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Abstract: In this study, information is collected on the weather, soils, field management and
agricultural statistics in the Bangladesh, India and Myanmar (BIM) region. Crop growth pa-
rameters within the EPIC (Environmental Policy Integrated Climate) model are calibrated
using cultivar data and regional experimental records of indica hybrid rice Fyou498 and Fen-
gliangyou4 in China. Potential yields of rice are then simulated in the BIM region from 1996 to
2005. The effects of local irrigation and fertilization levels on super hybrid rice yield are ex-
amined. The potential yields of Chinese hybrid rice at local irrigation and fertilization levels in
2000 and at full irrigation and rational fertilization levels are found to be 10.22 t/ha and 11.33
t/ha, respectively. The potential for increasing monsoon rice production in the study region is
227.71 million tons. The eastern Indo-Gangetic Plain in India, the southeast coast of India
Peninsula and the Ayeyarwady Delta in Myanmar have the largest potentials for monsoon rice
production. The northeastern and southwestern areas of the Deccan Plateau and the
northwestern region of the Indo-Gangetic Plain need to improve irrigation equipment to meet the
water-use requirements of high-yield rice. The central and southern plains in Myanmar and
northeastern India need greater access to nitrogen fertilization for high-yield rice.
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1 Introduction

The Chinese Ministry of Agriculture, the Chinese Ministry of Foreign Affairs, the National
Development and Reform Commission and the Chinese Ministry of Commerce have issued
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“Vision and actions on jointly promoting the construction of agricultural cooperation on the
Belt and Road”. They pointed out that countries along the Silk Road Economic Belt and
21st-Century Maritime Silk Road should strengthen cooperation in agricultural science and
technology, highlight the leading position of scientific and technological cooperation, and
promote exchange of crop varieties, technologies and agricultural products. As a vital part of
the Belt and Road Initiative, the Economic Corridor across the Bangladesh, China, India and
Myanmar (BCIM) region has become an important rice-producing area owing to its geo-
graphic hydrothermal conditions. According to estimates from the United States Department
of Agriculture (USDA), the rice yield in Bangladesh, India and Myanmar (the BIM region)
during 2016-2017 accounted for one-third of global rice production. The total rice yields of
India, Bangladesh and Myanmar were 108 million tons, 35 million tons and 12 million tons,
respectively, which ranked second, fourth and seventh in the world. Rice is the most impor-
tant staple food for more than 1.5 billion locals in the BIM region. However, agricultural
modernization in the BIM region is relatively undeveloped, and yields of leading crop varie-
ties are low. Assessment of rice yield potential is of great significance to local food and so-
cial security in the BIM region, given the region’s continuous increase in population and
competition for arable land.

There are three main methods for estimating the potential crop yield. (1) Experimental
statistical methods, such as counting the maximum or 95th percentile values in actual yield
data of paddy fields in a specific climatic region (Foley et al., 2011; Mueller et al., 2012;
Waddington et al., 2010) and using frontier production functions to calculate potential yields
(Neumann et al., 2010). (2) Field experimental methods aimed at obtaining the maximum
yields of rice by cultivation under ideal conditions (Peng et al., 1999). (3) Model simulation
methods, namely simulating growth processes of rice by ecophysiological models. The
DSSAT (Decision Support System for Agrotechnology Transfer), CERES (Crop Estimation
through Resource and Environment Synthesis), ORYZA and EPIC (Environmental Policy
Integrated Climate) models are being increasingly used to simulate rice yield in the BIM
region (Priya and Shibasaki, 2001; Das et al., 2007; Basak et al., 2010; Subash and Mohan,
2012; Timsina et al., 2016). (4) Upscaling methods based on multisource data and multiple
models. These methods comprehensively analyze simulation results of field experimental
data and agricultural statistics data, empirical models and process models, and evaluate the
potential productivity of grain in the area based on reasonable partitioning (Wart et al., 2013;
Ittersum et al., 2013; Guilpart et al., 2017). Results from experimental statistical methods
and field experiments lack representation in a large-scale region, and these methods cannot
interpret the yield gap easily. Therefore, model simulation and upscale methods are widely
used to estimate rice potential yields at scales above the national. Nevertheless, these esti-
mates are mainly based on local rice varieties, and do not consider the effects of research
and introduction of potential excellent germplasm resources, especially high-yield hybrid
rice.

