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Abstract: Rice is the world's most important staple food. Although mainly produced in Asia (91%), it is consumed on all
continents and its global importance and consumption is increasing. The limited scope to expand production areas coupled with

increasing resource constraints (mainly the lack of or competing demands for land and water) make it difficult to meet necessary
production increases. Climate change in terms of increasing temperatures, more frequent droughts, anticipated loss of productive
estuaries due to rising sea levels, more frequent and severe storms and rising CO2 levels further compounds these problems. This
constitutes a huge challenge for science, policy and farmers. The provision of effective solutions is complex due to the spatialtemporal dimensions that must be integrated when setting research, policy and management priorities. These challenges have
motivated us to form a Community of Practice (CoP) of concerned scientists. We formed this CoP around the central theme of
simulation modelling as a technology that allows integration of discipline-based component science across space and time. We
also use modelling as an engagement tool with stakeholders and to connect seemingly disparate scientific disciplines. Here we put
our Research for Development (R4D) activities into context and report on some of the research efforts that our CoP is currently
involved in. In our quest to design locally-adapted, profitable and sustainable, climate-robust rice-based cropping systems, we

welcome input from the wider, global R4D community.
Keyword.: rice systems, modelling, resource use, food security, physiology, climate change

Rice is the staple food crop for about 3 billiou people and feeds rougbIy half the planet's population.
Approximately 750 rniIIion of the world's poorest people depend on rice to survive, according to IRRI
(http://beta.irri.org/newS/images/storieS/ricetodsy/5-40.In 2007 global rice production reached 650 Mt; 91% of this
production came from Asia (Table I).
Table 1. World and ra ional rice production in 2007 (souree: FAO).
Asia
USA
Africa
Europe
World
C&Sth
America
650
590
23.9
9.0
23.5
3.5
100
90.8
3.7
1.4
3.6
0.5

Production
Mt

%

Australia
0.2
0.0

Global demand for rice is strong and will rise further as populations increase while the global food crisis continues
[!]. Meeting this demand will reqnire considerable production increases. Since the 1960s there bas been a strong,
near-linear trend in production, leading to a more than 3-fuld increase in annual global production volume, made

possible by the green revolution (mainly in Asia) and expansion of production area in nearly all regions (Fig. 1).
Production trends for Africa show particularly strong increases with production volumes now equal to that of Central
and South America (2007 figures, Table I). At the same time production in the USA and Europe stagnated, while the
Australian rice industry went into shutdown as a result of ongoing drought (Fig. 1).
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During the last decade some worrying trends emerged. Not only did the EI Niiio event of2002 lead to the largest
annual production decline ever (29 Mt or 5% less than in 2001; Fig. I), but there is also mounting concern that the
potential for further production increases is limited, especially in Asia. Although a cynic might argue that there is no
real evidence of resource constraints impacting on the strong linear trend of increasing production, a report just
released by IWMI [2] during World Water Week 2009 in Stockholm lbtto:llwww.worldwaterweek.orgI) provides
some sobering facts for Asia: while demand for food and animal feed will double during the next 50 years, there is
little scope for expanding arable land, so developing new irrigation schemes is not a solution; in most places there are
now clear limits on the amount of additioual water that can be used for agricultore. The report concludes that
'Investments to raise yields and productivity from irrigated land must be key elements of a strategy to produce the
extra food needed, while safeguarding the environment from additional stresses. Altemative options, such as
upgrading rainfed farming and increasing intemational trade in food grains must also contribute, but they will need
to be supplemented by a significant increase in production from irrigated agriculture'. With a loomiog food crisis,
demand for rice will continue to be strong, putting increasing pressure on the already stretched production resources,
particularly water and land. How to meet this demand is a global challenge and science needs to play an important
role in this process.
It is against this background that our Community of Practice (CoP) - an international and collaborative research
network - formed in order to connect science with action. Using the central concept of simulation modelling as a
means to captore and integrate a vast array of disparate research efforts, we aim to facilitate the intensification and
expansion of sustainable, viable rice production for the benefit of rice farmers and consumers. A well-tested
simulation modelling framework will allow evaluation of a range of adaptation options for the rice-growing world, as
it adspts to some of these resource restrictions. We will further use this modelling framework as a vehicle to
communicate with various stakeholders in order to connect science with adsptation action [3]. Here we outline some
of the work that this CoP is involved in and invite others to join us in our quest

1) The supply challenges
Meeting the ever-increasing demand for rice is already putting substantial pressure on resources, particularly land
and water. In regards to land, further substantial expansion of paddy rice seems un1ikely, given the strongly
competing demands for the same areas from other food and energy crops, or non-agricultoralland use such as urban
expansion [4]. In regards to water, the situation is equally precarious, given the limited and dwindling water
resources globally [5, 6]. A recent IFPRI report estimates that by 2025, water scarcity could cause annual global
losses of 350 ntillion metric tons offood production - slightly more than the entire curreot U.S. grain crop - if urgent
measures are not taken now (www.ifori.org/mediaiwatersummaries.htm).This implies that futore production
increases must be achieved via productivity gains in terms of production per unit area and production per drop of
water; producing more with less must therefore become the mantra of the rice industry.

2) The environmental challenges: risks and opportunities
Such productivity increases have to be achieved snstainably. For rice this means that the resource base, i.e. the
land, must be maintained and the use of other resources such as water, fertilisers and pesticides must not impact
negatively on the environment and the people living within. However, the environment is also changing, providing
further challenges, but also some opportunities. Global changes are leading to increasingly limited and variable water
supplies for most regions, while the frequencies of temperatore extremes have already increased and continue to
negatively impact production, particularly in warmer regions. In their receot report, Wassmano et al. [7] highlighted
heat, drought, flooding and salinity as the key risk factors that need to be managed in order to increase production.
However, climate changes can also have positive effects and related opportunities need to be identified and
converted into productivity or efficiency goins. For instance, elevated CO2 enhances plant growth under most
environmental conditions due to increased photosynthetic rates and increased water use efficiency through decreased
stomatal conductance. The degree of response depends on crop species and other variables such as temperatore, soil
moistore and soil nutrient availability, especially nitrogen [8]. Specifically for rice, Shimono et al. [9] found in their
free-air CO2 enrichment (FACE) experiments that elevated CO2 can considerably reduce the incideot of lodging
under high N supply due to shortened and thickened lower internodes. Such CO,-induced physiological changes
could substantially reduce lodging-related yield losses in regions susceptible to damaging winds. At the lower end of
the temperatore spectrum some regions so far regarded as margiual for rice production could become increasingly
important; suitable cultivars need to be identified and best management practices need to be designed. Likewise,
water supply for certain regions might actually increase under climate cbange. Identifying these opportunities,
matching opportunities to regions and providing guidance to ensure appropriate management is practised remains our
research priority.
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3) The scale challenges
Sustainable productivity increases can be achieved via a wide range of intervention actions ranging from breeding
(either selective breeding or genetic modifications), improved matching of physiological traits to the environment,
better management practices, improvements in irrigation technology, to the development oflocal, national and global
policies that encourage productivity gains. In contrast to the green revolution, this time there are no obvious
technological 'winners' - productivity increases have to come from a combination of effurts and technologies that
have to be tailored to specific regional, bio-physical, economic and societal circumstances. Ibis makes an effective
connection between global and national policy and local agency even more imperative and draws attention to the
fundamental importance of scale and the diffi:rent perspectives that exist between the 'macro' and the 'micro' level
[10]. Modelling offers the only way we know that can bridge this gap by providing tractable, quantifiable solutions
that can be evalnated in terms of their desirability by multiple stakeholders and across scales. Therefore, our CoP has
opted to nse 'modelling' - in its broadest sense - as a means to facilitate prioritisation ofR4D. We use these models
to draw out synergies that arise from combining the most appropriate traits, technologies, policies and mansgement
actions.

4) Responding to the impacts of climate variability and change
Climate variability and change impact directly on rice production, mainly via changes in rainfall, temperatore and
CO2 concentrations and indirectly through inundation (associated with salinity in coastal regions) and added pressure
on land resources (Wassmann et al., 2009) [7]. Although we briefly discuss each of these parametera aequentially, we
stress the importance of managing the combined impact of climate. The modelling approaches that we advocate
provide the technological basis for such combined impact and feasibility assessments.
4.1) Rainfall and water supply
Water is the most critical resource for rice production - I kg of paddy rice requires approximately 2,500 I of water,
whereby about 55% account for evapotranspiration and the rest for runoff, drainage or leakage. Hence, projected
changes in rainfiill patterns are hotly debated. At the time of writing (July/August 2009) another EI Nino event has
commenced [11] with impacts already felt in terms of a weaker than 'normal' Indian monsoon (Fig. 2).
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Fig. 2. (Left) Pacific sea-surface temperature (SST) anomalies on 26 July 2009 compared to long-tenn average temperatures
(1985-1997); red = warmer, blue = cooler than nonnal. An area of dark red occupies the eastern Pacific off the coast of Peru
and Ecuador, a Isignature pattern' for EI Nifto. (RlghtJ Rainfall anomalies (mm d-1) over India for the week 14 - 20 July 2009
(monsoon onset was around 25 May). Most of India and Bangladesh received considerably below average during this week,
already sparking fears of further food shortages (http://earthobservatory.nasa.qov/IOTDMew.php?id=39481).

