple food for the
country. In Malaysia, the actual farm yields vary from 3–5 t ha–1, whilst potential yield estimated
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is around 7.2 t ha–1 (Singh et al., 1996). The most popular rice varieties used among farmers in
Malaysia is MR 219 besides MR 220 and MR 232. This choice is based on the varieties potential
high yield, resistant to disease, better taste (soft and fragrant rice) and short maturity period
(Shaidatul Azdawiyah et al., 2014). However, due to the effects of climate change, the average
temperature for the country is projected to rise by 0.3˚C to 4.5˚C (Mohamad Zabawi, 2010). The
optimum temperature for rice cultivation in Malaysia is between 24˚C and 34˚C and the optimal
average annual rainfall is not less than 2,000 mm per year (Radziah et al., 2010). 

Higher temperatures will reduce crop yields due to reduction rate of photosynthesis, increase
of respiration process and also a shortened vegetative and grain-filling period (Radziah et al.,
2010). This may eventually reduce the yield and rate of productivity. Farmers can adapt to
climate change to some degree by shifting planting dates, choosing varieties with different
growth duration or changing crop rotations (Wassman and Dobermann, 2007). Many studies
found that changing the planting date of rice could be a very good solution to improve rice yield
under the impacts of climate change (Desiraju et al., 2010). In Vietnam, there is a need to change
rice crop sowing dates and management procedures to optimise rice yield under climate
conditions (Salim, 2009). The sowing date of spring rice is to be advanced by 15–25 days while
the sowing date of summer rice is to be delayed by 20–25 days (Salim, 2009). In India, the rice
yield can be improved when the sowing date of rice was advanced (Krishnan et al., 2007).

Scientific studies, typically based on computer models, have been used to examine the effects
of postulated climate and atmospheric carbon dioxide changes on specific agroecosystems. A
number of modelling studies of the likely effects of climate change on rice have emerged. The
most commonly used approaches, methodology and tools applied are the analytical approach,
mathematical modelling, remote sensing (GIS), surveys and field trials (Mohamad Zabawi,
2010). Generally, climate change models applied to the agriculture sector are non-existent and
non-empirical formation in most cases. Information has been drawn from past and present
literatures, statistical data and existing farm data. Currently two basic methods have been used to
estimate the effect of climate on crop production namely structural modelling of crop and farmer
responses combining the agronomic response of plants with the management decisions of
farmers (Matthews et al., 1997), and spatial analogue models that exploit observed differences in
agricultural production and climate among regions (Darwin and Tol, 2001).

Decision Support System for Agro-technology Transfer (DSSAT) was developed by the
International Benchmark Systems Network for Agro-technology Transfer (IBSNAT). DSSAT
has been used since 15 years ago by researchers around the world in an effort to establish a
system of best crop management to maximise the production of yield. DSSAT includes 16 types
of crop growth model in which the soil and weather data can be accessed with specific crop
management data that can be used to predict the growth rate and the expected results that may be
acquired (Jones et al., 2003; Sarkar, 2006).The latest version of DSSAT crop model used
presently is DSSAT 4.5. The model involved in DSSAT 4.5 is CERES-Rice model which is
specified only for rice (Jones et al., 2003). Actually, CERES-Rice has been applied and its
effectiveness extensively evaluated in Asia (Timsina and Humphreys, 2006). CERES-Rice
simulate growth and yield, taking into account the influence of weather, plant genetics, soil water
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content, carbon and nitrogen content and crop management systems, irrigation and fertiliser
(Ritchie, 1998). Timsina and Humphreys (2006) concluded that the CERES-Rice has
successfully predicted the important dates in the process of growth and yield of rice after
reviewing the results of application of CERES-Rice in the rice and wheat in Asia and Australia.
Similar studies by Dharmarathna et al. (2014) showed that shifting planting date forward by 1
month in Sri Lanka increased yield production up to 120 kg ha–1. In addition, simulation analysis
for developing strategies for adapting rice to climate change scenarios emphasised low-cost
adaptation strategies, which include improved crop variety, improved crop management,
efficient utilisation of irrigation and fertiliser, increased seed replacement by the farmers and
increased fertiliser application (Aggarwal et al., 2010). Therefore, the main objective of this
study was to understand the effect of different planting dates towards the yield production of rice
under changing climate conditions in Malaysia.

2. Materials and Methods

This study was conducted at MADA area, Kedah, Malaysia. MR 219 was used for planting as
this variety is the most popular among farmers. Rice cultivation activity is based on the norms by
MADA. Rice yield variations were analysed for five different planting dates: (1) planting on 1st
April for off-season and on 1st October for main season – base condition; (2) advanced the
planting date by 7 days; (3) advanced the planting date by 14 days; (4) delaying the planting date
by 7 days; and (5) delaying the planting dates by 14 days. Daily weather variables for MADA
area up to 2080 were obtained from the Malaysian Meteorological Services where they used a
regional climate model named Providing Regional Climate for Impacts Studies (PRECIS) to
generate daily weather data needed for running the DSSAT model. The PRECIS outputs that
were used in the DSSAT model include daily maximum temperature (TMAX), daily minimum
temperature (TMIN), daily incoming solar radiation (SRAD), and daily rainfall. The DSSAT
modelling system is an advanced physiologically based rice crop growth simulation model that
has been applied widely to understand the relationship between rice and its environment. The
model involved is CERES-Rice model which is specific only for rice (Jones et al., 2003). The
model can be used to determine duration of growth stages, dry matter production and portioning,
root systems dynamics, effect of soil water and soil nitrogen content photosynthesis, carbon
balance and water balance (Basak, 2009). 

Besides, DSSAT takes in amounts and timing of application of non-labour and non-equipment
production factors such as seeds and fertiliser, as well as detailed data on inherent soil quality
and climatic conditions. It then employs physical and biophysical models of soil-plant
atmosphere interactions to simulate day by day the biological growth responses, measured
precisely under laboratory conditions (Felkner et al., 2009). A detailed description of the model
was provided by Ritchie (1998) and Hoogenboom et al. (2003). Growth duration of plant is
governed by thermal time and is expressed in growing degree days (GDD). 

(1)
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Where Tdi is the daily averaged temperature and Tbase is the base temperature. The base
temperature is considered as 9˚C for rice. The biomass production is calculated within the model
as follows:

PCARB = RUE X IPAR (2)

IPAR = PAR X [1 – e (–K *LAI)] (3)

CARBO = PCARB X Min (PRFT, SWDFI, NDEFI, 1) (4)

Where PCARB is the potential biomass production in g m–2 day–1; RUE is the radiation use
efficiency in g MJ–1; PAR is the photo synthetically active radiation in MJ m–2 day–1; IPAR is the
fraction PAR intercepted by the plants; K is the extinction coefficient (0.65 for rice); LAI is the
green leaf area index; CARBO is the actual biomass production in g m–2 day–1; PRFT is the
temperature reduction factor (0 or 1); SWDFI is the soil water deficit factor (0 or 1) and NDEFI
is the nitrogen deficit factor (0 or 1) where 0 represents the maximum deficit and 1 is for no
deficit (Hoogenboom et al., 2003).

3. Results and Discussion

The DSSAT model was calibrated and validated by using previous yield data on selected rice
area under study which was provided by MADA, and past climatic details were obtained from
Malaysian Meteorological Department (1998 to 2007). Fig. 1 shows the comparison of observed
and simulated rice yield for calibration and validation. Yield productivity was simulated in
DSSAT by using projected daily weather conditions. The projected averaged seasonal daily
temperature in Fig. 2 shows marginally increasing trend where the highest temperature value is
31.6˚C for the main season in year 2074, while the lowest value is 31.6˚C for the off-season in
2012. The value of R2 shows that averaged seasonal daily temperature does not show a
significant increasing trend (R2 = 0.3908). Temperature affects rice growth in two ways firstly; a
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Fig. 1 Calibration and validation for yield simulation



critically low or high temperature defines the environment under which the life cycle can be
completed. Secondly, within the critically low and high temperature range, temperature
influences the rate of development of leaves and panicles and the rate of ripening, thereby fixing
the duration growth of a variety under a given environment and eventually determining the
suitability of the variety to the environment (Siwar et al., 2009). Generally, optimum temperature
for rice cultivation is between 24–34˚C. If the temperature increases above the tolerance limit,
potential production of rice will be mainly negative due to reduction in photosynthesis, increase
respiration and shorten vegetative and grain-filling period. Surface air temperature has direct
effect on yield, particularly on increasing total crop biomass. It determines crop photosynthesis
and respiration losses, both of which contributed to yield and plant biomass (Peng et al., 2004).
Temperature projected is between the ranges of 24.42-33.98˚C, therefore it will not show
significant impacts towards yield production. 

Another important climate variable is daily SRAD. Projected averaged seasonal daily SRAD
(Fig. 3) also shows marginally increasing trend with the highest value recorded is 25.8 mJ m–2 for
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Fig. 2 Seasonal averaged daily temperature projected

Fig. 3 Seasonal averaged daily solar radiation projected



the off-season in year 2078 and the lowest value recorded is 19.08 mJ m–2 for the main season in
year 2048. The value of R2 shows that seasonal daily solar radiation does not show a significant
increasing trend (R2 = 0.1138). SRAD is one of the main factors influencing biomass and yield
production and its quality besides other factors associated with prolonged SRAD in the phase of
stem elongation and grain filling while low intensity of SRAD during grain filling phase
negatively influences grain yield (Trnka et al., 2001). The yields are correlated with the solar
energy received during the 45 days that precede the harvest. Mitin (2009) described the effects of
solar radiation as more profound under conditions of which water, temperature and nitrogenous
nutrients are not limiting factors. 

Similar to average seasonal daily SRAD projected, seasonal total rainfall projected also shows
marginally increasing trend with the highest value is 100 mm for the main season in year 2079,
whereas the lowest value is 963 mm for the main season in year 2068 (Fig. 4). The value of R2

shows that seasonal total rainfall does not show a significant increasing trend (R2 = 0.0525).
Normally, rice is grown as lowland crop with standing water as well as upland crop under rainfed
conditions. Rice crops use large quantity of water for cultivations. The crops stand water logged
conditions. Water is a major constituent of plant tissue as reagent for chemical reactions and
solvent for translocation of metabolites. Therefore, water deficit may affect many of the
physiological processes such as photosynthesis and transpiration resulting in reduced growth and
contributes towards low grain filling (Samonte et al., 2001).Water deficit may affect rice growth
and reduces grain yield and quality (Crusciol et al., 2008). In Malaysia, total rainfall which is
high ensures continuous and direct supply of water to many of the rainfed areas. Under rainfed
cultivation systems, the optimum rainfall required is not less than 2,000 mm per year. Total
rainfall projected for every season is between the ranges of 100 – 970 mm which is very low and
definitely will affect yield productivity. 

Simulations then were carried out to predict yield production under the projected weather
conditions to analyse the impact of weather trends on yield (Fig. 5). The value of R2 shows that
simulated yield production for every year does not show a significant increasing or decreasing
trend (R2 = 0.2720). Generally, it can be concluded simulation results suggest that weather trends
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Fig. 4 Seasonal averaged total rainfall projected



projected up to 2080 does not have a clearly significant impact on rice productivity. However,
there is unexpected yield production reduction in the year 2012 and 2020 where the yield
simulated is below 4 t ha–1. Therefore, simulations were carried out to analyse the impact of
weather variable trends on yield. Of the four climatic factors used (TMAX, TMIN, rainfalls and
SRAD), there are two factors which have the most significant impact on annual production based
on the projected values obtained. These two factors are averaged seasonal daily SRAD and
seasonal total rainfall. 

SRAD in the forms of sunshine contributes significantly to growth development and yield
production as it controls photosynthesis process. Similarly to sunshine, water also plays a major
role in plant development. In Malaysia, rainfed area relies on rainfall distribution as the main
water source for irrigation. Averaged seasonal daily maximum and minimum temperatures are
not one of the factors as the value temperature recorded is between 24˚C and 34˚C which are
considered as in the range of optimum temperature for rice growth (Singh et al., 1996). Based on
the graph (Fig.6), reduced in potential yield productivity simulated likely to occur due to the
projected averaged daily solar radiation for the year 2012 and 2020 (both main season) were
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Fig. 5 Simulated potential yield productions

Fig. 6 Potential yield simulated and averaged daily solar radiation projected



below 20 mJ m–2. In addition, Fig. 7 shows that projected seasonal total rainfall may also
influence the reduction in potential yield productivity simulated even though the effects seems to
be minimal as compared to the effects by the reductions in projected averaged daily solar
radiation.

Simulations then were carried out for another four cases to examine the effect of planting date
on the potential yield production: (1) shifting the planting date backward by 7 days; (2) shifting
the planting date backward by 14 days; (3) shifting the planting date forward by 7 days; (4)
shifting the planting date forward by 14 days. Simulated potential yield production for all the
four cases over the simulation period from 2010 to 2080 were averaged into 10-year periods and
plotted to compare the yield variations (Fig. 8 and Fig. 9). Based on simulations, rice production
will not be significantly affected by the climate trend over the next 70 years. Generally, shifting
planting date either backward or forward does affect yield production depending on the season.
For the main season, shifting planting date increased yield production. Rice production increased
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Fig. 8 Potential yield production variations for main season and off-season

Fig. 7 Potential yield simulated and seasonal total rainfall



when shifting the planting date backward by 14 days in 5 ranges out of 7 ranges; 4 ranges out of
7 ranges when shifting the planting date backward by 7 days; 5 ranges out of 7 ranges when
shifting the planting date forward by 7 days and 4 ranges out of 7 ranges when shifting the
planting date forward by 14 days. In the other hand, for the off-season, shifting planting date
decreased yield production. Rice production decreased when shifting the planting date either
backward or forward by 7 days or 14 days in ranges 7 out of 7 ranges.

4. Conclusions

The effect of changing the planting date for rice productivity in MADA area was investigated.
PRECIS was used to generate daily weather data up to 2080. DSSAT model was used to simulate
rice yield under four conditions for off-season and main season. Simulations generally showed
that for main season, shifting planting date increased rice productions whereas for off-season,
rice production decreased when planting date shifted. Therefore, shifting planting date for main
season is recommended as a non-cost climate change adaptation strategy for rice cultivation in
MADA area.
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Abstract

One of the proven strategies to help rice farmers to enhance their resilience to climate change is to
diversify their production. Hence, PhilRice is popularizing an integrated farming system, popularly
called as Palayamanan, wherein various farming activities (vegetable production, aquaculture,
poultry, livestock, biomass waste utilization, etc.) are integrated with rice production. In this system,
biochar from rice husk is utilized in various farming activities. Among others, it is used as animal
bedding in poultry and livestock, suppressing foul odor while facilitating urine and manure
collection. The excreta-saturated biochar is then applied into the soil as soil conditioner and as
additional source of plant nutrients. This paper reports a new system of producing biochar from rice
hull. In particular, it reports a carbonization system wherein the heat generated during the process is
recovered and used as source of energy in various farming activities for additional income and reduce
fossil fuel dependence. Requiring no electricity, this system operates in continuous mode with almost
smokeless emission. Various heat recovery attachments were developed for cooking, baking or
drying farm products, pasteurizing mushroom fruiting bags, extracting essential oils from medicinal
plants and heating poultry houses. Current researches are also being done to make use of this heat as
source of energy for household lighting. 

Keywords: biochar, carbonizer, integrated farming system, Palayamanan, rice-based farming

1. Introduction

The impacts of climate change in the Philippines, being considered as one of the most
vulnerable countries in Southeast Asia (Yusuf and Francisco, 2009), are becoming more apparent
and devastating. Climate-related natural disasters such as drought, floods, and storms are the
principal sources of risk, uncertainty, and losses in agriculture and those heavily affected are
farmers who rely on rice farming for a living. A significant number of these farmers are living
below the poverty threshold and thus considered highly vulnerable (Eriksen and O’brien, 2007). 

One of the proven strategies to help farmers cope up with climate change is to diversify their
sources of income through other farming activities (Snidvongs, 2006; Lasco et al., 2011; Tesso et
al., 2012; Reddy, 2015), not only relying on the climate-sensitive rice production. At the farmers’
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level, resiliency can be based on the availability of resources to satisfy their basic needs
especially during the time of crisis (Adger et al., 2003). Because of this, PhilRice is extending an
integrated farming system, now popularly called as Palayamanan, wherein other farming
activities (vegetable production, aquaculture, livestock, biomass waste utilization, etc.) are
integrated with the rice production (Corales et al., 2004). In the Palayamanan, biochar from rice
husk is fully utilized in various activities. Among others, it is used as bedding in livestock
production, suppressing foul odor while facilitating urine and manure collection. The excreta-
saturated biochar is then applied as soil conditioner and as additional source of plant nutrients.
Biochar, commonly used in the production of organic fertilizers, has also been globally
recognized as a means of combating global warming by holding carbon in soil and by displacing
fossil fuel use (Lehmann et al., 2006). Hence, to help popularize the use of biochar as well as
enhance farmers’ productivity and income, an improved system of carbonizing rice hull and
other agricultural wastes was developed (Orge, 2010). Specifically, it is a system that is clean
(smokeless emission) and will make use of the generated heat for various applications in the
farm (Fig. 1), particularly those applications that would provide farmers opportunities for added
income and would reduce their dependence on fossil energy. 

2. Development of Rice Hull Carbonization with Heat Recovery System

1) Continuous-type Rice Hull (CtRH) Carbonizer
The CtRH carbonizer is a device developed to process rice hull into biochar (carbonized rice

hull). Its development started in 2010 (Orge, 2010; Orge and Abon, 2011) but further
improvements had been made (Orge and Abon, 2012) until a working and marketable prototype
was developed in 2013 (Fig. 2). Unlike most existing rice hull carbonizers, it can operate in
continuous mode with almost smokeless emission and has provisions to recover the heat
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Fig. 1 Potentials of biomass carbonization



generated during its operation. The heat, equivalent to an average of 4.5 kW based from actual
water boiling tests, is stable, signifying that it does not require much attention during its
operation. Thus, with appropriately designed attachment and while producing biochar, farmers
can use this carbonizer for processing high value products for generating additional income. This
carbonizer has been tried to carbonize other biomass like chopped rice straw, coconut husk, and
wood (Table 1) except that smoky emission was observed hence need some modifications in
terms of regulating the amount of air involved in the process, among other things.

2) The Carbonizer-attached High Volume Cooker
The cooking attachment (Fig. 3) was primarily developed for farmers who want to sell cooked

products such as boiled green corn, banana, peanut, etc. along the country roads (which is
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Fig. 2 Continuous rice husk (CtRH) carbonizer

Table 1 Performance of the CtRHcarbonizer using materials other than rice husk (Orge and Abon, 2012).



common in the Philippines) and for those that operate food stalls. Few units of it are now in the
hands of selected farmers for pilot testing. One is a group of housewives in Aurora province
wherein it is used for cooking salted eggs while producing biochar as ingredient of organic
fertilizer. It is equipped with a regulating valve that allows the user to control the amount of heat
(Table 2) which is needed in cooking rice and other related food processing operations.

3) Carbonizer-attached Baking/drying Oven
This is another attachment developed to recover and utilize the heat generated from the

operation of the CtRH carbonizer for adding value to the farm products (Fig. 4). It was designed
in such a way that the temperature inside its chamber can be manually controlled so that it can
cater to various temperature requirements of the product to be baked, roasted or dried. With
slight modification of some parts, it is possible for an electronic device to be installed to
automatically control and maintain the temperature. Laboratory tests showed that the
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Fig. 3 Carbonizer with cooking attachment (left) and cooked salted eggs (right)

Table 2 Water boiling performance at different settings of the regulating valve (Boyles and Orge, 2015).



temperature inside the oven could reach up to 250 °C (Fig. 5). It has been tested and found to
perform very satisfactorily on roasting/cooking the following products: roasted chicken, fish,
husked corn, banana cakes, and macaroons. Current efforts are geared towards pilot testing it by
interested farmers, including a group of farmer-housewives in Zambales province who have
signified interest to use it in drying barbeque sticks. Drying of the freshly-made barbeque sticks
is a common problem they encounter during rainy season since they only rely on the heat of the
sun to dry their products.

4) Carbonizer-based Poultry Heating System
This was developed through a collaborative undertaking with a rice farmer-poultry grower in

Nueva Ecija province, who was interested to make use of the heat for heating poultry house. This
farmer has two poultry houses, each equipped with automatically-controlled heating system
making use of LPG as fuel. The developed carbonizer-based heating system (Fig. 6) was
successfully retrofitted in the poultry house. Results of test trials conducted under actual
operating conditions showed that the carbonizer can be used as an alternative source of heat for
poultry. With it, a poultry grower can significantly save heating expenses while generating
additional income from the carbonized rice hull which can be mixed with the co-produced
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Fig. 4 Carbonizer-attached dryer/oven and one of its products (roasted chicken)

Fig. 5 Temperature profile of inside the oven at two valve settings (Orge and Boyles, 2015)



poultry manure as ingredients of organic fertilizers. Since LPG is being replaced with rice hull,
in addition to biochar as by-product, greenhouse gas emission is also prevented thus helping
contribute to climate change mitigation. 

5) Carbonizer-attached Mushroom Pasteurizer
Mushroom production is an important component of the Palayamanan. This heat recovery

attachment was developed to further improve the system of producing mushrooms, utilizing the
heat generated by the CtRH carbonizer. A working unit is currently being used in the mushroom
production at PhilRice-Central Experiment Station in Nueva Ecija province with a batch
capacity of 500 fruiting bags (Fig. 7). Currently, PhilRice is producing mushroom as part of its
regular income-generating activities. Additional units of this mushroom pasteurizer will soon be
established in various PhilRice stations, for use in their respective mushroom production
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Fig. 6 CtRH carbonizer equipped with a heat recovery attachment for heating poultry. Graph at the
right shows the temperature profile inside and outside the poultry house

Fig. 7 Mushroom pasteurizer coupled with a CtRH carbonizer



business, while at the same time monitoring its performance prior to its commercialization. 

6) Distilling Apparatus
This is an accessory to the high volume cooking attachment that can be used for the

production of essential oils from herbs or medicinal plants (Fig. 8). It can also be used for the
production of distilled water for drinking when the supply of potable water is limited, especially
during incidence of calamities. Results of exploratory tests also indicate that, with minor
modifications, its design can potentially to be used in the production of diesel fuel from plastic
wastes. 

7) Carbonizer-water Pump System
A proof of concept had been developed showing that the heat generated by the CtRH

carbonizer can also be used for pumping water (Fig. 9). It is on the process of further
development by improving the method of converting water into steam (which drives the jet
pump) to make it much safer to use by farmers. Results of tests showed that, while producing
biochar at 9.1 kg h–1, the system could pump water at an average rate of 15.5 L min–1 (Table 3).
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Fig. 8 Carbonizer-attached distilling
apparatus

Fig. 9 Carbonizer-water pump undergoing field test

Table 3 System performance of the carbonizer with and without the pump system (Orge and Abon, 2011).



3. Conclusions

The CtRH carbonizer and its attachments offer a lot of potential in providing opportunities for
farmers to be more productive, efficient, and income earner. The cogeneration of biochar and
heat would create a more sustainable farming practice since they fit in various activities within
the farm. Aside from being a carbon sink (climate change mitigation), biochar helps improve soil
condition and fertility which would translate into reduced use of inorganic fertilizers while
maintaining higher crop yields and, ultimately, sustained higher income of the farmers. The
otherwise-wasted heat, on the other hand, would satisfy the energy requirements of the various
processes needed to sustain farming operations and/or create income-generating activities.
Research works are also currently being done to utilize this heat for generating electricity for
household lighting. By making farmers earn extra income from the same piece of land they till,
they can be more financially capable to respond to the various climate-related challenges thus
enhancing their resilience.
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Abstract

Agro-ecosystems of South Asia are characterized by high diversity at both the species and genetic
levels and are highly vulnerable to climate change. In addition to human-induced pressure, climate
change has exerted severe pressure on the globally significant biodiversity in many countries,
especially in the South Asian region. It is imperative to manage the biodiversity in agro-ecosystems
in a sustainable way and to use it systematically to cope with environmental challenges such as
climate change. Agricultural biodiversity (agrobiodiversity) provides many benefits within
production systems, contributing directly to production and productivity, ecosystem function, and
human well-being. The sustainable use of genetic resources for food and agriculture in the wake of
climate change will be the foundation for many of the strategies required to ensure long-term food
security in the South Asian region. Maintaining this diversity of crop plants and farm animals and
their wild relatives will not only protect the agriculture system from total failure, but it could also be
used by breeders to develop new crop varieties and farm animal breeds to cope with climate change.

Keywords: agro-ecosystems, biodiversity, climate change, food security, South Asia

1. Introduction

Climate change poses a formidable challenge via widespread impacts on human and natural
systems. Each of the last three decades has been successively warmer at the Earth’s surface than
any preceding decade since 1850 (IPCC, 2014). Over the period 1880–2012, the average of the
combined land and ocean surface temperature at the global scale has shown a warming of 0.85
˚C (0.65 to 1.06 ˚C). According to the World Meteorological Organization (2014), 14 of the 15
hottest years were reported since 2000 and each successive decade since 1980 has been warmer
than the previous one. The decade 2001–2010 was recorded as the warmest decade ever, and
2014 was the hottest year on record.

The human influence on the climate system has been clearly highlighted by recent studies
(IPCC, 2014). The recent anthropogenic emission of greenhouse gases, which is the main factor
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determining global warming, has been the highest in the history. A report by the Asian
Development Bank (Ahmed and Suphachalasai, 2014) stated that South Asia, where nearly 33%
of the population of 1.5 billion is still living in poverty, faces a major challenge due to climate
risks resulting in significant economic, social, and environmental damage, thus compromising
their growth potential and poverty reduction efforts. The mean sea level increased by 0.19 m
during the last century and is projected to rise even faster during the 21st century (IPCC, 2014).
Seasonal melting of major ice sheets and glaciers has accelerated during the recent past, and
significant areas of snow cover have permanently disappeared. These changes in global climate
could lead to negative physical and socio-economic outcomes around the globe. Sustainable
Development Goal (SDG)-13 of the United Nations, under the 2030 Agenda for Sustainable
Development (United Nations, 2015), regards “climate action” and highlights the need to combat
climate change and its impacts during the 2015–2030 period.

The Convention on Biological Diversity (CBD) defines biodiversity as “the variability among
living organisms from all sources including, inter alia, terrestrial, marine and other aquatic
ecosystems and the ecological complexes of which they are part; this includes diversity within
species, between species and of ecosystems” (CBD, 2015). Biodiversity is determined by many
factors, including mean climate conditions and climate variability, as well as disturbance regimes
caused by changes of tectonic, climatic, biological, anthropogenic, and other origin. It is now
generally accepted that global biodiversity will be significantly affected by climate change,
although its precise impacts are still unclear. Food production depends on biodiversity and the
services provided by ecosystems, as different crop varieties and animal breeds are founded in the
rich genetic pools of species. Biodiversity is also the basis for soil fertility, pollination, pest
control, and all aspects important for producing the world’s food. 

At the global scale, governments have already made a number of commitments to protect
biodiversity. A key achievement was the adoption of the United Nations’ Strategic Plan for
Biodiversity 2011–2020 and the Aichi Biodiversity Targets (CBD, 2010). The strategic plan set
out its vision as follows: “By 2050, biodiversity is valued, conserved, restored and wisely used,
maintaining ecosystem services, sustaining a healthy planet and delivering benefits essential for
all people.” The plan highlights the importance of conserving biodiversity to ensure ecosystem
health, services, and resilience. The importance of the strategic plan and its Aichi targets was
reaffirmed by governments at Rio+20, and the United Nations General Assembly has
encouraged Parties to consider it in the elaboration of the post-2015 United Nations development
agenda. The SDG-15 regarding “life on land” (United Nations, 2015) aims to “protect, restore
and promote sustainable use of terrestrial ecosystems, sustainably managed forests, combat
desertification, halt and reverse land degradation and halt biodiversity loss.”

Agriculture and food systems are at the center of debates around post-2015 development goals
and targets. Hunger and food insecurity remain as the major challenges and development
priorities at the global scale. The situation has been made worse by climate change, price
volatility and over-consumption in wealthy countries (Sustainable Development Knowledge
Platform, 2015). Current food systems are capable of producing adequate food for all. However,
the existing practices place major stress on environmental assets including soils, water, fisheries,
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and biodiversity. Although the technical solutions available to meet these challenges are well
advanced, their implementation and adoption have not succeeded due to failure in understanding
and appreciating the political and economic systems, as well as the social barriers to these
changes.

This paper deals mainly with the agricultural biodiversity (agrobiodiversity) in Asia, South
Asia, and Sri Lanka. We particularly highlight the impact of climate change on the precious
genetic resources in agro-ecosystems in the selected regions.

2. Biodiversity in Asia, South Asia, and Sri Lanka

Asia occupies only 8.6% of the world’s land area but is home to over 60% of the global
population. South Asia covers about 4.4 million km2, which is 10% of the Asian continent.
Overall, South Asia accounts for about 34% of Asia's population (or over 16.5% of the world's
population). The population in Asia and South Asia is growing quickly, and many of the
countries are considered poor.