The Food and Agriculture Organization (FAO) of the United Nations developed hybrid
rice as the first choice for easing hunger problems in poor areas in 1992. The governments
of the BIM region, all of which gave adequate attention to the positive effects of hybrid rice
on the increase of rice yield in poorer areas, started their own research and introduced
high-yield hybrid rice in the 1990s. The harvest area of hybrid rice in India was more than 3
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million hectares, accounting for about 7% of the rice harvest area by 2016. Harvest areas of
hybrid rice in Bangladesh and Myanmar are stable at 600 thousand hectares and 30 thousand
hectares, accounting for 5% and 0.4% of the country’s total harvest areas, respectively.
However, compared with the hybrid rice harvest area share of over 50% in China, BIM
countries still have a long way to go (Hu and Jiang, 2010; Hu et al., 2011; Spielman et al.,
2012; Chen et al., 2014). As the first country to successfully utilize rice heterosis in the
world, China has proposed a super hybrid rice cultivation plan based on existing high-yield
hybrid rice. China possesses abundant excellent germplasm resources. Over the past 20
years, many types of hybrid rice seeds have been introduced to the BIM region from Hubei,
Sichuan and Anhui provinces in China. For example, Myanmar has approved the 3S/Long8R
hybrid rice combination from Anhui and the combination of JX5A/JX5R and DAR hybrid
rice from Sichuan (Chen et al., 2014).

In this work, the EPIC model, calibrated by field experimental data from super hybrid rice
in southern China, is applied to simulate potential yields of super hybrid rice in the BIM
region, under different irrigation and fertilization scenarios. This can provide references for
the scientific extension of super hybrid rice in the BIM region, and speed up the pace of
“going global” in Chinese agriculture. It can also demonstrate the potential for rice produc-
tion in the BIM region, and is conducive to ensuring food security and regional sustainable
development in the BCIM Economic Corridor.

2 Data sources and processing
2.1 Data on the Chinese super hybrid rice variety

This work calibrates the growth parameters of Chinese super hybrid rice using regional ex-
perimental data and growth characteristic data of two-line indica hybrid rice Fyou498 and
three-line indica hybrid rice Fengliangyou4.

Regional experimental data of super hybrid rice from the China Rice Data Center were
obtained from 47 field stations in the Yangtze River Basin in 2016. The 2016 diurnal mete-
orological and radiation data of the experimental sites were replaced by observation data. If
data from weather stations were not available, the latest national weather station data at the
experimental site were used. The weather station data were obtained from the Climatic Data
Center, National Meteorological Information Center in China.

The growth characteristic data of two kinds of super hybrid rice cover harvest index,
growth leaf area index, growth effective accumulated temperature, plant height, plant den-
sity and radiation utilization ratio. The data were mainly derived from Chinese rice varieties
and the pedigree database of the China Rice Data Center, and also referred to the growth
characteristics of Fyou498 and Fengliangyou4 found in agricultural production.

2.2 Input data of rice production in the BIM region

The input data of the EPIC model included meteorological data, soil data, field management
and tillage data, basic geographic information and agricultural statistics. The specific input
parameters and data sources are shown in Table 1. The parameters of tillage technology,
tillage depth, operation width and speed were obtained from the sowing mode parameter
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database of the EPIC model. Harvest efficiency and related parameters were obtained from
the harvest mode parameter database of the model. The default soil water potential was —33
kPa when the soil water content reached field capacity, and was —1500 kPa when the soil
water content reached the wilting coefficient in the EPIC model. The soil initial water con-
tent and nitrogen contents were calculated by the EPIC model based on input data and
built-in formulas.

The following data processing methods for different modules were used. (1) A grid map
of the spatial distribution of monthly meteorological data in the BIM region was generated
during 1996-2005 with a resolution of 0.1°x0.1° based on monthly observation data from
National Climatic Data Center (NCDC) meteorological stations and interpolation results
from the Climatic Research Unit Timeseries (CRU TS) data. The center point of each pixel
in the grid was treated as a site in the EPIC model, and the meteorological data were proc-
essed. Daily scale meteorological data were generated by the MODAWEC program. (2)
Based on the International Soil Reference and Information Centre (ISRIC)-wise and
WISE30sec soil profile database, a soil property spatial distribution of 0.1°x0.1° in the BIM
region was generated. The center point of each pixel in the grid was treated as a site in the
EPIC model, and the soil data were processed. Soil was divided into seven layers in the
study region. Attributes of each layer input to the model covered depth, soil bulk density,
mechanical composition, pH, organic carbon content, cation exchange capacity and electri-
cal conductivity; other attributes were automatically generated by the EPIC model. (3) The
field management and tillage data, basic geographic information and agricultural statistics
were resampled as raster data with a resolution of 0.1°x0.1°.

Table 1 EPIC model parameters and data sources

Data module Parameters Data sources

Meteorological data Monthly maximum temperature, monthly
minimum temperature, monthly precipitation,

wet days and wind speed

NCDC, CRU TS V3.23
(Harris et al., 2014)

Monthly solar radiance, standard deviation of
monthly temperature, daily maximum tem-
perature, daily minimum temperature, daily
precipitation, maximum half hourly precipita-
tion and relative humidity

Generated by EPIC, GEPIC and
MODAWEC models

Soil data

Field management
and tillage data

Basic geographic
information

Agricultural statistics

Soil depth, soil texture, content of gravel, bulk
density, pH, soil organic carbon, cation ex-
change capacity, calcium carbonate content and
soil albedo

Field water capacity, wilting coefficient, etc.