Ibis is the third EI Nino event this decade (aller 2002 and 2004), which again triggers the discussion abont
possible consequences of climate chaoge on ENSO behaviour (i.e. intensity and frequency of El Nino and La Nina
events [12, 13]. The 2002 EI Nino event - although regarded as 'weak' in terms of its climatological definition based
on SST anomalies - resulted in one of the worst droughts ever in India [14] and in Australia
(http://www.bom.gov.au/climate/enso/australia detail.shtml). All-Indian rice yields were reduced by 23% compared
to 2001 production levels (5% reduction across all of Asia, Fig. I), while in Australia this drought marked the end of
an era fur the rice industry, providing some insights into possible shills in rice-growing regions due to climate
change [15, 7].
Ibis highlights that coping strategies to better mansge rice under water scarcity are urgently needed. Water
savings can be achieved by reducing the non-productive water use (evaporation, runoff, drainage and leakage) andlor
by increasing the efficiency of transpiration.
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4.2) Reducing non-productive water losses
Many engineering or management options fur reducing the non-productive sources of water loss are available.
These range from better irrigations systems (improved irrigation channels, separate drainage systems) to fundamental
changes in the way rice is grown (see Rice Today, Vol 9, 2009 aod comments by Colin Chartres, DG of IWMI
htto:llwww.iwmi.cgiar.orglnews room/pdf/Taipei Times.pdf). Among the promising new management practices are
A WD (alternative wetting aod drying, whereby the paddy is allowed to dry, but irrigation water is reapplied before
water limitations start to impact on yields) aod the aerobic rice systems, where especially developed rice varieties are
grown in well-draioed soil like drylaod crops. This cao save up to half of the normal water requirement while with
good management yields between 4-6 t ha- l cao be routioely achieved. However, what constitotes 'good'
management when dealing with new production systems is not entirely clear, raising fears about the potential for
maIadaptation (i.e. questions such as 'Does A WD increase NO, aodIor NH. emission?' need to be addressed). This is
where well-tested models become importaot: models offer a meaos to readily explore likely consequences of
alternative options and allow the quaotification of trade-off between attainable yield, resource-use efficiency aod
environmental outcomes. In line with our increasing scieutific knowledge, these models require contiouing
improvement. To make the right choices, we urgently need models to assess the likely consequences of the maoy
combinations of management practices, soils and climate (e.g. to assess the dynamics of the traositions from
aoaerobic to aerobic rice production or optimize the use of scarce resources such as water).
Departiog from the established paradigm of growing rice under contiouously flooded conditions - a peculiar
system of conserving soil fertility and facilitating management of weeds, pests aod diseases - involves much more
thao just fine toning hydrology management. It requires adaptiog the plaot to ao ecosystem in which the commonly
grown high yielding varieties (HYV) and hybrids are ecologically less competitive. Existiog germplasm must be
replaced by materiaI deriving resilience from improved general adaptation, prohably involving a host of traits that
need to be identified aod obtained from within or beyond the species. As it was the case for the green revolution,
radically new water saving rice systems require profound inoovation at both genetic aod agronomic levels.
4.3) Sustaining high transpiration and conversion efficiencies
Traospiration use efficiency cao priocipally be improved by two different meaos: either 1) by altering the crop's
physiology or it's genetic basis through breeding or 2) through breeding and crop management measures that ensure
maximum yield for a given amount of traospiration (e.g. by avoiding yield reducing stress factors such as high
temperatures during aothesis or pest or disease pressure). Both pathways will require knowledge of local micrometeorological conditions and therefore model-aided geographical zoning from a thermal aod a water perspective.
Reducing traospiration per se is not useful because it reduces growth almost proportionally aod increases caoopy
temperature (although it may in some cases contribute to drought avoidaoce). A combination of high traospiration
with high traospiration efficiency (TE) is needed and some genetic scope seems to exist to achieve that. On the other
haod, securing high and stable conversion efficiency of biomass into graio under constraiots of climate change
requires a combined approach of heat/drought toleraoce of reproductive aod graio filling processes, sustained
traospirationai cooJing of sensitive organs aod climate informed management to avoid sensitive phenological phases
aod stresses to coincide.

5) Modelling rice-based systems - a pivotal technology for innovation in R4D
In order to design profitable and sustainable, climate-robust rice-based systems, research aod monitoring activities
must be supplemented by systems modelling [16]. We have identified several key areas of improvement required to
existiog models and are taking measures to address these short-comiogs through collaborative research actions.
5.1) Modelling systems processes and their transition
Although IRRI aod WUR have a long tradition in rice modelling, their current model, ORYZA2000 [17], would
have required substautial developmental work to haodle the simulation of rice crops in complex farmiog systems, in
rotation with other drylaod aod irrigated crops and pastures. On the other haod, Keatiog et aI. [18] developed APSIM,
a cropping systems modelling platform specifically designed to model cropping systems, but which did not contain
rice. A merge of the two systems was logical and led to a prototype of APSIM-Oryza [19], a model confignration
capable of modelling several crops sequentially, but still unequipped to describe the soil water, carbon aod uitrogen
dynamics under aoaerobic conditions and the traositions from one system to the other. Gaydon et aI. [20] included
this functionality aod added a new module, APSIM-Pond, to describe biological and chemical processes responsible
for system losslgaio of C aod N in rice ponds. No previous modelling framework has addressed the issue of
switching between aerobic and aoaerobic environments during a simulation, which is particularly importaot when
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evaluating new farming system practices that include ponded rice in rotation with non-flooded crops. While this is an
important feature to assist regions in transition (such as the collapsed Australian rice industry in the Riverina), such a
capability is also needed for the simulation of greenhouse gas entissions associated with changed practices, where
sensible accounting for C & N in pond and soil is essential.