The countries of Asia have great biodiversity importance and richness, ranking with South
America as the richest place on Earth for variety of living forms; hence these regions contain
some of the most important biodiversity hotspots in the world. Specifically, for an area to be
considered a biodiversity hotspot it must: (i) contain at least 1500 species of vascular plants as
endemics (species found nowhere else on Earth) and (ii) have lost at least 70% of its original
habitat (Conservation International, 2012). Of the world’s 34 recognized biodiversity hotspots,
eight are in Asia (Fig. 1) (Mittermeier et al., 2004). These hotspots cover the entire region of the
Association for South East Asian Nations and the Western Ghats of India, Sri Lanka,
southwestern China, and the eastern Himalayan countries of Nepal, Bhutan, and India. The
Hengduan Mountain area of China is the richest temperate ecosystem in the world.
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Biodiversity in Sri Lanka is considered to be the richest per unit area in the Asian region with
regard to mammals, reptiles, amphibians, fishes, and flowering plants, surpassing several mega-
diversity countries such as Malaysia, Indonesia, and India. Sri Lanka’s exceptionally high
biodiversity is due to the broad range of ecosystems it carries and the diverse species those
ecosystems harbor (Ministry of Environment and Renewable Energy, 2014). The rates of
endemism of both flora and fauna species are very high. For instance, around 28% of Sri Lanka’s
3154 species of indigenous angiosperms are endemic to the country (Weerakoon, 2012), and
among the faunal species, the highest endemism is seen among freshwater crabs (98%),
amphibians (86%), land snails (81%), reptiles (59%), freshwater fishes (55%), and spiders (51%)
(Table 1). The global importance of Sri Lanka’s biodiversity is highlighted by the fact that it has
four forests recognized as Natural World Heritage Sites and four Biosphere Reserves within
UNESCO’s World Network based on their exceptional biodiversity value due to high endemism.
Furthermore, six RAMSAR Convention sites identified in Sri Lanka show the importance of the
country’s wetland ecosystems.

Humans mobilize approximately 40% of the total primary production on land per annum,
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exerting a heavy pressure on biodiversity. Estimates show that more than 40% of the world’s
economy and 80% of the needs of the world’s poor are derived from biodiversity (MacKinnon,
2015). This alone emphasizes the huge dependency on biodiversity and the need for its wise
management. On the other hand, biodiversity of the Asian region is increasingly threatened by
the demand generated by rapid economic development. With pressures on biodiversity
escalating, it is not surprising that one-third of all the threatened species are found in Asia
(International Union for Conservation of Nature, 2009). Table 2 shows the status of plant and
animal species in Asia’s biodiversity hotspots.

3. Benefits and Value of Biodiversity in Asia and South Asia

The benefits derived from biodiversity can be grouped into four categories: (i) direct
harvesting, including plants or animals for food, fodder, medicine, fiber, dyes, fuel, construction
materials, and other uses; (ii) social values, including aesthetic, cultural, recreational, education,
and research benefits; (iii) ecosystem services such as climate regulation, flood and drought
control, consistent water supply, nutrient recycling, natural pest control, pollution cleansing, and
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soil generation; and (iv) development potential, through domestication, development and
improvement of genetic resources, and biotechnology. The total value of these products and
services is enormous, and as a whole it contributes substantially to the economy. For example, in
2009, Asia provided wood products valued at US$28.4 billion, representing 27.4% of the world’s
total, and non-timber forest products, such as rattan and bamboo, valued at US$7 billion,
representing 37.8% of the world’s total (FAO, 2010b). The value of biodiversity for China alone
has been estimated at US$257–421 billion per annum (Council for International Cooperation on
Environment and Development. 1996), which totals to US$5000 billion (State Environmental
Protection Agency, 1998). Asia also has the most productive freshwater fisheries in the world,
which make a significant contribution to the national economies, improve food security as a
source of protein, and provide a livelihood for the rural poor (Baran et al., 2008). According to
the FAO (2010b), Asia contributes 66.4% of global inland fisheries production. The marine
ecosystems in Asia provide significant economic goods and services that contribute to the
livelihoods, food security, and safety of millions of people (World Resource Institute. 2011).

Components of biodiversity provide fresh water for domestic and industrial uses and underpin
the socio-economically vital areas of agriculture and livestock production, fisheries, forestry,
tourism, traditional medicine, and several important manufacturing industries. For example, Sri
Lanka’s biodiversity provides a wide range of ecosystem services, which include providing fresh
water, ameliorating the climate, reducing soil erosion, regulating surface runoff, and providing
biological resources for subsistence use as well as domestic and export-oriented markets.
Biodiversity of the coastal and marine ecosystems of Sri Lanka provides over 65% of the animal
protein requirement of the country. Thus, many components of biodiversity are vital to meet the
consumptive and economic needs of the society.

4. Biodiversity in Agro-ecosystems

Agriculture is the largest global user of biodiversity. Selection and value addition to wild
biodiversity have occurred for more than 10,000 years of agrobiodiversity management.
Agrobiodiversity contributes significantly to reduce malnutrition, alleviate poverty, and combat
challenges from climate change. This diversity has been in decline over the years and is now in
danger of disappearing. Agro-ecosystems and agrobiodiversity help to sustain livelihood security
at the local, national, and global levels by providing a range of goods and services including
food, fodder, climate change mitigation, biodiversity conservation, and water quality options.
Farmers and farming communities play an important role in the preservation and conservation of
these resources and ecosystems. However, the role of agriculture in the provision of ecosystem
services depends on the incentives available to the ecosystem. At present, incentives are
designed to pay for the goods rather than the services provided by agricultural ecosystems.

Agrobiodiversity remains the main raw material for agro-ecosystems to cope with climate
change because it contains the reservoir of traits for both plant and animal breeders and farmers
to select resilient, climate-ready germplasm and produce new cultivars or breeds. The traditional
farming systems in Sri Lanka are the results of centuries-long evolution of production systems to
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suit local conditions. Agrobiodiversity in any form can only be effectively maintained and
adapted with the human management systems that created it, including indigenous knowledge
systems and technologies, specific forms of social organization, customary or formal law, and
other cultural practices (Marambe  et al., 2012).

Sri Lanka has a high diversity of traditional varieties of rice, vegetables, and cash crops that
are clearly resistant to diseases and insect pests and are well suited for the various soil and
climatic conditions on the island. The nation also has many wild relatives of rice and other crops
in farmers’ holdings, forests, and wetlands, amounting to 410 species (Fonseka and Fonseka,
2010). Of these, 289 species are indigenous and 77 are endemic to the island. This diverse gene
pool can be used in crop breeding programs to enhance crop production and food security for the
nation. The development of the livestock sector in Sri Lanka is based on cross-breeding or
grading up of local stocks of cattle, goat, swine, and poultry with imported high-yielding breeds.
The main target of this effort is to preserve the characteristics of local poultry and livestock as
much as possible while improving the productivity. Local livestock breeds are more resistant to
disease and parasites than imported breeds, are well adapted to local conditions, and have low
nutritional requirements.

5. Loss of Biodiversity and the Underlying Drivers

Biologically diverse ecosystems, apart from providing basic ecosystem services like climatic
stabilization and carbon sinks, are also a vital resource for technological development in
agriculture, pharmaceuticals, and value addition. The loss of biodiversity reduces an ecosystem’s
ability to adapt to change and is an issue of profound concern for its own sake. Biodiversity also
underpins the functioning of ecosystems that provide a wide range of services to human
societies. Its continued loss, therefore, has major implications for current and future human well-
being. This is of concern to nations in South Asia such as Sri Lanka, where the country’s
exceptionally rich biodiversity is central to its national identity and is required to maintain the
numerous ecosystem services essential for the 21 million people living there at present and
future generations.

Habitat destruction, such as habitat conversion, degradation, and fragmentation, is linked to
biodiversity decline in the South Asian region. In spite of the implementation of conservation
and reforestation projects, the rates of deforestation and forest degradation are still high in the
region. The relatively recent widespread deforestation and the associated fragmentation of
natural habitats are expected to accelerate biodiversity decline in the coming years. In broad
terms, habitat destruction processes are driven by a combination of proximate and underlying
factors. Proximate factors of biodiversity loss are those human activities that directly affect
habitats, such as agricultural expansion, biofuel production, wood extraction, infrastructure
development, and biomass burning. They operate mainly at the local scale. In addition, the
underlying drivers include population growth, poverty, urbanization, policy failures, institutional
failures, trade, and globalization, as well as climate change and variability. In contrast to
proximate factors, the underlying drivers of biodiversity decline can operate at scales ranging
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from the national to the global. Other processes that contribute to biodiversity loss in the region
include biodiversity overexploitation and the introduction of invasive species.

Over the period 2002–2009, nearly 2500 species in Asia and the Pacific were recorded in the
Red List of the International Union for Conservation of Nature as “critically endangered”,
“endangered,” or “vulnerable” (UNEP, 2010). Thirteen of the 34 biodiversity hotspots
designated by Conservation International are also in this area (East Melanesian Islands,
Himalayas, Indo-Burma, Japan, mountains of southwestern China, New Caledonia, New
Zealand, Philippines, Polynesia-Micronesia, southwestern Australia, Sundaland, Wallacea, and
Western Ghats and Sri Lanka). Compared to the global average, mammals have suffered the
steepest increase in risk of extinction in South and Southeast Asia.

6. Climate Change and Biodiversity Loss in Asia and South Asia

The potential impacts of climate change are of considerable concern worldwide and have been
given due consideration by both the CBD and the United Nations Framework Convention on
Climate Change. The findings of the Intergovernmental Panel on Climate Change (IPCC) and the
attention given to this subject by the Conference of Parties to the CBD suggest that, although
there are potentially serious threats to biodiversity, it is possible to adapt to climate change while
conserving biodiversity. Climate change is likely to be an additional threat to agricultural
biodiversity, increasing genetic erosion of landraces or ecotypes and threatening wild species,
including crop wild relatives. The IPCC has reported that, globally, up to 30% of species are at
increasing risk of extinction, whereas approximately 15 to 40% of ecosystems are being affected
by climate change. Changes in temperature and precipitation mostly affect the key components
of biodiversity such as the individual organisms, populations, species distribution, and
ecosystem compositions and functions.

Scientists have estimated that rice production in Asia could decline by 4% due to altered
timing and magnitude of rainfall leading to drought or flood injury to rice crops (Swaminathan,
2009). Thomas et al. (2004) estimated that 15–37% of wild plant biodiversity would be
threatened with extinction by 2050 due to climate change. Jarvis et al. (2008) predicted that up to
61% of Arachis species, 12% of potato (Solanum) species, and 8% of Vigna species could
become extinct within 50 years. Hence, analogue crop areas for many future climates should be
promising locations to focus on collection and conservation of crop genetic resources (Lenne and
Wood, 2011). The FAO has predicted that climate change could cause up to 10% reduction in
staples such as rice and more than 10% reduction in millet and maize production (FAO, 2010a).
Localized extreme events and sudden pest and disease outbreaks are already resulting in greater
unpredictability of production from season to season and year to year, and require rapid and
adaptable management responses. Grain harvests in China may also drop by 37% by 2050 due to
weather extremes, whereas extreme drought (i.e., doubling in severity and frequency) in
northeastern China could result in 12% crop losses (or 13.8 million t) by 2030.

Climate change will cause heat stress and reduce feed intake of farm animals, thus influencing
both growth and reproduction. High-output breeds, on which more than 90% of world’s livestock
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and poultry production depends, are more susceptible to heat stress (IPCC, 2014). The areas and
incidence of diseases and parasites will be increased, causing greater exposure of farm animals.
In addition, the expected adverse effects on crop yields and quality will seriously affect animal
diet composition. Changes in community composition of microorganisms and crop pests and
diseases will create additional problems. The impact of climate change on freshwater ecosystems
will modify the habitat characteristics and alter the distribution and abundance of species now
found in those environments. These threats exacerbate the ongoing threat to river systems in
Asia due to existing dams and plans for construction of more dams in the future. Sea level rise is
another consequence of global warming that will influence freshwater ecosystems and species.
As saltwater intrudes upon freshwater areas, only salt-tolerant species will be able to adapt to
these changes. Climate change can alter flowering/fruiting and flushing in forest species and
crops, and disrupt the breeding and reproduction of wild fauna and livestock (FAO, 2010a;
Ministry of Environment and Renewable Energy, 2014). The inordinate spread of invasive
species (Marambe, 2008; Marambe et al. 2009; 2014; Silva, 2009) inevitably leads to an increase
in the number of threatened indigenous species and species extinctions. Changes in rainfall
regimes due to climate change could lead to pronounced water scarcity, droughts, and floods that
will disrupt cropping cycles and cause socio-economic upheavals among farming communities,
affect human well-being, and impede national development ( Ministry of Environment and
Renewable Energy, 2014).

In the context of South Asia, climate change will have a major impact on the biological
resources of the region, including agricultural biodiversity and availability of water. A 2 ˚C
temperature rise and 7% increase in precipitation has been estimated to cause a 3% loss in net
farm revenues (Jerath et al., 2009). This can seriously undermine the economy of the South
Asian region. Grain harvests in South Asia have also been predicted to drop by 30% by 2050 due
to weather extremes (Lenne and Wood, 2011). In Bangladesh, for example, reductions in
production could be as high as 17–28% for rice and 31–68% for wheat (Karim et al., 1999) due
to increased temperature. Reduction of monthly rainfall by 100 mm could reduce productivity of
tea by 30–80 kg per hectare (Wijeratne et al, 2007). Extended dry spells and excessive cloudiness
during the wet season can reduce coconut yield, with annual losses of US$32–73 million.
However, during a high rainfall year, the economy could gain by US$42–87 million due to high
coconut yields. Future projections on coconut yield suggest that production after 2040 may not
be sufficient to cater to local consumption (Eriyagama et al., 2010). It has also been suggested
that climate change will have a significant impact on smallholder profitability. Reductions in
precipitation during key agricultural months in Sri Lanka can be devastating for farmers. At the
aggregate level, a change in net revenues of between –23% and +22% can be expected,
depending on the climate change scenario. These effects will vary considerably across
geographic areas from losses of 67% to gains that more than double current net revenues.

Fisheries production is one of the many ecosystem services that disappear when a reef is
affected. When water is too warm, corals expel the algae (zooxanthellae) living in their tissues,
causing the coral to turn completely white (NOAA). In the central Indian Ocean, such bleaching
has been shown to have direct impacts on 90% of the traditional artisanal fishing communities
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(Cesar, 2004). Initial studies estimate that dead, crumbling reefs could lose 50% of their fisheries
value. In 1998, coral bleaching was estimated to cost as much as US$8 billion in the Indian
Ocean in terms of fisheries, tourism loss, and reduced coastal protection (Cesar, 2004).

7. Synthesis

Climate change could alter natural systems connected to the water cycle, ecosystems, and
biodiversity of a country or a region, leading to the decline of many ecosystem services that are
indispensable for the welfare of human populations. As a phenomenon with impacts looming at
the global, regional, national and local levels, climate change calls for multiple actions at all
levels. Agro-ecosystems are characterized by high diversity at both species and genetic levels,
suggesting that they have a relatively good potential to adapt to climate change. High crop
genetic diversity is especially useful for adapting to climate change, which is already being felt
in the agricultural sector. Over-reliance on a handful of crops and livestock place global food
security at a higher risk, especially in the context of climate change. It is imperative to manage
agrobiodiversity in a sustainable way and to use it systematically to cope with environmental
challenges. Collecting samples of endangered species to be preserved in gene banks will be the
primary step, but also protecting the habitats where they thrive is essential to ensure the in situ
evolutionary processes of wild species contributing to agrobiodiversity.

Minimal efforts are in place with respect to mainstreaming of agricultural activities toward
conservation of agrobiodiversity and eliminating rural poverty. There is a need to provide
traditional varieties of both plants and livestock to promote biodiversity conservation and to
strengthen community-level crop and livestock improvement programs (e.g., participatory plant
and livestock breeding) toward establishing community seed banks and farms. A lack of
responsible institutions with coordinated action, together with necessary funds and staff, makes
it difficult to mainstream these activities. 

The wealth of traditional knowledge that exists in South Asia, especially in Sri Lanka, was
hardly recognized or harnessed in the past for development (e.g., agriculture) or biodiversity
conservation. It is now increasingly recognized that the traditional wisdom and the lifestyles of
people with minimal demands on natural resources must play a vital role to ensure sustainable
development while conserving nature. This aspect is of particular importance in the areas of
agriculture, control of pests/parasites and plant/animal diseases, and curative purposes for
humans and livestock, especially to face the exigencies of climate change. 

Habitat modifications due to changing rainfall patterns and temperature threaten the range,
distribution, and diversity of terrestrial species. High temperature and prolonged drought may
increase the risk of forest fire, which will also threaten species and habitats. Rising temperatures
affect flowering and seasonality and have particularly dramatic effects at high latitudes and
elevations. Thus, climate change will have a disproportionate impact on alpine and high-
elevation areas, including significant effects in the Himalayas and the Tibetan plateau, the
sources of much of Asia’s freshwater supply. Food is very much a product of biodiversity, and
biodiversity can play a major role in the development of crop and animal agriculture in the
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future. The rich genetic diversity that exists within indigenous crops and livestock species offer a
great potential for genetic improvement. Traditional varieties of crops that are acclimatized to
various climatic conditions, wild relatives of crops, and indigenous livestock breeds offer
potential to address challenges that may arise for agriculture in the future. Conserving
agrobiodiversity and the systems in which these species occur, as well as conserving traditional
knowledge associated with agriculture and livestock rearing, are increasingly important for
developing the agriculture sector in the face of climate change.

The consequences of biodiversity loss of this magnitude are profound. Most significant is the
destruction of species and ecosystems that are vital for the functioning of global life support
systems. Others are loss of wild relatives of crop plants and domesticated animals that serve as
gene banks when economically valuable breeds have to combat disease or adapt to climate
change. Many species with potential medicinal or economic value may also become extinct
before they are discovered. Developing countries, which are the main repositories of global
biodiversity, do not have the financial and technical resources to manage and conserve their
indigenous biological resources, which exacerbates biodiversity loss. Developed countries
contribute to biodiversity loss by providing lucrative markets for timber from tropical forests,
ornamental fish, and other endangered species. While the ultimate prerogative for conservation
and management of a country’s biodiversity lies with its national government, the global
implications of continued biodiversity loss have resulted in increased international cooperation
to strengthen national efforts. International efforts comprise bilateral and multilateral financial
assistance for biodiversity conservation, international treaties, and conventions such as the
Convention on International Trade in Endangered Species, the Convention on Wetlands of
International Importance (RAMSAR Convention), and, most significantly, the CBD. The links
between biodiversity and climate change run both ways: biodiversity is threatened by climate
change, but the proper management of biodiversity can reduce the impacts of climate change.
There is ample evidence that climate change has already affected biodiversity and will continue
to do so. The Millennium Ecosystem Assessment ranks climate change among the main direct
drivers affecting ecosystems and their biodiversity.

The genetic diversity of the plants and animals in the South Asian region provides a range of
options that would be extremely valuable for climate change adaptation. Hence, one of the most
important ways of coping with the impact of climate change on food security is to maintain a
diversity of crop plants and farm animals and their wild relatives. This will not only protect the
agriculture system from total failure in extreme climate events, but also help in the development
of new crop varieties and farm animal breeds to cope with the challenges of changing climate.

Being cognizant of the detrimental impact of climate change on ecosystems services,
biodiversity and agrobiodiversity, and food security, Asian countries have taken many initiatives
to deal with climate change impacts with a strong level of policy support. For example, the
Government of Sri Lanka has established the Climate Change Secretariat (CCS) under the
Ministry of Mahaweli Development and Environment, which is also the national designated
entity for the United Nations Framework Convention for Climate Change, to spearhead activities
in the national initiative. The CCS has made two major achievements, namely, the development
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of the National Climate Change Adaptation Strategy for Sri Lanka 2011–2016 and adoption of
the National Climate Change Policy formulated in 2012. The National Climate Change
Adaptation Plan is currently nearing completion. All these documents have given due
recognition of the need to safeguard the country’s precious biological resources under a changing
and variable climate.
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Abstract

Paddy fields provide several ecosystem services such as flood control, groundwater recharge, air
and water purification, soil erosion and landslide prevention, climate change mitigation, and organic
waste processing. In addition, the role of paddy fields in biodiversity conservation and their
recreation and amenity value have been recently recognized. The area of paddy fields in South Korea
is currently 9660 km2, comprising 56% of total farmland area. But about 65% of the total paddy field
area has been subjected to land consolidation by 2004. This land consolidation has resulted in a loss
of natural channels and traditional irrigation ponds used as habitat for organisms living in paddy field
ecosystems, and has become one of the factors in the decline of biodiversity. In this chapter, we
introduce several case studies that we carried out to investigate ways of enhancing biodiversity in
paddy fields and the surrounding environment. A variety of farming practices (winter-flooding,
environment-friendly agriculture) and habitat restoration efforts (traditional irrigation pond) were
confirmed to improve the biodiversity of aquatic invertebrates, fish and water birds in paddy field
ecosystems.

Keywords: biodiversity, environment-friendly agriculture, irrigation pond, South Korea, paddy
ecosystem, winter-flooding

1. Introduction

Conservation of agricultural ecosystems is becoming increasingly important from the aspect
of enhancing biodiversity and for the construction of healthy ecosystems for sustainable
production. Consequently, the development of technologies or practices for the restoration of
these agro-ecosystems is needed.

One of the resolutions adopted at the 10th Meeting of the Conference of the Contracting
Parties to the Convention on Wetlands [in 2008] was to regard paddy fields as a type of human-
made wetland (Resolution X.31). Therefore, to find ways to enhance the biodiversity in paddy
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fields and the surrounding environment, we carried out several studies to assess paddy field
management technologies and practices and their effects on biodiversity. A paddy field
ecosystem possesses the unique characteristics of a semi-natural wetland ecosystem with
continuous artificial management (Elphick, 2000; Kadoya et al., 2009). The largest human-made
wetlands are paddy fields, which account for 18% of the total area of global wetlands (Yoon,
2009). Paddy fields provide several ecosystem services such as flood control, groundwater
recharge, air and water purification, soil erosion and landslide prevention, climate change
mitigation and organic waste processing (Kim et al., 2006; Natuhara, 2013). In addition, the role
of paddy fields in biodiversity conservation and their recreation and amenity value have been
recently recognized (Kim et al., 2006; Natuhara, 2013).

We examined three major methods with potential to enhance biodiversity in a paddy field
ecosystem: construction of small ponds as a biotope, winter flooding and introduction of
environmentally friendly farming practices.

2. Paddy Fields in South Korea

Farmland in South Korea amount to 17300 km2, or 17% of South Korea’s land area, in 2012.
The area occupied by paddy fields was 9660 km2, or 56% of the total area of farmland.  The area
of upland fields was declining until 1990 but has not changed significantly since then. On the
other hand, the area of paddy fields has been declining gradually since 1990 (Fig. 1). These
changes are due to the use of agricultural land for housing, buildings, roads, and fallow land.

From the viewpoint of agricultural biodiversity, the biggest change in South Korea’s
agriculture is the expansion in areas of land consolidation to increase rice production. Land
consolidation has been carried out on a nationwide scale since 1960 (Fig. 2). About 65% of
paddy fields had been consolidated by 2004. The expansion in the area of consolidated land has
resulted in a loss of natural channels and traditional irrigation ponds used as habitat for
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Fig. 1 Change in farmland area in South Korea (Source: KOSIS)



organisms living in paddy field ecosystems, and has become one of the factors in the decline of
biodiversity.

On the other hand, in 1998, the South Korean government proclaimed the inception of
Environment-Friendly Agriculture (EFA) with various policy incentives, and programs. The
government has established a policy to continuously expand EFA farming (Fig. 3). The area
occupied by EFA was about 7% of the total farmland area in 2013. There are two types of EFA
farming: non-pesticide and organic farming. Non-pesticide farming accounted for most EFA.
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Fig. 2 Change in area of land consolidation in South Korea (Source: KOSIS)

Fig. 3 Change in cereal crop production by Environment-Friendly Agriculture in South
Korea (Source: Organic Agriculture Information Center)



3. Effects of Efforts to Enhance Biodiversity

1) Winter Flooding
Winter-flooded fields are important for biodiversity because they provide a habit for migratory

birds. Winter flooding is also beneficial for other living things such as invertebrates and fish
inhabiting the paddy ecosystems. We investigated the changes in density of invertebrates
(individuals m-2) in paddy fields in the rice growing season (June-August) after winter flooding
to assess the effect of winter flooding on the paddy ecosystems (Kang et al., 2013). Samples in
the paddy fields were randomly collected using quadrat sampling. This was performed using a
rectangular plastic quadrat (height 20 cm, base 50x20 cm inside dimensions. We found that the
mean density of benthic macroinvertebrates in winter-flooded paddy fields (55755 individuals m-2)
was 2.7 times that in non-winter-flooded paddy fields (20352 individuals m-2) (Fig. 4).

Red worms (Tubificidae) are a key component of the soil fauna in wetland paddy field, and
play a major role in soil fertility by burying biomass. We investigated the red worm population
before (March-April) and after (June-August) the rice planting at winter flooded and non-winter-
flooded paddy fields (Han et al., 2013a). Samples were randomly collected using a soil core
sampler (height 20 cm, diameter 10 cm). Before the rice planting, the red worms in non-winter-
flooded paddy fields were not found, but that in winter-flooded paddy fields were 21046
individuals/m2. The red worms in non-winter-flooded paddy fields were found after irrigation
into the fields. After the rice planting, winter flooding in paddy fields also dramatically increased
the red worm population in the rice growing season (Fig. 5): the mean density in winter-flooded
paddy fields (171109 individuals m-2) was 190 times that in non-winter-flooded paddy field
(1007 individuals m-2).
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Fig. 4 Comparison of the density of benthic macroinvertebrates in non-winter-
flooded and winter-flooded paddy fields (Kang et al., 2013). Sampling period:
June-August of 2010 to 2013. The error bars are standard errors (n=3).



These results indicate that winter flooding affects the biodiversity of organisms living in paddy
fields during the rice growing season as well as in the winter.

Flooding paddy fields during winter can help increase the number of red worms, and can
enhance biodiversity and control weeds in paddy fields for organic farming. Early shallow
flooding of paddy fields could be a good agricultural practice to encourage the growth of red
worms.

2) Environment-Friendly Agriculture (EFA)
Today, EFA has become an important feature of agricultural policy in South Korea. The

government of South Korea enacted “Environment-Friendly Agriculture Fosterage Act” by
1997. The term “EFA” means agriculture producing safe agricultural, stockbreeding, or forest
products by using no chemical materials, or minimizing use of such materials, and maintaining
and preserving the agricultural ecosystem and environment. In the act, EFA products were
classified into organically grown, pesticide-free, and low-pesticide agricultural products. The
low-pesticide agricultural products were omitted in the Act amended on 2009. In 2015, the new
“Act on the management and Support for the Promotion of Environment-friendly
Agriculture/Fisheries and Organic Foods” consolidates South Korea’s organic regulation, and
sometimes referred to as the New Organic Regulations. The Minister of Agriculture, Food and
Rural Affairs, or the Minister of Oceans and Fisheries shall formulate a plan to promote EFA for
the development of EFA every five years, in consultation with the heads of relevant central
administrative agencies.

We introduce the study of Han et al. (2013b; c) related to EFA and biodiversity in paddy fields.
They investigated benthic macroinvertebrates and dojo loaches (Misgurnus mizolepis) in two
types of paddy field (an environment-friendly paddy field and a conventionally farmed paddy
field) in eleven regions from June to August, 2009, 2010, and 2011 for a community assessment
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Fig. 5 Comparison of the density of Tubificidae in non-winter-flooded and
winter-flooded paddy fields (Han et al., 2013a). Sampling period:
June-August of 2010 to 2013. The error bars are standard errors (n=3).



using numbers of individuals and species. According to their result, the EFA paddies had more
individuals and species of benthic macroinvertebrates than the conventionally farmed paddy
(Fig. 6). EFA farming also affected populations of dojo loach living in paddy fields (Han et al.,
2013c). The mean number of individuals of dojo loach caught/trapped per day in EFA paddy
fields was 2.2 times that in conventional paddy fields (Fig. 7). The population increased as the
number of Chironomidae and Copepoda individuals increased (Fig. 8). One of the reasons that
the numbers of dojo loach were higher in EFA fields is the greater abundance of food sources. In
addition, the increase in the dojo loach population will lead to an increase in the population of
water birds that feed on them.

3) Irrigation Ponds
Irrigation ponds are a type of palustrine wetland created to hold irrigation water, and are

commonly utilized in areas of East Asia where paddy field farming depends mainly on rainfall.
These ponds support the multiple functions of paddy field systems, including flood control,
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Fig. 7 Comparison of number of individuals of dojo loach in
environment-friendly and conventionally farmed paddy fields
(Han et al., 2013c). The error bars are standard error (n=8).