Spatial distribution of rice planting period and
harvest period, spatial distribution of maximum
fertilizer amount (nitrogen fertilizer) and max-
imum amount of irrigation in 2000

Technical parameters of cultivation harvesting

Administrative boundary of Bangladesh, India
and Myanmar, digital elevation model, slope
data, land use data, etc.

Spatial distribution of rainfed area, irrigated
area, yield and climatic potential of rice in 2000

ISRIC-wise (Batjes, 2008),
WISE30sec (Batjes, 2015)

Generated by the EPIC model

EarthStat (Foley et al., 2011;
Mueller et al., 2012),

GEPIC model (Liu ef al., 2007; Liu,
2009)

EPIC05009 tillage parameter database

AVHRR, GMTED2010 (Danielson
and Gesch, 2011), SinoMaps Press

EarthStat, SPAM 2000 (You et al.,
2017)
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3 Methods
3.1 EPIC and GEPIC models

The EPIC model is a system dynamics model developed to simulate a climate-vegetation-
soil-management system by USDA and Texas A&M University in the United States. The
model was first used to quantitatively assess effects of soil erosion on agriculture, and then
simulation functions were added to calculate the carbon dioxide (CO,) concentration in the
atmosphere, change of water quality and soil carbon and nitrogen cycle. The EPIC model
has been successfully applied in the fields of crop yield estimation, climate impact assess-
ment, precision agriculture and regional agriculture planning (Gassman et al., 2005; Fan et
al., 2012).

Since the EPIC model is a point scale model, the maximum field scale that it can simulate
is 250 acres. The model assumes that the entire farmland’s climate, soil and management
measures are homogeneous, which renders the model unusable for spatial heterogeneity
analysis over large-scale areas. Therefore, the GEPIC (Global Information System
(GIS)-based EPIC) model was developed to simulate growth processes of rice, wheat and
corn in China and the world, based on GIS 9.1. Crop water productivity and spatial variabil-
ity of various crops have been analyzed with the GEPIC model, and good simulation results
obtained (Liu et al., 2007; Liu, 2009).

The EPIC model simulates growth of crops on a daily basis. The calculation of rice yield
could be divided into four steps. (1) According to accumulated temperature, latent heat and
stress factors, changes of leaf area index were calculated, and the daily photosynthetically
effective radiation received by the crops was obtained. (2) The model calculated the poten-
tial biomass per day based on atmospheric CO,, humidity and photosynthetically active ra-
diation. (3) The actual biomass of the crop was calculated according to the potential biomass
and crop stress factors. (4) The final yield of the crop was calculated according to the har-
vest index. In the estimation steps, simulation of crop leaf area index dynamics could fall
into two stages: the first stage was calculated from emergence to the maximum value, and
the second was from the maximum value to the crop harvest period (Meinardus, 1992). In
this study, the solar radiation absorbed by rice was calculated using the Beer law proposed
by Monsi and Saeki (Hirose, 2005), and the potential biomass was calculated using the
Monteith method (Monteith and Moss, 1977).

3.2 Calibration of model crop parameters

The two-line indica hybrid rice Fyou498 and the three-line indica hybrid rice Fengliangyou4
are demonstrative and popularized super hybrid rice varieties selected by the Chinese Min-
istry of Agriculture. They were used for calibration of rice growth parameters in this study.
Values were firstly assigned to the super hybrid rice’s harvest index (HI), maximum crop
height (HMX), maximum potential leaf area index (DMLA) and fraction of growing season
when leaf area declined (DLAI), according to Chinese rice varieties, the pedigree database and
published literature. Then, potential heat units (PHUs) for planting were determined from
rice experimental data and weather data in southern China. Finally, the biomass-energy ratio
(WA) with a fixed interval (range: 20—40 kg/MJ, interval: 1 kg/MJ) was successively input
into the model to determine appropriate WA values for the best possible simulation accuracy.
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3.3 Setting up of harvest area, time and methods

In the EPIC model, crop growth parameters are mainly determined by the intrinsic factors of
crops and are usually treated as constants when the same crop is simulated in different re-
gions. Nevertheless, studies have shown that when the growth environments of the crop dif-
fer greatly, the growth parameters of the EPIC model will change (Xiong ef al., 2014). To
reduce uncertainty caused by differences in the growth parameters between different areas in
China, India, Bangladesh and Myanmar, the following settings were used in the simulation
process. (1) Only the main rice growing areas of the study region were chosen for super hy-
brid rice yield simulation. Soils in the main rice growing areas mainly included alluvial
paddy soils, leached paddy soils and paddy ferralisols (paddy soils from red earths and lat-
eritic earths). In addition, considering monthly distribution of hydrothermal resources, the
study set the rainy season as the growing season for super hybrid rice in the BIM region. (2)
Out of 47 stations in southern China, 18 were selected using the criterion of whether the gap
between the average temperature in the growing season of the experimental stations and the
BIM region was less than 10%. These stations’ soils covered alluvial paddy soils, leached
paddy soils, paddy ferralisols (paddy soils from red earths and yellow earths) and purple
soils. The soil types were similar to those in the main rice growing areas of the BIM region.
Basic information on the 18 rice stations is shown in Table 2.