S.2) Modelling temperature impacts and stresses
Traditionally, low temperatores were regarded as the key yield-limiting factor for rice production [21, 22].
However, the combination of climate change, expansion into new production areas, the increasing importance of dry
season irrigated rice, the application of AWD technology and the emerging aerobic rice systems have increased the
significance of bigh temperature constraints on production. Although the species rice is bighly adaptable to diverse
environments, even a short spell of excessive heat during sensitive growth stages can lead to substsntial yield losses.
hnpact depends on severity and tinting, but prediction of crop damage under field conditions is difficult, partly
because of our limited understsnding of the physiology involved coupled with a lack of data and uncertainties in
predicting occurrences of extreme events. Furthermore, plant organs in which the heat sensitive, mostly reproductive
processes take place can have substsntially different temperature from ambient due to nticroclimate and
transpirational cooling. This feeds back on phenology, adding uncertainty to the tinting of sensitive phases and thus
the predictability of heat impacts. None of the available rice crop models is currently able to simulate this.
Multi-site monitoring and coordinated experiments in contrasting thermal environments can help to detect changes
and increase our causal understsnding of impacts, enabling improvements of models. By linking our research effilrts,
we are creating a monitoring network that will allow us to determine the "hot spots" that are most vulnerable to
further temperature increases. Coordinated, multi-site experiments are contribnting to the establishment of valuable
data resources needed to calibrate and validate models.
A major weakness of most crop models is their inability to simulate short but extreme temperature stresses. This
has many reasons, not least that results obtained under controlled environments are not representative for field-level
yield losses. For instsnce, we need to know the real temperatores experienced by certain plant parts where
temperature-sensitive physiological processes take place (e.g. meristerns, exerted panicles, leaves). Submerged
meristems experience several degrees lower temperatores compared to air temperatore and much amaller diurnal
amplitudes. This, in tum, depends on source and depth of water, influencing growth and development. Under nonflooded conditions, spikelet sterility could be the response of either direct effects of changes in plant water relations
or indirect effucts through the reduction in evaporative cooling and thus an increase in panicle temperature. In fact,
water deficit, increasing atmospheric Co, and high air temperatures all conspire to increase plant temperature and
thus, the probability of spikelet sterility. Further complexity is added by the fact that temperature sensitive processes
such as booting/nticrospore stage (occurring at plant base) and anthesislpollinstion (plant tops) are exposed to
different nticroclimates and by the fact that anthesis happens at a specific, genotype dependent time of day. Such
knowledge needs to be systematically assembled on a quantitative basis and translated into integrative models
predictive of nticroclimate effects on phenology and effuctive sink capacity. Exerted panicles can be up to 6° cooler
that the surrounding air due to non stomatal transpirational cooling [23]. The exact amount depends on plant
architecture (panicle below or above flag), water status of the plants and genotype (e.g. sterility is strongly affected
by poor panicle exertion, which in tum is a function of genotypic morphology, temperature and plant water relations).
Changing CO2 levels also affect transpiration rates and therefore canopy temperatures, which further complicates
feedbacks.
Complementary and coordinated research on this is being conducted in Japan (Tsukoba University), Philippines
(IRRI/Tsukoba/Cirad), Senegal (Cirad/WARDA), Madagascar (CIRADIFOFIFA) and France (CIRAD), with strong
liuks to Hohenheim University in Germany provided by the GTZ RISOCAS project. Several models operating at
different levels of detail and scale are being developed or improved, including the morphogenetic model
EcoMeristem of CIRAD [24], a nticroclimatelheat balance model [26], the RIDEV model (WARDNCIRAD) [27]
linking phenology to nticroclimate, the crop model SARRAH [28] emphasizing water balance and phenology, and
the sununary crop model ORYZA providing a cropping systems dimension through the APSIM platform [16] [17]
[18]. These efforts will be pooled to exchange modules and algorithms, and to assemble the best formalisms in
combining models at appropriate scales.
One of our inunediate research priorities is the improvement of phenology and nticroclimate modelling to better
account for the complex 'environment by development' interactions. Currently the ORYZA2000 and SARRAH crop
models describe phenological developruent as functions of photoperiod sensitivity and (atmospheric) thermal time,
inclnding delay in developruent due to transplanting shock and drought. Using datasets from many of the major rice
growing regions (e.g. Brazil, China, Pakistan, Philippines), we pay particular attention to the simulation of thermal
time accumulation, photoperiod sensitivity and effects of stress on development [29]. Our work will also address
questions such as the supposed constsncy of cardinal temperatures, a long-assumed yet contestable standard in
phenology modelling. Complementary experiments using reference genotypes also expose rice to climates of
different aridity x temperatore combinations (France, Senegal & Philippines) and altitodes (Madagascar).
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5.3) Genetic analysis of tolerance traits for drought and thermal stresses
Drought avoidance and drought tolerance mechanisms include early heading [30], the development of short
duration varieties [31] and root characteristics such as thickness, rooting depth, root density, root pulling force and
root penetration ability [32]. Osmotic adjustment [33] and membrane stability [34] are also important physiological
criteria for selection under water limitations. Leaf characteristics such as glaucousness [35, 36], leaf size [37] and
leaf pubescence [38]) are potentially important traits for avoiding excessive heat and regulating leaf temperatore.
Recently a new class of medium statored, moderately drought tolerant 'aerobic rice varieties' has been developed
with bigh HI, improved lodging resistance and input responsiveness [39]. The selection for such traits will help plant
survival under drought stress conditions depending on the magnitode of expression and utility of the traits.
5.4) Genetics and phenotyping of metabolic and photosynthetic pathways
Effects of water scarcity on crop growth and yield can be bighly variable depending on the severity, timing and the
duration of the dry spell. Consequently, breeding for drought tolerance / avoidance needs model-based strategic
planning that can account for local environmental conditions. For instance, the impacts of certain types of drought
could be mitigated via improved morphological traits such as rooting depth and root distributions [40]. Further,
pollination is an importaot episodic process that is susceptible to various stresses including drought and extreme
temperatores. Particularly pollen shedding under stress is impacted by anther morphology, an importaot
characteristic for germplasm selection [41]. In both cases, detailed modelling stodies can pin-point the environments
were such traits are likely to have the bighest pay-offs and so assist breeders in strategically designing cultivars best
adapted to local conditions.
Supercharging' photosynthesis is another option for potential, substantial increases in yield [42]. At least in
principle it is possible to insert the C4 biochemical pathway into rice while simultaneously modifYing leaf anstomy.
Yin and Struik [43] incorporated equations for C3 and C4 photosynthesis into a diffusional conductance model
running within the crop model GECROS in order to evaluate the impact of the successful introduction of the full C4
system into rice. Using GECROS conducted simulations for the dry seasons of the years 1979 to 2005 at lRRl's
experimental farm, assuming identical agronomy and physiology of the C3 and C4 rice crops except for the
photosynthetic pathway and leaf anstomy. The grain yield advantage of simulated C4 rice averaged 23%, but varied
considerably depending on climatic conditions. It was considerably less than the 50% yield increase hoped for by
Mitchell and Sheehy (2006) [34]. Although leaf photosynthesis was greatly improved, the benefit of the C4 pathway
for canopy photosynthesis fluctuated depeuding on daily radiation, and was mainly preseot during the pre-flowering
period. At the end of grain filling, simulated canopy photosynthesis of C4 rice was lower than that of C3 rice. This
emergent property of the model was associated with a bigher carbon:nitrogen mtio in C4, leading to higher
senescence rates in simulated C4 rice. These outcomes that are contestable need verification by futore
experimentation once the genetically modified rice varieties become available.
We also need to map genetic differences of environment-sensitive metabolic and growth processes, particularly
with respect to thermal variation. For example, T-response of maintenance respimtion (R,J is generally believed to
be responsible for the lower mdiation use efficiency (RUE) of cereals in hot climates. However, we currently have
simplistic views on R", responses (almost a dogrns: Q 10=2, function of tissue N). R", is not truly understood,
particularly in terms of GxE, and may be substrate driven too, resulting in destroction of excess assimilates under
CO2 enrichment or if thermal constraints to inhibit organ organogenetic processes and sink development. We know
little on bow metabolic efficiency and growth vigour will be affected in the field by combined environmental
changes, and most of our tentative answers are hased on erroneous models. Ongoing rice research on carbobydmte
metabolism in relation to morphogenetic processes under drought [24] need to be extended to combinations of
environmental factors inclnding CO2 and heat, and new stodies on the componeots of the plant's carbon balance need
to be initiated. These stodies must also captore any existing genetic diversity.
5.5) CO, and photosynthesis modelling - in2plieations for breeding
Under elevated CO2 , photosynthesis increases at single leaf and canopy level (mainly before anthesis) while
respiration does not seem to be affected. As a result, more sinks can be committed, new organs are formed and
biomass partitioning is modified. Despite the potential increase in yield and better competitiveness against certain
weeds under elevated CO2 , rice productivity is predicted to declioe under futore climates due to the down-regulation
of photosynthesis, the stagnation of nitrogen uptake under elevated Co" and the detrimental effect of increased
temperatore. Futore crops will be exposed to further environmental changes, resulting in strong interactions
influencing factors such as nitrogen uptake. Hence the typology of environments fiwed by crops in a given region is
evolving, and so are the crop requirements to be targeted by breeders. Targeted experimentation combined with
physiologically sound modelling can help breeders to identiJY the most CO.-responsive genotypes, provide gnidance
for futore breeding programs and help with genetic screening to elucidste the mechanisms that underlie genotypic
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differences in productivity. Such mechanisms include photosynthesis, stomatal control, organ Illitlatlon, sink
regulation, elongation rates, panicle dimensioning, respiration, anther dehiscence, organ senescence, remobi1ization
and grain filling. In particular, the maintenance of high root dry matter (e.g. by delaying root senescence, under
elevated CO2 after heading) might be crucial for providing greater nitrogen supply to meet higher sink strength. Most
urgent is the investigation of genetic variability of growth response to temperature, within-day timiog of anthesis and
early flowering. Integrative and dynamic models playa key role in quanti/Ying the morpho-physiological responses
of crops to new combinations of environmental factors. Such models need to be able to predict sink regulation and
spikelet fertility under variable and changing environmental conditions.
5.6) Management of rice-based systems
A better understaoding of management options is also needed Rice can shill to higher latitodes and can profit
from river systems (via irrigation) so far not considered. To a lesser extent this is also true for altitode (e.g.
Madagascar, Ethiopia, Aodes). New opportunities might arise to produce more than one crop per year in areas where
the off-season used to be too cold (e.g. parts of Sahel and sub-Himalayan river basins). Mappiog this production
potential and matching it with regional constraints will be an important first step in the targeted improvement of
transpiration use efficiency. Managers of previously rice-dominated farming systems which are now experienciog
water shortages may find that fuod production per unit of water can be increased by the incorporation of less waterintensive crops and pastures into rotation with rice (eg maize). The evaluation of water productivity at the cropping
system level will be greatly enhanced by the farming systems modelliog framework under development by this CoP,
which includes rice as an integral component. The following are examples of rice-based farming system management
research that are already in progress.
5.6.1) Modelling aerobic rice systems
Canopy management that maximises yields for a given amount of resources is a major cballenge in the emerging
aerobic rice systems. To address this, we are currently conductiog field experiments in Chiua, Pakistao and Brasil:
In China, water shortage in the Huai River Basin has sparked farmer interest in direct-seeded, aerobic rice. Yet,
little is koow about optimal plantiog densities and how different cultivation practices might impact on tiller growth
and development. For two seasons (2005 and 2006) we tested four aerobic rice varieties under flooded and
nonflooded conditions in Aohui Province, Chiua. Yields innonflooded soil raoged from 3.6 to 4.7 t ha·', and did not
differ significantly from yields in flooded soil [44]. However, variety had a siguificant effect on biomass, yield,
panicle number, spikelet number, grain weight, and grain filling percentage. Panicle number was the main factor
limiting yield, resulting from a low tiller emergence frequency and a low fraction of reproductive tillers in both the
flooded and the nonflooded soils. The contribution of productive tillers to yield varied between 7% and 47%.
Frequencies of tiller emergence at most phytomer orders were higher in the flooded soil than in the nonflooded soil.
Our findings snggest that in order to increase yield in aerobic rice production systems, both the tiller emergence
frequeney and the fraction of reproductive tillers should increase through breeding, improved crop management, or a
combination of both. Results from this stody will be used to parameterise APSIM-Oryza [19, 20].
Pakistao is one of the world's major rice exporters. In 2007, Pakistaoproduced 8.3 Mt of rice of which abont 3 Mt
were exported (FAO), while domestic demaod is strong and rising. Pakistao is already a water-stressed countly and
there is urgency to identi1)- and adopt measures that will reduce water use in rice production. Changing some of the
current production system to aerobic rice cultivation has been proposed to cope with the problem of water scarcity.
How viable this proposition is remains to be seen. Therefore resource implications of aerobic rice cultivation need to
be quantitatively understood and managed at the croppiog systems level. Explorative stndies to quanti1)- genotypic
variability of N and water use efficiencies are currently underway. For this we are usiog modelling approaches in
combination with field experimentation and socio-economic surveys. The improved and tested model will be used to
define alteruative management options fur obtaining improved resource-use efficiencies in rice-based systems.
Central Brazil's savannah region contains the world's most productive aerobic rice systems. Responding to
environmental concerns about land cleariog, recent legislation has halted real expansion. To maintain productivity,
aerobic rice must now become part of sustainable crop rotations, including zero or minimum tillage. Recent price
increases for rice and low costs of production compared to soybean and maize make rice an attractive option for
farmers. This raises many issues. For instaoce, row spacing for the main crops, soybean and maize, raoge from 45 to
60 cm, yet increasing row spacing for rice will increase weed infestations due to low initial vigour of upland rice.
Further, zero-till, which is essential to maintain soil health, leads to compaction and reduces porosity of surface
layers, further reduciog the initial vigour of seedliogs. For the aerobic rice systems of Brazil we focus on the
following research priorities a) environmental characterization of the different production area; b) evaluating
phenotype traits for early vigour (e.g. N absorption by roots duriog establishment); c) developiog herbicide-tolerant
cultivars and d) feeding research results into an aerobic rice breediog program. This research and the experimental
data underpinniog it will be used for further model development and testing.
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5.6.2) Climate robust systems for Africa
'Climate robustness' is particularly important for Africa I where 93% of crop production is rainfed and rice
production and consumption is rapidly increasing (Fig. 1). The continent is characterised by very high climate
variability and climate change impacts that are already felt in many regions. Production is principally constraint by
low soil fertility and a lack of water. Biotic factors, such as weeds, pests and diseases interfere with crop production
and are a further determinant of the actual production level. Climate related research at the Africa Rice Center
(WARDA) therefore addresses the following three domains: (i) genetic improvement through participatory research
and shuttle breeding, (ii) integrated crop management and (iii) creating favourable policy environments.
Genetic improvement focuses on traits such as high temperature, drought and salt tolerance. Stodies continue on
the photo-thermal adaptation of irrigated rice in the Sahel zone of West Africa. A collection of lowland rice varieties
comprising mainly of Oryza sativa indica sub-species were screened and selected for their temperatore adaptation in
terms of grain yield, grain filling and sterility. This resulted in germp1asm adapted to the hot dry season or the cool
wet season or both [45].
WARDA scientists also compare 0. sativa with O. glaberrima accessions for adaptation to heat stress; it appears
that O. glaberrima accessions are better adapted to heat stress due to earlier peak flowering. The critical temperatore
inducing sterility in rice was found to vary from 32° C for sensitive varieties to 37" C for tolerant varieties [46, 47]. O.
glaberrima flowers early in the morning between 7 and 8 a.m, long before peak daily temperatores are reached.
Further, O. glabe"ima accessions appear to have higher leaf transpiration mtes than 0. sativa. Under water nonlimiting conditions this attribute helps to dissipate heat faster from leaves.
Significant genetic variations also exist for drought tolerant traits like rapid leaf rolling, stomatal closure, high
water use efficiency, osmotic adjustment and possession of deep and thick roots. The NERICA varieties show
promise as an adaptation strategy to a changing climate due to their earliness, a drought escape chamcteristic. All
these traits need to be captured by our models for foll impact and suitability analyses.
Parasitic weeds, an important group of weeds in min-fed rice-ecosystems throughout Africa, are progressively
spreading due to their invasive nature and adaptive abilities [48]. In addition to competing with the rice for water and
nutrients, these weeds also pamsite on rice roots, withdmwing carbohydmtes and water, while exerting pathological
effects. Understanding the host-parasite relationship, the dynamics of parasitic weed spread and predicting futore
impacts on rice production is essential for the design, development and implementation of effective policy measures
and management practices.
5.6.3) Climate robust systems for Australia
Projected climate trends for Australian rice-growing districts indicate that significant farming system changes will
be necessary to keep farmers viable in futore. These are likely to include greater reliance ofless water-intensive grain
crops (cereals, pulses, and oilseeds), increased farm size, and in seasons when sufficient water is available, more
water-efficient rice-growing pmctices. Au additional focus on regions with greater projected futore water supplies is
underway. All these major industry shifts (currently the subject of Australian-funded research) will benefit from
science input via modelling analysis using the framework under development by this CoP.