Fig. 6 Comparison of number of species (left) and mean total abundance (right) of benthic macroinvertebrates
in environment-friendly paddy fields and conventionally farmed paddy fields during 2009–2011 (Han et
al., 2013b). The error bars are standard errors (n=11).



groundwater recharge, and water pollution reduction, and also serve as a refuge for aquatic
organisms during midsummer and winter. Thus, they play important roles in the conservation of
paddy field ecosystems (Saijo, 2001; Harding et al., 2007; Kim et al., 2011). Unfortunately, since
the 1950s, most traditional irrigation ponds have disappeared as a result of improved irrigation
and drainage systems (Kim et al., 2011).

We assessed the role that irrigation ponds play in biodiversity conservation by investigating
benthic macroinvertebrates in paddy fields with and without irrigation ponds in five regions from
August to September from 2010 to 2012 (Choe et al., in press). In all regions, species richness
and density were significantly higher in paddy fields with ponds (Fig. 9). The species richness of
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Fig. 8 Correlation between the mean numbers of dojo loach caught per day and its food sources (Chironomidae
and Copepoda) (Han et al., 2013c).

Fig. 9 Comparisons of species richness and density (log10 transformation) in paddy fields
with and without irrigation ponds in each survey region (paired t-test, *p<0.05,
**p<0.01, ***p<0.001). Error bars are standard errors (Choe et al., in press).



Mollusca, Ephemeroptera, Odonata, and Coleoptera was significantly higher in paddy fields with
ponds, but that of the remaining taxonomic groups was not significantly different (Fig. 10).
Densities of Mollusca, Annelida, Ephemeroptera, Odonata, Hemiptera, Coleoptera, and Diptera
were significantly higher in paddy fields with ponds.

Various aquatic vertebrates and invertebrates use both ponds and paddy fields as habitat (Saijo,
2001; Mukai et al., 2005; Ohba and Goodwyn, 2010). In a study of the migration of aquatic
Coleoptera and Hemiptera, Saijo (2001) found that various aquatic insects moved between paddy
fields and irrigation ponds for living and reproduction. Irrigation ponds provide a more stable
habitat for aquatic organisms than paddy fields, which are temporary wetlands controlled
through the management of irrigation and drainage water for the cropping of rice, whereas
irrigation ponds are permanent wetlands. The irrigation ponds at the side of paddy fields play an
important role as a refuge site for aquatic organisms during periods of winter and midsummer of
paddy field drainage, and as a source of aquatic fauna in flooded paddy fields (Saijo, 2001;
Harding et al., 2007).

In all regions surveyed, it was shown that irrigation ponds enhance biodiversity. The effect
varied according to taxonomic group rather than region. This indicates that the effect of
irrigation ponds on biodiversity is related to the dispersal ability of organisms, and this can be
expected wherever irrigation ponds are created. Consequently, the study confirmed that the
creation of irrigation ponds is an effective method for maintaining and enhancing biodiversity in
paddy field ecosystems.
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Fig. 10 Comparisons of species richness and density (log10 transformation) for each
taxonomic group in paddy fields with and without irrigation ponds (independent t-
test, *p<0.05, **p<0.01, ***p<0.001; Mol.: Mollusca; Ann.: Annelida; Cru.:
Crustacea; Eph.: Ephemeroptera; Odo.: Odonata; Hem.: Hemiptera; Col: Coleoptera;
Dip.: Diptera). Error bars are standard errors (n=14). (Choe et al., in press)



4. Conclusions

Winter flooding, environment-friendly agriculture, and habitat restoration primarily increase
the biodiversity of aquatic invertebrates. This increase may lead to an increase in the biodiversity
of fish and water birds. We will continue our efforts to enhance the biodiversity of agricultural
ecosystems in South Korea, and will conduct long-term monitoring of agricultural ecosystems in
the future. Until now, we have focused on identifying the interaction between biodiversity and
agricultural ecosystems. From now on, we will make every effort to identify interactions
between climate change and agricultural ecosystems. To achieve this goal, we will first select
target taxonomic groups or species by referring to existing databases, experimental data,
specialist opinion, etc. Second, we will monitor the target species and meteorological condition.
Third, we will select environmental factors affecting the phenology and distribution of the target
species by analyzing of correlations between phenology and meteorological condition. And
fourth, we will project phenological and distributional changes of the target species under
various climate change scenarios.
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Abstract

To mitigate the detrimental environmental effects of modern agriculture, such as those from
chemical fertilizers and pesticides, environmentally friendly farming systems have been developed
and propagated. Such farming systems are expected to conserve both the wildlife inhabiting
agroecosystems and overall biodiversity. However, actually little is known about the effect of
environmentally friendly farming systems on biodiversity in agroecosystems. To address this issue,
the research project “Selection of functional biodiversity indicators and development of assessment
methods” was conducted in Japan across the 2008–2011 fiscal years. After the conclusion of this
project in March 2012, a manual was published that describes indicator animals and explains the
survey and evaluation methods used. This paper outlines the research project and describes some
examples of the manual’s contents.

Keywords: environmentally friendly farming, indicator animals, manual, parasitoids, predators

1. Introduction

Numerous species have become extinct during the last 100 years, and extinction is occurring
at a higher rate than ever before–more than 1000-fold that of the prehistoric mass extinction.
Therefore, the conservation of biodiversity is one of the most important issues in the 21st
century. The Convention on Biological Diversity (CBD) was adopted at the United Nations
Conference on Environment and Development (“the Earth Summit”) held at Rio de Janeiro,
Brazil, in 1992. The 10th Conference of the Parties to CBD (COP10) was held at Nagoya, Japan,
in October 2010. Following this meeting, biodiversity has become a term familiar to the
Japanese population. However, Japanese citizens often say that they do not fully understand
biodiversity or its usefulness. Indeed, people worldwide benefit from organisms and ecosystems,
and these benefits are called ecosystem services. Biodiversity provides various ecosystem
services such as food, fiber, and medical substances (together representing provisioning
services), as well as climate control, flood control, and water purification (regulation services)
(Millennium Ecosystem Assessment, 2005).

After the CBD was adopted, the National Biodiversity Strategy of Japan (NBSJ) was drafted
in 1995 by the Ministry of the Environment. The NBSJ was revised in 2002, 2007, and 2010, and
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the 2012–2020 version was drafted in 2012 (Ministry of the Environment of Japan, 2012). The
NBSJ defined four factors that threaten biodiversity and cause its crises: (1) human activities
including development; (2) reduced human activities; (3) artificially introduced factors; and
(4) changes in the global environment. The second and third crises are particularly relevant to

agriculture. Representative of the second crisis is the loss of biodiversity in rural landscapes
known as satoyama, a loss caused by the abandonment of management of farmlands and
surrounding lands. The third crisis concerns invasive alien species and agrochemicals. For the
conservation of biodiversity in agroecosystems, the NBSJ states that it is necessary to develop
biodiversity indicators that can be used to evaluate the effects of agricultural policies on the
environment and to improve our understanding of the role agriculture plays in biodiversity
conservation. This will encourage citizens to agree to the promotion of such policies. The
Ministry of Agriculture, Forestry and Fisheries also drafted a biodiversity strategy in 2007 and
revised it in 2012, which contains the same description.

Agroecosystems have occasionally provided habitats for wildlife, including some endangered
species. However, modern agriculture commonly has a detrimental effect on the environment,
such as through the use of chemical fertilizers and pesticides. To mitigate such effects,
environmentally friendly farming systems have been developed and propagated in Japan, as well
as in other countries. These environmentally friendly farming systems are expected to conserve
both the wildlife inhabiting agroecosystems and overall biodiversity. However, actually little is
known about the effect of these farming systems on biodiversity in agroecosystems. To address
this issue, a research project entitled “Selection of functional biodiversity indicators and
development of assessment methods” was conducted in Japan. After the conclusion of this
project in March 2012, a manual was published that describes indicator animals and explains the
survey and evaluation methods used (AFFRC, NIAES and NIAS, 2012). A PDF of the manual is
available [in Japanese] at the website of the National Institute for Agro-Environmental Sciences
(http://www.niaes.affrc.go.jp/techdoc/shihyo/). In this paper, I outline the research project and
describe some examples of the manual’s contents. In addition, I discuss the use of the identified
indicators.

2. Objectives and Outline of the Research Project

The objectives of the research project were to develop practical methods for evaluating the
effects of environmentally friendly farming systems on conservation and enhancement of
biodiversity, by identifying key indicator animals.

The main target indicators to be selected are organisms beneficial to agriculture, specifically
natural enemies of crop pests. Such natural enemies consist mainly of arthropod predators and
parasitoids. These functional groups account for a significant proportion of the species richness
recorded; for example, predators and parasitoids accounted for 54% (Kobayashi et al., 1973) or
64% (Settle et al., 1996) of the arthropod species richness in paddy fields. The intermediate
trophic levels in the food webs are comprised of these predator/parasitoid functional groups and
are supported by a diverse range of prey species at lower trophic levels. Simultaneously, species
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at higher trophic levels (e.g., vertebrates) are sustained by the abundance and diversity of these
same predator/parasitoid functional groups. Thus, the biodiversity of these functional groups
(functional biodiversity) is considered to represent the biodiversity of lower and higher trophic
levels to some extent, especially lower trophic levels (i.e., prey species). In addition, these
functional groups are useful in the practice of environmentally friendly farming, as they provide
the ecosystem service of natural pest control, thus reducing the need for the use of chemical
pesticides. Although the primary focus on natural enemies was as indicators, various other
arthropods were also surveyed during the research period, including neutral species and crop pests.

The research project was carried out for four years, across the 2008–2011 fiscal years. During
the first two years, candidate indicator animals were selected. During the final two years, the
indicator animals were chosen from these candidates and methods were developed to survey and
evaluate farms.

The basic methods of selecting indicator candidates were as follows. First, crop fields
covering both environmentally friendly farming and conventional farming practices were
selected. Next, animals (mainly insects and spiders) were surveyed in the selected crop fields.
The fauna and abundance of the animals were then compared between the selected fields.
Finally, animals found in greater abundance within environmentally friendly farming fields than
in conventional ones were selected as candidates for indicator animals. During the final two
years of the research period, the research team focused on investigating the selected indicator
candidates by surveying for them in additional crop fields. We examined the appropriateness of
candidate animals as indicators, specifically how well they represent the effects of
environmentally friendly farming, the ease of surveying for them in farmlands, and the ease of
identification. The team also attempted to establish simple methods for surveying them and
appropriate methods for evaluating them.

Seven national institutes, seven universities, and 26 prefectural institutes participated in this
research project. The study sites consisted of rice paddy fields, orchards, and vegetable fields
located throughout Japan (Fig. 1). The orchards and vegetable fields included citrus groves;
orchards (apple, Japanese pear, and peach); tea gardens; and cabbage, eggplant, green onion, and
soybean fields. Each study area was located in a major region for the production of each crop in
Japan.
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Fig. 1 Locations of the study areas for rice paddy fields (left) and orchards and vegetable fields (right).



3. Indicator Animals and their Evaluation Methods

1) Indicator Animals
Indicator animals were selected for each crop and for each of the six regions of Japan (Table

1). They were grouped by two field types: rice paddy fields and upland crop fields (including
orchards and vegetable fields). Most indicator animals are not single species but rather
taxonomic or functional groups consisting of several or more species, such as lycosid spiders and
predatory lady beetles. The reason for defining them as such groups was to make identification
easier. If the indicator were a single species, people who are not experts in taxonomy would not
reliably be able to accurately identify it to the species level. Additionally, identification of a
single species from many individuals observed or collected in the field will be time-consuming
work even for expert researchers. Table 1 shows common animal names that correspond to high-
level taxonomic groups and consequently contain many species. Importantly, however, these
names do not cover all species included within those groups, but do represent some specific
groups corresponding to each region. For example, dragonflies/damselflies (order Odonata) for
paddy fields represent several dragonfly species of the genus Sympetrum or several damselfly
species of the family Coenagrionidae as described below.

The indicator animals were classified into two categories based on the region in which they
can be applied. Nationally common indicators can be applied to most regions in Japan, whereas
regionally common indicators can be applied only to specific regions in Japan. The Japanese
Islands extend a long distance in the north–south direction, thus encompassing regions with
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Table 1  Nationally and regionally common indicator animals for paddy fields and orchards/vegetable fields
(AFFRC, NIAES and NIAS, 2012)



substantially different climatic conditions. It is surprising, therefore, that some indicator animals
are relevant to most regions in Japan, despite the different climatic conditions across the regions.

In paddy fields, two groups of spiders were selected as the nationally common indicators (Fig.
2). One is the Tetragnatha spiders belonging to the genus Tetragnatha. Eight species of
Tetragnatha, including T. maxillosa, T. caudicula, and T. extensa, are dominant in paddy fields
in Japan, with different species compositions depending on regions or climatic conditions
(Tanaka and Baba, unpublished data). They are web-building spiders that inhabit the upper parts
of rice plants and construct horizontal orb-webs. The other group contains spiders belonging to
the family Lycosidae. Two lycosid species, Pardosa pseudoannulata and Pirata subpiraticus, are
dominant in paddy fields in Japan (Tanaka and Baba, unpublished data). They are wandering
spiders that dwell on the lower parts of rice plants, as well as on the water surface or ground
surface. Both of these groups of spiders are abundant in paddy fields and known as important
predators of rice pests (Kiritani et al., 1972; Takada et al., 2012). Tetragnatha spiders were
especially common, and they were selected as indicator candidates for paddy fields in all study
areas. The Tetragnatha spiders are more susceptible to insecticides than other spiders (Tanaka et
al., 2000), and, consequently, they may be more vulnerable to conventional management of
paddy fields.

For orchards and vegetable fields, two groups of arthropods were selected as the nationally
common indicators (Fig. 3). The first is ground-dwelling beetles, mostly ground beetles of the
family Carabidae such as Amara chalcites and Chlaenius micans. The second group is spiders
that wander on the ground (including some members of the family Lycosidae), construct webs on
plants (including Araneidae and Agelenidae), or live directly on plants (including Thomisidae
and Salticidae). The selected nationally common indicators are all generalist predators and are
abundant in farmlands throughout Japan; they apply to most regions in Japan.

The regionally common indicators in paddy fields include dragonflies/damselflies (Odonata),
frogs, aquatic beetles (Coleoptera), and aquatic bugs (Hemiptera). The research team focused
primarily on arthropod predators and parasitoids as indicators. However, we did select some
frogs as indicators, because several species of frogs are abundant in paddy fields, and they are
predators of rice insect pests. In addition, they are paddy-dwelling animals familiar to Japanese
people. For the orchards and vegetable fields group, regional indicators include parasitoid wasps,
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Fig. 2 Examples of nationally common indicators, the Tetragnatha spider (left) and the lycosid spider
(right), for paddy fields.



predatory lady beetles, predatory stinkbugs, hoverflies, ants, predatory mites, and staphylinid
beetles. The abundance of these animals differed between regions, and hence they may be
common regionally.

2) Survey and Evaluation Methods
When surveying fields in a region, both the nationally common and the common indicators

specific to the region should be used. Next, fields should be surveyed and evaluated according to
the methods specified for each indicator, crop, and region. An example applied to the paddy
fields in the Kanto region is given in Table 2, which shows the indicator animals, methods of
surveying, and methods for scoring based on the survey results. The indicator animals in the
example belong to five groups. Two of the groups are nationally common indicators, (1)
Tetragnatha spiders and (2) lycosid spiders; three are regionally common indicators, (3)
Sympetrum dragonflies (adults or nymphal exuviae) or coenagrionid damselflies (adults), (4)
frogs of the Pelophylax porosus porosus or Rana japonica species group, and (5) aquatic beetles
(Coleoptera) and aquatic bugs (Hemiptera). For (3) odonates and (4) frogs, we have an option to
choose between two groups. These options are provided because the abundances of the
alternative groups differed between environmentally friendly farms and conventional farms. In
some areas, however, the population of either group was small, and in this case there was little
difference in its abundance between farms. Providing a choice of a more abundant group from
two alternative groups allows us to appropriately evaluate the farms in the area. In addition, for
the Sympetrum dragonflies, we have an option to choose adults or nymphal exuviae (Fig. 4). The
Sympetrum adults disperse from the paddy fields after they emerge in early summer. The
nymphal exuviae usually remain on rice plants even after their dispersal. Therefore, a count of
nymphal exuviae can be more representative of abundance than the number of adults recorded in
a field. However, it may be rather difficult for non-experts to find nymphal exuviae; the
investigators should choose between the two groups depending on their own abilities. For group
(5), aquatic beetles (Coleoptera) and aquatic bugs (Hemiptera), we must survey both groups.
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Fig. 3 Examples of nationally common indicators, a ground-dwelling beetle (left) and a spider
(right), for orchards and vegetable fields.
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Table 2  Indicator animals, survey methods, and scores to evaluate the surveyed fields applied to paddy fields in
the Kanto region (AFFRC, NIAES and NIAS, 2012)

Fig. 4 An adult (left) and nymphal exuviae (right) of a Sympetrum dragonfly.



This is because the combined abundance of both groups more accurately reflects the effects of
environmentally friendly farming than does the data from only one of these groups.

Once the indicator animals to be surveyed in the study fields are known, they should be
identified from among the animals living there. The manual includes pictures of representative
indicators and describes simple keys to identify them. Figure 5 shows an example identification
key for Tetragnatha spiders. They have a characteristic morphology, that is, long jaws and
long/thin body and legs. Thus, they can be easily distinguished from other spiders. Next,
investigators should learn the specific techniques to survey for the indicator animals in the fields.
Table 2 shows the names of survey methods and the survey sites in a field plot. The manual
includes details of necessary equipment and fully explains the survey methods. For example,
sweeping rice plants using an insect net should be the method used to collect Tetragnatha spiders
(Fig. 6), whereas pitfall traps should be used to capture ground-dwelling beetles and spiders (Fig.
7).

After the survey data are obtained, the fields are evaluated by assessing the abundance data
collected for the indicator animals. Continuing with the Kanto example (Table 2), we find a score
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Fig. 5 Simple keys to identify Tetragnatha spiders. A: male, B: female, C:
cephalothorax. The arrow indicates a long jaw.

Fig. 6 Sweeping rice plants with a sweep
net for surveying Tetragnatha
spiders in paddy fields.

Fig. 7 A pitfall trap for surveying ground-dwelling beetles and
spiders in orchards and vegetable fields. A plastic dish
is placed above the trap to prevent rain from falling into it.



for each of the five indicator animals, referring to the abundance data. The score ranges from 0 to
2. This scoring is based on the results of investigations on the candidate indicator animals across
many study sites during the last two years of the overall project. We assigned the abundance limit
for each candidate that discriminates between environmentally friendly farms and conventional
farms. This number was designated as the discriminant abundance. When abundance was within
a certain range around the discriminant abundance, a score of 1 is awarded; a score of 2 is
awarded for the abundance higher than the range, and 0 for the abundance lower than the range.
After the score for each indicator animal is obtained, the scores are summed to obtain the overall
score. Finally, the grade of the surveyed fields is calculated based on the overall score, as shown
in Table 3. The number of groups of indicator animals to be surveyed depends upon the region
and the crops being evaluated (e.g., five groups for paddy fields in the Kanto region). The overall
score depends on the number of indicator groups.
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Table 3  Grading based on overall score  (AFFRC, NIAES and NIAS, 2012)



4. Perspective on the Use of Indicator Animals

Indicator animals were selected and their evaluation methods were determined based on the
survey results from many study sites throughout Japan. For each crop, however, the number of
study sites was not sufficient to allow adequate data collection. This meant that some regions
were not surveyed for particular crops. Further investigations are required to confirm the validity
of the indicators and their evaluation methods in those regions and prefectures that have not yet
been surveyed. In addition, animal populations fluctuate yearly and vary regionally depending on
local climatic conditions and surrounding landscapes. It is also important to investigate the
effects of these factors on abundance of indicator animals and on this evaluation system.

It is expected that the manual and its description of using indicator animals will be utilized for
agricultural management, including the creation of policy and providing guidance on the scope
and extent of activities and site choice for relevant programs. Indicators can be used to assess the
effects of agricultural activities that attempt to preserve environments. For this purpose, we will
survey the indicators in areas where such activities are practiced. Indicators can also help us to
utilize functional biodiversity efficiently in order to aid environmentally friendly farming. For
this purpose, farmers or technical instructors will monitor the indicators and adjust farming
practices to conserve and enhance beneficial indicator groups, such as those that comprise
natural enemies to crop pests. These practices will enhance existing pest control.

These uses are expected to have several positive effects on the public. Consumers will better
understand the positive effects of environmentally friendly farming, increasing the purchase of
these crops. Farmers, working with the help of natural enemies to control crop pests, can take
more pride in their farming. For example, a group of farmers who were practicing environmentally
friendly farming in rice paddy fields surveyed the indicator animals according to the manual. The
evaluation of their fields resulted in a grade of A (see Table 3). They created an appropriate label
for this grade and labeled their packages of rice accordingly. This rice could be sold at a higher
price than standard rice produced by conventional farming. In addition, a subsidy has been
provided to the farmers who practice environmentally friendly farming. However, at present,
options of farming practice for which the subsidy is paid are still restricted. It is expected that the
use of indicators and the resulting effects described here will promote the use of environmentally
friendly agriculture.
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Abstract

Generalist predators provide important ecosystem services by suppressing the density of pest
insects, thus offering a sustainable solution to trade-offs between agricultural production and
biodiversity conservation. There is increasing recognition that landscape factors beyond the field
scale are important determinants of the community structure of generalist predators, because
surrounding environments serve as alternative habitats when arable fields are unsuitable. In addition,
macroscale factors are important drivers of farmland biodiversity at large spatial scales. However,
few studies have been done in rice paddies, which constitute a major type of farmland in Asia. Here,
we present the results of research that explored how agricultural practices and environmental factors
influence community structures of generalist predators in rice paddy ecosystems in Japan.

Keywords: dragonfly, frog, geographic information system, landscape structure, latitudinal variation,
spider

1. Introduction

Agricultural intensification is a major threat to biodiversity in agroecosystems. To mitigate
this human impact on agro-biodiversity, environmentally friendly (EF) farming, in which the use
of agrochemicals and chemical fertilizers is reduced, is being promoted around the world.
However, agricultural production in EF-farmed fields can be lower than that in conventionally
farmed fields on account of the reduced use of agrochemicals. Therefore, effective techniques for
pest management are needed to sustain EF farming (Zehnder et al., 2007).

Generalist predators such as spiders and ground beetles provide effective control of pest
insects (Symondson et al.,  2002), offering a sustainable solution to the trade-off between food
production and biodiversity conservation. In general, the function of generalist predators can be
enhanced in EF farming because predator communities within EF fields are generally more
diverse and complex than those in conventionally farmed fields (Pfiffner and Luka, 2003;
Bengtsson et al., 2005; Hole et al., 2005; Tuck et al., 2014). However, predator communities are
influenced by factors beyond the field scale. For example, the surrounding landscape is an
important determinant of the community structure of predators, because it provides alternative
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habitats for field organisms including both prey and predators when arable fields are unsuitable
(Tscharntke et al., 2007). In addition, macroscale factors such as climate and topography are
important drivers of farmland biodiversity at large spatial scales (Nyffeler and Sunderland, 2003;
Amano et al., 2011). Many studies have explored how multi-scale factors determine the
abundance and diversity of generalist predators in upland farmlands (e.g., wheat fields and
meadows) in Europe (Bianchi et al., 2006), but few studies have been performed in rice paddies,
which constitute a major type of farmland in Asia (Katayama et al., 2015). The influence of
multi-spatial scale factors on predator communities in rice paddy ecosystems is likely to differ
from that in Europe, because various factors (e.g., environmental conditions within farmland,
landscape structure, and climatic zones) differ between Europe and Asia (Miyashita et al., 2015).
Here, we present the results of our research that explored how agricultural practices and multi-
scale environmental factors influence the abundance and diversity of generalist predators in
Japan’s rice paddy ecosystems.

2. Effects of Environmentally Friendly Farming

EF farming practices, in which pesticide use is reduced, offer effective ways to enhance the
numbers of generalist predators. This effect has been confirmed in many studies in Europe but in
few studies in rice paddy ecosystems in Asia (Takada et al., 2014). We tested this effect by
comparing the abundances of generalist predators—namely spiders, dragonflies, and frogs (Fig.
1)—between conventional and EF (organically farmed) paddy fields, in which no synthetic
agrochemicals and chemical fertilizers were applied, at six locations in Tochigi Prefecture, in the
northern part of the Kanto region (Fig. 2). Predators were sampled in accordance with the
instructions in a survey and evaluation manual (AFFRC/NIAES/NIAS, 2012).

EF farming practices enhanced the abundance of spiders (Fig. 2; results shown for lycosid
spiders only), dragonflies, and frogs and the species richness of spiders. This enhancement might
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Fig. 1 Generalist predators in Japanese rice paddies. (a) Tetragnatha spider, (b) lycosid spider, (c) linyphiid spider,
(d) Pachygnatha spider, (e) Daruma pond frog, (f) Japanese brown frog, (g) dragonfly, (h) damselfly



be attributable to improvement in the survival rates of predators or to increases in the availability
of alternative prey such as detritivorous insects (e.g., Takada et al., 2014) on account of the
reduced pesticide use. This positive effect of EF practices on predator abundance has been
confirmed throughout Japan (AFFRC/NIAES/NIAS, 2012).

3. Effects of Landscape Factors

The surrounding landscape is important in determining the abundance and diversity of
generalist predators, because it provides alternative habitat, breeding sites, and overwintering
sites when arable fields are unsuitable. The effects of landscape on generalist predators are
thought to vary with species ecology and taxonomic group (Schmidt et al., 2008). For example,
the requirement of the Japanese brown frog (Rana japonica) for both forest habitat and wetlands
translates into positive effects of the surrounding forest area on its abundance in rice paddy fields
(Kato et al., 2010). In contrast, landscape elements other than farmland can reduce the
abundance of organisms that depend strongly on farmland through a decrease in, or
fragmentation of, available habitat.

We used a geographic information system (GIS) and a generalized linear model to evaluate
land uses and thus analyze the effects of landscape and farming practices on generalist predators.
We conducted a field survey in Shioya-cho, in Tochigi Prefecture. The study area features an
environmental gradient from forest-rich landscape to farmland-dominated landscape. We
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Fig. 2 Comparison of abundances of lycosid spiders between environmentally friendly
(EF) and conventional rice paddies at six locations in Tochigi Prefecture. EF,
environmentally friendly; Conv., conventional



surveyed the abundance of spiders, dragonflies, and frogs in 10 pairs of adjoining conventional
and EF paddy fields along a gradient (see Fig. 3 for spider data; data for dragonflies and frogs not
shown). Fungicides and herbicides were applied on both types of fields, but insecticides (e.g.,
fipronil in May; etofenprox or dinotefuran in August) were used only on the conventional fields.
In EF farming, the use of inorganic fertilizers was reduced, and organic fertilizers were applied
instead. To evaluate the area of each land-use category, we used the GIS to generate buffer zones
with a radius of 50 to 200 m around each field and then calculated the areas covered by forests
and dwellings in each buffer zone.

Generalist predators responded differently to farming practices and landscape context
depending on their taxonomic group. The abundance of two major spider groups—Tetragnatha

(web-weaving spiders) and lycosids (cursorial spiders)—responded positively to EF farming and
increasing forest area within a radius of 200 m around the paddy fields (Fig. 3; data shown for
lycosids only). Linyphiid and Pachygnatha spiders also responded positively to EF farming, but
they responded differently to landscape: linyphiids responded negatively to increasing forest
area, and Pachygnatha spiders did not respond. Although detail mechanisms were unknown, this
inter-taxonomic variability in landscape effect likely reflects the differences in habitat uses
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Fig. 3 Spatial patterns of abundance of lycosid spiders along the environmental gradient from forest-rich
landscape to paddy-dominated landscape in Shioya-cho, Tochigi Prefecture. White and black circles
represent environmentally friendly (EF) and conventional rice paddies, respectively.  EF, environmentally
friendly paddy; Conv., conventional paddy



among the spider groups.
Two frog species responded differently to both local and landscape factors. Numbers of the

Daruma pond frog (Pelophylax porosus porosus), which depends strongly on wet habitats, were
influenced negatively by the presence of forest areas within a radius of 100 m around the study
fields and positively by EF farming. In contrast, the abundance of the Japanese brown frog,
which inhabits forests during the non-breeding season, increased with increasing forest area
within a radius of 200 m. These results reflect differences in the frogs’ habitat use and support
the results of other work that different frog species responded differently to spatial scale and
landscape composition (Kato et al., 2010).

The abundance of Sympetrum dragonflies and various damselflies was affected positively by
EF farming but not by landscape factors, because their effective spatial scale seems to be broader
than 200 m, reflecting their high dispersal ability. The positive effect of EF farming on
abundance was stronger in dragonflies than in damselflies; this may reflect the harmful effects of
insecticides such as fipronil on Sympetrum (Hayasaka et al., 2013).