According to the Koppen climate classification, there are three major climate types in the
main rice growing areas of the BIM region: humid subtropical climate (Cwa), tropical sa-
vanna climate (Aw) and tropical monsoon climate (Am). The areas of the three climatic
zones account for 35%, 40% and 11% (Peel ef al., 2007) of the main rice-producing areas,
respectively. Temperature and precipitation during the rice growing season of a typical hu-
mid subtropical climate city (Patna), a typical tropical savanna climate city (Dhaka), a typi-
cal tropical monsoon climate city (Yangon) and 18 stations in southern China are shown in
Table 3.

To determine the best time for sowing and harvesting super hybrid rice in the rainy season,

April, May, June, July, August and Y Sowing month
September were successively set up as by 5 \;I;I%ﬁ

sowing months in the EPIC model, and
sowing and harvesting dates were aut-
omatically adjusted depending on the
PHUs for the rice. Then, rice yields
corresponding to the different sowing
dates were calculated. Finally, the ma-
ximum values of simulated yields and
the best sowing time in each pixel were
obtained. The best sowing months of the
rainy season in the BIM region are shown
in Figure 1. Furthermore, the rice cul- ' :
tivation mode in the EPIC model was ' ‘ 3

set to sow in drills and plains, harvest Figure 1 Best sowing months for super hybrid rice in the
with 95% efficiency and kill crops. BIM region
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Table 2 Rice regional experimental sites in southern China in 2016

Order . . Longi- Lati- Sowing date
Testing institution Test location
number tude tude (month/day)

1 Chongqing Three Gorges Academy Ganning, Wanzhou, 108.26° 30.67° 3/18
of Agricultural Sciences Chongqing

2 Rice Institute of Chongging Acad- Tieqiao, Daguan, 106°33’ 29°35’ 3/26
emy of Agricultural Sciences Nanchuan, Chongqing

3 Regenerated Rice Research Cen- Shuangzhu, Yong- 105.8° 29.3° 3/14
ter of Chongqing Academy of chuan, Chongqing
Agricultural Sciences

4 Southeast Chongqing Academy Erdu, Fuling, Chongging 107°25' 29°45' 3/14
of Agricultural Sciences

5 Seed Management Station in Tonggudui, Maliu, 106°59° 30°49° 3/18
Dachuan District, Dazhou, Sichuan Dachuan

6 Jialing Crop Variety Research Pingwu, Jianyang 104°38' 30°23’ 4/9
Center, Sichuan

7 Sichuan Longping High-Techseeds, Shehong County 105°22' 30°48’ 4/10
Ltd.

8 Yibin Academy of Agricultural Daguan, Nanxi, Yibin 104°54' 28°58' 3/16
Sciences, Sichuan

9 Huangshan Seed Station, Anhui Shuanggqiao, Xiuning, 118°14' 29°40’ 4/27

Huangshan

10 Seed Multiplication Farm in Ji- Mafu, Jukou, Jianyang 118°22' 27°03' 5/13
anyang, Fujian

11 Hubei Huimin Agricultural Lukou, Ezhou 114°38' 30°04' 5/5
Technology Co., Ltd.

12 Jingshan Agricultural Science Yongxing, Jingshan 113°07 31°01" 5/1
Institute, Hubei

13 Huaihua Agricultural Research Shimen, Hecheng, 109°58' 27°33' 4/26
Institute, Hunan Huaihua

14 Hunan Jinsenonghua Seed Indus- Jianxin, Yongan, 113°17' 28°11’ 5/16
try Co., Ltd. Liuyang

15 Jiujiang Academy of Agricultural Mabhuiling, Jiujiang 115°48' 29°26' 517
Sciences, Jiangxi

16 Rice Institute of Jiangxi Academy Wunonggang, Lian- 115°58’ 28°41' 5/16
of Agricultural Sciences tang, Nanchang

17 Jiangshan Seed Station, Zhejiang Shangyu, Jiangshan 118°40’ 28°47 5/20

18 China National Rice Research Fuyang, Zhejiang 120°19’ 30°12' 5/16

Institute

3.4 Scenario setting

This study simulated the following three scenarios of super hybrid rice yield (Figure 2):

(1) Yield potential of super hybrid rice under irrigation and fertilization conditions in the
BIM region in 2000 (Yag00): rice yields under the rainfed and irrigated conditions were
simulated with restrictions on the rate of fertilizer application in different regions in 2000.

Then according to formula (1), the spatial distribution of yields of two kinds of super hybrid
rice with irrigation and fertilization in 2000 was calculated:

Yrj X Srj+Yi/ XSIJ
S‘,+S

M
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where Y59 ; represents the rice yield at
the level of production in 2000 in the
area covered by the jth pixel. Y,; and Yy
represent yields of rainfed and irrigated
conditions in the jth pixel. Sy and Sj
represent the rainfed area and irrigated
area of rice in the jth pixel.