6) Concluding remarks
Our CoP negotiates research priorities, implements experiments, provides data and research results and facilitates
development of and access to models. Through this, we constantly improve our current understanding of rice systems
at plant, crop, farm and regional level. Through common modelling platforms, the data obtained and shared
throughout our community helps to bridge the gap between chamber or plant-level understandings and field or
regional-level observations. This helps to proactively plan and implement adaptation actions that are urgently needed
to meet the increasing demand for rice. llitimately, the CoP will provide the bases and platforms for developing
climate robust rice production systerus that are best adapted to their respective growing environments and socioeconomic circumstances. Our research activities and approaches are a typical example of 'adaptation science', i.e.
the process of indentiJYing and assessing threats, risks, uncertainties and opportunities that generates the information,
knowledge and insight required to effect changes in systerus to increase their adaptive capacity and performance
(Meinke et al., 2009) [3]. Table 2 sunnnarises some of the key research activities that are currently underway. Many
of these activities are collaborative efforts with institutions or scientists that do not actively participate in our CoP
and who might not even be aware of our collaborative efforts. We herewith encourage their active participation.

I However, there is also mounting concern about the reliability of the Asian monsoon., which sustains vast areas of virtually
rainfed production throughout Asia.
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Table 2. Examples of current climate adaptation research activities by CoP partners (CC = climate change, CV = climate
variability). NB: a) the list not comprehensiw, b) listed activities do not necessarily represent specific projects, c) many of
these activities involve other partners currently not listed as participants in our CoP.

Research topic or
science question

Lead partners
Crop ph",iolo"",
NIAES/IRRI
IRRI/NIAES
CIRAD I WAJIDA
CIRAD/IRRI

IRRI
WUR I Embrapa
WUR/IRRI

modellin~

CSIROIIRRIIACIAR
NIAES
Embrapal WUR

Geographic focus

I

Understanding interactions between
temperature and CO,
Assessing heat stress of rice varieties
under tropical conditions
Methodnlogies to cope with CC in Sahel
(rice: Senegal; sorghUm: Mali)
Model assisted phenotyping for genetic
diversity
Modelling submergence effects on rice
Modelling phenology of different rice
cu1tivars
In silica assessment of the field level value
of C4 photosynthesis pathwavs for rice

WAJIDA/WURI
Breeding for heat and cold tolerance in rice
CIRAD
GHG Emission modelling
I
Improving DNDC model for rice
IRRI/NIAES
production for water saving techniques
Resource use modelling
I
Quantifying resource-use efficiency of
aerobic rice varieties in Pakistan's
WUR
wheat/rice rotations
Quantitative assessment of opportunities
WUR/CAU/IRRI
for a transition towards aerobic rice
systems
Regional scale bydrological water balance
IRRI
CSIRO

Additional key words

Understanding alternative water mgt
systems I production I cost : benefit
analysis
Understanding climate change adaptation
options in SE Asia
Impact assessment on yield and water
resource availability in S/SE Asia
Performance of integrate upland rice in no
tilla~e svstem
Environmental characterization of upland
rice production area.