Our findings suggest that the effects of landscape context are highly variable, depending on
the ecological properties of each taxonomic group, and that this variability results in the
formation of various community compositions of natural enemies in rice paddy fields. Although
many studies have examined the spatial patterns of abundance and diversity of natural enemies
in arable fields in European studies, relatively few have examined the mechanisms underlying
these patterns. To elucidate these mechanisms, we will need to investigate the abundance and
species composition of generalist predators in surrounding environments (e.g., Pfiffner and
Luka, 2000; Schmidt and Tscharntke, 2005) and the movement of predators between farmland
and surrounding areas.

4. Effects of Macroscale Factors

Topography and climatic variables are key drivers of biodiversity dynamics at large spatial
scales. Many studies have investigated the macroscale patterns of abundance, species diversity,
and species composition (e.g., Rahbek, 2005), but few have focused on natural enemies in
agroecosystems (Nyffeler and Sunderland, 2003). Exploring the patterns of predator
communities at large geographic scales can provide useful information for establishing
regionally adapted biological control programs. We investigated nationwide patterns of the
abundance and species composition of Tetragnatha and lycosid spiders, both of which are used
as biological indicators in Japanese rice paddy ecosystems (AFFRC/NIAES/NIAS, 2012), by
using abundance data obtained from EF-farmed rice paddies in 13 regions from Okinawa to
Hokkaido through the research project.

The abundance of Tetragnatha spiders was lower in Hokkaido and Okinawa and higher in
Honshu and Kyushu. Interestingly, it tended to increase with latitude across Honshu and Kyushu.
The abundance of lycosid spiders was similar: lower in Hokkaido and Okinawa and higher in
Honshu and Kyushu. However, for these spiders there was no latitudinal increase in abundance
across Honshu and Kyushu.
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The species composition of Tetragnatha spiders, with seven species in total, differed among
regions, and species diversity varied accordingly (Fig. 4). On Ishigaki Island, T. javana and T.

nitens dominated, whereas on Kyushu (Kumamoto and Kagoshima), T. nitens and T. maxillosa

dominated, and species diversity was relatively low. In western Honshu (Hiroshima, Shimane,
and Hyogo), T. maxillosa or T. vermiformis dominated. In addition to these species, Tetragnatha

caudicula and T. extensa were emerged in eastern and northern Honshu, resulting in the highest
species diversity in the northern part of the Kanto and Tohoku regions. On Hokkaido, T. extensa

dominated, and species diversity was very low. This pattern suggests that the species diversity of
Tetragnatha spiders varies widely with changes in species composition along a latitudinal gradient.

Lycosid spiders were represented mainly by Pirata subpiraticus (prominent in northeastern
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Fig. 4 Geographic variation in species composition of Tetragnatha spiders across Japan



Japan) and Pardosa pseudoannulata (abundant in southwestern Japan; Fig. 5). This pattern may
reflect differences in their preferred climate conditions, but interspecific interaction also seems to
be involved, as we found an inverse abundance relationship between these species in Tochigi
Prefecture where they occur together, indicating that there is interspecific competition (K.
Tanaka and Y. Baba, unpublished data).

In summary, our nationwide survey revealed that spiders living in EF rice paddies showed
marked geographic variation in abundance and species composition. These results suggest that
the abundance and species composition of natural enemies vary among regions with different
climatic conditions, and this variation could affect ecosystem services for pest control. In future
studies we will need to clarify the mechanisms behind these complex geographic patterns.

5. Conclusions

Our results demonstrate that factors at various spatial scales drive the structure of generalist
predator communities in rice paddy ecosystems and contribute to the formation of diverse
communities of these natural enemies at multiple spatial scales. Further investigation of the
mechanisms underlying the patterns of abundance and diversity of predators is needed. In
addition, we need to clarify the relationship between various community properties of natural
enemies and ecosystem functions for pest control.
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Fig. 5 Geographic variation in species composition of lycosid spiders across Japan
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Abstract

Rapid industrialization in the 1960s resulted in critical soil pollution by heavy metals such as
cadmium (Cd) in Japan. Recently, the Codex Alimentarius Commission proposed a maximum
permissible concentration of Cd and arsenic (As) in polished rice. Appropriate technologies to
minimize the Cd/As contamination are discussed and proposed. These include (1) water management
to decrease the bioavailability of soil Cd to rice plants, (2) dressing and/or replacement of polluted
soil with non-polluted soil, (3) low-Cd-accumulating cultivars mutated by ion-beam radiation, (4)
phytoremediation of polluted soil by rice and other promising crops, and (5) chemical remediation of
Cd-polluted soil by soil-washing with chemicals such as iron salts. This paper also discusses
promising methods to simultaneously decrease concentrations of As and Cd in rice grains.

Keywords: arsenic, cadmium, paddy soil, rice

1. Introduction

Japanese agricultural soils in some regions have been polluted with cadmium (Cd) and various
other heavy metals, owing to rapid industrialization during the 1960s. The Japanese government
urgently enacted the Agricultural Land Soil Pollution Prevention Law in 1970 to cope with the
heavy metal pollution, of which Cd, arsenic (As), and copper (Cu) were targeted as hazardous
substances for regulation. Cd, in particular, has been recognized as one of the most detrimental
elements in Japan because of the so-called itai-itai disease caused by Cd poisoning. In some
regions of Japan, flooded cultivation for 3 weeks before and after ear emergence has been
recommended to decrease cadmium (Cd) concentrations in rice grains to values below those
permitted (0.4 mg kg–1). 

In 2014, the Codex Alimentarius Commission proposed a maximum permitted concentration
for inorganic As in polished rice of 0.2 mg kg–1. However, in contrast to Cd uptake, As uptake by
rice plants is markedly increased by flooded cultivation. Therefore, there is a tradeoff between
As and Cd uptake by rice depending on the type of water management. Promising practical
techniques to simultaneously diminish As and Cd in rice grains are urgently needed. 

This article will provide an overview of state of the art technologies to minimize Cd and As
contamination in soils and rice plants, which include: (1) breeding low adsorptive cultivars, 
(2) phytoremediation of polluted soil by rice plants, (3) chemical remediation of Cd-polluted soil
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by soil-washing, and (4) promising methods to simultaneously decrease concentrations of As and
Cd in rice grains. 

Most of these research studies have been conducted by the National Institute for Agro-
Environmental Sciences (NIAES) and collaborative research groups. 

2. Countermeasures to minimize Cd Contamination in Rice Plants in Japan 

1) Soil Dressing
Soil dressing is one of the best-known methods used for heavily contaminated sites

(Vangronsveld and Cunningham, 1998). The Agricultural Land Soil Pollution Prevention Law in
Japan has adopted soil dressing as a primary countermeasure for Cd contamination in
agricultural soils, because it has a low risk of failure, a predictable time frame, and leaves the site
in relatively pristine condition. Several variations of soil dressings are possible (Yamada, 2007),
such as (1) placing unpolluted soil on top of polluted soil, (2) removing the polluted soil and
refilling it with unpolluted soil, and (3) turning the soil layers upside down (exchanging the
polluted topsoil with unpolluted subsoil). According to several follow-up surveys in Japan, soil
dressing is a very effective and reliable practice to decrease Cd content in rice grains, when the
newly dressed unpolluted soil layer is at least 20–30-cm thick. However, this practice is costly
and becoming increasing difficult to implement because of the scarcity of suitable unpolluted
soils.

2) Water Management
Water management is a popular and cost-effective cultural practice to minimize rice Cd

contamination in Japan. Cadmium absorption by rice has been decreased drastically by
continuous submergence of paddy fields after heading-time. It is likely that the considerable
decrease in Cd absorption by rice under submerged conditions is because of a decrease in the Cd
solubility, due to the formation of carbonates (Khaokaew et al., 2011) and/or CdS (Iimura and
Ito, 1978; de Livera et al., 2011) as shown in Eqs. 1 and 2 (Lindsay, 1979). The former, Cd
carbonate, primarily forms under alkaline conditions (Khaokaew et al., 2011), whereas the latter,
CdS, may be the dominant form under slightly acidic conditions. When paddy fields are flooded,
the paddy soil is rapidly reduced, and consequently, its redox potential (Eh) is shifted toward a
reduced state (a sharp decrease in Eh), where sulfate ions get reduced to sulfide ions. The
produced sulfide ions react with Cd to precipitate out of the soil solution as cadmium sulfide. The
precipitation of cadmium sulfide, in turn, lowers the Cd concentration in the soil solution,
resulting in a lowering of the amount of bioavailable Cd for rice plants. Flooding from tilling to
head formation in the rice growth stage is the most effective period to decrease the Cd content in
rice grains. 

CdCO3 (Octavite) + 2H+ = Cd2+ + CO2 (g) + H2O  log K = 6.16 (1)

CdS (Greennokite) = Cd2+ + S2– log K = –27.07 (2)
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3) The Mutagenic Approach to decreasing Cd Content in Rice
Breeding low-Cd-accumulating cultivars is the most cost-effective and environmentally

friendly method to decrease the risk of contamination from Cd in food (Grant et al., 2008). In
this section, we introduce the first study of a practical rice cultivar with low-Cd traits developed
using the mutagenesis approach (Ishikawa et al., 2012).

Isolation of low-Cd-accumulating rice mutants

Energetic heavy-ion beams have recently been used to generate novel mutants in higher plants
because they induce mutations with high frequency at relatively low doses (i.e., at a dose where
virtually all plants survive), and they induce a broad spectrum of phenotypes without affecting
other plant characteristics (Tanaka et al., 2010). Using this technique, we irradiated seeds of the
most popular Japanese temperate japonica rice cultivar, Koshihikari, with accelerated carbon
ions. The resultant 2,592 M2 plants were grown in pots filled with Cd-polluted soil and the Cd
concentration in each plant was analyzed. Three rice mutants (lcd-kmt1, lcd-kmt2, and lcd-kmt3)
were identified in the first screening. The grain Cd concentration in wild-type (WT) Koshihikari
averaged 1.73 mg kg–1, whereas these mutants showed values <0.05 mg kg–1. When the seedlings
of the WT and the three mutants were exposed to Cd in hydroponics, the Cd and manganese
(Mn) concentrations in the roots and shoots were significantly lower in the mutants than in the
WT. This result suggests that the lcd-kmt mutants exhibited a decreased Cd uptake in their roots,
and that Cd might be transported via the Mn pathway into the roots.

Cd concentrations in grains and straw in fields with lcd-kmt mutants

Field trials in three Cd-contaminated paddy fields showed that Cd concentrations in the grains
(unpolished rice) of lcd-kmt1 and lcd-kmt2 were extremely low, near the limit of quantification
(<0.01 mg kg–1), whereas the Cd concentrations in the WT grains exceeded the maximum limit
set by the Codex Alimentarius Commission (0.4 mg kg–1). The straw Cd concentrations were also
much lower in lcd-kmt1 and lcd-kmt2 than in the WT. These results reveal that the low-Cd- traits
in the mutants were stable irrespective of different soil environments.

Agronomic traits of field grown lcd-kmt mutants

It was important to know if the lcd-kmt mutants grown in the paddy fields would exhibit
excellent performance for grain Cd concentration without showing significant differences in
agronomic traits to the WT Koshihikari. Field trials indicate that the mutant plants, lcd-kmt1 and
lcd-kmt2, did not result in significant negative effects on the plant or grain morphology, eating
quality, or grain yield; however, the shoot Mn concentrations of the lcd-kmt mutants did
drastically decrease compared to those of WT. Rice is known to accumulate excess Mn without
damage, and the Mn concentration in rice shoots can be more than an order of magnitude greater
than those in soybean shoots. Presumably, rice may require less Mn for normal growth and can
tolerate the excess Mn induced by the decreasing conditions in paddy soils. On the other hand,
lcd-kmt3 exhibited negative effects on agronomic traits because it had earlier heading and
smaller plant size than the WT. These results indicate that lcd-kmt1 and lcd-kmt2 can be used as
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practical rice plants; lcd-kmt2 on the other hand, was registered as a rice variety with the name
“Koshihikari Kan No. 1” by the Ministry of Agriculture, Forestry and Fisheries in Japan.

Gene identification

We developed an F2 population by crossing Kasalath, an indica-type rice cultivar, with lcd-

kmt1, and then performed positional cloning of the gene(s) responsible for the decreased Cd
uptake by lcd-kmt1. The frequency distribution for the shoot Cd concentrations in the 92 M2

seedlings did not differ significantly from a 1:3 low:high segregation ratio, suggesting that the
low-Cd trait of lcd-kmt1 is controlled by a single recessive gene. Genetic mapping showed that
the responsible gene was localized on the short arm of chromosome 7, and sequence analysis
identified mutations of OsNramp5, which encodes a natural resistance-associated macrophage
protein. It has been reported that OsNramp5 is involved in Mn, Fe, and Cd transport in rice roots
(Ishimaru et al., 2012; Sasaki et al., 2012). The cDNA and genomic DNA sequences of
OsNramp5 revealed a single-nucleotide deletion in exon IX of lcd-kmt2 and a 433-bp insertion in
the exon X of lcd-kmt1. The inserted DNA sequence is identical to a sequence in mPingA1, a
member of a class of miniature inverted-repeat transposable elements in rice. The OsNramp5
mutant transporter proteins failed to mediate uptake of Cd, Mn, and Fe in yeast, indicating a loss
of function for these metal transporters in the cell membrane. According to these results, we
drew a schematic diagram of the genetic and molecular mechanism for the decreased Cd uptake
in the lcd-kmt lines (Fig. 1). In Koshihikari, the roots can absorb Cd through the functional
OsNramp5 protein. On the other hand, lcd-kmt mutants are not able to absorb Cd, probably
because of the alteration of protein structure of OsNramp5. Therefore, the defective mutated
transporter greatly decreases root Cd uptake, resulting in decreased Cd in the straw and grain.
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Development of genetic markers for breeding

DNA markers that detect polymorphism in the mutated genome region can be used to develop
new cultivars with the low-Cd trait. We designed primer sets to amplify the mutated region and
observed different patterns of DNA fragment amplification both between the WT and lcd-kmt1

and between the WT and lcd-kmt2 after FspI digestion (cleaved amplified polymorphic
sequences marker). Figure 2 shows a scheme of maker-assisted breeding to develop new
cultivars with low-Cd traits. The procedure is as follows: A low-Cd mutant is crossed with
cultivar A, a parent for backcrossing, and the resultant F1 plant is backcrossed to cultivar A
checking for the low-Cd gene using the DNA marker. After several backcrosses, the resultant
BCnF1 is self-pollinated and the BCnF2 with homozygous for the mutant gene allele in the
genetic background of cultivar A is selected. In Japan, we have launched a breeding program to
change Japanese cultivars to the low-Cd type. 

4) Phytoextraction
Necessary conditions for Cd-polluted paddy fields

Phytoextraction using hyperaccumulator plants has been proposed as a promising,
environmentally friendly, low-cost technology to decrease the heavy-metal content of
contaminated soils and has emerged as an alternative to engineering-based methods (Ebbs et al.,
1997; McGrath et al., 2002). Hyperaccumulator plants can accumulate pollutants at high
concentrations in their shoots and can grow in soils containing high concentrations of metals
(Ebbs et al., 1997). Chaney et al. (2004) reported that some ecotypes of Thlaspi caerulescens in
southern France showed high potential as a phytoextraction technology for low cost soil Cd
remediation. However, T. caerulescens may not be suitable for large-scale phytoextraction
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because the plants are small and grow slowly, making them difficult to harvest mechanically
(Ebbs et al., 1997). The Cd uptake efficiency of T. caerulescens in soils with relatively low levels
of Cd pollution may also not be maintained in soils with more severe pollution (Brown et al.,
1995). By using T. caerulescens for phytoextraction of low concentration Cd in soils,
competition from weeds (never a problem in highly contaminated soils) needs to be controlled
(Robinson et al., 1998). Moreover, culturing these hyperaccumulator species could be hampered
by their susceptibility to certain diseases. For example, McGrath et al. (2000) reported that
several Thlaspi species had been infected by diseases whose development was favored by
prevailing humid and warm weather conditions. Because the typical weather conditions of
Monsoon Asian summers are humid and warm, it may be difficult to introduce these species into
Monsoon Asian paddy fields contaminated with low concentrations of Cd. To maximize the
efficiency of phytoextraction, it is important to select a phytoextraction plant with a high Cd-
accumulating ability that is also compatible with local mechanized cultivation techniques and
weather conditions. Such a plant may yield more immediately practical results than a selection
based solely on high tolerance to Cd. 

Several phytoextraction studies have tested non-hyperaccumulator high-biomass plants such
as Indian mustard (Brassica juncea L.) (Nanda Kumar et al., 1995; Ebbs et al., 1997), tobacco
(Nicotiana tabacum L.) (Mench et al., 1989), industrial hemp (Cannabis sativa L.) (Linger et al.,
2002), flax (Linum usitatissimum L.) (Angelova et al., 2004), vetiver grass (Vetiveria
zizanioides) (Chen et al., 2000), poplar (Populus spp.) (Laureysens et al., 2005), and willow
(Salix spp.) (Hammer et al., 2003). These plants can be cultivated in agricultural fields in Japan.
However, rice is the staple crop in Japan, and its cultivation system is well established and highly
mechanized. The use of an agricultural species adapted to the growing conditions of paddy fields
is therefore a better alternative.

Plant selection for Cd-polluted paddy fields

Rice, soybean (Glycine max (L.) Merr.), and maize (Zea mays L.) are the major summer crops
grown in paddy fields and in upland fields (fields under aerobic soil conditions) that have been
converted from paddies in Japan. The cultivation systems for these crops are well established
and highly mechanized. However, the study of phytoextraction using rice and soybeans has not
yet been examined.

Rice (cv. Nipponbare and Milyang 23), soybean (cv. Enrei and Suzuyutaka), and maize (cv.
Gold Dent) were grown on an Andosol and two Fluvisols with low concentrations of Cd
pollution ranging from 0.83 to 4.29 mg Cd kg–1 for 60 days in pots (550 mL) in a greenhouse.
Relative shoot Cd uptake was as follows: Gold Dent < Enrei and Nipponbare < Suzuyutaka and
Milyang 23. Several soil Cd fractions (exchangeable, inorganically bound and organically
bound) decreased the most after harvesting Milyang 23. Milyang 23 accumulated 10%–15% of
the total soil Cd in its shoot. These values are much higher than those reported for B. juncea
(0.09%) and T. caerulescens (0.06%) grown in soil containing 40 mg kg–1 of total Cd for 6 weeks
in pots (Ebbs et al., 1997). The Milyang 23 rice is therefore promising for phytoextraction of Cd
from paddy soils with low Cd pollution in aerobic soil conditions (Murakami et al., 2007).
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Phytoextraction by rice capable of accumulating Cd at high levels

Previous research has shown that the Cd concentration in rice shoots grown under flooded
(decreasing) soil conditions may be low, because Cd solubility under these conditions is lower
than that under oxidizing conditions (Kabata-Pendias and Pendias, 2001). Because shoot Cd
uptake by rice plants equals the product of the dry weight (DW) and the Cd concentration of the
rice shoots, maximizing shoot Cd uptake requires management practices that enhance both DW
and Cd uptake by the rice shoot. The DW of rice shoots grown under flooded soil conditions is
higher than that under oxidizing soil conditions during tillering (from transplantation to 30 days
before panicle initiation (Takahashi, 1974). Therefore, the soils of all subplots were maintained
under flooded conditions during tillering to maximize the DW of the rice shoots. Once the
floodwater was drained from the subplots, the soils were maintained under oxidizing conditions
until harvesting to maximize Cd accumulation by the rice shoots (“without irrigation after
drainage”) (Murakami et al., 2009).

The total shoot Cd uptake by Indica Chokoukoku grown for 2 years (883 g ha–1) was higher
than 3-year grown Indica Moretsu (869 g ha–1), Indica–Japonica Milyang 23 (638 g ha–1), and
Indica IR8 (532 g ha–1) (Fig. 3). This 2-year shoot Cd uptake by Indica Chokoukoku from soil
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Fig. 3 Shoot and root Cd uptakes by indica-type rice cultivars capable of accumulating Cd at high levels
and shoot Cd uptake by the japonica food rice cultivar. Means in the same year (shoot or root) are
labeled with the same letter and do not differ significantly (p < 0.05, Tukey-Kramer’s HSD test).
Error bars represent the standard error (n=2). Aki; Akitakomachi; IR, IR8; Mo, Moretsu; Mil,
Milyang 23; Cho, Chokoukoku. J, Japonica; I, Indica; IJ, Indica-Japonica. Shoots were harvested
in mid-October of 2004 to 2006. Residual roots were sampled in early May of 2007.



containing 1.63 mg kg–1 of total Cd was higher than the uptakes by the hyperaccumulator T.
caerulescens (540 g ha–1 after 3 years of cultivation in soil with a total Cd content of 2.8 mg kg–1)
(Hammer and Keller, 2003), by willow Salix viminalis (170 g ha–1 after 5 years of cultivation in
soil with a total Cd content of 2.5 mg kg–1) (Hammer et al., 2003), and by the poplar (Populus)
clone Balsam Spire (57 g ha–1 after 2 years of cultivation in soil with a total Cd content of 0.75
mg kg–1) (Laureysens et al., 2005). In contrast, Cd uptake by the residual roots of Indica

Chokoukoku was lower than those of the other indica and indica-japonica rice cultivars.
Cadmium in the residual roots may be released gradually into the soil as the roots are
decomposed by soil organisms. Because phytoextraction involves harvesting plant shoots that
have taken up toxic elements from the soil and removing harvestable material from the
contaminated fields, plants such as Indica Chokoukoku, with high shoot Cd uptake and low root
Cd uptake, are ideal for phytoextraction. Moreover, rice plants can be cultivated continuously
(De Datta, 1981). The shoot DWs of the four indica and indica–japonica rice cultivars did not
decrease, even after two or three continuous cultivations without irrigation after drainage,
indicating that growth damage from continuous cultivation and the presence of toxic metals in
the soil did not occur. This characteristic of rice is also useful for phytoextraction.

The exchangeable, inorganically bound, organically bound, and total soil Cd concentrations
were lowest in the Indica Chokoukoku subplot, despite the fact that this cultivar was grown for
only 2 years. This suggests that this cultivar can take up Cd more efficiently than the other rice
cultivars from the more resistant (inorganically and organically bound) fractions, as well as from
the more bioavailable (exchangeable) fraction. This uptake capability equaled that of the
hyperaccumulator T. caerulescens when pot-grown (Hammer and Keller, 2002). The Cd uptake
by the residual roots of Indica Chokoukoku (29.5 g ha–1) corresponded to only 0.02 mg kg–1 of
soil Cd. Even allowing for the return of this root Cd to the soil by microbial decomposition, the
total soil Cd concentration in the Indica Chokoukoku subplot was 38% less than the mean value
in the subplots with no plants (a reduction from 1.63 to 1.01 mg kg–1). This reduction in total soil
Cd concentration by the 2-year grown Indica Chokoukoku was higher than the reduction by the
3-year grown hyperaccumulator T. caerulescens (by 15% of the total soil Cd, assuming that this
plant took up Cd from soil to a depth of 15 cm with a bulk density of 0.85 mg m–3) (Hammer and
Keller, 2003).

The Japonica food rice cultivar Yumesayaka grown after phytoextraction by the four indica

and indica–japonica rice cultivars and in the subplots without phytoextraction showed normal
growth. The average grain yields were Japonica Yumesayaka grown in the four subplots after
phytoextraction and in the no plant subplot (5.1 mg ha–1) was similar to those of Japonica food
rice cultivars in Japan in 2007 (5.2 mg ha–1) (MAFF, 2008). The grain Cd concentrations of
Japonica Yumesayaka grown after 2 years of phytoextraction with Indica Chokoukoku were
decreased by 47% (to 0.54 mg kg–1) of that of the same rice cultivar grown without
phytoextraction (1.02 mg kg–1).

Phytoextraction with Indica Chokoukoku rice grown for 2 years without irrigation after
drainage removed 883 g Cd has, decreased the total soil Cd content by 38%, and decreased the
grain Cd content in subsequently grown Japonica food rice by 47% without decreasing yield.
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These results suggest that phytoextraction with Indica Chokoukoku can remove Cd from paddy
fields polluted with low to moderate levels of Cd and decrease the grain Cd concentration of
Japonica food rice cultivars to below the Codex standard within a reasonable time frame. This
approach will help decrease the risk of Cd pollution for rice in paddy fields.

Development of a rice cultivar for Cd-phytoextraction

A high-Cd-accumulating rice cultivar seems to be a good method to extract Cd from Cd-
polluted paddy fields. Uraguchi et al. (2009) found that the indica rice cultivar “Jarjan” had the
highest Cd accumulation in shoots in the world rice core collection when grown in Cd-polluted
soil. Abe et al. (2011) found the responsible gene locus involved in the high Cd accumulation of
Jarjan and designated the locus qCdp7 (a QTL potentially useful for Cd-phytoextraction on
chromosome 7). The gene underlying the effect of qCdp7 is probably a mutation of OsHMA3,
which encodes a tonoplast-localized Cd transporter; Jajan fails to sequester Cd into its root
vacuoles via OsHMA3, resulting in increased Cd accumulation in its shoots (Ueno et al., 2011).
Although the Jarjan allele of qCdp7 can contribute to decreasing soil Cd contamination, this
cultivar has several negative traits and is sensitive to shattering and lodging unfavorably in the
Japanese mechanized cropping system. Therefore, we produced a mutant rice resistant to
shattering and lodging by gamma-ray irradiation of the seeds of Jarjan. The selected mutant
displayed lodging as resistant as the japonica cultivar Koshihikari because this trait was
improved in the semi-dwarf without decreasing its yield (Fig. 4). The trait of shattering was
improved as well, and high Cd accumulation was maintained in the mutant because of the
presence of the Jarjan allele qCdp7. The mutant was given the name “Phyreme CD No. 1” in the
rice variety registration system of Japan and a national project is on-going to verify the
effectiveness of Cd-phytoextraction using this cultivar.
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Fig. 4 Plant morphologies of Jarjan, Koshihikari, and Phyreme CD No1 grown in the paddy field.



3. Soil Washing

Soil washing involves the use of chemical reagents to extract hazardous metals from soil into
an aqueous solution (Elliott and Herzig, 1999); it is conventionally performed ex situ using
appropriate equipment. In situ soil washing is usually called “soil flushing”. The phrase “soil
washing” is therefore used consistently in this section to avoid confusion with soil flushing. Soil
washing techniques offer a great advantage over soil flushing because they remove Cd from
contaminated soils with high efficiency. However, soil washing has been considered difficult to
apply directly to agricultural land because wastewater discharged during the process of soil
washing might pollute the surrounding environment, including agricultural canals, neighboring
agricultural fields, and groundwater. However in paddy fields, just below the subsurface layer are
an impervious hardpan that hinders the vertical movement of water. During soil washing, the
wastewater thus stays in the surface soil and hardly penetrates into subsoil layers and
groundwater; therefore, where necessary in paddy fields, an in-situ soil-washing methodology
should be used to take advantage of this unique characteristic.

The methodology of in situ soil washing of paddy fields must meet the following criteria
(Makino et al., 2006; 2007): 

1. The wash chemicals must remove Cd with high efficiency and with minimal environmental
impact on the paddy field.

2. The soil-wash system must be cost-effective and environmentally sound.
3. The soil washing must not impair soil fertility; healthy plant growth should follow the wash

treatment.
4. The sustainability of the effect of the soil washing should be confirmed.

Makino and his team (Makino et al., 2006; 2007) have developed a new soil washing
methodology combined with on-site wastewater treatment that completely satisfies these four
requirements. This methodology is discussed in section 3, 1). 

1) Screening of washing Chemicals and Mechanism of Cd Extraction
Chelating agents, neutral salts, and strong acids have been used to solubilize metals during soil

washing. In particular, ethylenediamine tetraacetic acid (EDTA) has been commonly used
because it efficiently removes Cd from contaminated soils (Nakashima and Ono, 1979;
Abumaizar and Smith, 1999; Zeng et al., 2005). EDTA, however, remains in the environment for
a long time (Tandy et al., 2004). Some scientists have therefore used more biodegradable
chelating agents instead of EDTA (Mulligan et al., 1999; Hong et al., 2002; Tandy et al., 2004;
Chang et al., 2005; Kantar and Honeyman, 2006; ). If the agents are biodegradable, however, the
cost is higher than is the case if non-degradable or less degradable counterparts are used.