(2) Yield potential under sufficient ir-
rigated condition (Yj,): Under the con-
dition of automatic irrigation, the
growth of two kinds of super hybrid rice
was simulated to ensure that the number
of water stress days in the growing sea-
son was close to 0. In this scenario,
mean values of yield potential of two
kinds of super hybrid rice were calcu-
lated.

(3) Yield potential under sufficient
irrigation and ideal fertilization condi-
tion (Ymax): According to the rate of fer-
tilization used in China, the BIM re-

Y max
Genetic
modification

Y

- Y000

Potential yield
>

Yir

Y.

y

A

Rice production scenario

Figure 2 Relationship between rice potential yields under
different conditions (Y,: actual rice yield in 2000; Y2o00: po-
tential yield of super hybrid rice with irrigation and fertiliza-
tion in 2000; Yi,: potential yield of super hybrid rice with
sufficient irrigation; Ymax: potential yield of super hybrid rice
with sufficient irrigation and fertilization)

gion’s rate of fertilization under automatic irrigation was adjusted to ensure that the number
of water stress and nutrient stress days was close to 0 during the rice growing seasons. Then,
maximum potential yields and regional average production were calculated.

Table 3 Climate comparison between Chinese stations and major rice-producing areas in the BIM region

City, country Patn.a, Yangon, Dhaka, Southern Chi-

India Myanmar Bangladesh nese Stations
Koppen climate classification Cwa Am Aw Cwa, Cfa
Climatic index  Average high temperature (°C) 34.1 30.8 31.9 29.0-31.5
:efarsl;i growing - erage low temperature (°C) 252 24.4 25.5 20.9-23.2

Precipitation (mm) 1060 2585 1856 749.3-1770.2

4 Results and analysis

4.1 Calibration results of super hybrid rice growth parameters

The average yield of super hybrid rice Fyou498 and Fengliangyou4 in the selected 18 ex-
perimental sites was 9107 kg/ha in 2016. The average yield simulated by the calibrated
EPIC model was 9006 kg/ha, with a relative error of 1.11%. The calibration results of super
hybrid rice growth parameters are shown in Table 4.

Actual yields and simulated yields in Chinese stations are shown in Figure 3, where the
sequence numbers of the stations correspond to those in Table 2. Relative errors between
actual yields and simulated yields are less than 15% in selected stations, except for a seed
multiplication farm in Jianyang, Fujian. According to the simulation results of the EPIC
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model, the rice simulated yield was
31.23% higher than the actual yield in
this seed farm (No. 10). The mean maxi-
mum temperature, mean minimum tem-
perature and precipitation in Jianyang
were higher than the average level of
other stations in southern China in 2016.
Good hydrothermal conditions gave
simulated biomass and yield values up to
23.8 t/ha and 10.1 t/ha, respectively, at
the farm. However, rice in Jianyang’s
paddy fields had a slight banded scle-

Table 4 Calibrated EPIC model parameters of Chi-

nese super hybrid rice

Growth parameter Fyou498 Fengliangyou4
WA (kg/MI) 27.00 27.00
HI 0.56 0.56
TOP (°C) 25.00 25.00
DMLA 7.94 10.08
DLAI 0.80 0.80
HMX (m) 1.12 1.24
PHU (°C) 2233 2284

rotial blight and a 2.8% miscellaneous plant rate in actual production, which reduced the
yield of rice to a certain extent. In addition, differences between methods of presoaking,

vernalization, seedling raising, transplanting and use of pesticides in 18 stations might pro-

duce simulation errors.

12000

B Measured yield
10000 = Simulated yield

8000
6000 +
4000 ~
2000 +

Yield (kg/ha)

10 11 12 13 14 15 16 17 18
Trial station

Figure 3 Measured and simulated yields at 18 southern Chinese regional experimental stations

4.2 Distribution of potential yields in the BIM region

According to the simulation results of the EPIC model, the mean potential yields Y200, Yirr
and Y.x were 10.22 t/ha, 10.70 t/ha and 11.33 t/ha, respectively, in the BIM region during
1996-2005. The potential yields of super hybrid rice showed an overall decreasing trend
during the period studied (Figure 4). Maximum Y00, Yir and Y.y values, reaching 10.97
t’/ha, 11.85 t/ha and 12.63 t/ha, respectively, all appeared in 1998 because the multiple

13.0

12.5 —*= Yaono

-y
12.0 | s
1151

11.0 -
10.5 -
10.0 -
9.5 -
9.0

Potential yield (t/ha)

Year

Figure 4 Potential yields of super hybrid rice under dif-
ferent conditions in the BIM region during 19962005

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

stresses of water, temperature and nutri-
ents in the growing season were mini-
mum in this year. Minimum values of
Y2000 (9.66 t/ha) and Yy, (9.96 t/ha) ap-
peared in 2005; the minimum value of
Y max (10.62 t/ha) appeared in 1999.