Physiology, microclimate, CC

Asia & Africa

Stress pbysiology, CC

Asia & Africa

High temp stress

West Africa

Drought I heat stress

Global

Model development

Asia

Model development, CV, CC

Global

Photosynthesis, impact
assessment

Global

Stress pbysiology, breeding

Africa

Soil science, ce, emissions

Global

Cropping systems,
pbysiology, CV, CC

Pakistan

Cropping systems design, CV,
CC

China

Water resources modelling,
CC
Systems mgt, emissions,
economics
CC
System mgt, economics, social
imperatives climate change
Water use efficiency,
CC

Asia
Australia
Bangladesh, India,
Cambodia, Loas
Asia

cropping systems, fertility, CC

Brazil

Environment, impact
assessment, &Iobal change

Brazil

IRRI

Measurements and modelling of resistance
(components) to plant diseases

Epidemiology of plant
diseases

Asia

IRRI

Quantify the effect of CC on plant health

Ecosystems responses,

Embrapal WUR
Crop health

I

Managing parasitic weeds in a changing
environment
Model platform development
I
Further integration ofORYZA into
CSIRO IIRRI I WUR
APSIM
Linking function with structure (3-D
WUR I CIRAD I CSIRO
modelling)
Modelling submergence effects on rice
IRRI
Modelling phenology of different rice
WUR
cu1tivars

WUR/WAJIDA
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ec

India, China
Philippines

food security, CV, CC

Africa

Building model infrastructure

Global

Crop physiology, model
development
Model development
Model development

Global
Asia
Global
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Research on Heat Stress of Rice in China:
Progress and Prospect
Xiaohai TIAN, Haiwei LUO, Hengduo ZHOU
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88 Jingmi Rd, Jingzhou, Hubei 434025, P.R. China;
xiaohait@sina.com
Abstract: There hsve been six times of severe heat damages hsppened to the mid-season rice in YaogIze River Valley (YRV),
China during the past 50 years, with the latest one occurred in 2003. It was estimated that the involved acreage of rice in 2003
was about 3 million ha, with a loss of about 5.18 million rice grain yields. The serious heat stress situation in YRV might be
closely correlated with the characteristic climatic environment of this area, as well as some hybrid rice cultivars
commercialized here which showed likely more susceptible to heat stress. From 2003 on, heat stress of rice in YRV has
gradually become a highlight issue in Chinese crop science. The current researches focus on,l) identifying on-farm
micro-meteorological factors with heat stress; 2) the meteorological pattern for heat stress weather formation and its forecasting;
3) facilities aod methods for germplasms and cu1tivars screening; 4) breeding-related researches; 5) cellular and biocheroical
processes underlining heat stress injury.
Key words: rice; heat stress; high-teroperature; Yangtze River Valley; hybrid rice

1. Research Background
China is the largest country in rice production and rice consumption over the world. The annual acreage of
cultivation with rice was eatimated at 28.8 million ha, accounting for 27% of the total acreage of cultivated cereal
crops; the total rice grain production was 181.0 million tones, with an average grain yield of 5.75 tIha, and
accOimting for 43% of the total cereal grain production. The rice cropping belt along the Yangtze River Valley (or
YRV) is the largest belt in China, occupying 70% of the total rice growing areas. While nearly 40% of the rice
planted here belongs to the so-called mid-season Indica hybrid rice, with its reproductive and flowering stages
sitting coincidently around late-July to Angust, when in this region the hottest weather of a year occurs. Global
warming has been likely to induce more frequently and severely extreme, hot weather or beat stress, which has
consequently induced rice sterili~ resulting in serious yield reduction, thus threatening the security of rice and
then grain production in China [6. 'J.

2. Occurrence and Damages
Serious heat stress events and damages in rice have occurred in 1959, 1966, 1967, 1978, 1994 and 2003 along
the YRv, of which only the last three events have been recorded in scientific literature [4. S. 17.20] Heat stress in
rice started to become a serious concern for rice production in 1978, when hybrid rice area rose rapidly in China
and it showed more likely sensitivity to beat stress. As it is known, China began to commercialize the hybrid rice
in 1976. Only two years later, a rare beat stress befell in the summer in Hubei and Sichuan provinces. Seed set
rate of some cultivars then dropped to less than 50%, and some very heat stress-sensitive ones even dropped to
about 10% (cf. the normal rate of 85-90%). The low seed set rate for hybrid rice following the heat stress has thus
attracted vast attention immediately. In 1994, an extremely high temperature event happened again. The seed
set rate of some hybrids, such as "II you 63", dropped to less than I 0%. The heat stress occurred in 2003 might
have been the severest beat shock in the history of rice cropping for the region, in terms of both the duration and
the magnitude of the heat stress ['] All mid-season rice for the region has suffered from the heavy hit with no
exception. Rice yield harvested in 2003 thns dropped to the lowest point of its past 20 years for the region.
Detailed data for the losses from the disaster has been incomplete. It was however reported that in Anhni
Province alone, the heat stress affected an area of 0.33 million ha, accounting for 17% of its total rice-growing
area [SJ. In Wuhan area of Hubei Province, heat stress affected an area of 27,000 ha, about 48% of its total
rice-growing area, with 50% of yield loss as against a normal year. It was estimated that the involved acreage of
rice in 2003 was about 3 million ha, with a loss of about 5.18 million tonnes of rice grain yields. Surveys of
affected rice field revealed that those apparently injured plants set seeds ranging 100/..-70%, with a majority being
4()"'{;0% [81.
Moreover, multiple-sowing experiments with various cultivars from 2004 in Yangtze University, the middle
reacbes of Yangtze, showed that moderate beat injury happened four times within 5 years to the mid-season rice
plants.

-13-

3. Brief History and Progress
The history of rice heat stress research is quite short with only about 30 years in China. However, we would like
to classify the short episode into three stages: the first stage (1971-1986), or the initial sta~e, when the
first-generation hybrid rice was affected by heat stress and some field observations were made [7,', 1,13,21,27]; the
2nd stage (1987-2003), or the application research stage, during which some controlled experiments were made
and screening for germplasm tolerance began [231; the 3rd stage (from 2004 to present), or the comprehensive
research stage, when a range of researches are undertaken, including the identification of ruicro-meteorological
conditions, morphology of anther and pollen, physiological response of strains to heat stress, evaluation facilities
and methods, germplasm use and hreeding. A Sino-Nippon cooperative group has worked on field rice heat stress
in Yangtze Uuiversity for years during this stage.
A brief history about the research under discussion was examined by searching literatores of published articles
and/or papers from available infOlU3ation sources or database. A searching of the National Academic Knowledge
Index (CNKI) in China for the period of 1979-2008 with key words of "rice; heat stress" retorned 100 papers.
Whilst for the period of 1979-2002, only 27 papers were retrieved. In contrast, for the period of 2003-2008, the
number of papers retrieved jumped to 73. Worth noting is that 95% of the papers were produced by those
geographically from the YRY. Similarly, during the period of 1979-2002, no single dissertation was retrieved,
while for the period of 2003-2008 a total of 21 papers (5 of which were PhD theses) were retrieved. Again, 90%
of those were produced by authors geographically along the YRY.