Makino et al. (2006) have noted that calcium chloride (CaCl2) is one of most appropriate soil-
washing chemicals for Cd-contaminated paddy soils on the basis of its Cd-extraction efficiency,
cost-effectiveness, and relatively low environmental impacts. The high efficiency with which
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CaCl2 extracts Cd from soil is mainly attributable to the high selectivity of Ca for soil adsorption
sites compared with monovalent cations, the concurrent lowering of the solution pH due to
hydrolysis of exchangeable Al, and the formation of Cd-Cl complexes. Makino et al. (2006)
have also noted that hydrochloric acid (HCl), nitric acid (HNO3), and disodium EDTA extract
more Cd from soil than neutral salts. However, disodium EDTA is poorly suited for soil washing
for practical purposes: it is persistent in the environment, and its cost is relatively high. Both HCl
and HNO3 can cause serious soil acidification if the pH-buffering capacity of the soil is low.

Makino et al. (2006) found that ferric chloride (FeCl3) extracted nearly as much Cd as did
HCl, HNO3, and disodium EDTA from three soils (two Fluvaquents and an Epiaquept). Iron is a
major soil constituent and is less environmentally harmful than the other three chemicals. In
addition, FeCl3 is less expensive and easier to handle than both HCl and disodium EDTA. Ferric
chloride was thus considered to be a promising washing chemical. The Cd-extraction capacity of
FeCl3 was therefore compared with that of other metal salts to elucidate the mechanism by which
FeCl3 extracted Cd. The proportion of total soil Cd extracted by the washing chemicals (i.e., the
Cd extraction efficiency) increased in the following order in all three soils: Mn salts ≤ Zn salts
<< ferric Fe salts. Efficiencies ranged from 4–41%, 8–44%, and 24–66%, respectively. The
amount of Cd extracted was negatively correlated with the extraction pH, the suggestion being
that extraction pH plays an important role in determining Cd extraction efficiency.

When metal salts are added to soils, the dissociated metal cations may form hydroxide
precipitates with the release of protons (H+) according to the following equations (hydrolysis): 

MmAn = mMn+ + nAm– (3)
Mn+ + nH2O = M(OH)n + nH+ (4)
Kom = [H+]n/[Mn+] (5)

where MmAn denotes a metal salt, M a metal cation (Fe, Zn, or Mn), and A an anion (Cl–,
NO3

–, or SO4
2–); m and n represent the charges of the anion and cation, respectively; Kom denotes

the equilibrium constant (expressed in terms of activities) for metal Mn+ in Eq. 4. The value of
Kom equals 2.88 x 10–4, 3.31 x 10–13, and 6.46 x 10–16 for Fe3+, Zn2+, and Mn2+, respectively
(Lindsay, 1979).

The precipitation of the metal hydroxide (hydrolysis of the metal ion) generates H+ to an
extent that depends on Kom, and the protons generated in Eq. 4 decrease the extraction pH.
Based on the theoretical relationship between pH and the activity of ferric iron when the iron
hydrolysis reaction is at equilibrium (calculated using Eq. 5 and the Kom of 2.88 x 10–4), the
formation pH of ferric hydroxide will be around 2, which is much lower than the original pH of
the three soils.

Because the Kom for the Fe-hydrolysis is many orders of magnitude higher than the Kom for
the other two metals, the Fe-hydrolysis is associated with a greater decrease in soil pH than is the
case for the other two metals. Thus a driving force for Cd extraction by FeCl3 is proton release,
which results in a sharp decrease in soil pH. In another study, Cd was highly mobile under the
oxidizing and acidic conditions in these soils (Kabata-Pendias, 2000). Heavy metal
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solubilization was greatly enhanced by acidification, and at pH 1.3 more than 80% of the total Cd
in the soil was solubilized (Dube and Galvez-Cloutier, 2005). The results obtained in that study
support the use of iron salts to efficiently remove Cd from soil via soil washing.

The Cd extraction efficiency of metal chlorides was greater than that of the corresponding
metal sulfates and nitrates in all soils. In a Fluvquent soil, extraction efficiencies decreased in the
following order: chlorides > nitrates ≈ sulfates with efficiencies from 41–75%, 14–63%, and
26–62%, respectively. The results were similar for the other two soils. To examine the factors
that resulted in the difference of the extraction efficiencies of the metal salts, Makino et al.
(2008) used Visual MINTEQ software to estimate the relative abundance of dissolved Cd species
in a 100 mmolc L-1 iron salt solution (Gustafsson, 2004). Cd–Cl complexes such as CdCl+ and
CdCl2 (aq) accounted for 80% of the total dissolved Cd in the soil at 100 mmolc L–1 FeCl3 versus
33% for Fe2(SO4)3 and 9% for Fe(NO3)3. Similar trends were observed for the other metal salts
and soils. Cadmium has a high capacity to form complexes with anions such as Cl–, SO4

2–, CO3
2–,

PO4
3–, organic acids, and fulvic acid (Traina, 1999; Kunhikrishnan et al., 2012). Doner (1978)

reported that Cd was leached more rapidly in the presence of Cl– than in the presence of ClO4
–.

Sakurai and Huang (1996) have shown that the rate of desorption of Cd from a montmorillonite
was greater with KCl than with KNO3. Smolders and McLaughlin (1996) have suggested that
high concentrations of Cl– in saline soils might increase plant uptake of Cd, either by enhancing
mass transport of Cd or by enhancing uptake of the CdCl+ complex by plant roots. Accordingly,
the formation of stable Cd–Cl complexes could inhibit resorption of the extracted Cd onto
adsorption sites on the surface of the soil particles. This mechanism of inhibition improves the
efficacy of extraction with FeCl3 compared to that with Fe2(SO4)3 and Fe(NO3)3 because the ratio
of Cd complexes to total dissolved Cd is high in extracts with chloride salts. 

2) Development of a Soil Washing (Soil Flushing) System for Paddy Fields
The soil-washing procedure developed by Makino et al. (2007) consisted of three steps: (1)

chemical washing with appropriate chemical solutions, such as CaCl2 and FeCl3 to extract Cd
from soils, followed by (2) water washing to eliminate the remaining chemicals, and (3) on-site
treatment of the wastewater by a portable purification apparatus with a chelating material (Fig.
5). In a field study, a part of the paddy field was bound with plastic boards, which were partially
buried at the edges of the paddy field so that the upper two-thirds of each board remained above
the ground surface. This boundary provided containment for additional water and chemicals in
the paddy field. 

The flushing chemical was applied to the bounded experimental field, followed by the addition
of agricultural water, creating a soil-solution ratio of 1:1.5 to 1:2. The soil suspension was mixed
using a tilling machine until it turned into a slurry. It is important to mix the soil suspension
thoroughly, because if the structure of soil clods is maintained, the diffusion of the washing
chemical into the clods will likely be a rate-controlling factor for the extraction of soil-Cd. The
soil suspension was allowed to rest after the mixing, and then the Cd-containing supernatant of
the slurry was drained off as wastewater and sent to the wastewater treatment system (Makino et
al., 2007).
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The Cd concentrations in the treated wastewater were below the Japanese environmental
quality standard (0.01 mg Cd L–1), demonstrating that the in situ treatment system treated the
wastewater as expected. The Cl concentration was <500 mg L–1 after the water washes; this
concentration is the threshold value for healthy rice crops. 

The concentration of exchangeable Cd was significantly decreased after CaCl2 and little
changed after FeCl3 washing, but the weakly acid-soluble Cd form decreased substantially
during the FeCl3 washing. Although the exchangeable Cd increased with the decreasing soil pH
caused by the washing treatment, adjusting the pH to the initial pH by the addition of lime could
decrease the level of exchangeable Cd concentration and maintain it at this level after the
washing. 

Soil pH values were significantly decreased after the washing treatment. Although electrical
conductivity increased, it did not reach a level that would affect the growth of rice plants.
Exchangeable Mg and K decreased because of the soil washing. The Mg and K deficiencies were
corrected by applying fertilizers to the washed soil, therefore restoring the Mg and K
concentration in the soil during the growth period. Total carbon and total N concentrations
changed little. Although the extraction pH became very acidic with the application of FeCl3, the
amount of soil Al released was <1% of the total soil Al, indicating that the in situ soil treatment
is unlikely to cause critical soil damage such as clay mineral destruction.

Soil washing considerably decreased the Cd concentrations in the rice grains. The reduction
rates of unpolished rice after CaCl2 and FeCl3 washings were approximately 40% and 80%,
respectively. These results proved the efficiency and effectiveness of the soil washing method for
remediation of Cd-contaminated paddy fields.
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4. Dynamics of Arsenic in Agricultural Fields and Countermeasures to 
simultaneously decrease As and Cd in Rice Grains 

1) Bioavailability of Arsenic in Soils and its Uptake by Crops
It is well known that damage by arsenic (As) tends to occur more in paddy rice than in other

upland crops. In the 1970s and 1980s, the mechanism of As damage to paddy rice and
countermeasures for paddy rice fields were clarified by Koyama (1975), Koyama et al. (1976),
Koyama and Shibuya (1976), Yamane et al. (1976), and Yamane (1979, 1989). Koyama and
Shibuya (1976) conducted a pot experiment of paddy rice with As-contaminated soils and found
a significant, negative correlation between 1-M HCl-soluble As in soil and brown rice yield.
Countermeasures for paddy rice to prevent As damage were proposed by Yamane (1979), who
suggested that the As-contaminated soils should be maintained in an oxidative state to suppress
the dissolution of As. Ishizuka and Tanaka (1962) reported that 60%–80% of the total As content
accumulated in the roots of paddy rice. Subsequently, Yamane et al. (1976) and Yamane (1989)
reported that 90% of the total content of As accumulated in the roots. In addition, X-ray
microanalysis of root sections revealed that most As in the roots was distributed at the root
surface with Fe (Yamane , 1989).

As is highly mobilized when paddy soil is flooded, causing an increased uptake of As by rice.
Yamaguchi et al. (2011) investigated factors controlling soil-to-solution partitioning of As under
anaerobic conditions. Changes in As and iron (Fe) speciation because of flooded incubation of
two paddy soils (soils A and B) were investigated by HPLC/ICP-MS and XANES. The flooded
incubation resulted in a decrease in Eh, a rise in pH, and an increase in the As(III) fraction in the
soil solid phase of up to 80% of the total As in the soils. The solution-to-soil ratio, R(L/S), of
As(III) and As(V) increased with pH because of the flooded incubation. The R(L/S) for As(III)
was higher than that for As(V), indicating that As(III) was more readily released from the soil to
the solution than was As(V). Despite the small differences in As concentrations between the two
soils, the amount of As dissolved by anaerobic incubation was lower in soil A. With the
development of anaerobic conditions, Fe(II) remained in the soil solid phase as the secondary
mineral siderite, and a smaller amount of Fe was dissolved from soil A than from soil B. The
dissolution of Fe minerals rather than the redox reaction of As(V) to As(III) explained the
different dissolution amounts of As in the two paddy soils. Anaerobic incubation for 30 days
after the incomplete suppression of microbial activity caused a drop in Eh. However, this decline
in Eh did not induce the transformation of As(V) to As(III) in either soilsÅf solid or solution
phases, and the dissolution of As was limited. Microbial activity was necessary for the reductive
reaction of As(V) to As(III) even when Eh reached the condition necessary for the dominance of
As(III). Ratios of released As to Fe from the soils decreased with incubation time during both
anaerobic incubation and abiotic dissolution by sodium ascorbate, suggesting that a larger
amount of As was associated with an easily soluble fraction of Fe (hydr) oxide in amorphous
phase and/or smaller particles.

Elevated As concentrations in rice and the soil solution result from changes in soil redox
conditions, influenced by water management practices during rice cultivation. Microscale
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changes in redox conditions from the rhizosphere to the soil matrix affect As speciation and Fe-
plaque deposition. To focus on the rhizosphere environment, Yamaguchi et al. (2014) observed
the microscale distribution and speciation of As around the rhizosphere of paddy rice using X-
ray fluorescence mapping and X-ray absorption spectroscopy. When the soil matrix was
anaerobic during rice growth, Fe-plaque did not cover the entire root, and As(III) was the
dominant As species in the soil matrix and rhizosphere. Draining before harvest led the
conditions to shift to aerobic. Oxidation of As(III) to As(V) occurred faster in the Fe-plaque than
in the soil matrix. As was scavenged by iron mottles originating from the Fe-plaque around the
roots. The ratio of As(V) to As(III) decreased toward the outer-rim of the subsurface Fe mottles
where the soil matrix was not completely aerated. These results provide direct evidence that
speciation of As near rice roots depends on spatial and temporal redox variations in the soil
matrix.

2) Effects of Water Management on Arsenic Content, Cadmium Content and Arsenic
Speciation in Rice Grains
When a paddy field is flooded and the soil is in a reducing condition, cadmium (Cd) in the soil

combines with sulfur (S) to form CdS, which has a low solubility in water. However, when the
field is drained and the soil is in an oxidative condition, CdS is converted into CdSO4, which is
soluble in water. 

The effects of water management on levels of Cd and As in rice were investigated. Flooding
increased As concentrations in rice grains, whereas aerobic treatment increased the concentration
of Cd. Flooding for 3 weeks before and after heading was most effective in decreasing grain Cd
concentrations, but this treatment increased the As concentration considerably, whereas aerobic
treatment during the same period was effective in decreasing As concentrations but increased the
Cd concentration markedly. Concentrations of dimethylarsinic acid (DMA) in grains were very
low under aerobic conditions but increased under flooded conditions. DMA accounted for
3%–52% of the total As concentration in grain grown in soil with a lower As concentration and
10%–80% in soil with a higher As concentration (Arao et al., 2009a).

When rice was grown under flooded conditions after the heading stage, DMA amendment to
the soil resulted in higher DMA concentrations in brown rice and rice straw. In the solution
culture, not only DMA amendment but also MMA or arsenite amendment increased the DMA
concentrations in brown rice and rice straw. DMA was detected in the solution amended by
MMA or arsenite with young rice plants. When the solution included the antibacterial agent
chloramphenicol, DMA concentration in the solution decreased dramatically. When just the soil
was incubated with MMA or arsenite, only a slight amount of DMA was detected in the soil.
These results suggest that rice rhizosphere associated bacteria are involved in the formation of
DMA in brown rice (Arao et al., 2011a).

A unique bacterium responsible for As methylation was isolated from the rice rhizosphere.
The strain GSRB54 (the genus Streptomyces) has a strong ability to methylate As. In addition,
DMA was detected in the shoots of rice grown in a liquid medium inoculated with GSRB54 and
containing As(III). Because Streptomyces are generally aerobic bacteria, Kuramata et al. (2015)
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speculate that the strain GSRB54 inhabits the oxidative zone around roots of paddy rice and is
associated with DMA accumulation.

Ishikawa et al. (2012) produced a japonica rice cultivar (Koshihikari Kan No. 1) with nearly
undetectable levels of Cd in its grains by means of mutant breeding. This low-Cd rice cultivar
enables the simultaneous reduction of As and Cd in rice grains under water saving conditions
(Ishikawa et al., 2016a).

3) The Genetic Diversity of Arsenic Accumulation in Rice
As accumulation and speciation in the major cultivars currently grown in Japan was examined.

As levels among Japanese cultivars may not influence dietary As exposure, because there is little
genotypic difference in the accumulation of inorganic As (Kuramata et al., 2011).

The genetic diversity in As accumulation and As speciation in rice grains was investigated
using WRC comprised of 69 accessions grown over a 3-year period. There was a 3-fold
difference in the grain As concentration of WRC. Concentrations of total-As, inorganic As, and
DMA were significantly affected by genotype, year, and genotype-year interaction effects.
Among the WRC accessions, Local Basmati and Tima (indica–type) were identified as cultivars
with the lowest stable total-As and inorganic As concentrations. Using an F2 population derived
from Padi Perak (a high-DMA accession) and Koshihikari (a low-DMA cultivar), two QTLs on
chromosome 6 and one QTL on chromosome 8 that were responsible for variations in the grain
DMA concentration were identified. Approximately 73% of the total phenotypic variance in
DMA was explained by these three QTLs (Kuramata et al., 2013).

4) Application of Soil Amendments on Arsenic Solubility in Soils and Availability for Rice Plant
In addition to water management, the application of soil amendments is one strategy to

attenuate As in rice plants. There are many possible As-insolubilizing materials such as clays,
layered double hydroxides (LDHs), Al oxides, Mn oxides and Fe-type adsorbents (e.g., Fe
oxides, zero-valent iron (Mohan and Pittman, 2007)). Many examinations of these materials
have been carried out to insolubilize As in water systems and heavily contaminated soils
(Boisson et al., 1999; Yang et al., 2005). Iron-type adsorbents, some of them indigenously
existing in soils, are generally considered promising. However, few studies have focused on
slightly contaminated paddy soils, which pose a possible risk of producing rice that exceeds the
permitted concentration of As, especially where flooded (anaerobic) cultivation is conducted to
decrease Cd in rice. 

Therefore, we tested some As-insolubilizing materials to decrease dissolved As under long-
term flooded incubation (Suda et al., 2015). As expected, the addition of Fe oxides (ferrihydrite
and Al-substituted ferrihydrite) effectively insolubilized As in the soils, however, the effect
gradually diminished with time. The additions of LDH and magnesium oxide successfully
insolubilized As in one soil, but did not in another. Moreover, the addition of the precipitate of a
polysilicate-iron (PSI) solution insolubilized As in soils as much as ferrihydrite did. Because PSI
precipitate is a major component in certain types of water-treatment residue (WTR), we
conducted a pot experiment to examine the effects of a PSI-containing WTR (PSI-WTR) on
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dissolved As in flooded soils and As uptake by rice plants (Oryza sativa L.) (Suda et al., in
press). Dissolved As remained less in the PSI-WTR-treated soils than in the control soils during
the cultivation period, possibly because of the adsorption of As on ferrihydrite-like components
in PSI-WTR. Simple liner regression analyses showed that As in the soil solution and rice tissue
(grains, husks, and straws) and As uptake by the rice plant are negatively correlated with PSI-
WTR application rates (0, 5, 10, and 20 t ha–1). Total As uptake was 16.5%–32.0% lower in rice
shoots grown in PSI-WTR-treated soils than in control soils. Therefore, PSI-WTR is possibly a
practical amendment to attenuate As in rice at low cost.

The application of silicate amendments is another possible strategy to restrict As uptake by
rice. Although dissolved Si decreases As adsorption onto Fe oxides through Si adsorption and
subsequent polymerization (Swedlund and Webster, 1999), strong negative correlations (r = –0.9
to –0.99) between dissolved Si in soil solution and As concentration in rice plants have been
reported (Bogdan and Schenk, 2008). It is possible that As(III) is transported by the same
pathways as Si (Ma et al., 2008), and dissolved Si inhibits root absorption of As (Guo et al.,
2005). Large applications of silicate (20 g of silica-gel per kg soil) increased dissolved As in
soils, and As uptake by rice plants was decreased (Li et al., 2009; Liu et al., 2014). However, it is
not clear whether or not the usual application rate of Si amendments is sufficient to decrease As
uptake by rice. 

Organic amendments potentially both solubilize and insolubilize As in soils through various
mechanisms. Some studies show that organic amendments decreased the uptake of As by rice
plants (Rahaman et al., 2011), whereas contrasting results have also been reported (Norton et al.,
2013). 

The effect of amendment on As solubility in soils and uptake by rice plants could be
determined by many factors such as soil properties and water management. Systematic and
comprehensive studies are required to evaluate the benefits (or risks) of soil amendments on As
uptake by rice plants. We have confirmed the suppressive effect of some iron materials on As
concentration in soil solution and rice grain at five paddy fields having various soil properties
(Makino et al., 2016). In future, we should focus on industrial by-products and wastes, because
cost efficiency is one of the most important considerations in countermeasures for As-related
problems in agriculture.

5) Biogeochemical Changes and Rice Uptake of Aromatic Arsenicals in Agricultural Soils
Chemical warfare agents containing aromatic arsenicals (AAs) such as Clark I

(diphenylchloroarsine) were produced mainly as vomiting or vesicant agents during World War I
and II. After World War II, these agents and other chemical weapons were abandoned by Europe,
China, Japan, and other countries and dumped at sea or buried in the earth. Their constituent
compounds can be metabolized in groundwater, soil, and sediments via hydrolysis and oxidation,
resulting in the formation of diphenylarsinic acid (DPAA) and other AAs. In 2002, the
inhabitants of the Kizaki region of Kamisu in Ibaraki Prefecture, Japan, exhibited uncommon
clinical symptoms of the central nervous system, and in 2003, DPAA, bis(diphenylarsine) oxide
(BDPAO), and phenylarsonic acid (PAA) were detected in the groundwater consumed by
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Kamisu inhabitants. The origin of DPAA in the groundwater of Kizaki is unclear; however,
DPAA that was used to synthesize diphenylchloroarsine may have been abandoned in this
region. In 2004, DPAA and methylphenylarsenic acid (MPAA) were detected in paddy rice in
Kamisu.

The uptake of AAs in agricultural soils by rice was therefore investigated (Baba et al., 2008;
Arao et al., 2009b). MPAA was detected in brown rice grown in contaminated soil.
Dimethylphenylarsine oxide (DMPAO) and methyldiphenylarsine oxide (MDPAO) were
detected in straw, but not in grains, grown in contaminated soil, in which PAA and MPAA
concentrations decreased and DMPAO concentration increased under flooded conditions. The
concentrations of PAA and MPAA, however, remained unchanged under upland conditions.
DMPAO was detected in the straw of rice grown in PAA-amended and MPAA-amended soils but
was not detected in that grown in a PAA-added or MPAA added solution culture. On the other
hand, MDPAO was detected in the straw of rice grown in DPAA-amended soil but not in that
grown in a DPAA-added solution culture. Therefore, MPAA and DPAA were methylated, not
only in the rice plant but also in the soil under flooded conditions. Dephenylated products were
detected in the straw grown in AAs-added solution cultures, whereas demethylated products
were not detected. DMPAO and MDPAO absorbed by the shoots were retained, and MPAA and
DPAA absorbed by the shoots were translocated to the grains more easily than other AAs. 

The effects of activated charcoal (AC) amendment on levels of AAs in rice and soybeans were
investigated (Arao et al., 2011b). The most abundant AA in rice grains and soybean seeds was
MPAA. MPAA concentration in rice grains was significantly reduced to 2–3% in 0.2% AC
treated soil compared to untreated soil in the first year of rice cultivation. In the second year,
MPAA concentration in rice grains was significantly reduced to 15% in 0.2% AC treated soil
compared to untreated soil. MPAA concentration in soybean seeds was significantly reduced to
44% in 0.2% AC treated soil compared to untreated soil. AC amendment was therefore effective
in decreasing AAs in rice and soybeans.

Maejima et al. (2011a) investigated the transformation and fate of DPAA during incubation in
two types of soils (Fluvisol and Andosol) under both aerobic and anaerobic conditions. DPAA
was transformed into MDPAO by methylation only under anaerobic conditions. Under both
aerobic and anaerobic conditions, DPAA was degraded to PAA by dephenylation, and PAA was
subsequently methylated to form MPAA and DMPAO. The degradation of DPAA in Andosol
was less extensive than in Fluvisol. In autoclaved soil under anaerobic conditions, DPAA
underwent little degradation during the 24 weeks of incubation. In unautoclaved soils, however,
the concentration of DPAA clearly decreased after 24 weeks of incubation, indicating that DPAA
degradation was driven by microbial activity. We therefore proposed a scheme for the
transformation and fate of DPAA in soils.

Maejima et al. (2011b) also investigated the adsorption and mobility of AAs in two types of
Japanese agricultural soils in batch and column leaching experiments. The amounts of AAs
adsorbed onto a Fluvisol (a sandy loam) and an Andosol (a light clay) decreased in the order of
PAA > MPAA > DPAA > MDPAO > DMPAO. The amounts of all AAs adsorbed onto the
Andosol, which had more amorphous minerals and organic carbon, were higher than those
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adsorbed onto the Fluvisol. The adsorbability of AAs increased with both increasing arsenate
proportion and decreasing hydrophobicity. This result suggests that the mechanisms of
adsorption of AAs onto soil are due more to ligand exchange reactions and less to hydrophobic
interactions. The mobility of MDPAO and DMPAO was higher than that of PAA and MPAA, and
all AAs were less mobile in Andosol than in Fluvisol.

5. Conclusions

Risk management of Cd and As contamination in rice grains is a priority issue and a great
challenge for the population of Monsoon Asia. Some risk alleviation methods have been
introduced in this chapter. Conventional countermeasures, such as soil dressing and water
management, are highly effective to decrease Cd in rice grains. Soil dressing is, however,
expensive and long-term flooding can release As from soils under the low redox conditions,
indicating that the relationship between Cd and As requires a “risk trade-off.” Low-Cd-
accumulating rice varieties can be used to minimize the Cd reaching the food chain.
Phytoremediation, which is relatively inexpensive, has been proven effective in remediating
metal(loid)s-contaminated sites, including those with Cd. Soil washing is a confirmed method to
decrease Cd concentration in soils, while it requires a relatively high cost. We need to integrate
water management, soil amendment and low-Cd/As-accumulating cultivars to simultaneously
decrease Cd and As in rice grains while considering the trade-off relationship between the two. A
similar risk trade-off is found between methane release from paddy fields and manure
application, because of the promotion of decreasing conditions in the paddy soil by manure
application. This means tri-lemma dynamics among Cd, As and methane in paddy fields.
Therefore, many factors need to be balanced. To find the optimal solution, we have to
accumulate scientific knowledge on the dynamics of the various substances in soils and develop
integrated countermeasure.
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Abstract

Agricultural water use plays important roles both in agriculture and in global water budgets.
Simulation and visualization of the complicated processes involved in agricultural water use, an issue
that has not been studied in sufficient depth, may reveal solutions to agro-environmental problems
such as food security, climate change, the risks of flooding and drought, and water footprints. To
address these issues, this paper discusses the DWCM-AgWU model and its use to model agro-
environmental hydrology, possible coping mechanisms for problems related to water management,
and future research challenges related to water resources in agro-environments. Three main areas are
focused on: (1) “Simulation and visualization (process visualization)” of water circulation in agro-
ecosystems. (2) Agro-environmental trials related to management of water resources, particularly in
the context of big issues such as climate change (extremes), food security, energy shortages, and the
catastrophic earthquake that affected Japan in 2011. Process visualization provides crucial clues to
solving these problems. (3) Finally, the topic entails proposals for sustainable strategies to be derived
in future agro-environmental research.

Keywords: agricultural water use, climate change, DWCM-AgWU, flooding, irrigation, visualization,
water footprint

1. Introduction

Monsoon Asia is a part of the world that has distinct wet and dry seasons, with high
vulnerability to extremes (drought and flooding), and with agriculture that depends heavily on
irrigation, particularly for paddy rice, one of the dominant crops in the region. Rice cultivation in
paddies in Monsoon Asia offers high productivity, but it can also be a sustainable and
environmentally friendly economic activity that is well suited to the climatic and topographical
conditions of this region. This economic activity has evolved for hundreds to thousands of years
in various regions of Monsoon Asia, as witnessed by 7000-year-old archaeological evidence of
rice cultivation in China.

On the other hand, agriculture accounts for about 70% of the total water use in Monsoon Asia
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and similarly high proportions elsewhere in the world, so this water use must be managed wisely
to ensure that it is sustainable (Masumoto, Toritani et al., 2008). Because agricultural practices
are human activities, it is necessary to account carefully for anthropogenic practices in models
intended to support agricultural water resources management. However, such modeling is
difficult, since both the human and environmental components of the system are complicated. In
large river basins in Japan, for example, many irrigation facilities have typically been
established. Once irrigation water has been withdrawn from the river at a diversion weir, the
water is delivered to paddy plots. However, some of the water is not utilized and most of the
unused water enters drainage channels and returns to the main river. This process is repeated
along the main river, leading to a high degree of recycling of the water. Unfortunately, this
recycling makes it difficult to grasp the details of this agricultural water use. Fortunately,
simulation and visualization techniques offer a solution that will help managers to grapple with
these complicated processes.

In this paper, I will discuss how a visualization process can improve our understanding of the
complicated agricultural water use patterns in Monsoon Asia and provide insights into how to
cope with agro-environmental problems caused by climate change, climate variation (extremes),
food security, energy shortages, and the effects of natural disasters such as catastrophic
earthquakes. Based on this discussion, I will propose challenging agro-environmental research
topics that should be addressed in the future to help managers use water resources more
sustainably.

2. Methods and Visualization Approaches

Simulation and visualization processes (process visualization) have been achieved by
developing the Distributed Water Circulation Model Incorporating Agricultural Water Use
(DWCM-AgWU), which combines hydrological, water-allocation, and water-management sub-
models (Masumoto et al., 2009; 2016; Yoshida, 2015). The key aspect of this modeling process
is that it covers anthropogenic activities (e.g., artificial activities such as agriculture) as well as
hydrological phenomena. In this section, a brief description of the model is presented. 

1) Targeted Basins for the Process Visualization
The development of DWCM-AgWU began with researchers who were using the Mekong

River Basin (800 000 km2) as a research target basin. The model was then extended to the Seki
River Basin (1140 km2) in Japan for further development; in recent year, it has been subsequently
applied to basins throughout Japan. 