The spatial distribution of potential
yields of super hybrid rice under differ-
ent scenarios in 2000 is shown in Figure
5. In terms of mean value of potential
yields, Yjg00 decreases in the order (from
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high to low): Bangladesh, Myanmar and India; Y;, decreases in the order: Bangladesh, India
and Myanmar; and Y.« decreases in the order: Bangladesh, Myanmar and India. The high-
est yield potentials were located in Goa, Karnataka and Tamil Nadu in southwestern India,
Assam in northeastern India and Sylhet in northeastern Bangladesh. The lowest yield poten-
tials were located in Punjab, Himachal and Jammu and Kashmir in northwestern India.
These yield potentials were affected by precipitation, temperature and solar radiation in the
rainy season. By comparing Y, and Y.« in the BIM region, bigger yield gaps were found in
the northeastern Deccan Plateau and Assam State, and smaller yield gaps were found in the
northwestern part of the Indo-Gangetic Plain and central Myanmar.

70°E 80°E 90°E 100°E 70°E 80°E 90°E 100°E
1 1 1 1 1 1 1 1
1{‘:’/‘, (®) Yaoo
30°N - - 30°N
20°N F20°N
7 (kg/
(_&01_%1')000 ;) (kgha) ;
=it =0
3 1500-20004 -8000 -
10°N 4 £ 2000-3000 . =1 8000-9000 - 10°N
o Sy = Bt
0 500 km -11000%
i = 4000-6000 . 11000-14000
(d) Yoax
30°N - F30°N
20°N | ; L 20°N
otential yield o otemial yield
(kg/ha) R (kg/ha)
. 0-7000 . . 0-7000
1 7000-8000 f 1 7000-8000 ft°
10°N 4 £18000-9000 °  8000-9000 ¢ L 10°N
£ 9000-10000 51 9000-10000%,
B 10000-11000% = 10000-11000%
== 11000-14000 = 1100014000
T T T T T T T T
70°E 80°E 90°E 100°E 70°E 80°E 90°E 100°E

Figure 5 Potential yields of super hybrid rice under different conditions in the BIM region in 2000

Increasing total production potential of kharif rice was projected to be 212.55 million tons
with irrigation and fertilization in the BIM region in 2000, 225.34 million tons with suffi-
cient irrigation or 227.71 million tons with sufficient irrigation and ideal fertilization. As
shown in Figure 3, there was a relative consistency in the spatial distribution of the total po-
tential production of rice in the three scenarios. At the national scale, the increasing potential
order of kharif rice from high to low is: India, Myanmar and Bangladesh. Under the condi-
tion of planting super hybrid rice in all regions with full irrigation and ideal fertilization, the
states with more than 10 million tons of rice production potential were Uttar Pradesh, West
Bengal, Bihar, Orissa, Andhra Pradesh, Jharkhand and Tamil Nadu in India and Ayeyar-
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wady in Myanmar.

According to the spatial distribution of rice climatic potential yields calculated by Foley
et al. (2011), the climatic utilization rate for actual yields of rice, which was high in dry ar-
eas and low in wet areas, reached only 6% in the BIM region. However, if super hybrid rice
was planted, it was possible for the climatic utilization rate to reach more than 25% (Figure 6).

70°E 80°E 90°E 100°E 70°E 80°E 90°E 100°E
b R
@ % 0 500 km ® & s 0 500 km
30°N’ L 30°N
20°N F20°N
¥ Production potential > Climatic utilization
(/100km?) . rate (%) 3
1 0-5000 ‘ . 106 ﬁ .
0 = 1000020000 =520 ¢ 0
10°N7 B 2000030000 - : r10°N
B 30000-50000 ¢ : Bl 25-40 b
B 50000-100000 ° EE 40-100 3

70°E 80°E 90°E 100°E 70°E 80°E 90°E 100°E

Figure 6 Maximum production potential and climatic utilization efficiency of super hybrid rice in the BIM region
4.3 Analysis of stress factors restricting rice yield

Stress on rainfed rice was more significant than that on irrigated rice according to the time
series data of 1996-2005. Figure 7 shows potential yields and stress days of rainfed rice in
growing seasons during this period. The results show that the rainfed rice potential yield was
the highest in 1998, when the number of mean stress days in the growing season was only 14,
and was the lowest in 2002, when the number of mean stress days was 26. With local irriga-
tion and fertilization, the water stress on rainfed rice was greater than the temperature stress,
while the temperature stress was greater than the nutrient stress. Water stress and nutrient
stress could explain 81% of the mean yield’s interannual variations (P<0.05), and water
stress was the most important constraint in rainfed paddy fields in the BIM region. The soil
fertility of rainfed farmlands is projected to degenerate, and the number of nutrient stress
days to increase annually, which is
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severe drought stress. Meanwhile, the mean potential yield of irrigated rice was simulated to
rise. This weakened the negative effect of the decrease in the yield of rainfed rice, and enhanced
stabilization of the paddy field ecosystem to resist drought in western India.