4. Achievements and Prospect
1) Micro-meteorological conditions for on-farm heat stress in rice in YRV
Tian et al. (2008) analyzed the field observational data of the year 2003, and outlined the likely
ruicro-meteorological conditions under which field heat stress occurred [lSI. (!)from the meiosis to anthesis stage
of rice reproduction, during which there were 3-5 consecutive high-temperatore days with a daily average
temperatore of '" 30'C or a daily maximum temperatore of '" 35"C; ® the uig\3t temperatore reached to 29"C;
® the RH dropped from about 80% to about 60% [161; ® the wind velocity was ~ Imls or =0. These results
may serve as a basis for meteorological parameters design in tolerance screening.
2) The meteorological pattern for heat stress weather formation and its forecasting
Some studies on meteorological pattern fur climatic mechauisms in the event of 2003 SUfl3mer set a basis for
heat stress weather forecasting in the futore. Yang and Li (2005) pointed out that this severe hot climate was
directly affected by the extremely intensive and western extension of the subtropical high pressure in the western
Pacific Ocean, which was associated with the global warruing [22] Meanwhile, Ding et al. (2007) indicated that the
Qinghai-Tibetan Plateau high pressure was somewhat associated with the occurrence of high temperatore weather
in southem YRV [31. Moreover, some studies suggested a tendency of this type of extreme temperatore, in terms
of frequency and magnitude of occurrence, being either the same or higher in the futore.
3) Facilities and methods for germpIasms and cultivars screening
In the 1990s, China National Rice Research Institute evaluated 320 new rice strains for their tolerances to heat
stress under greenhouse conditions. On the other hand, scientists with Huazhong Agricultoral University have
focused their work on evaluating germplasms in phytotron. They are now able to use an hourly-set temperatore
and humidity regime to screen genetic materials [2, 231. This method was suggested for use in studies of
small-scale evaluation. Infrared heater was recently used in controlled experiments in Nanjing Agricultural
University and Yangtze University [2SI.
4) Breeding-related researches
From long-term field observation and/or phytotron screening, many cultivars and germplasms with desirable
characteristics in response to heat stress have been found [10, 19,261• It is believed that heat stress-responding trait of
rice is a quantitative trait and controlled by multiple genes with complicated gene interactive effects. Cao et al.
(2003) detected 6 QTLs for this trait, for example [1] Zhang et al. (2009) screened heat stress-related genes with
the method ofruicroassay [14]
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5) Cellular and biochemical process.. underlining heat stress ioiury
Many observations were made in relation to various species, cultivars, strains aod treatmeots at specific
reproductive stages 112, 14]
Nevertheless, the research on rice heat stress in China has just begun. Topics aod/or issues eotailing further
stodies aod need to be addressed are briefed below.
Little is known of the cellular, biochemical aod molecular processes for aother or polleo formation under field
condition wheo heat stress occurs, which has greatly obstructed the research in cultivar evaluation aod molecular
aoalyses.
In order to breed and develop new cultivars, multiple-scale aod multi-purpose screeoing aod evaluation methods
for elite, toleraot materials need to be established.
Effective methodologies to select aod incorporate heat stress toleraoce to pareotallioes of hybrid rice breeding
have to be developed.
On-farm techniques or farming practices to protect crops from heat stress aod methods for precise forecasting of
extreme weather are urgently needed.
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Rice Productivity in India under Variable Climates
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Rice is the most important cereal food crop of India. It occupies about 23.3% of gross cropped area of the
counby and plays vital role in the national food grain supply. Rice contributes 43% of tutal food grain production
and 46% of the total cereal production of the counby. It is the staple food of more than 60% of the world's population
especially for most of the people of South-East Asia. Among the rice growing countries in the world, India has the
largest area under rice crop and ranks second in production next to China.
Rice production in India has increased during the last 61 years by nearly 4.1 times from 20.58 million tonnes
in 1950 to nearly 84.6 million tonnes during 2008-09. There is considerable increase in productivity of rice in India
during the recent past. The increase in productivity of Rice is due to introduction of high yielding rice varieties
responsive to high dose of fertilizers coupled with improved package of practices evolved by Agricultoral Scientists
for various regions. In fact, there is considerable increase in productivity of rice in the counby but there are still
certain areas, where rice productivity is very low. Rice productivity in such areas fluctuates significantly from region
to region due to various factors such as soil type, soil fertility, rainfall pattern, flood, water logging, climatic
conditions etc.
In India rice is grown under widely varying conditions of altitude and climate. Therefore, the rice growing
seasons vary in different parts of the counby, depending upon temperatore, rainfall, soil types, water availability and
other climatic conditions. In eastern and southern regions of the country, the mean temperatore is found favorable for
rice cultivation through out the year. Hence, two or three crops of rice are grown in a year in eastern and southern
states. In northern and western parts of the counby, where rainfall is high and winter temperatore is fairly low, ouly
one crop of rice is grown during the month from May to November. There are three seasons for growing rice in India
viz.- autumn, winter and summer. These three seasons are named according to the season of harvest of the crop.
Autumn rice is known as pre-kharif rice. The sowing of pre-kharif rice is taken up during May to August. However,
the time of sowing slightly differs from state to state according to weather condition and rainfall pattern. It is
harvested in September-October. About 7% crop is grown in this season. The varieties grown during this season are
mostly varieties of short duration ranging from 90 to 110 days. Kharif or winter is the main rice growing season in
the country. It is known as Winter Rice or KharifRice as per the harvesting time. The sowing time of winter (kharit)
rice is June-July and it is harvested in November-December. About 84% of the country's rice crop is grown in this
season and generally, medium to long duration varieties are grown. Summer rice is called as Rabi rice. The sowing
time of summer rice is November to February and harvesting time is March to June. The area under summer rice is
ouly 9% and early maturing varieties are mostly grown in this season.
Rice is grown under varying Eco-systems on a variety of soils under varying climatic and hydrological
conditions ranging from waterlogged and poorly drained to well drained situations. It is also grown under rain fed as
well as irrigated conditions. The total area under irrigated rice is about 22.00 million hectares, which accounts about
49.5 per ceut of the total area under rice crop in the counby. The rainfed eco-system includes upland and low land
eco-systems. Upland rice areas lies in eastern zone comprising of Assam, Bihar, Eastern M.P., Orissa, Eastern U.P.,
West Bengal and North-Eastern Hill region. In the rainfed upland rice, there is no standing water in the field after
few hours of cessation ofrains. The total areas under upland rain fed rice in the country is about 6.00 million ha.,
which accounts13.5 per cent of the total area under rice crop in the country. The productivity of upland rice is very
poor (0.90 toones per hal. Low land rice area is about 14.4 million ha., and accounts to 32.4 per cent of the total area
under rice crop in the country and the average productivity of rice in these areas ranges from 1.0 to 1.2 tonnes per ha.
Based on climatic conditions, India is broadly divided in to five major rice growing regions viz. north-eastern,
eastern, northern, western and southern regions. The eastern region comprises of Assam and North eastern states and
rice is grown in this region in the basin of Brahmaputra river. This region receives very heavy rainfall and rice is
grown under rain fed condition. The eastern region comprises areas where rice is grown in the basins of Ganga and
Mahanadi rivers and has the highest intensity of rice cultivation in the counby. Similar to north-eastern region, it
receives heavy rainfall and rice is grown mainly under rain fed conditions. Northern region comprises of Haryana,
Punjah, Western Uttar Pradesh, Uttranchal, Himachal Pradesh and Jammu & Kashmir and experiences low winter
temperatore and ouly single crop of rice from May-July to September-December is grown in this region. In western
region, which comprises of Gujarat, Maharashtra and Rajasthan, rice is largely grown under rain fed condition during
June-August to October - December. Southern region comprises of Audhra Pradesh, Karnataka, Kerala and Tamil
N adu, where rice is mainly grown in deltaic tracts of Godavari, Krishna and Cauvery rivers and the non-deltaic rain
fed area of Tamil Nadu and Audhra Pradesh under irrigated condition in deltaic tracts.
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The problems/constraints in rice production vary from state to state and area to area The major rice growing
areas are concentrated in Eastem region and this region is generally experiences high rainfiill and severe flood almost
every year. The loss to the rice crop is considerably very high. Besides, in upland areas the crop gets setback either
from high rainfiill or drought condition. Otlen rice crop suffers with soil moisture stress due to erratic and inadequate
rainfiill. In upland soils rain water flows down quickly and fanners are not able to conserve the soil moisture. There
is also no fucility for life saving irrigation particularly in upland and drought prone rsinfed lowland areas.
Intermittent soil moisture stress, due to low and erratic rainfiill and poor soil problems are in Madhya Pradesh, Orissa
and some parts of Uttar Pradesh. The problems of flash floods, water logging! submergence due to poor drsiuage,
low-lying physiography and high rainfiill in submergence prone lowlands are in Assam, West Bengal, North Bihar
and Eastem Uttar Pradesh. In upland rsinfed rice crop is grown under rsinfed conditions, the growth is mostly
dependent on the vagaries of the monsoon. In the years of scanty or adverse distribution of rainfiill, the crop fsils
owing to drought and in the years of heavy rainfiill, particularly during blossoming, there is poor grain setting and
also the matured grains germinate on the panicles.
The scope for expansion of area under rice cultivation has almost been exhausted, the ouly way to sustain
production for meeting the increasing population demand, is to increase the productivity per uuit of area inclnding
intensive use of land by increasing the cropping intensity. Emphasis may be given on a cropping system approach
rather than a single crop development approach. Replacement of low potential/pest susceptible old varieties by new
bigb yielding varieties with promising yield poteutial may be significant to increase the productivity. Also
encouraging cultivation of hybrid rice through demonstrations and making seed available to the fanners will be
important to sustain rice production in the country.
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Current Situation on Rice Production and Heat Stress
Needed to Be Serious for Future Myanmar
Tin Tin Myint Daw1
Deparbnent of Agricultural Research
Yezin, Nay Pyi Taw,Myanmar
tintinm80@gmail.com
Abstract: Rice is major food crop of Myanmar. The total rice ares was 8.1 million hectares ofwbich 6.69 million hectares are
sown during monsoon and 1.41 million hectares in summer in 2007-2008. Total rice production was 31.45 million tons with the
average yield of3.93 t ho- l To attain the national target, yield per unit area must be 5 t h.-' and attempt has been made all possible
ways. There are three seasons in Myanmar, as monsoon, winter and summer seasons. Generally the country can be divided into
four regions as delta, coastal, central dry zone and mountainous areas. There are different weather in different regions. Depending
on the time of sowing, rice cultivation can be classified as monsoon rice (May- October) and summer rice (October- April).
Monsoon rice occupies the majority sown area. Summer rice is planted on November -February in delta region of lower Myanmar
and on January-March for central dry zone regions. For specially, central parts of country, as Sagaing, Magaway and Mandalay
divisions are dry zone areas where there are low rainfa1l with higher temperature effect. It was found that day maximum
temperature were 39-43 0 C in summer season of those regions. There may be some problems in rice on heat stress over there. But
there were any research findings on excessive heat in field condition. Myanmar becomes necessary to be serious to do research
program on heat stress for future. Even thus. it will be safe to increase future rice production of Myanmar. There are some
international research collaboration on different rice ecosystems between IRRI and DAR. Among these, Rice Heat Tolerance
nursery included to identify the tolerant varieties. From this nursery, it was observed only general infonnation on spikelet fertility.
Exactly information on stress could not be known because of limited facilities for measurement of daily weather condition at
flowering time. That is why specific project will be helpful to assess climate change impact on rice production of Myanmar.

1. Introduction
Myanmar, one of the ASEAN member counties, is endowed with rich natural resources: cultivable land,
available water resources and favorable climate. The country's economy mainly relies on the agricultural sector,
sharing 38 percent ofGDP, 46 percent of the national export value.
The Union of Myanmar is located between 9° 58' and 28° 31' N latitudes and 92° 10' and 101° 9' E
longitudes. The total land area is 676,577 sqkm., with the length of2200 km. extending from the North to the South,
and 950 km. from the East to the West. Administratively, the country is divided into 7 _es and 7 divisions: Kachin,
Kayar, Kayin, Chin, Mon, Rakhine, Shan states and Sagaing, Tanintbari, Bago, Magway, Mandalay, Yangon,
Ayeyawaddy divisions. Myanmar is bordered with five neighboring countries and has a very long coastal line of
about 2,234 kilometers along the Bay of Bengal, Gulf ofMottatna and Andaman Sea.
Country

Location

1. Bangladesh
2. India
3. China
4. Laos
5. Thailand
6. Bay of Bengal
7. Andaman Sea

West
North-west
North and Northeast
East
South-East
West
South

2. Physical Features
Myanmar as a whole is a mountainous country. It is surrounded by mountains on all sides except in the
south, which stretches out into the Andaman Sea. Myanmar can be divided into four distinct physical units:
1.
2.
3.
4.