The Mekong River is an international river that flows through or along the borders of six
countries. It is the largest river in Southeast Asia and the 12th longest (at 4200 km) in the world.
The Mekong River has distinctive features that have been used to divide it into six sections
(Masumoto, 2001): the 1st section extends from the mouth of the Mekong River to Stung Treng,
the 2nd section extends from Stung Treng to Savannakhet, the 3rd section extends from
Savannakhet to Vientiane, the 4th section extends from Vientiane to Luang Prabang, the 5th
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section extends from Luang Prabang to Tan Ho, and the 6th section extends from Tan Ho to the
source. Figure 1a shows the land-use patterns within the Mekong River Basin. The figure was
derived from United States Geological Survey 1-km mesh land-use data obtained by
reclassifying approximately 250 types of vegetation and land uses into five categories: irrigated
and rain-fed paddy fields, irrigated and rain-fed upland fields, and others (mainly forest). Based
on this data, agricultural land occupies 43% of the basin, of which rain-fed areas account for
90%. In addition, paddy rice is grown in 90% of the rain-fed areas. Therefore, agricultural
production in the basin depends heavily on rice production in rain-fed areas, and rice production
in rain-fed paddies will continue playing an important role in the future food supply in the basin
(Shimiuzu and Masumoto, 2006).

In contrast, the Seki River basin in Central Japan (Fig. 1b) is 64 km long, and its catchment
area is 1140 km2. The land cover is predominantly forest (79%), but 17% of the land area is
agricultural land (mainly rice paddies). The Seki River originates in the Myoko Mountains
(where the highest peak is about 2400 m asl). The climate of the basin is humid cold-temperate,
typical of the Japan Sea area, and snowfall is heavy in the winter. Average annual precipitation is
more than 3000 mm, more than half of which falls as snow. The total irrigated area of the basin is
approximately 9000 ha, and it is mostly used for rice paddies. There are two major irrigation
systems on the eastern side of the Seki River: one based on the Sasagamine Dam (9.2x106 m3),
and the other based on the Itakura Diversion Weir. River discharge is observed at the Takada
flow gauge station (Fig. 1b). There are three major irrigation blocks (areas), for which water is
diverted at the Itakura weir and two other diversion weirs. DWCM-AgWU has also been used to
model this basin.
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Fig. 1 Maps of two basins that have been studied using
the DWCM-AgWU model. (a) The Mekong
River Basin. (b) The Seki River Basin in Japan.



2) Components of Runoff and the Water Allocation and Management System
DWCM-AgWU consists of three main components: basin-wide runoff, parts of which are

commonly obtained in any runoff model; reservoir management to let managers compare the
river’s discharge (i.e., available water) at the diversion weir with the water requirements in
irrigated paddies so they can plan to release sufficient water for irrigation; and water delivery to
irrigated paddies to decide the intake, water allocation, infiltration, and drainage.

Figure 2 illustrates the physical model for how a basin is divided into cells before the water
balance of each cell and the movement of water between connected cells is calculated
(Masumoto et al., 2009; Taniguchi et al., 2009). The overall model consists of four sub-models:
an evapotranspiration sub-model that provides the foundation for estimation of actual
evapotranspiration; a crop cultivation period and area sub-model that estimates the progress of
crop growth in paddy fields based on the paddy type and rainfall; a paddy water-use sub-model
that evaluates the use and control of water; and a runoff sub-model that accounts for water
circulation between cells (Fig. 3).

The model takes a variety of agricultural water uses into consideration, and thereby allows us
to forecast the water requirements of the crop at each phenological stage. This makes it easy to
take measures to protect against the effects of changes in land use because each cell has its land
uses defined as a percentage of the total area. Agricultural water use is categorized into two
types: rain-fed and irrigated. However, rain-fed agriculture is subdivided into three types: only
rainfall, rainfall plus supplementary water stored in small ponds, and using flooding water. The
land-use data can be used to account for situations such as when soils are excavated to construct
local roads, or when efforts are made to harness floods, as occurs in Cambodia within the
Mekong River Basin. In the case of irrigated paddies, water use is subdivided into six categories:
gravity-fed water, pumped water, reservoirs, impounding of silty water (colmatage), release of
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river water into coastal wetlands and near-shore waters by managing controlling tides, and
groundwater (Taniguchi et al., 2009).

In addition, the distributed runoff model can approximate the real irrigation status and respond
to the repeated use of irrigation water in a paddy area because it determines the actual intake by
comparing it with the paddy’s water demand, irrigation facility capacity, and possible intake.
Using this model allows us to estimate agricultural water use at an arbitrary date and location by
accounting for the cultivated area, water intake, and soil water content. Furthermore, we can
evaluate and project the effects of various human activities (e.g., changes in agricultural activity,
global warming) on water circulation within the basin.

3) DWCM-AgWU Algorithms
The runoff sub-model has a completely distributed runoff structure in which adjacent cells are

connected, which allows us to determine the water balance of each cell. We can estimate the
runoff, groundwater movement rate, and changes in soil water content by inputting estimates
from the other sub-models into the runoff sub-model. The soil is subdivided into three layers: a
root zone that affects evapotranspiration, a saturated zone that affects groundwater movement
rates, and an unsaturated zone that connects the root and saturated zones (Fig. 2). Note that the
boundary between the saturated and unsaturated zones is not fixed; it moves in response to
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Fig. 3 Summary of the input data and calculation procedures for the DWCM-AgWU model. ET,
evapotranspiration. The four main components of the model are highlighted in red.



changes in water inputs and outputs for a cell. Based on the assumption that the thickness of the
whole soil layer is constant in a given cell, the daily water balance is calculated for each layer.

The cultivation period and area forecast sub-model estimates the planting date for all crops as
well as its cultivation and harvest areas, which vary depending on the location and year. These
areas are determined based on the field type using detailed land-use information about cultivated
fields and account for differences in field types and annual changes in cultivation periods. The
area in which yield decreases due to a water shortage is estimated by defining the actual
evapotranspiration as a proportion of the available water (i.e., ET/available water). In addition,
the agricultural water-use sub-model estimates the cultivation area, possible intake of water, and
actual evapotranspiration based on the cultivation period and area using the runoff sub-model
(Fig. 3). In many other runoff models, evapotranspiration and runoff mechanisms are included,
but DWCM-AgWU combines agricultural water use with these processes by modeling planting
and harvesting dates and areas, as well as water use.

4) Modeling of the Water Release and Delivery System and Verification of the Results
Another difficulty in modeling agricultural water use is how to model timely water releases

through reservoir operation and water delivery for irrigation areas composed of many cells, each
with different water needs.

A reservoir such as a dam or irrigation pond can be placed between two cells in the distributed
runoff model. The runoff from the upstream cells serves as the reservoir’s inflow in the dam
control model. The reservoir release calculated by the model is the outflow from the upstream
cells, which becomes the input for the downstream cell. Water releases from the reservoir for
irrigation are calculated based on the gross water requirements derived from the paddy water-use
model. When the runoff from the downstream part of the reservoir (which equals river discharge
at the intake point if no water is released from the reservoir) decreases, resulting in a shortage of
water (i.e., less than the required intake), supplementary water is released from the reservoir to
compensate for the shortage.

A water distribution and control sub-model for a large irrigation area was also developed and
integrated with DWCM-AgWU. This sub-model forecasts the actual intake at a given point and
the water supply to a paddy field within an irrigation district. Irrigation water taken from the
river is distributed to the district to meet its needs.

The outputs of the sub-models must be verified. This is done by comparing the calculated and
observed discharges. Figure 4 illustrates the estimated flow of surface water at the Takada
Observation Station on Japan’s Seki River in 2005 and 2006 to provide examples of validation of
the DWCM-AgWU model. The relative error between the observed and calculated discharges
was 25%, which suggests relatively good estimation accuracy (Yoshida, Masumoto, Kudo et al.,
2012). The same kind of verification was carried out for the Mekong River Basin, and the
relative error (23–30%) confirmed the model’s practical applicability (Taniguchi et al., 2009).

Conclusively, the process visualization performed by DWCM-AgWU lets water managers
accurately assess the complicated phenomena involved in water circulation through an
agricultural basin.
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3. Agro-Environmental Problems Related to Water Resources

The modeling of agricultural water use and water circulation provides a good tool for other
simulation and visualization processes related to water resources and an important problem-
solving tool. In this section, I will describe five applications for this kind of process
visualization.

1) Climate Change Issues
The first application is an assessment of the impact of climate change on agricultural water

use. Figure 5 shows the components of a model for evaluating climate change impacts (Kudo et
al., 2012). This evaluation system consists mainly of a downscaler that increases the resolution
of climate forecast scenarios by using interpolated data, a bias corrector that corrects for
differences (biases) between the climate forecast and the actual scenarios, and a distributed
hydrological model that provides concrete information about agricultural water use. My research
group used the estimation results from a global climate model to provide climate forecast
scenarios and to evaluate the impacts of global warming. In this research, we used a scenario
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Fig. 4 An example of data used for validation of the DWCM-AgWU model. Data are for the Seki
River Basin shown in Figure 1b.



resulting from the down-scaler and bias corrector as input for the distributed hydrological model,
and compared the model’s output with the actual hydrological data to evaluate the impact of
climate change on agricultural water use. The core of this evaluation method is DWCM-AgWU,
which we used for the process visualization because it accounted for a wide range of agricultural
water uses, as described in the previous section.

We utilized the data produced by an ultra-high-resolution global atmospheric model (MRI-
AGCM3.1S) developed by the Japanese Meteorological Research Institute under the Innovative
Program for Climate Change Projection for the 21st Century to analyze the impacts for the
Mekong River Basin, but used the MIROC3.2_HIRES model (with 1.1° spatial resolution) under
the IPCC SRES-A1B scenario to assess the impacts for all basins in Japan although I will only
discuss the impacts for the Seki River Basin to provide an example.

This approach let us predict the future values of parameters such as the river water intake,
water supply to paddy fields, crop cultivation period and area, and harvest date and area, based
on a variety of social scenarios over an arbitrary period, but accounting for the impacts of
climate change. Figure 6 shows the change in irrigation water requirements in the Seki River
Basin under the IPCC SRES-A1B scenario. The data represents the ratio of irrigation water
requirements during the puddling period in the future (2081–2100) to requirements in the present
(1981–2000). In this example, we also assessed the effects of extremes (drought and flooding) to
demonstrate concerns that there may be insufficient water to support future needs and that annual
maximum discharges will need to increase (Kudo et al., 2012).
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Fig. 5 Procedures for evaluating the impact of climate change.



2) Knowledge Transfer as Foreign Aid in Agro-Environments
As a second application of process visualization, my research group used DWCM-AgWU as a

tool for foreign aid, including technical assistance. The target area was the whole Mekong River
Basin, but used the following basins as examples: the Pursat River Basin (Cambodia) for
irrigation development in an area with scarce data (Masumoto et al., 2014), the Nam Ngum
River Basin (Lao PDR) for development of new water resources with hydroelectric power
generation (Kudo et al., 2014), the Xe Bang Fai River Basin (Lao PDR) to annually flood rice
paddies in the river’s lower reaches (Yoshida, Masumoto, Horikawa et al., 2012), the Mun-Chi
River Basin (northeastern Thailand) for irrigation management using large and medium dams
(Kudo et al., 2014; 2015), and the Chao Phraya River Basin (Thailand) for flood control and
agricultural water use in 2011 (Vongphet et al., 2014; 2015).

Based on those examples, an important application will be to use process visualization as a
new basin-scale approach to generate long-term continuous data in areas with scarce data,
especially in developing countries (Masumoto et al., 2014). The analysis presents the results of
the application of process visualization to the Pursat River basin in Cambodia. Basic hydro-
meteorological data are extremely scarce in this area, partly as a result of the Cambodian civil
war, and agriculture today depends mainly on rainwater. Hydro-meteorological and other data
(e.g., topographic and land-use data) were simulated using the procedure employed in the

213Water Resources, Floods, and the Agro-Environment of Monsoon Asia

Fig. 6 Illustration of the effects of climate change under the IPCC SRES-A1B scenario
on irrigation water requirements in Japan’s Seki River Basin. Values are the
ratio of future water requirements during the puddling period (2081–2100) to
current requirements (1980–2000) estimated using the DWCM-AgWU model.



climate change experiments of Masumoto (2010) and Kudo et al. (2012), and the simulation data
were substituted for the observational data required for basin-scale irrigation planning. The input
data for the model were the latest results from Japanese Meteorological Research Institute
projects (MRI-AGCM3.1S; 2007–2011) for three 25-year periods: 1979–2003, 2015–2039, and
2075–2099. Daily values for precipitation, maximum and minimum temperatures, and maximum
wind speeds were extracted from the MRI-AGCM3.1S simulation results. These data and the
simulation data were input to the DWCM-AgWU model for the Pursat River Basin to allow an
assessment of the effects of climate change. As one example, Figure 7 shows the simulated daily
discharge at the Damnak Ampil weir on the Pursat River. These estimates represent quasi-
observation data because they are simulations based on real input data, but they can still be
utilized to plan future irrigation facilities (Masumoto et al., 2014).

This application showed that it is possible to use the model to generate basic data that can be
used as a substitute for observational data, so that effective irrigation plans can be prepared that
detail the specific processes and procedures needed to achieve them.

3) Extension to Food Security Issues
Application of the DWCM-AgWU model has been extended from the Seki River Basin to

include all 336 Japanese river basins (Fig. 8) using 1- to 5-km cells. By examining individual
basins, it was possible to validate the results for all of Japan. The results were satisfactory in
terms of relative error checks of the simulated and observed discharges for many observation
points, although some improvements are needed to account for water in industrial and domestic
sewage in predominantly urban basins. Based on daily estimates for 5-km cells. Using the
model, it was possible to estimate river flow (discharge) at any location and time throughout
Japan. Moreover, an animation of planting dates for paddy rice and river flows is available for
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Fig. 7 Generation of quasi-observation data for the Damnak Ampil weir
on the Pursat River (Cambodia) using the DWCM-AgWU model.



demonstration of the model to Japanese stakeholders. The simulation results for all basins in
Japan were utilized to support a socioeconomic model (Kunimitsu, 2011), which I will discuss in
the rest of this section.

The socioeconomic assessment focused on food security and agricultural water use. The first
application of the DWCM-AgWU model was to support development of the AFFRC
Water–Food Model (Hayano et al, 2008), in which hydrology and water resources were
combined with socioeconomic concerns. In developing the AFFRC model, my research group
cooperated with several research organizations; we contributed the hydrology and water-use
model (the National Institute for Rural Engineering, National Agriculture and Food Research
Organization), the crop-production model was contributed by the National Institute for Agro-
Environmental Sciences, the food security and food supply model was contributed by the
socioeconomic research group of the Japan International Research Center for Agricultural
Sciences, and the runoff mechanism was contributed by the Forestry and Forest Products
Research Institute (Masumoto, Toritani et al., 2008). The resulting AFFRC Water?Food Model
supported an analysis of the impact on food cultivated in areas dominated by rice paddies, the
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Fig. 8 Division of Japan into river basins using cells with 1- to 5-km resolution (336
basins). The inset figure provides a more detailed result for the Seki River Basin.



proposal of counter-measures (e.g., land-use change, development, plant breeding, irrigation and
water management), and the evaluation of effects of mitigation and adaptation methods in terms
of “food politics.”

Though there were several benefits of this holistic approach, it was not possible to modify the
development of the socioeconomic component after the completion of the 5-year project term. It
may be possible to solve this problem by bringing the socioeconomic experts in-house so they
become part of the ongoing research program. An additional research direction will be to
evaluate the impacts of water resources on socioeconomic risks using a socioeconomic model.
Kunimitsu (2011) developed a model to analyze the factors that affect crop productivity; these
parameters were estimated as panel data for 9 regions of Japan over 32 years. In addition, they
introduced a Monte-Carlo simulation method within a prototype Applied General Equilibrium
Model (Kunimitsu et al., 2015).

4) Agricultural Water Rights
Agricultural water use in Monsoon Asia is quite complicated. For example, there is a large

difference between dry areas (irrigated field crops) and wet areas (paddy rice); the former require
ongoing use of irrigation, whereas the latter require intermittent use of irrigation. Especially in
paddy rice, some of the water obtained from a river is returned to the river, but it is difficult to
determine what proportion is returned due to the complexity of agricultural water use.
Fortunately, the DWCM-AgWU model can be used to determine the river return ratio (Yoshida,
2015; Yoshida et al., 2016).

To maintain agricultural water rights for different economic sectors, two Japanese government
ministries (the Ministry of Agriculture, Forestry and Fisheries and the Ministry of Land,
Infrastructure, Transport and Tourism) must negotiate the water rights for each use.
Unfortunately, this is not feasible to estimate from observational data, as the overall water
system is too complicated. Fortunately, the DWCM-AgWU Model can provide estimates that
make it easier to determine the relevant water rights.

The procedure for allocating water follows two steps. First, managers select an irrigation area
and search for inflow and outflow points. Second, managers estimate the return flow rate in an
irrigation area based on discharges calculated by the model.

Figure 9 shows the results of this process for the biggest of the four irrigation areas in the Seki
River Basin. This analysis revealed 37 inflow points and 23 outflow points, so it would clearly be
impractical to observe all 60 points to obtain the necessary decision-support data. Instead, a case
study used the mean results from daily calculations estimated by the model for a period of 33
years. The rice cultivation alone involved mean water flows from rainfall (888 mm during
irrigation periods) and irrigation water (957 mm during irrigation periods) during the cultivation
period. The DWCM-AgWU model also determined mean evapotranspiration from agricultural
areas (510 mm during irrigation periods) and infiltration into groundwater (623 mm during
irrigation periods). The net ratio of irrigation water to the total available water equaled 0.53, or
0.74 if using the mean gross estimate. Figure 9 reveals both the river return flow ratio and its
inter-annual fluctuations. The overall average ratio of 0.70 shows that more than half of the
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irrigation water was returned to aquatic environments in the area and would have helped to
regulate river flows. This ratio is larger than expected, but the results appear to be realistic, so
this estimation method could be applied to other river basins in Japan.

5) Application of the ISO Water Footprint Method
In this application of the DWCM-AgWU model, the goal is to assess the ISO water footprint

of agriculture (ISO, 2014; Masumoto and Yoshida, 2015), which is analogous to the carbon
footprint; that is, it represents the impact of agriculture on the resource (here, water) that sustains
it. This approach quantifies the interaction between the water cycle and anthropogenic practices
as a result of agricultural water use and the recirculation of water through returning flows at the
basin scale. The effect of such human activities on water availability is quantified based on land
management practices that affect river flows and groundwater recharge, such as water use in
forestry, agriculture, and wetland conservation. 

Table 1 summarized the calculation results. The production of rough rice totaled 5.39 t ha-1 in
the region (Masumoto and Yoshida, 2015). Although the apparent withdrawal of water for
irrigation is 9570 m3 ha-1 (1780 L kg-1 rough rice), evapotranspiration equaled 5100 m3 ha-1 (946
L kg-1 rough rice), and the water consumed by evapotranspiration and seepage was 11 330 m3 ha-1

(2200 L kg-1 rough rice). The baseline values represent the natural system with rain-fed paddies
rather than irrigation. The baseline production of rough rice without irrigation averages 3.59 t ha-1

in Monsoon Asia. Because the withdrawal of water for irrigation is zero in the baseline scenario,
evapotranspiration totals 2390 m3 ha-1 (668 L kg-1 rough rice), and the water consumed by
evapotranspiration and seepage is 7920 m3 ha-1 (1480 L kg-1 rough rice). Due in part to the 1.83 t
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Fig. 9 Estimated values of the river return flow ratio (i.e., the
proportion of irrigation water returned to the river) at
Itakura point in the Seki River Basin (Figure 1b).



ha-1 difference in rice yields between the irrigated and baseline systems, the total water
consumption by evapotranspiration and seepage for an irrigation system decreases by 100 L kg-1

rough rice compared to the baseline (See Table 1). This suggests that irrigation is an efficient
water use in terms of its water footprint.

In addition, the groundwater recharge function of rice paddies, shown as seepage in Table 1
was 1160 L kg-1 rough rice yield at the basin level. In terms of the global average water
availability index (ISO, 2014), this means that rice production results in a burden on freshwater
resources equivalent to an additional 2200 L kg-1 of direct water use. The major factor
contributing to the increased water consumption in this example is irrigation. The water footprint
of rice cultivation is high because irrigation occurs in addition to rainfall input. It is important to
note that agricultural water, especially water used for paddy cultivation, should be evaluated at
the basin scale and that the analysis should include times when water demand is low and
recognize the other functions of agricultural water use, such as recycling of water for paddy
cultivation, groundwater recharge, and reuse by river systems; that is, that not all water input to
the irrigation area is lost from the basin

4. Proposals for Future Research in Agro-Environmental Water Management

Among many interesting future research topics related to water resources in agro-

218 Water Resources, Floods, and the Agro-Environment of Monsoon Asia

Table 1 Result of the ISO water footprint inventory analysis using the DWCM-AgWU model. The baseline
values represent the natural system with rain-fed paddies rather than irrigation.



environments, I have chosen five challenging topics that range from observation and modeling to
practical applications: (i) basic research on the relationships between climate and irrigation, with
an emphasis on long-term observation to discover new phenomena; (ii) a redefinition of the
concept of basins (e.g., to consider upland agriculture on the Kashima Plateau and seashore
fishery management through ecological water releases); (iii) efforts to provide educational and
technological assistance to developing countries such as Cambodia in Monsoon Asia; (iv)
countermeasures against extreme events such as the 2011 flood in Thailand (including the
development of an integrated model that combines irrigation and flood control); and (v)
participatory disaster-prevention planning to reduce the risk of problems such as flooding by
means of water management. 

1) Basic Research on Water Resources Based on Long-term Observations
In agro-environmental research, continuous observation over long periods plays an important

role because it provides the knowledge required to develop accurate models and sometimes
reveals important new mechanisms. For example, my research group established an observation
tower in Tonle Sap Lake, Cambodia, 12 years ago (Fig. 10). Our hydro-meteorological
observations at Chong Khneas demonstrate that the longer the observation period, the more
valuable the observed data become. For example, Figure 10 clearly illustrates the seasonal
fluctuations in the lake’s water level.

We used these data to investigate the seasonal variations in radiation and evaporation and their
relationship to the diurnal distribution of rainfall (Tsujimoto et al., 2008). Contrary to
expectations, we found something new: that the rainy and dry seasons had nearly the same
amount of solar radiation in the Lower Mekong River Basin (Masumoto et al., 2007; Tsujimoto
et al., 2008). This is because the Earth’s axial tilt during the rainy season resulted in larger inputs

219Water Resources, Floods, and the Agro-Environment of Monsoon Asia

Fig. 10 Hydro-meteorological observation tower at Chong Khneas in Cambodia’s Tonle
Sap Lake in (a) June and (b) November.



of solar radiation than during other seasons, no rain fell during nearly half of the days of the
rainy season, and the amount of solar radiation on rainy days reached 88% of that on non-rainy
days. The third factor can be attributed to the high frequency of evening rainfall. Furthermore,
this rainfall?radiation relationship meant that during the rainy season, the land received a
surprisingly large amount of net radiation because it received more sunlight than expected
(including long-wave incoming radiation). Accordingly, evapotranspiration was high during the
rainy season. Moreover, the rain-fed rice paddies that are the dominant form of agriculture in this
region benefit from sufficient radiation to produce good crop yields.

These results will lead to future research on the mechanisms related to water resources that
were revealed by these findings.

2) Change in the Basin Concept
Although the concept of a hydrological basin has been important and useful for many years, a

paradigm shift in the concept may occasionally be necessary. The left side of Figure 11 depicts
the current state of a conceptual basin. Until recently, the boundary of the groundwater
catchment within a basin was assumed to be the same as the boundary of the surface water
catchment. However, my research group found that the groundwater catchment boundary
changes in response to changes in soil water. Yoshida et al. (2008) observed groundwater flow in
boreholes and evaluated the water balance in four small watersheds on Japan’s Kashima Plateau;
they found that the boundaries of the groundwater catchment did not coincide with the
corresponding surface boundaries (Yoshida, 2015). Hydrological and groundwater observations
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Fig. 11 Reimagining the concept of a hydrological basin. Note on the right figure: River transport of
nutrients and eroded materials from farmland into coastal habitats.



in the Kashima-Kohoku watershed showed that the groundwater catchment was larger than the
surface catchment, the groundwater potential may change after intense rainfall events
(particularly with more than 50 mm of rain per event), and estimates of the long-term water
balance confirmed that groundwater flowed into the surface catchment from the outside.
Hydrologists have long known that tilted strata can intercept surface water in one surface
catchment and direct it to the surface in neighboring catchments that are completely separate in
their surface catchment boundaries. Our lead-in implies that our research group discovered this
phenomenon about the divergence of groundwater and surface water catchment boundaries. The
area of the Kashima–Kohoku groundwater catchment was 1.2 to 2.8 times the area of the surface
catchment (Yoshida et al., 2008; 2009). They obtained similar results for two other watersheds.

One problem that must be solved based on these findings is how to model the mechanisms
responsible for variations in the groundwater boundaries and to obtain additional data and
determine whether this phenomenon is widespread.

Another challenge is that the concept of a basin’s boundary must be extended. For example, a
cooperative project with a fisheries research group revealed that it may be necessary to include
the seashore area in the watershed because agricultural practices produce important nutrients that
are transported into the coastal area, thereby affecting aquatic resources in seashore areas. They
may also affect sediment loads transported in river water. Thus, we must consider the concept
that basins have wider boundaries than formerly believed. The right side of Figure 11 shows an
expanded image of the basin concept.

3) Knowledge Transfer as Foreign Aid
In recent years, the Japanese government has increased efforts to transfer state-of-the-art

home-grown technologies to developing countries as well as developed ones; this is known as
“packaged infrastructure export.” The government targets 11 fields in this program: coal power
plants, the electrical grid, nuclear power plants, railroads, recycling systems, the aerospace
industry, smart grids and smart communities, renewable energy, information and communication
technology, urban development, and industrial complex development. Thus far, the nuclear,
railroad, and smart community components have received the most attention. Though
agricultural water and facilities related to agro-environments are not specifically included in this
program, the related technologies are part of the rural infrastructure that is a target of this
program (Taniguchi et al., 2009; Kudo et al., 2012; Yoshida et al., 2012; 2016; Masumoto et al.,
2016).

In contrast, we can think of other forms of foreign aid. For example, it may be possible to help
establish a research institute in Cambodia. Cambodia’s Ministry of Water Resources and
Meteorology (MoWRAM) is planning to strengthen its Technical Service Center (TSC), which is
currently a MoWRAM department, into a full institute, namely the “Institute for Water and
Crops” [proposed by France] or the “Institute of Soil and Water” [proposed by Cambodia], and
thereby promote related research, the training of researchers, and in-house training of
MoWRAM engineers. However, it is unclear whether this institute will be able to grant
postgraduate degrees such as a PhD in Engineering. MoWRAM is seeking support from Japan
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and France to transform TSC into an institute. The Minister responsible for MoWRAM has
expressed his intention to ask Japan’s Ministry of Foreign Affairs and Overseas Land
Improvement Cooperation Office, Ministry of Agriculture, Forestry and Fisheries, to support this
initiative by supplying Japanese researchers as lecturers. The roles of the new institute would
expand to include irrigation and water resource management research, the training of
researchers, and the training of engineers in Cambodia. 

Japan’s National Institute for Rural Engineering (NIRE), which is part of the National
Agriculture and Food Research Organization, has supported Phases I, II, and III of the TSC
project by dispatching several researchers to provide short-term expert services under schemes
offered by the Japan International Cooperation Agency (JICA). Support for the new institute by
NIRE has been proposed as follows:

1. JICA will support participation by lecturers at the institute for periods of 2 to 3 years;
researchers are not necessarily required for these roles. In addition, short-term participation
will be supported in the form of intensive lectures, joint research projects, and other
activities.

2. If it is difficult to start this program or takes longer than planned to realize it, NIRE will
provide competitive research grants through a joint program between JICA and the Japan
Science and Technology Agency, with a duration of 5 years, for example. Based on this
funding, while NIRE develops and conducts a joint research program with its Cambodian
counterparts, lecturers will be provided to the institute.

3. A new “Basin-wide Irrigation Management” project began in the summer of 2014,
following Phase III of the TSC program under JICA’s assistance. In addition, an
international assistance program to Myanmar is being planned; it will evolve a cooperative
study to set up a higher-education organization for the broad field of agriculture. However,
as in the case of transforming the Cambodian TSC into an institute, it will be necessary to
concentrate on irrigation and management of water resources to obtain assistance from Japan.

4. The Vietnamese national research institutes managed by the Ministry of Agriculture and
Rural Development can currently issue higher academic degrees (at the Master’s and PhD
level), but details of these programs must be confirmed. In addition, Thailand’s Irrigation
Institute of the Royal Irrigation Department offers 4-year undergraduate university
programs. Further information should be collected to determine how Japan can participate
in these programs.