The yield gap of super hybrid rice caused by insufficient irrigation (AY;,) was obtained
by subtracting Y000 from Y, and the yield gap caused by insufficient fertilization (A Ye)
was obtained by subtracting Yj, from Y, based on the cross-sectional data in 2000. In-
creased yields by two types of agriculture inputs in different states are shown in Figure 8. It
can be seen that the growth of rice was not restricted by the current level of irrigation and
fertilization in the southeast coastal area of the India Peninsula, the central eastern part of
the Indo-Gangetic Plain, Bangladesh and the Ayeyarwady Delta. Rice growth was limited by
a single leading stress factor, due to Liebig’s law of the minimum.

¢ Yield increase
in different states

o 15 °
AYfe,(tfha)

Figure 8 Simulated yield gaps of super hybrid rice between Y200 and Y.y in the BIM region

At a national scale, water stress in India, nutrient stress in Myanmar and no obvious stress
in Bangladesh limited the growth of super hybrid rice with irrigation and fertilization in
2000. At a regional scale, rice yields in the west of the BIM region were mainly restricted by
water stress. This included the northeastern and southwestern Deccan Plateau and the
northwestern Indo-Gangetic Plain. The average increase of rice yields was 0.58 t/ha and
reached a maximum of 6.53 t/ha by developing irrigation. Paddy fields in the northeastern
Deccan Plateau were mainly rainfed and the distribution area of irrigated farmland was less
than 50 ha/100 km®. The northwest of India, especially Punjab, had a high proportion of ir-
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rigated area, but low precipitation caused the rice to grow under water stress. Rice yields in
the east of the BIM region were mainly restricted by nutrient stress. This included north-
eastern India, especially Assam, and the plain areas in central and southern Myanmar. The
average increase of rice yields was 0.69 t/ha and could reach 5.34 t/ha at most by improving
nitrogen fertilization. These areas had sufficient hydrothermal resources or better irrigation
equipment, but the soils lacked nutrients and the rate of nitrogen fertilizer utilization was
only 66 kg/ha in the east of the BIM region, which caused the rice to grow under nutrient
stress.

5 Discussion
5.1 Evaluation of simulation methods

When new varieties of hybrid rice are introduced into an area, regional experiments for new
varieties need to be conducted locally. However, much labor, finance and time are needed
for field experiments, and the representativeness of the experimental site on the regional
scale is also questionable.

This study therefore selected two varieties of super hybrid rice that have been tested ex-
tensively in China, and regional experimental sites were screened to be close to the climate
and soil environments in the rainy season in the main rice-producing area of the BIM region.
Then, the crop growth parameters of the EPIC model were calibrated. The optimum sowing
time and harvest time of super hybrid rice in the study region were calculated from PHUs
and model simulation in a rice growing season. Simulation by the EPIC model in different
scenarios was based on the actual irrigation and fertilization levels in the BIM region. Lo-
calization of cultivation was fully considered during the model operation process. However,
there were still differences in climate between the 18 selected Chinese experimental sites
and the BIM region. For example, the average daily minimum temperature of the rice grow-
ing season in the BIM region was higher than in China, and precipitation in the tropical
monsoon climate zone of Myanmar was also higher than for any regional experimental sta-
tions in China. Another problem was that it is difficult for a single ecological process model
to accurately describe all characteristics of rice growth, especially super hybrid rice resis-
tance to frequent occurrences of drought, waterlogging, specific plant diseases and insect
pests in the BIM region. The effects of natural disasters on the growth characteristics and
yields of super hybrid rice require further study.

5.2 Rice potential yields in Bangladesh, India and Myanmar

Many studies have investigated rice potential yields in South and Southeast Asia. Field ex-
perimental data of the International Rice Research Institute and the Philippine Rice Research
Institute under ideal conditions showed that the potential yield of conventional high-yield
rice in Asia tropical lowlands with irrigation was 9.90+0.30 t/ha and the potential yield of
indica hybrid rice was 10.804+0.40 t/ha (Peng ef al., 1999), which is similar to the potential
yield of super hybrid rice simulated by the EPIC model in this study. Foley et al. (2011) and
Mueller et al. (2012) estimated the potential yield of rice in Bangladesh and India to be 4.98
t/ha and Myanmar to be 5.85 t/ha by counting the high yield record in a relatively homoge-
neous region. Waddington et al. (2010) used similar methods to estimate the potential yield
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of rice cropping systems and rice-wheat rotation systems to be 6.98 t/ha and 6.23 t/ha, re-
spectively, in South Asia. Neumann et al. (2010) used a stochastic frontier production func-
tion to analyze potential yields and yield gaps of global rice. The spatial distribution trend of
potential yields in BIM countries was consistent with this research. Nevertheless, yields es-
timated by Neumann ef al. (2010) were lower than the simulation results from the EPIC
model in this study. Wart et al. (2013) and Ittersum et al. (2013) conducted upscaling re-
search of results from field experiments and model simulation based on agroclimatic regions.
They found that rice potential yield in Bangladesh was 11.98 t/ha under irrigation condition
in a growing season, differing to the simulation result in this study by only 2%, while rice
potential yield in India was 9.01 t/ha, which is 20% lower than the present result.