I

The western mountain ranges,
The Shan (or) eastern highlands and their continuation into Tanintbari,
The central basin commouly known as Ayeyawaddy basin and
Rakhine coastal strip.

Research Officer, Rice Division, Department of Agricultural Research (DAR), Yezin, Nay Pyi Taw, Myanmar
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3. Water Resource
There are four major rivers namely the Ayeyawady, the Chindwin, the Sittaung and the Thanlwin from the
north to south into Andaman Sea. The Ayeyawaddy and its major tributary, the Chindwin, are navigable through the
centre of the counby, and many small rivers of the Ayeyawaddy create a vast fertile delta region before flowing into
the sea. The available water resources in tenns of aonual discharge rate of the four major rivers and other rivers
system are estimated to be about 354.95 million hectare·feet of total aonual flow.

4. Climate
The tropic of cancer passes through the northern part of the counby near Chin State, Sagaing Division and
Northern Shan State. Hence, the northern most part, about one • foorth of cOimby, is in the temperate zone and
remaining southern three·foorth of the counby is in the tropic, 97° 300 East longitode forms the standard meridian
for the counby's standard time. There are three seasons in Myanmar, the hot and dry season lasting from mid •
February to mid • May, the rainy season from mid • May to mid • October and the winter season from mid • October
to mid • February. The southwest monsoon provides the major source of rainfall for the counby. Generally, the
counby can be divided into four regions as Delta, Coastal, Central dry·zone and Mountainous regions on different
ecosystem. There were different climates for different region as follows;
Table 1. Rainfall and Temperature of different Regions (1986-1995 and 1996-2005, 10 years Average)

Sr.
No.

Region

Rainfall <mm>

TemJlerature < °c >

Minimum

Maximum

Mean

RH%

86-95

96-05

86-95

96-05

86-95

96-05

86-95

96-05

96-05

1.
2.
3.
4.

Delta region
Ayeyawaddy
Bago
Yangon
Mon

2396
1953
2638
4780

2957
3286
2826
5188

10.0
10.0
10.0
10.8

22.3
19.8
20.9
22.4

40.0
40.3
40.0
39.0

32.6
32.7
33.2
32.3

25.0
25.2
25.0
24.9

27.5
26.3
27.1
27.4

80.1
79.8
81.1
76.8

B.
1.
2.

Coastal region
Rakhine
Taninthari

4070
4894

4897
5663

20.1
10.0

22.1
21.1

40.0
38.0

30.5
32.1

30.1
24.0

26.3
26.6

79.7
78.8

C.
1.
2.
3.

Central dryzone

Sagaing

880
965
1342

884
847
706

8.9
8.0
7.0

19.9
22.0
21.6

46.0
43.6
43.3

34.0
34.0
34.2

27.5
25.8
25.2

26.95
28.00
27.90

70.6
66.5
67.2

D.

Mountainous
regIOns
Kachin State
Chin State
Kayar State
KayinState
Shan State

2313
1741
lOll
4111
1282

2370
1449
1068
4395
1290

7.0
2.4
10.8
9.4
0.3

19.0
14.2
17.2
22.3
15.4

41.5
33.3
37.0
40.3
32.9

30.2
23.6
29.3
33.6
27.9

24.3
17.9
23.9
24.9
16.6

24.6
18.9
23.3
27.9
21.7

76.3
70.2
68.3
76.6
71.7

A.

1.
2.
3.
4.
5.

Magway
Mandalay

5. Current Rice Production in Myanmar
Rice is not only a staple food in Myanmar daily diet but also one of the major food export items. The total
rice area was 8.1 million hectares of which 6.7 million hectares are monsoon rice and 1.4 million hectares are
summer rice in 2007-2008. Total rice production was 31.45 million tons with the average yield of 3.93 t ha· l . To
attain the natioual target yield, yield per unit area must be 5 t ha- l and attempt has been made all possible ways.
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Table 2. Rice Production in Myanmar

Year
1960 - 1970
1971 - 1980
1981 - 1990
1991 - 2000
2001 - 2002
2002 - 2003
2003 - 2004
2004 - 2005
2005 - 2006
2006 - 2007
2007 - 2008

Sown Area (mba)
4.98
5.00
4.87
5.14
6.41
6.38
6.53
6.81
7.58
8.13
8.10

Yield (tJha)
1.66
1.92
2.87
3.63
3.42
3.42
3.54
3.64
3.74
3.83
3.93

Total Production (m ton)
8.10
9.60
13.97
18.60
21.91
21.80
23.14
24.75
28.37
30.92
31.45

Table 3. Rice Sown Area and Average Yield (tlha) for Different Regionl (2007-2008)

Region

Delta region
Coastal region
Central dryzone
Mountainous regions
Union Total

Rice sown Area
( 000'ha)

Average Yield
(t/ha)

Monsoon

Summer

Monsoon

Summer

3.1
0.67
1.80

0.81
0.02
0.48
0.10
1.41

3.6
3.4
3.9
3.1

4.2
3.6
4.5
3.9

1.12
6.69

In Myanmar, monsoon rice occupies the majority sown area and it is widely grown in various parts of the
country. Depending on the time of sowing, rice cultivation can be classified as monsoon rice ( May - end of
October), and summer rice ( October - end of April ).
The planting time of summer rice varies from region to region, depending on its geographical and climatic
conditions. In lower Myanmar, summer rice is planted from November to February to escape the rain at harvesting
time. The wet season generally begins in May in coastal and delta region. On the other band, summer rice is
cultivated from February to March on the central dry zone region which normally receives rain in June. In the
mountainous region, it is usually sown in February and March to escape the devastating effuct oflow temperatore.

Table. 4 Rice Area Distribution under Different Agro-ecolystem

Agro-ecosystem

% of total sown area

- Favorable rice ecosystem
- Irrigated lowland
- Rain-fed lowland
- Unfavorable rice ecosystem
- Deepwater
- Submergence
- Salt affucted
- Upland
- Drought-prone
Total rice sown area
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68
20
48

32
5
9
3
3
12
8.1 mba

Table 5. Breeding and Research for Target Environment. in Department of Agricultural Research (DAR) , Myanmar

Rice ecosystem based breeding program for;
.. Favorable rice ecosystem

- Irrigated lowland
- Rain-fed lowland

.. Unfavorable rice ecosystem

- Submergence area
- Drought-prone
- Salinity
- Upland
-Deepwater

.:. Disease and Pest resistance
.:. Quality rice improvement
.:. Hybrid rice breeding program

Table 6. International Rice Reoearch CoUaboratioD b _ DAR and IRRI (1979-2008)

Agro-eco system

Nurseries

Tested Locations

State I Region

Irrigated Lowland
Rainfed Lowland

IIRON
IRLON

Yezin, Kyaukse
Yezin, Lepton, Myangmya

Upland Rice
Water Saving Rice
Drought Tolerance
Submergence
Heat stress Tolerance
Temperate Region Rice
Soil Stress Tolerance
Fine & Aromatic Rice
Resistance to Bacterial Blight
Resistance to Brown Plant Hopper
Resistance to Stem borer

IURON
AERON
IRDTN
IRLYN(SS)
IRHTN
IRTON
IRSSTN
IRFAON
IRBBN
IRBPHN
IRSBN

AongBan
Yezin, Sebin
Sebin
Pathein
Yezin
Taryaw
Lctpadan
Yezin
Yezin
Yezin
Yezin

Mandalay Division
Mandalay, Bago and
Ayeyarwaddy Division
South Shan State
Mandalay Division
Mandalay Division
Ayeyarwaddy Delta Area
Mandalay Division
Northern Shan State
Ayeyarwaddy Delta Area
Mandalay Division
Mandalay Division
Mandalay Division
Mandalay Division

6. Heat Stress needed to become seriously on rice production of Myanmar
It was known that Global warming will likely increase OCCUITeDces of extreme heat events, which will be a
major concern for the future crop production. And, excessive heat, might reduce yield of crops dne to failure of
reproductive growth, but information with regard to severe yield losses dne to heat events has been limited and
threshold temperature above which severe yield losses occur is still not clear under field conditions as well as in
Myanmar.
Generally, the highest temperature (42-43°C ) was found during months of March, April and May in
summer season. For specially, central parts of Myanmar, Sagaing division, Magway division and Mandalay divisions
are dry zone regions where there are 0.86 m hectsres of summer rice irrigated areas. It was found that maximum in
39.95° C of local temperature for Mandalay, 42.52° C for Magway and 39.2° C for Sagaing division (Table- 7 ). It
was known that the most suitable temperature were within 30-33° C needed for normal fertilization at flowering time
of rice. According to the local weather condition of these dry zone areas, there may have some problems on heat
stress. But, there was not yet research studies on excessive heat for rice production of these area.
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Table. 7 Monthly RaiDfall and Temperature of central dry zone areas for 10 years average of 1999-2008.