The lecturers provided by Japan include scholars, researchers, and engineers who will be able
to carry out joint projects and research with foreign colleagues in addition to delivering lectures
and training (“one-way” activities). However, additional efforts will be required to find experts
in the following fields:

i) Irrigation and drainage management (Agricultural Hydrology, Irrigation Planning, Law &
Rights for Water Use, Water Environment, Hydraulic Environment, Canal Systems, Geo-
environment and Structures, Paddy Water Management, Crop Science, Dry Land
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Irrigation, Socioeconomics).
ii) Disaster management (Geographical and Geomorphological Classification, Morphology

and Disaster, Remote Sensing, Soil Mechanics, Structural Engineering, Risk Management).
iii) River engineering (River Hydrology, River Management, Terrestrial-aquatic Environmen-

tal Interactions)
iv) Meteorology and climatology (Climatology, Agricultural Meteorology, Plant Cultivation).

4) Countermeasures against Extreme Events
Climate change will result in an increased frequency of extreme weather events such as floods

and droughts. To prevent or at least mitigate the potential damage from such events,
countermeasures and adaptation measures must be proposed and evaluated. Because the
expanded concept of a basin discussed earlier in this paper includes many components that go
beyond the traditional basin concept, the right side of Figure 11 reminds us of the need to
consider sustainability and social safety. 

Another challenging topic will involve the development of an integrated water-management
model that also accounts for extreme events, such as unusually prolonged drought and
“Frankenstorms.” We currently lack a model to support a comprehensive analysis of such
situations, so a water circulation model and an inundation model will need to be refined and
combined. The 2011 flood along Thailand’s Chao Phraya River emphasized the necessity of
developing a model capable of integrating irrigation and flood management. Accordingly,
Vongphet et al. (2014; 2015) developed a prototype simulation of water circulation in the river’s
basin that can account for both floods and droughts. Moreover, the model accounts for
agricultural water use and water management, including floodwaters.

The next step will be to focus on supporting efforts to propose and evaluate risk management
strategies, countermeasures, and adaptation measures to cope with extreme events such as floods
and droughts. Moreover, an integrated distributed hydrological model that combines catchment-
scale natural hydrological cycles with the impact of human activities (e.g., water management
through irrigation facilities) and inundation and flood processes will be required to facilitate the
development of adaptation measures and to evaluate their effectiveness; such measures may
include taking advantage of the flood prevention function of paddies (Masumoto, Pham Thanh et
al., 2008).

5) Participatory Disaster Management Planning
Floods are one of the primary climate-related disasters, and within the context of climate

change, both the size and the frequency of extreme floods are likely to increase in flood-prone
regions of Monsoon Asia. Countermeasures and adaptations must be developed and evaluated to
protect rural areas from such disasters. The goal will be to develop procedures for identifying
and testing adaptation measures in rural areas based on participatory approaches that include
both farmers and water managers. Examples include the use of irrigation facilities such as
agricultural water gates and an early warning system that takes advantage of a hydrological
observation network. In that approach, hydrological analysis is necessary to reveal both the
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inundation processes and the factors that influence them to develop more effective operational
management strategies. For example, one of my research group’s large studies includes an
investigation of the management of agricultural water gates for operational flood protection in
low-lying paddies based on numerical simulations.

For instance, Yoshioka et al. (2015) chose the Nam Cheng River basin in the Lao PDR to
assess the influence of water-gate operations on inundation processes during the wet season with
the goal of mitigating inundation damage. Their trial included the development of a numerical
analysis method using DWCM-AgWU to model regional drainage through water gates, the
introduction of an inundation process using an H–V (height–water volume) curve for the area,
and application of the developed model to the basin’s low-lying paddy areas. The basin’s 14
agricultural water gates provide irrigation water during the dry season and flood protection
during the wet season. Several feedback control strategies, combined with gate opening heights,
the number of open gates, operation intervals, and differences in threshold inner and outer water
levels were examined with a focus on inundation damage within the area and drainage volume
through the gates.

Further development and extension of this research will include on-site flood-prevention
practices based on the proposed countermeasures.

5. Conclusions

This paper discussed how to address many agro-environmental problems by taking advantage
of a powerful model (DWCM-AgWU) for process visualization of agricultural water use and the
future research challenges to increase the model’s usefulness in agro-environments. This model
has been used both in Japan and in other parts of Monsoon Asia to improve the management of
regional water resources, but also to provide protection against problems such as food shortages,
climate change, energy shortages, and natural disasters. The examples I have provided illustrate
the principle of “going with the flow” by adapting to changing conditions, in other word, the
importance of not “swimming against the tide” when confronting changing conditions, a
principle that especially applies to agricultural research.
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Abstract

This article presents a critical review of the role of domestic wastewater, land use change, and
climate change in the estimation of nutrient fluxes in suburban watersheds using the SWAT model.
Domestic wastewater has the greatest potential effect on nutrient flux but may have been ignored in
previous studies because it is difficult to assess compared with the contributions from sewage
treatment plant effluent. Considerable uncertainty applies to the estimation of domestic wastewater
quantity and quality. The effect of land use changes on nutrient flux should be considered in the
suburban zone because such changes are mostly rapid and unidirectional, from rice paddy field to
other land use including urbanization process. Hence, the dynamical land use changing function is
needed for SWAT estimation in suburban watersheds. The flow regime shift that is induced by climate
change may be a key driver for changes in nutrient flux on SWAT estimation in suburban watersheds
because increase of events of flood and drought affect to material transportation. Both of changes in
land use and climate could be eventually related to domestic wastewater in terms of urbanizing land
use change and overflow of combined sewer by heavy rainfall. Improved estimation methods for
domestic wastewater are necessary for the better estimation of nutrient flux in future development of
the SWAT.

Keywords: climate change, domestic waste water, land use change, nutrient flux, suburban watershed,
SWAT

1. Introduction

Modelling water and nutrient dynamics at the watershed scale is an indispensable approach to
solving water resource issues and maintaining the water environment into the future. Monitoring
of river water quality in Japan has occurred since the 1970s, when rapid industrialization had
heavily polluted the water environment. Monitoring is conducted monthly when the river flow
rate is low because the focus of measurements is the controlled regular releases of industrial and
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domestic wastewater. The volume of material transported from the watershed is therefore likely
underestimated because the water quality monitoring record has poor temporal resolution and
excludes data from high river flows, despite river runoff being measured every 10 minutes. High
flows are especially important when sediment and bound phosphorus are important contributors
to nutrient flux (House and Denison, 2002; Withers and Jarvie, 2008). A modelling approach
with a non-point source pollution model such as the Soil and Water Assessment Tool (SWAT)
can be an effective way of filling the data gaps left by low-resolution monitoring. SWAT is a
conceptual, continuous, time series model that was developed in the early 1990s as a tool to
assist water-resource managers in assessing the impact of land-management and climate on the
water supply and nonpoint-source pollution in watersheds and large river basins (Arnold and
Fohrer, 2005). SWAT is recognized as one of the major watershed models in recent years (Wellen
et al., 2015).

Before the application of SWAT to a target watershed, the characteristics of the watershed
must be well understood, because most target rivers will be substantially affected by human
activities. Typically, watersheds can be divided into three zones (urban, suburban, and rural)
according to the intensity of human activities as indicated by population density and land use
mix (Fig. 1) The residential dominated urban zone has the highest potential nutrient flux from
domestic wastewater, is defined as sewage derived principally from dwellings or business
buildings, associated with having the highest population density of the three zones. However,
nutrient removal at sewage treatment plants reduces the actual nutrient flux considerably. The
suburban zone, a mixture of residential and agricultural land uses, is influenced by the combined
fluxes of domestic wastewater and agricultural wastewater . The population density is less than
in urban areas, suggesting that the total amount of domestic wastewater should be less than from
urban areas. However, lower rates of wastewater treatment mean that suburban areas actually
have higher fluxes of domestic wastewater and nutrients than urban areas.
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Fig. 1 Schematic diagram of watershed zones based on population and potential
pollution load stemming from human activities. DWW: domestic
wastewater, AWW: agricultural wastewater



New satellite residential developments (sometimes called “bed towns”), from which workers
commute to a central urban area, arose in Japan during the period of rapid economic growth.
Such towns in the suburban zone were equipped only with simple septic tanks for domestic
wastewater treatments. Although simple septic tanks remove organic matter, they are not able to
remove nutrients. Therefore, the nutrient flux is more closely aligned with the actual population.
Although such bed towns have been progressively provided with mains sewerage and higher
levels of sewage treatment (nutrient removal), domestic wastewater is still considered a major
source of nutrient flux from suburban areas. Agricultural wastewater is considered a secondary
source of nutrients in suburban areas because of remnant agricultural land among the sprawling
bed towns.

The rural zone is mainly dominated by agricultural land uses such as rice paddies, vegetable
fields, fruit orchards, livestock production, and woodlots. The population is much lower than in
the other zones and the major source of nutrient flux is agricultural wastewater.

From the characteristics of the three zones, it could be considered that suburban areas have the
most polluted parts of watersheds and are the most deserving of having numerical models
applied for improving the water environment through testing different scenarios of best
management practices. In addition, the changing pattern of river flow due to both land use
change and climate change should be considered because of the potential influence they have on
transportation capacity.

The objective of this article is to present a critical review of modeling domestic wastewater,
land use change, and climate change in SWAT because of their importance as factors that affect
nutrient flux in suburban watersheds.

2. Domestic Wastewater

It is unusual for a mains sewer system to service the entire watershed in suburban and rural
zones in Japan. Community-scale sewerage systems are provided to limited areas of suburban
and rural zones, but septic tanks are still a major form of domestic wastewater treatment in the
zones in Japan (Ministry of the Environment, 2014) as well as the world wide (Withers et al.,
2014; Richards et al., 2016). The average removal ratios of conventional septic tanks designed
for less than 10 people are 28% for total nitrogen (TN) and 16% for total phosphorus (TP)
(Fujimura, 2006). The average concentrations in domestic wastewater effluent after treatment by
conventional septic tank are 26 mg L-1 for TN and 3.2 mg L-1 for TP (Fujimura, 2006). Although
the nutrient flux from a single septic tank is tiny, at the watershed scale the cumulative effect is
large because septic tanks are mainly installed in the rural and suburban zone (Haruta and
Sakurai, 2010; Withers et al., 2011).

Identifying the true value of model parameters for nutrient transport is extremely difficult.
Although a large number of articles about SWAT applications to suburban or rural watersheds for
estimation of nutrient flux are found, researchers often achieve reproducibility of model
estimation by finding mathematical solutions that optimize parameter values with no
consideration of domestic wastewater input. It might be considered that domestic wastewater
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input is ignored due to its small contribution or is completely unrecognized of its existence and
importance. However, there is a risk of over- or underestimation on the nutrient flux and its
sources, if model is applied to the watershed that is influenced by domestic wastewater. For
instance, Guse et al. (2007) compared GROWA/MEPhos and SWAT for the reproducibility of
estimates of phosphorus flux. Both models produced similar mean annual phosphorus flux;
however, SWAT estimated a phosphorus flux from soil erosion six times larger than that of
GROWA/MEPhos. GROWA/MEPhos estimated that 65% of the total amount of phosphorus was
from point sources related to the sewerage system in urban areas, including combined sewer
overflows, whereas SWAT estimated that 60% of the total was coming from agricultural areas
through soil erosion. SWAT failed to account adequately for domestic wastewater, and the
researchers achieved a reasonable annual mean flux by forcing the soil phosphorus flux-related
parameters to unrealistic values. Because there are a limited number of adjustable parameters,
this could cause a flow-on error in the estimation of phosphorus concentration in groundwater
flow to rivers, forcing it to unrealistically high concentrations to compensate for the deficiency in
phosphorus sources (Jackson-Blake et al., 2015).

Figure 2 shows the dissolved inorganic phosphorus (DIP) concentration in the streamwater of
a suburban watershed estimated by SWAT. The model underestimated DIP concentration by up
to 50% when domestic wastewater inputs were ignored (Fig. 2, “without domestic wastewater”)
and parameters related to phosphorus were assigned realistic values based on field survey
(Fujimura, 2006). However, the estimates are closer to observed if domestic wastewater or
sewage effluent data are included (Fig.2, “with domestic wastewater”). If the target watershed is
subject to intensive human activities, including generation and management of domestic
wastewater, it is rare for the Nash–Sutcliffe efficiency index and coefficient of determination (r2)
to exceed 0.2 if the model does not consider sewage effluent (Jackson-Blake et al., 2015).

230 Estimation of Nutrient Fluxes from Suburban Watersheds in Japan using the SWAT Model

Fig. 2 Dissolved inorganic phosphorus (DIP) concentration in a suburban
watershed estimated using SWAT with and without estimated inputs
of domestic wastewater. Modified from Shimizu et al. (2013)



Although SWAT has the advantage of estimating nutrient fluxes from non-point sources,
especially from agriculture, it is not designed for, and therefore not good at estimating, point
sources. However, we consider SWAT is one of the best models available for estimation of
nutrient flux because it can produce good results if reasonable parameters for domestic
wastewater are determined separately and added to SWAT as point sources. Moreover, the effects
of intensive livestock farming, especially piggeries, should be considered because they can be
statistically significant sources of effluent in the overall model estimation. However, for all
effluent point sources it is difficult to know the amount and timing of discharges in the model
routine. For estimating domestic wastewater, the statistical data about coverage ratio of sewage
available area and its wastewater treatment types in the all of the cities in Japan is well
documented by the government. In addition, the data about location of major sewage treatment
plants in Japan is provided through the internet as GIS format. However, in the most of cases, the
spatial distribution of sewered area is not available as GIS format even if the population of every
small districts in the entire cities of Japan is provided as the format. Some of CAD based sewage
connection schematics are opened to public in a few large cities through their website, although
hard copies of the schematics are available at the almost all cities. Therefore, it is necessary to
digitize it by oneself in the most of the cases in Japan. Moreover, estimating spatial distribution
of septic tank is more difficult than that of sewage because there is no information about its
spatial distribution in most cases. Consequently, for better estimation of nutrient fluxes in
suburban watersheds, there is a need to improve estimates of not only agricultural non-point
sources but also point sources of effluent from domestic wastewater and livestock farming.

3. Land Use Change

The suburban zone contains new town development because of its proximity to the urban zone.
The new towns are built on former agricultural land or land occupied by forest. Such urbanization
increases surface runoff, by expanding the area of impervious surfaces, as well as nutrient flux.
In Japan, where paddy rice is the dominant agricultural crop, urbanization inevitably causes a
decline in the area of rice paddy fields. A decline in area of rice paddy fields could lead to reduced
nutrient flux due to reduced amounts of fertilizer application, but could also lead to increased
nutrient flux because paddies can have a nutrient removal ability as one of their multiple
functions (Natsuhara, 2013). The aging of the farmer population is an issue specific to Japan that
is accelerating the abandonment of paddy rice fields and freeing land for urban development.

Shimizu and Onodera (2012) performed a sensitivity test of the effect of land use change on
nutrient flux in a suburban watershed using SWAT. A model calibrated using observed data had
acceptable reproducibility according to Moriasi’s index (Moriasi et al., 2007) and was
established as the base scenario that was compared against land use change scenarios of
converting rice paddy field to abandoned land, residential land, and cultivated land to achieve
5% and 10% increases in land area under that use. They found that river runoff, sediment and
nutrient flux increased slightly when rice paddy field was changed to abandoned land, (Fig. 3).
For increased urbanization, which represents the conversion of rice paddy fields to residential
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land, increases were observed in river runoff, dissolved inorganic nitrogen, and DIP fluxes.
Conversely, suspended solids, particulate nitrogen, and particulate phosphorus decreased. When
rice paddy field was changed to cultivated land, the result was slightly decreased river runoff and
DIP flux and increased suspended solids, particulate nitrogen, and particulate phosphorus fluxes.
The results suggest that the effect of land use changes on nutrient flux should be considered in
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Fig. 3 Results of sensitivity analysis of land use change scenarios of converting rice paddy
field to abandoned land, residential land, and cultivated land to achieve 5% and 10%
increases in land area under that use. (a) discharge and sediment flux, (b) nitrogen
fluxes, and (c) phosphorus fluxes. Modified from Shimizu and Onodera (2012)



land use decision-making in the suburban zone because such changes are mostly unidirectional,
from rice paddy field to other land use, and therefore represent a clear shift in the nutrient flux
characteristics of that land. Hence, it is necessary to consider the dynamical land use changing
effect such as using activating land use change module for SWAT (Pai and Saraswat, 2011) if
SWAT will be applied to suburban watersheds which contain rapidly urbanizing areas. 

In the meantime, the effect of decrease of rice paddy field on nutrient flux has to be considered
if land use change will be discussed because rice paddy field might contribute to attenuate
nutrient flux by its multiple functions. In other words, decrease of rice paddy field can accelerate
the increase of nutrient flux by not only increasing domestic wastewater from residential land
that is converted from rice paddy field but also weakening nutrient attenuation functions.
However, it is impossible to account the attenuation effect by SWAT at present because the
processes in rice paddy field have not been implemented even if the deficiencies in the original
rice paddy module in SWAT have been improved by some researchers (Kang et al., 2006; Xie
and Cui, 2011; Sakaguchi et al., 2014). Nevertheless, the unmodified SWAT is considered
suitable for estimation of nutrient flux at the basin scale, because uncertain parameter values can
be adjusted including this rice paddy effect unintentionally. Therefore, we think that SWAT can
be applied to estimate nutrient flux at the watershed scale because the underlying concept of
SWAT development is to allow reasonable results to be obtained at the watershed scale even if
available data are scarce. However, SWAT should not be used in its original form for studies of
hydrology and nutrient dynamics in rice paddy fields at the field scale. It is expected that the
issue on processes in rice paddy field will be addressed during future development of SWAT.

4. Climate Change

In recent decades, global climate change such as rising air temperatures and spatial and
temporal shifts in rainfall patterns have been observed (IPCC, 2007). The regime shifts induced
by climate change affect nutrient and sediment fluxes because river runoff, which controls river
transport capacity, is directly influenced by rainfall (Chang et al., 2001; Bouraoui et al., 2004;
Andersen et al., 2006; Marshall and Randhir, 2008; Tu, 2009). Increased rainfall intensity also
leads to increased soil erosion and overflows from combined sewers, which causes the discharge
of untreated domestic wastewater directly into surface waters.

Studies suggest that the number of small-scale flood events may have decreased and extreme
flood events may have increased in suburban watersheds. Shimizu and Onodera (2013) have
suggested that in Japan flood events may have increased in magnitude and base flow periods
extended based on long-term analysis of observed river runoff and SWAT estimation.
Furthermore, nutrient flux is known to increase by orders of magnitude during flood periods, at
least partly because nutrients from domestic wastewater tend to be accumulated within the
catchment during low-flow periods for lack of transport capacity. Flood events mobilize the
accumulated nutrients and transport them downstream. Therefore, flow regime shift caused by
climate change may be a key driver for changes in nutrient flux on SWAT estimation in suburban
watersheds.
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5. Conclusion

This article provides a critical review of important factors for SWAT application that affect
nutrient flux in suburban watersheds. We have discussed that domestic wastewater, land use
change, and climate change could affect nutrient flux from suburban watersheds. Domestic
wastewater has potentially the largest effect on nutrient flux because it is emitted every day at a
constant rate. Nevertheless, domestic wastewater may have been ignored in previous studies
because it is difficult to estimate compared with emissions from sewage treatment plants.
Modeling of domestic wastewater involves considerable uncertainty at present owing to the
limited availability of data on the volume and spatial distribution of source areas (unsewered
residential development). Therefore, improving the estimation of nutrient flux in the future will
involve developing better methods for estimating inputs from domestic wastewater, including by
building databases of the distribution of unsewered residential areas and better characterization
of the factors that affect nutrient emissions in such areas.
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Abstract

Hydrologic models are particularly useful tools for investigating the many practical issues that
arise during the planning, design, operation, and management of water resource systems. In Malaysia,
several commercial hydrologic models have been used to model river basin dynamics, at both small
and larger watershed scales. These include empirical, physical, stochastic, and distributed models
such as InfoWorks River Simulation (IWRS), InfoWorks Collection System (IWCS), MIKE-SHE,
and Stormwater Management Model (XP-SWMM). Open-source watershed models have also been
used to model river basin dynamics in Malaysia. These models include the Soil Water Assessment
Tool (SWAT), Hydrologic Engineering Centre – The Hydrologic Modeling System (HEC-HMS),
Kinematic Runoff and Erosion Model (KINEROS) software, and the Long-Term Hydrologic Impact
Analysis (L-THIA) program. Among these models, SWAT is a well-established, physically based
distributed model used for analyzing the impacts of land management practices on the water in large
complex watersheds. Here we provide an overview of the application of hydrological modeling in
Malaysia, highlighting application of the SWAT model in the country in terms of model performance
and coverage of several river basins, with details of the analyses. Finally, we highlight the current
activities of the SWAT Network of Malaysia, including workshops and conferences, as well as the
future plans of the network.

Keywords: hydrologic models, river basin, SWAT model, SWAT Network of Malaysia.

1. Introduction

Hydrology, which deals with all phases of the Earth’s water, is a subject of great importance to
humans and the environment (Chow et al., 1988). This discipline has many practical uses, such
as in the design and operation of hydraulic structures; planning for water supply, wastewater, and
irrigation; flood control; erosion and sediment control; pollution abatement; and recreational
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uses (McCuen, 1988; Shaw et al., 2010). Hydrological modeling considers the relationships
among water, climate, land use, and soil. During the development of hydrological models,
scientists try to capture various characteristics of catchments (Alam et al., 2011), and this has
yielded numerous mathematical models for watershed simulation used in the evaluation of
surface and groundwater flow modeling. These models vary from empirical to physical,
stochastic, and distributed models. The mathematical model includes a chronological set of
relational, numerical, and logical steps that change numerical inputs to numerical outputs.

There are numerous types of mathematical models, including analytical, deterministic,
dynamic, empirical, heuristic, interactive, linear and nonlinear, numerical, probabilistic
(stochastic), semi-empirical, simulation, and theoretical (ASCE, 1982). However, most
hydrological models contain four basic components, namely the simulation basis, spatial
representation, temporal representation, and method of solution (Dingman, 2002). Each
component can be further subdivided into more detailed subcategories. The simulation basis
includes physically based (represent the physical processes observed in the real world),
conceptual, empirical, or regression and stochastic time series. The spatial representation
consists of lumped (simplifies the description of the behaviour of spatially distributed physical
systems into a topology), distributed (simulation of the key decisions associated with a
distribution channel to compute the optimal stream flow), and a coordinate system. Temporal
representation comprises steady state, steady state seasonal, single event, and continuous
representations. Finally, solutions are subdivided into four classes, namely dimensional, formal
analytical, formal numerical, and hybrid solutions.

This paper provides an overview of the application of hydrological modeling in Malaysia. We
describe the various hydrological models that have been used in the country in the second
section. It is important for researchers to understand the range of hydrological modeling that is
being practiced in the country. Next, we discuss the application of the SWAT model in the
various river basins, particularly in Peninsular Malaysia. We then explain the current activities of
the SWAT Network of Malaysia, with regard to SWAT model performance and coverage of the
river basins, along with details of the analysis in this research. Finally, we highlight the current
activities of the SWAT Network of Malaysia, including workshops and conferences, as well as
the group’s future plans.

2. Hydrological Models in Malaysia

Many hydrological models have been used for watershed modeling research in Malaysia.
Studies using a stochastic model are common. The statistical concept (Suhaila and Jemian, 2008;
Wan-Zin et al., 2009) and artificial neural network (Nor et al., 2007; Sulaiman et al., 2011) seem
to be preferred over other stochastic models. Deterministic models are still relatively new in
Malaysia, even though they have been used widely in other countries (Ab. Ghani et al., 2009).
MIKE-SHE is one of the deterministic models used for Malaysian watersheds. The model
simulates two-dimensional overland flow and one-dimensional flow in channels. The flow
routing of the model uses a diffusive wave approximation. Rahim et al. (2012) used MIKE-SHE

238 Application of the SWAT Hydrologic Model in Malaysia: Recent Research



to simulate the individual hydrological components of the Paya Indah Wetlands watershed and
revealed that the overall total water balance is predominantly controlled by climate variables.
Other MIKE models have also been applied to hydrodynamic modeling. For example, one study
used MIKE-FLOOD coupled with MIKE-11 and MIKE-21 to simulate flood events in the
Damansara River, Selangor (Lim and Cheok, 2009).

With regard to conceptual models, many studies have used the Hydrologic Engineering Centre
– The Hydrologic Modeling System (HEC-HMS) software (Yusop et al., 2007; Supiah et al.,
2010; Razi et al., 2010; Mustafa et al., 2011; Alaghmand et al., 2012). For example, HEC-HMS
was used to determine runoff and for hydrograph-characteristic modeling of an oil palm
plantation in the Skudai watershed (Yusop et al., 2007). The investigators reported good model
performance, with calibrated and validated model efficiency indexes of 0.81 and 0.82,
respectively. The study suggested that the model could be used to fill in runoff missing from
rainfall data. HEC-HMS was successfully used at the Johor River to estimate flooding, and it has
been recommended as a tool to estimate peak discharge (Razi et al., 2010). Supiah et al. (2010)
performed an uncertainty analysis of HEC-HMS model parameters for southern Malaysia. Other
researchers have integrated remote sensing, GIS, and the HEC-1 model to evaluate the
hydrological impacts due to land-use modifications in the Upper Bernam River basin of
Malaysia (Mustafa et al., 2011). The model performed well, and the objective functions of the
mean absolute error, root mean square error, and coefficient of determination (R2) were 0.14,
0.18, and 0.86, respectively. Another study prepared design flood hydrographs by using HEC-
HMS in river flood modeling of the Sungai Kayu Ara River basin in Kuala Lumpur (Alaghmand
et al., 2012). Hydraulic modeling was then performed by using MIKE-11 to define scenarios, and
this was followed by GIS to visualize the results of the hydraulic model.

In Malaysia, the Stormwater Management Model (SWMM) and InfoWorks Collection System
(IWCS) are among the software packages most widely used to model drainage systems (Liew
and Selamat, 2011). Toriman et al.  (2009) used XP-SWMM, a one-dimensional hydrodynamics
model, to simulate flood waters of the Damansara River in Selangor, and they successfully
produced a flood hazard map for urban areas. InfoWorks River Simulation (IWRS) and IWCS
are commercial software packages commonly used in simulating hydrological processes. A
study of the Damansara catchments for the years 2006, 2007, and 2008 applied IWRS to
simulate flood events (Ali and Ariffin, 2011). The model was able to simulate and produce
hydrographs and was useful in designing the retention ponds and flood walls, especially in low-
lying areas. IWRS was also used to simulate the impact of runoff on the flood plain of the Sungai
Sarawak basin (Mah et al., 2007) and in another study it was used to model the flood bypass
channel in Kuching, Sarawak (Mah et al., 2010).

Singular models have also been used for hydrological research in Malaysia. Izham et al.
(2010) applied the L-THIA model (Purdue University) to simulate runoff at the Pinang River in
Pulau Pinang. The KINEROS2 model was applied to evaluate the impacts of land-use/cover
changes on a developed basin at Hulu Langat (Memaria et al., 2012). The authors used three
storm events of different intensities and durations for calibration and validation processes, and
the model showed a good fit in the runoff simulation. However, the KINEROS2 model cannot be
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operated in a continuous simulation and it cannot simulate non-releasing ponds in the basin.
Finally, the TREX model was used to simulate the extreme monsoon rainstorms at three
locations in Peninsular Malaysia (Abdullah, 2013). The model performance was excellent in the
large watershed (Nash-Sutcliffe efficiency [NSE] coefficient of 0.8), but it was good in the
midsize and small watersheds (NSE of 0.7 and 0.4, respectively). The L-THIA, KINEROS2, and
TREX models are available as free unpatented commercial software, and the models are capable
of hydrological modeling in tropical basins, although no technical support is given by the
software providers.

3. SWAT Model in Malaysia

Soil Water Assessment Tool (SWAT), a public domain model, has been used successfully by
scientists around the world for distributed hydrologic modeling and management of water
resources in watersheds with various climates and terrain characteristics. The model provides
continuous-time simulation to facilitate modeling real watershed responses over long simulation
periods. In the river basins of Peninsular Malaysia, several researchers have used the SWAT
model in studies of basin water resources and hydrologic behavior (Ayub et al., 2009; Lai and
Arniza, 2011; Majid and Rusli, 2013; Ali et al., 2014; Rahman et al., 2014; Khalid et al., 2015;
Mohd et al., 2015; Tan et al., 2015) . Many of the studies have focused on basin hydrological
processes, including historical water discharge, sediment and nutrient dynamics, and the impact
of land-use change on discharge and direct runoff and also the climate change impacts on
sediment. Fig. 1 shows the river basins in Peninsular Malaysia that have been modeled by using
the SWAT model. Sg in fig. 1 represent river in local attributes.