Potential yields estimated by empirical statistical methods, such as investigation of actual
yields and analysis of boundary functions, are significantly lower than the results from the
EPIC model in this study. Potential yields estimated by field experiments and upscaling re-
search with multiple models are equal to or slightly higher than the results from the EPIC
model. Rice is affected by more factors in an actual production activity compared with ideal
experiments and models. Waddington et al. (2010) conducted a survey of 672 global agri-
cultural experts and found that in addition to lack of fertilization and nutrient management,
low price of rice products, plant diseases, insect pests and inappropriate pest management
were also important factors affecting rice yields of lowland farming system in Southeast
Asia. Weed competition and soil fertility degradation were the most important factors in
South Asian rice farming systems and rice-wheat rotation systems. When empirical statistics
were used to calculate yield potential, they did not distinguish and extract the effects of
these factors, especially the influence of socio-economic factors on rice yield gap at a local
scale. In addition, the potential yield of super hybrid rice simulated by the EPIC model was
not significantly higher than that of Bangladesh and Myanmar. This shows that introducing
super hybrid rice Fyou498 and Fengliangyou4 may not be able to increase the upper limit of
the potential local rice yield in Bangladesh and Myanmar.

5.3 Closing yield gaps

If the countries in the BIM region make efforts to promote super hybrid rice, improve irriga-
tion facilities and increase fertilization, the maximum total production of rice in a rainy sea-
son could be increased to 2.47 times as much as the actual production in 2000. Obviously,
the BIM region has a great potential for increasing rice production. Nevertheless, it is not
only a technical problem, but also a socio-economic problem to close the yield gap between
actual and potential production of rice (Godfray et al., 2010).

Many farmers in the BIM region are unable to purchase suitable hybrid rice seeds and
learn essential cultivation techniques. There are also few channels to transport rice products
to a large consumption market after harvesting rice. Furthermore, when the cost of irrigation,
fertilization and seeds is too high, farmers will choose to cultivate low-yield rice according
to an input-output ratio. For instance, chemical fertilizers, pesticides and agricultural ma-
chinery mostly rely on imports due to limited agricultural production technology in Myan-
mar, which leads to high costs of rice cultivation. But the price of rice products is low, so
farmers in Myanmar are unwilling to cultivate high-yield rice because of the additional costs
involved. Compared with India and Bangladesh, field management in Myanmar is more ex-
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tensive with sparsely populated land. This causes the growth of rice in Myanmar to be gen-
erally under the condition of nutrient stress. In recent years, the use of chemical fertilizers
and pesticides has not increased. The rate of nitrogen fertilization to rice production was
only 16% of that in China.

Finally, closing yield gaps can significantly improve the capacity of food supply, but it
will have uncertain impacts on the environment. Rice production has important external ef-
fects, such as a large amount of greenhouse gases (e.g., methane and nitrous oxide) can be
released by paddy fields (Smith et al., 2008), soil nutrient wastage and degradation can be
caused by surfeit use of fertilizer, water eutrophication can result from excess nutrients en-
tering groundwater and lakes, with runoff and local ecological security threatened by inap-
propriate land use and farmland management (MEA, 2005). Therefore, to improve the prac-
tical value of research results, it is necessary to strengthen yield gap mechanisms formed by
the decision-making behavior of farmers. In addition to analysing the direct factors leading
to low yield, such as management and investment level, farming practices combined with
societal, economic and ecologic factors should be comprehensively analyzed, to provide
scientific support for food security and agricultural development strategies in the BIM re-
gion (Fan et al., 2011).

6 Conclusions

This study has calibrated rice growth parameters of the EPIC/GEPIC model. These were
based on southern Chinese regional experimental data of super hybrid rice and simulated
spatial distribution of super hybrid rice potential yields in the BIM region in rainy seasons,
under different scenarios, during 1996-2005. The following conclusions were obtained:

(1) Mean potential yields with irrigation and fertilization in 2000, sufficient irrigation,
sufficient irrigation and ideal fertilization were 10.22 t/ha, 10.70 t/ha and 11.33 t/ha, respec-
tively, in the BIM region during 1996-2005. States with the highest potential yields were
Goa, Karnataka, Tamil Nadu and Assam in India, and Sylhet in Bangladesh.

(2) Under sufficient irrigation and ideal fertilization conditions, Chinese super hybrid rice
could increase total production by 227.71 million tons in a rainy season in the BIM region
according to EPIC model results. The southeast coast of the India Peninsula, the east of the
Ganges Plain and the Ayeyarwady Delta have larger spaces to increase rice total production
in a rainy season. If super hybrid rice is planted in the study region, climatic potential utili-
zation of rice is expected to exceed 25%.

(3) Water stress in India, nutrient stress in Myanmar and no obvious stress in Bangladesh
limited the growth of super hybrid rice with irrigation and fertilization in 2000. It is neces-
sary to further improve irrigation equipment to meet the water consumption of high-yield
rice in the Deccan Plateau and northwestern India and increase fertilization in Myanmar and
northeastern India.
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