Majid and Rusli (Majid and Rusli, 2013) used the SWAT model to investigate the impact of
land-use change from large rubber plantations to oil palm plantations on streamflow and flooding
on the Muar River, Johor. They showed that the SWAT model was capable of modeling
hydrological traits in a heavy-rainfall, tropical monoculture (rubber, oil palm) environment. The
SWAT model has also been used in hydrological modeling of paddy agricultural areas of the
Bernam River basin in Selangor (Lai and Arniza, 2011). According to that study, the SWAT
model satisfactorily simulated the hydrologic response of a river basin and can be used for long-
term river basin management. In a study applying SWAT to the hydrological assessment of the
Langat River Basin, historical data for 1997, 2001, and 2003 were used for comparison with
simulated results from the model (Ayub et al., 2009). Unfortunately, the 2 months of data used
for the calibration period (June and July 1997) were not sufficient to describe the behavior of the
streamflow of the river basin in terms of temporal changes using a daily time-step hydrological
model. Most hydrological researchers recommend using at least 20 years of continuous daily
historical data to describe the basin in the right manner.

Tan et al. (Tan et al., 2015) investigated the impacts of land-use and climate variability on
hydrological components in the Johor River basin. They reported that the combined impacts
caused the annual streamflow and evaporation to increase by 4.4% and 1.2%, respectively.
Another study examined the effects of climate change on streamflow in the Kuantan River basin
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by coupling statistical climate downscaling tools with the SWAT model (Mohd et al., 2015). The
future streamflow trend was projected to increase, especially toward the end of the 21st century,
particularly in the months of August and September. The increment was estimated to be up to
100% under the Representative Concentration Pathways (RCP) 8.5 scenario and a 50% increase
in the month of August during the middle-term period under both the RCP 8.5 and RCP 4.5
scenarios. In addition, no significant decreasing trend was found, except a minor one in
November in the near-term period. The results showed that SWAT can be used and implemented
for watershed planning and management purposes.

Rahman et al. (Rahman et al., 2014) highlighted a framework for integrated streamflow and
sediment yield using the SWAT model, and they showed that SWAT could successfully model
streamflow and sediment in the upper Langat River basin. Simulation results based on 30 years
of rainfall records indicated that average water quantity would not be substantially affected by
suspended sediment. Urban areas were found to be the main contributors to sedimentation.
Another study coupled GIS with the SWAT model to predict river discharge in the same
watershed (Ali et al., 2014 ). The simulation results for the period 1999 to 2010 represented
fluctuation of discharge quite well, with both R2 and Nash Sutcliffe Index (NSI) values above
0.6. The results indicated that the development of integrative GIS technology coupled with the
SWAT model is an excellent tool for environmental technology development. Finally, Khalid et
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Fig. 1 Locations of the five river basins that have been modeled by using the SWAT model: Pahang
River basin, Langat River basin, Muar River basin, Johor River basin, and Bernam river basin.



al. (Khalid et al., 2015) attempted to provide a framework for hydrological assessment by using
Malaysian soil data as soil input in the SWAT model. They found that the SWAT model could be
applied for hydrological evaluation of the Langat River basin, Malaysia, where Soil
Conservation Service (SCS) runoff curve number, base-flow alpha factor, and groundwater delay
were found to be the most sensitive input parameters.

4. Current Activities of the SWAT Network of Malaysia

The SWAT Network of Malaysia was established on July 1, 2013, as a non-government
organization. Its members are from universities, research centers, and government agencies. The
number of members has been increasing since the network’s establishment, and now about 20
active members are involved. The group’s activities include conducting SWAT workshops,
collaboration with the ASEAN SWAT Network, technical visits, and active involvement in
academic publications.

Several workshops have been conducted. The SWAT School in Malaysia was the first program
presented (November 21–23, 2013), and 35 people participated in the workshops. This event was
jointly organized by the SWAT Network of Malaysia and the Malaysian Agricultural Research
and Development Institute, with the aims of (a) ensuring early exposure to SWAT in Malaysia,
(b) broadening the number of SWAT users in this country, (c) expanding the use of SWAT
software among participants and other relevant agencies, and (d) strengthening collaboration
among the researchers involved. Feedback from participants indicated the need for another
workshop on preparing the SWAT input data. The next set of workshops was held from April
14–16, 2014, at Felda Residence Trolak, Perak. The aims were to establish a new environmental
database in Malaysia to standardize the land-use categories and to train participants in how to
prepare weather data to be employed as SWAT input data. A third workshop was conducted on
November 23 and 24, 2015; it focused on coupling open-source GIS with the SWAT model in
watershed modeling.

The Malaysia SWAT Network has participated in the first regional discussion with the SWAT
Network of Vietnam. The event was held on March 26, 2013, at Crystal Crown Hotel, Kepong,
and was attended by four SWAT Malaysia members and three Vietnamese counterparts. In
November 2013, SWAT Vietnam member Associate Professor Dr. Nguyen Kim Loi and his team
served as trainers for the first SWAT School of Malaysia. The two networks decided to set up a
committee of SWAT ASEAN delegates, who will serve as a conduit of SWAT regional
information and activities. The meeting also agreed to send SWAT ASEAN representatives to the
International SWAT-Asia Conference IV in Japan, held in October 2015. The first Malaysia-
Vietnam delegates meeting – a technical visit – was conducted at Nong Lam University,
Vietnam, in November 2014. The group agreed to participate in training, research projects, a
joint effort to secure international research grants related to water resources, and promotion of
the SWAT model to new users. The SWAT Network of Malaysia also conducted an exploratory
meeting with the Faculty of Agriculture at Chiang Mai University, Chiang Mai, Thailand, on
March 26 and 27, 2015.
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Members of the SWAT Network of Malaysia are actively involved in presenting papers at
many conferences and publishing research in various journals. The publications are related to
application of the SWAT model and watershed modeling. Thus far, 11 journal articles have been
published and cited within Scopus, another five were cited under Thompson Reuters, and one
was cited within Engineering Village and Pro Quest. Four papers were presented at the 2014
Nationwide GIS Application Conference at Can Tho University, Vietnam, and another seven
were presented at the International SWAT-Asia Conference IV in Tsukuba, Japan.

5. Conclusion

Engineers and researchers in many disciplines are increasingly using hydrological models to
study the potential impacts of human development on water quantity and quality at the river
basin scale. As shown by simulation results, SWAT has the potential to be a valuable tool for
planning and managing Malaysian watersheds. The model can be operated in both long-term and
short-term simulations, and it can be applied to different areas of the target basin. Future research
directions of SWAT model application in Malaysia are to conduct nutrient, water quality,
pesticide, and best management practices studies in the study area.
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Annex 1:

Program of the MARCO Symposium 2015
“Next Challenges of Agro-Environmental Research in Monsoon Asia”

Date: 26–28 August 2015
Venue: Tsukuba International Congress Hall (Epochal Tsukuba), Tsukuba, Japan

Organized by: Monsoon Asia Agro-Environmental Research Consortium (MARCO) 
Sponsored by: National Institute for Agro-Environmental Sciences (NIAES) 

Food and Fertilizer Technology Center for the Asian and Pacific Region (FFTC) 
Supported by: Ministry of Agriculture, Forestry and Fisheries (MAFF)

National Agriculture and Food Research Organization (NARO)
Japan International Research Center for Agricultural Sciences (JIRCAS)
College of Agriculture, Ibaraki University
Japan International Cooperation Agency (JICA)
Asia Soil Partnership (ASP)

Objectives:

The MARCO Symposium 2015 organized:
(1) Plenary sessions to report the latest results of studies on agriculture and environment

in monsoon Asia and to discuss the direction of future research and ways to
strengthen collaboration

(2) Parallel or satellite workshops to exchange information and discuss research plans for
specific topics

(3) Field excursion 

The MARCO Symposium 2015 aimed at:
– Exchanging the status quo of problems and the latest results of studies on agriculture

and environment in monsoon Asia, 
– Discussing the direction of future research and ways to strengthen collaboration for

agro-environmental challenges in monsoon Asia.

August 26, Wednesday

Plenary Sessions

Background

Agriculture centering on paddy rice in Monsoon Asia has enabled sustainable production
while fostering distinctive agroecosystems. The demand for food, however, is going to increase
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considerably due to population growth, economic development, biofuel production, and so forth.
As a result, the demand for agricultural production in this region will increase significantly. On
the other hand, agricultural and environmental problems, including urbanization, pollution from
industry, environmental impacts of agricultural intensification, deterioration of natural resources,
and the progress of global warming, are getting more serious and casting a shadow over
agriculture and the environment. In order to meet the growing demands on agriculture while
using natural resources in sustainable ways and providing protection and support for the
ecosystem, it is imperative that researchers and administrators of this region closely collaborate,
internationally, by facing the emerging problems as challenges and opportunities. 

In order to meet this requirement, MARCO, or the Monsoon Asia Agro-Environmental
Research Consortium, has organized by the agreement of the participants from 15 countries at
the international symposium entitled “Evaluation and Effective Use of Environmental Resources
for Sustainable Agriculture in Monsoon Asia: Toward International Research Collaboration”,
which was held during 12–14 December, 2006 in Tsukuba, Japan. Since that, MARCO has
promoted international collaboration for advancing research activities on the issues of
agriculture and the environment in monsoon Asia, by hosting a couple of international symposia
or workshops every year, setting up a website as a venue for exchanging consortium information,
and helping train the people who will carry on activities under the consortium.

In the last MARCO Symposium, entitled “Strengthening Collaboration to meet Agro-
Environmental Challenges in Monsoon Asia”, held during 24–27 September, 2012, participants
exchanged the latest research achievements of various issues relevant to agriculture and
environment in Monsoon Asia and earnestly discussed about the future directions of cooperative
researches among the member institutions of MARCO.

The MARCO Symposium 2015 will provide another venue for exchanging the status quo of
problems and the latest results of studies, and for discussing the direction of next challenges of
research, as well as ways to strengthen collaboration for the challenges. 

Presentations

Building resilience in rural Asia-combining traditional and modern bio-production systems
Kazuhiko Takeuchi, United Nations University/The University of Tokyo, Japan

Indonesian environmental challenges toward sustainable agriculture
Prihasto Setyanto, Indonesia Agricultural Environment Research Institute, Indonesia

Impact of climate change on biodiversity: A challenge to agro-ecosystems in South Asia
Buddhi Marambe and Pradeepa Silva, University of Peradeniya, Sri Lanka

Water resources, floods and agro-environment in Monsoon Asia
Takao Masumoto, National Institute for Rural Engineering, NARO, Japan
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Soil carbon sequestration and greenhouse gas mitigation in agriculture
Yasuhito Shirato, National Institute for Agro-Environmental Sciences, Japan

JIRCAS's climate change initiatives for Monsoon Asia
Yasukazu Hosen, Japan International Research Center for Agricultural Sciences, Japan

Climate change adaptation for rice cultivation system in Monsoon Asia
Fulu Tao, Institute of Geographic Sciences and Natural Resources Research, CAS, China

Global risk assessment of climate-induced food production shocks: From seasonal scale to
the end of this century

Toshichika Iizumi, National Institute for Agro-Environmental Sciences, Japan

General Discussion 

August 27, Thursday

Workshop 1: Integration of Adaptation Measures against Climate
Change for Asian Rice-based Agriculture

Objectives

This workshop is held with cooperation of the Food and Fertilizer Technology Center (FFTC),
to share the latest advances in understanding the climate change related problems in
collaboration with smallholder rice farmers in Monsoon Asia who adapt rain-fed agriculture and
irrigated agriculture, and to find out problems and to implement a suitable method among
various types of agricultural forms in the area.

This workshop is also based on the East Asian regional program of the Agricultural Model
Intercomparison and Improvement Project (AgMIP). Technical Meeting for the AgMIP-EA is
also held on 25th August at the same facility, Tsukuba International Congress Center (Epochal
Tsukuba). From a series of these activities, countries in Monsoon Asia including South East Asia
through South Asia collaborate in approach to adapt to the climate change.

Presentations

The Agricultural Modeling Intercomparison and Improvement Project (AgMIP) for
evaluating agricultural impacts of and adaptations to climate change

Daniel Wallach, Institut National de la Recherche Agronomique, France
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The spatio-temporal pattern of extreme temperature events and its impact on rice yields
across main rice planting areas in China

Zhao Zhang, Beijing Normal University, China

Climate, water resource and cropping in South Asia
Lalu Das, University of Agriculture, West Bengal, India

Javed Akther, Jadavpur University, Kolkata, India

Monami Dutta, University of Agriculture, West Bengal, India

Jitendra Kumar Meher, University of Agriculture, West Bengal, India

Assessment of climate change impacts on irrigation water requirement and rice yield:  A
case study from Ngamoeyeik Irrigation Project in Myanmar

Sangam Shrestha, Asian Institute of Technology, Thailand

Naw May Mya Thin, Irrigation Technology Centre, Myanmar

Multiple cropping scenarios based on local climate and the growth of dryland rice against
regional climate change in stabilizing agricultural production (case study in South Central
Java rain-fed agriculture)

Bayu Dwi Apri Nugroho, Gadjah Mada University, Indonesia

Rice model inter-comparison in Asia
Toshihiro Hasegawa, National Institute for Agro-Environmental Sciences, Japan

Crop model resaerch in China
Yan Zhu, Nanjing Agricultural University, China

Redevelopment of the DSSAT Model using C++ for facilitation of large data processing
Kwang-Soo Kim, Seoul National University, Korea

Simulating climate change impact on rice yield in Malaysia using DSSAT 4.5: Shifting
planting date as an adaptation strategy

A.T. Shaidatul Azdawiyah, A.G. Mohamad Zabawi, A.R. Mohammad Hariz, M.S. Mohd
Fairuz and J. Fauzi,
Malaysian Agriculture Research and Development Institute, Malaysia

M. Mohd Syazwan Faisal, National Hydraulic Research Institute of Malaysia, Malaysia

Projection of rice yield in 21st century in South Korea under RCP 8.5 scenario using a
mechanistic crop model

Jun-Whan Kim, Wangyu Sang, Pyeong Shin, Hyeounsuk Cho, Myungchul Seo, Jiyong Shon
and Woonho Yang,
National Institute of Crop Science, RDA, Korea
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The risk analysis for rice production due to agro-climate change in Taiwan
Ya-Wen Chiueh, National Hsinchu University of Education, Taiwan

Shiang-Jen Wu, National Center for High-performance Computing, Taiwan

Climate change adaptation for rice in Japan
Tomonari Watanabe, NARO Agricultural Research Center, NARO, Japan

Biochar-based technologies for enhanced productivity, efficiency, resilience and adaptive
capacity of smallholder rice-based farming communities in the Philippines

Ricardo F. Orge, Philippines Rice Research Institute, Philippines

Strategies of adaptation and mitigation for coping with climate change: From aspects of
Taiwan agriculture

Chwen-Ming Yang, Taiwan Agricultural Research Institute, Taiwan

Impacts of climate change on rice production in the Red River and Mekong River Delta of
Vietnam

Tran Van The, Pham Quang Ha, Bui Thi Phuong Loan, Institute of Agriculture and

Environment, Vietnam

Loan Nguyen Hong Son, Vietnamese Academy of Agricultural Science, Vietnam; Cuu Long

Rice Research Institute, Vietnam

Quantifying the GHG emission in paddy field in China under climate change based on the
coupling of DNDC, DSSAT and AEZ models

Zhan Tian and Yilong Niu, Shanghai Climate Center, China

Laixiang Sun, International Institute for Applied System Analysis, Austria;University of

Maryland, USA

Gunther Fischer, International Institute for Applied System Analysis, Austria

Changsheng Li, University of New Hampshire, USA

General Discussion  

August 27, Thursday

Workshop 2: Perspectives on Sustainable Agriculture in Monsoon
Asia: Biodiversity-Friendly Farming and Landscape
Management

Objectives

The 10th meeting of the Conference of the Parties of the Convention on Biological Diversity
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(CBD-COP10) adopted the Aichi Biodiversity Targets, including the goal that by 2020, areas
under agriculture are managed sustainably, ensuring the conservation of biodiversity. Recently,
the 4th Global Biodiversity Outlook (GBO4) evaluated the possible achievements of the Aichi
Targets. In relation to agriculture, GBO4 reports some progress, such as increasing areas under
sustainable management based on organic certification and conservation agriculture, but
unsustainable practices in agriculture continue to be responsible for substantial environmental
degradation, including biodiversity loss. Agriculture fundamentally receives benefits in a
multitude of ways from ecosystems, which are referred to as ecosystem services, but as a result
of biodiversity losses, the degradation of ecosystem services in areas under agriculture is
becoming of greater concern. Environment-friendly agriculture, including organic farming and
farming with reduced agrochemical use, is likely sustainable, but has a problem with agricultural
productivity. It was pointed out that if agricultural production is insufficient for human needs,
more conversion to farmlands may occur, causing a greater threat to wildlife. On the other hand,
biodiversity in agricultural areas is well-known to strongly depend on landscape structure
in/around farmlands. For example, species diversity generally increases with increasing degrees
of heterogeneity in landscape patterns (mosaic landscapes). Thus, biodiversity is expected to
increase in agricultural areas by strategically designing farmland development and the
appropriate management of landscapes around farmlands. It is also suggested that the
effectiveness of environment-friendly practices in agriculture for biodiversity conservation may
be improved by taking regional landscape structure into account and/or by introducing
appropriate local landscape management.

This workshop reports several efforts to provide for the compatibility of agricultural
production and biodiversity conservation in Asian countries, and presents case studies to
evaluate the effectiveness of environment-friendly farming and rural landscape structure to
conserve wildlife diversity. Based on these reports, we discuss what sustainable agriculture
should be to promote harmony with wildlife in Monsoon Asia.

Presentations

FAO’s Regional Rice Initiative: Sustainable management of the multiple goods and
services derived from rice production landscapes in Asia

Alma Linda M Abubakar, Jan Willem Ketelaar and Naoki Minamiguchi,
FAO Regional Office for Asia and the Pacific, Thailand

Dual values for biodiversity conservation in agricultural landscapes
Tadashi Miyashita and Masaru Tsutsui, The University of Tokyo, Japan

Effects of environmentally friendly farming and multi-scale environmental factors on
generalist predators in rice paddy ecosystems of Japan

Yuki Baba, National Institute for Agro-Environmental Sciences, Japan
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The current study for the management and restoration of paddy ecosystem to enhance
biodiversity in Korea

Myung-Hyun Kim, L.J. Choi, S.K. Choi, J.U. Eo, M.S. Han and H.S. Bang
National Academy of Agricultural Science, Republic of Korea

Perspective on improving landscape managements for biodiversity conservation and
sustainable production in China

Yunhui Liu, China Agricultural University, China

Environment friendly agriculture and organic agriculture in Vietnam
Ho Thi Thu Giang, Vietnam National University of Agriculture, Vietnam

General Discussion  

August 27, Thursday

Workshop 3: Challenges of Soil Conservation for Combating to Soil
Degradation in Monsoon Asia

Objectives

International year of soils 2015 has started for raising awareness on the importance of soil
health for food security and essential eco-system functions. Generally, inappropriate soil
management practices triggered by rapid social change in monsoon Asia have resulted in land
degradation, nutrient imbalance and acceleration of greenhouse gas emission from agricultural
land. Challenges of soil conservation for reversing these defunctioning and/or maintain soil
health should be highlighted. Furthermore, sharing on the current situation of soil degradation
and identifying a range of relevant good practice for regional and national sustainable soil
conservations are required in monsoon Asian partnership. The purposes of the workshop are to
clarify the present condition of soil degradation to exchange information on the current
challenges of sustainable soil conservation against soil contamination, nutrient imbalance, and
climate change in Monsoon Asia, to discuss the direction of future research and ways to
strengthen collaboration for Asian Soil Partnership in the context of Global Soil Partnership
(FAO).

This workshop is held as commemoration of the International year of soils 2015 in the
MARCO symposium 2015.

Presentations

The challenges of soil conservation for combating soil degradation in the Philippines
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Rodelio B. Carating, Bureau of Soils and Water Management, Philippines

Soil degradation in India: Causes, major threats, and management options
Milkha S. Aulakh, Banda University of Agriculture and Technology, India

Gurjant S. Sidhu, National Bureau of Soil Survey and Land Use Planning, India

Soil erosion and sediment control measures for farmland in Japan
Takahiro Shiono, National Institute for Rural Engineering, NARO, Japan

Urban soil degradation and its impacts on urban environmental quality
Gan-Lin Zhang, Jin-Ling Yang and Yu-Guo Zhao,

Institute of Soil Science, Chinese Academy of Sciences, China

A new soil classification system and soil map for conservation of soil resources in Japan
Yusuke Takata, Takashi Kanda, Yuji Maejima, Toshiaki Ohkura, Kazunori Kohyama, and
Hiroshi Obara
National Institute for Agro-Environmental Sciences, Japan

Shokichi Wakabayashi, NARO Agricultural Research Center, Japan

Spatial distribution and risk management of heavy metal contamination in Japan
Tomoyuki Makino, Satoru Ishikawa, Masaharu Murakami and Tomohito Arao
National Institute for Agro-Environmental Sciences, Japan

Current mitigation techniques for arsenic and cadmium contaminated paddy soils and rice
grains in Korea

Won-Il Kim, Anitha Kunhikrishnan, Hyuck Soo Kim, Ji-Hyock Yoo, Namjun Cho and Jin-
Hwan Hong
National Academy of Agricultural Science, Republic of Korea

Ji-Young Kim, Gwangju Regional Food and Drug Administration, Republic of Korea

Degradation and sustainable management of peat soils in Indonesia
Fahmuddin Agus, Indonesian Soil Research Institute, Indonesia

Carbon and nitrogen cycling in Japanese cropland soils
Sadao Eguchi, National Institute for Agro-Environmental Sciences, Japan

Changes in soil carbon and nitrogen contents in cropland soils of China
Xiaoyuan Yan, Institute of Soil Science, Chinese Academy of Sciences, China

General Discussion
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August 28, Friday

One day field excursion

– The rice-FACE experiment site at Tsukuba-mirai city

– “Yokota farm”, a large scale operating farm in Ryugasaki city

– Natural Resources Inventory Museum, National Institute for Agro-Environmental
Sciences, Tsukuba city

Satellite Workshops

Satellite Workshop 1
Remediation of Heavy Metals-contaminated Soils:
Novel Practical Approach based on State-of-the-art Science

July 14–16, 2015, in Fukuoka, Japan
Alongside the 13th International Conference on the Biogeochemistry of Trace Elements
(ICOBTE)

Satellite Workshop 2
International SWAT-Asia Conference IV, Adoption and Adaptation of SWAT for
Asian Crop Production Systems and Water Resource Issues

October 20-13, 2015, in Tsukuba, Japan

Satellite Workshop 3
MINCERnet: Multi-site Monitoring Network of Canopy Micrometeorology and
Heat Stresses of Rice under the Climate Change

November 24-26, 2015, in Tsukuba, Japan

255



Annex 2:

List of MARCO Events: Symposia, Workshops and Seminars

November 24–26, 2015 (Tsukuba, Japan)

MARCO Symposium 2015 Satellite Workshop, the kick-off meeting on “MINCERnet: Multi-
site Monitoring Network of Canopy Micrometeorology and Heat Stresses of Rice under the
Climate Change”

October 20–23, 2015 (Tsukuba, Japan)

MARCO Symposium 2015 Satellite Workshop, “Adoption and Adaptation of SWAT for Asian
Crop Production Systems and Water Resource Issues”

August 26–28, 2015 (Tsukuba, Japan)

MARCO Symposium 2015:

“Next Challenges of Agro-Environmental Research in Monsoon Asia”

Workshop 1: Integration of Adaptation Measures against Climate Change for Asian
Rice-based Agriculture

Workshop 2: Perspectives on Sustainable Agriculture in Monsoon Asia: Biodiversity-
Friendly Farming and Landscape Management

Workshop 3: Challenges of Soil Conservation for Combating to Soil Degradation in
Monsoon Asia

July 14–16, 2015 (Fukuoka, Japan)

MARCO Symposium 2015 Satellite Workshop, “Remediation of heavy metals-contaminated
soils: Novel practical approach based on state-of-the-art science”, alongside the 13th
International Conference on the Biogeochemistry of Trace Elements (ICOBTE)

November 18–21, 2014 (Tokyo, Japan)

TUAT-MARCO Joint International Workshop on Rice Paddy Module Development in SWAT
2014 - Development of a Tool for Sustainable Rice Production in Asia and World

September 23–25, 2014 (Taipei, Taiwan)

MARCO-FFTC International Seminar on Management and Remediation Technologies of Rural
Soils Contaminated by Heavy Metals and Radioactive Materials

June 7, 2014 (Tsukuba, Japan)

MARCO International Workshop 2014, Andosols Revisiting - Genesis and Classification of
Volcanic Ash Soil (Andosols), and its Utilization in Monsoon Asia - 
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December 3–5, 2013 (Tsukuba, Japan)

MARCO-AgMIP Workshop 2013 on Uncertainty Evaluation and Improvement of Growth and
Yield Prediction Models for Rice: AgMIP Rice Team Annual Meeting 2013

October 16–17, 2013 (Tsukuba, Japan)

MARCO International Workshop 2013 on Evaluation and Mitigation of Environmental Impacts
in Agricultural Ecosystems for Sustainable Management

October 8–10, 2013 (Tsukuba, Japan)

MARCO-FFTC Joint International Workshop 2013 on Benefits and Risks of Genetically
Modified Food Crops in Asia

October 29–30, 2012 (Tsukuba, Japan)

MARCO Satellite Symposium 2012, “Risk Alleviation Technologies for Arsenic and Cadmium
Contamination of Foods in Monsoon Asia”

September 24–27, 2012 (Tsukuba, Japan)

MARCO Symposium 2012: 

“Strengthening Collaboration to meet Agro-Environmental Challenges in Monsoon Asia”

Workshop 1: Agriculture and Climate Change in Monsoon Asia: Adaptation,
Mitigation, and Forecast

Workshop 2: Biosafety and Issues Facing the Development of Genetically Modified
Crops in Monsoon Asia: Current Status and Future Prospects

Workshop 3: A New Phase for the Development and Utilization of a Soil Information
System in East Asia

Workshop 4: Possible ways to strengthen collaboration to meet agro-environmental
challenges in monsoon Asia

July 9–12, 2012 (Tsukuba, Japan)

World Crop FACE Workshop 2012

November 15–18, 2011 (Tsukuba, Japan)

MARCO Workshop on Technology Development for Mitigating Greenhouse Gas Emissions
from Agriculture

September 27–30, 2011 (Taipei, Taiwan)

MARCO-FFTC International Seminar on Increased Agricultural Nitrogen Circulation in Asia:
Technological Challenge to Mitigate Agricultural N Emissions
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March 2–4, 2011 (Tsukuba, Japan)

International Workshop on Advanced Use of Satellite- and Geo-Information for Agricultural and
Environmental Intelligence

November 9–11, 2010 (Tsukuba, Japan)

International Seminar on Enhancement of Functional Biodiversity Relevant to Sustainable Food
Production in ASPAC - in association with MARCO -

September 28–29, 2010 (Bogor, Indonesia)

International Workshop on Evaluation and Sustainable Management of Soil Carbon
Sequestration in Asian Countries

September 1–3, 2010 (Tsukuba, Japan)

MARCO/GRA Joint Workshop on Paddy Field Management and Greenhouse Gases

October 5–7, 2009 (Tsukuba, Japan)

MARCO Symposium 2009:

“Challenges for Agro-Environmental Research in Monsoon Asia”

Workshop 1: Development of Phyto-technology for decreasing Heavy Metal in Food
Workshop 2: Crop Production under Heat Stress
Workshop 3: Survey of Plant Natural Resources and Isolation of Allelochemicals in

Monsoon Asia
Workshop 4: Biodiversity and Agro-ecosystem in Rice Paddy Landscape in Monsoon

Asia
Workshop 5: Perspectives of Metagenomics in Agricultural Research

October 14–15, 2008 (Tsukuba, Japan)

MARCO Workshop, “A New Approach to Soil Information Systems for Natural Resources
Management in Asian Countries”

October 22–23, 2007 (Tsukuba, Japan)

NIAES International Symposium 2007, “Invasive Alien Species in Monsoon Asia: Status and
Control”

October 22, 2007 (Tsukuba, Japan)

ESAFS/JSSSPN/NIAES/JIRCAS/NARO-NARC/FFTC International Symposium, “New
Challenges for Agricultural Science : Harmonizing Food Production with the Environment.”
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December 12–14, 2006 (Tsukuba, Japan)

NIAES International Symposium:

“Evaluation and Effective Use of Environmental Resources for Sustainable
Agriculture in Monsoon Asia: Toward International Research Collaboration”

Workshop 1: Invasive Alien Plants in Asia, Status and Control
Workshop 2: Monsoon Asia Agricultural Greenhouse Gas Emission Studies
Workshop 3: Prediction of Rice Production Variation in East and Southeast Asia under

Global Warming
Workshop 4: Ecological Risk Assessment for the Gene Flow from the Genetically

Modified Crops
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