Month
January
February
March
Apri1
May
June
July
August
September
October
November
December
Total
Average

Sagaing division
Rainfall
Temperature ("C)
(mm)
Min
Max
2.50
12.51
32.20
0.50
15.36
36.95
1.80
16.12
34.07
26.00
21.33
42.54
95.30
22.23
41.03
82.30
23.97
39.66
45.00
4.22
38.86
102.00
23.66
38.33
125.00
23.22
37.36
111.80
20.46
35.83
16.00
16.22
38.60
1.30
12.06
29.97
609.30
231.36
445.44
50.80
19.28
37.12

Mandalay division
Rainfall
Temperature ("q
(mm)
Min
Max
2.00
10.90
33.30
1.00
12.44
35.83
5.00
15.56
39.42
42.80
20.48
40.95
162.00
22.12
39.47
68.80
23.61
37.47
46.80
24.09
37.19
99.50
23.69
36.87
164.50
23.61
36.73
151.30
20.96
36.47
46.00
16.31
34.09
4.30
12.04
32.09
793.80
225.84
439.88
66.20
18.82
36.66

Magway division
Rainfall
Temperature ("q
(mm)
Min
Max
0.25
10.78
32.67
11.31
32.67
0.25
15.47
42.42
0.38
20.84
42.73
13.50
26.89
42.40
15.50
27.27
38.58
10.60
26.90
36.82
11.58
27.17
35.01
20.08
26.78
35.80
12.63
20.32
35.64
2.25
13.64
32.37
0.50
12.42
35.87
87.50
239.79
442.98
7.30
19.98
36.92

7. Current Research Program On Temperature Effect
International Observational Nursery on Heat Tolerance (lRHTN) nursery from IRRI by INGER program
was conducted at Yezin, Naypyitaw, Myanmar in 2009 dry season with 23 entries in a randomized block desigu with
three replications. Plots were 7m2, spacing was 2Ox20 cm with single seedling per bill. The general reference for data
collection was the " Standard Evaluation System for Rice" ( SES, 1996 ). Entry data was based on seedling vigor,
plant height, days to heading, spikelet fertility and sterility, Phenotypic Acceptability at maturity and grain yield per
plot.
Authesis or blooming is the only reproductive stage at which rice plants are sensitive to high temperatures.
Spikelet sterility is mainly attributed to pollen desiccation. Preliminary observation was carried out on the effect of
maximum day temperatore during anthesis. It was reported on spikelet sterility of (23) entries at the maturity stage in
Yezin. It was found that II varieties looked tolerant to high temperature effect at blooming. Those had low sterility
at range oft 3.1·25.0 %) with high seed yield. Varieties G12AI26, IDSA 77, DADRI, CUIA BANA, BASMATI
370 and MULA! suffered from maximum day temperature (37-39° C), their sterility percentage were 40.28-61.2.
Aud Dniar, IR 2307-2472-1, IR 8, Manawthukha (CK), IR50, IR 36,G 12AI72,IR 19746-28-2-2, CR 547-1-2-3,
W AB 56-125 and GHARIB suffered the lower perceutage with higher temperature of 35-40.5° C at flowering time,
their sterility were in a range of3.1-25.04 %.
Table 8. Effect of different IIlUimum day temperatures at blooming on spikelet sterility of different varieties 2009 Ws, Yezin,
Naypyitaw, Myanmar

Sr.
No.
I
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Variety
IR 1516-228-3-3
GIZA 176
DULAR
IR 2307-247-2-2-3
IDSA 77
IR8
Manawthukha (CK)
VIALONE NANO
N22
IR 50
IR36
SADRI
CUIABANA
BASMATI 370
SAKHAI04

Sowing date
31 Dec 08

/
/
/
/
/
/
/
/
/
/
/
/
/
/

Date of 50%
flowering
21 March 09
19 March 09
21 March 09
11 Apri1 09
3 Apri1 09
4 Apri1 09
20 Apri1 09
14 March 09
21 March 09
20 March 09
10 Apri1 09
23 March 09
31 March 09
26 March 09
14 March 09
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Day
Temperature at Maximum Sterility
anthes;' (" C) Temperature
%

eq

31
31
30
31
28
28
29
33
30
29
31
30
34
32
33

38.5
37.0
38.5
40.5
39.0
40.0
38.0
32.5
38.5
39.0
40.0
39.5
39.0
38.5
37.5

25.04
59.61
8.94
9.93
57.18
7.19
7.15
27.52
36.60
11.63
8.57
40.28
45.83
44.64
23.56

Yield
tlha
4.42
2.07
5.56
5.14
1.50
5.57
6.61
4.07
3.06
6.21
6.07
1.06
1.30
2.81
2.18

Sr.
No.

Variety

Sowing date

Date of 50%
flowering

Day
Temperature at Maximum Sterility
%
anthesis C) Temperature

e

Yield
tJha

("C)
16
17
18
19
20
21
22
23

MULA!
IR22
GIZA 172
GIZA 178
IR 19746-28-2-2
CR 547-1-2-3
COAB 56-125
GHARIB

I
I
I
I
I
I
I
I

31 March 09
9 April 09
6 April 09
3 April 09
28 March 09
3 April 09
23 April 09
26 April 09

34
30
30
29
30
29
29
28

39.0
41.0
40.0
39.0
38.0
39.0
38.5
35.0

61.20
40.40
3.09
35.99
11.16
4.68
12.50
8.30

0.97
3.83
5.61
3.99
6.37
5.36
5.60
5.79

8. Needs for Future Program on Heat Stress
1.
2.
3.
4.
5.
6.

Research project on heat stress.
Advanced knowledge on heat stress for data management.
Human Resource Development.
Equipments for measurement on heat stress condition.
Local survey on heat stress in different regions of Myanmar.
International trainings or workshops.

9. Future expectation
To improve research knowledge on heat stress.
To find out the tolerant rice varieties on heat stress.
To identify the specific region on climate change in Myanmar.
To increase rice production for stress areas.
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Abstract: The rice-growing region in the southern US. with its hot and humid sununer is susceptible to rice crop yield loss due to
an increased frequency of periods with high night temperatures. Given the occurrence of such periods of high temperatures being
implicated in rice yield losses in some recent years, a combination of altered crop management strategies and crop genetic
improvement is needed to minimize both current and intermediate-term effects of global warming on southern U.S. rice
production. Research in the US. concerning the effects of high temperatures on crops has been strongly influenced in direction by

research conducted using Soil-Plant-Atmosphere-Research chambers. These studies have traditionally examined interactions
among global climate change variables. With respect to the effect of high temperatures on diverse agronomic crops, decreased
pollen production, pollen germination and spikelet fertility, as well as decreased membrane stability, have been generally
implicated as affecting crop yield. Southern US. rice ntilling quality is decreased by high temperatures, especially high night
temperatures, and appears to be associated with an increase in chalkiness. The primary effects of high night temperature on
southern US. rice yield appear not to be due to decreased production ofphotosynthates or through altered rice morphology, but
rather are through increased consumption of photosynthates, accelerated rate of plant development, aod decreased reproduction.
The high night temperatures appear to be partially acting through heat induced reactive-oxygen-species-mediated degradation of
membranes and enzymes (Le .• oxidative stress).
Keyword.: rice, crop production, heat stress, United States, high night temperature

1. Introduction
This report describes recent (published 2005 or later) research conducted in the United States (U.S.) concerning
heat stress effects on crop production. While some mention is made of the effects of high temperatures on aspects of
wheat crop productivity, the emphasis shal1 be on rice crop productivity. The major portion of the report on rice will
consist of the effects of high night temperatures on southem U.S. rice growth, development aod physiology.
The U.S. rice production occurs in two areas, California aod the southern U.S. In California, the relative humidity
is low (less than 70% RH typically, often much lower [11, so the occurrence of high night temperatures drastically
affecting rice production is unlikely (average daily low temperatures do not exceed 19°C [I]). In contrast, much of
the southern U.S. rice production area (consisting of the states of Arkansas, Missouri, Mississippi, Lonisiana aod
Texas) (Fig. I) has hot aod humid summers, with average daily maximums aod minimums exceeding 32°C aod 21°C,
respectively, from June through August [11, the time of the year that includes the rice reproductive period. A
practical concern expressed by rice farmers of the southern U.S. regarding global warming is the potential fur ao
increased incidence of days during the rice growing season with temperatures hot enough to hurt yield through direct
effects on rice crop growth, development or physiology. Given the OCCUlTence of such periods of high temperatures
being implicated in rice yield losses in some recent years, a combination of altered crop management strategies aod
crop genetic improvement is needed to minimize both cUlTent and intermediate-term effects of global warming on
southern U.S. rice production.
Heat stress effects on cereal crops cao be summarized as effects 00 growth, development or physiology. In
addition, for food grains, the effects on grain quality have been examined in several studies, but are only hriefly
mentioned here.

2. Recent U.S. Research Concerning Heat Stress Effects on Crops
1) Recent U.S. Research Concerning Heat Stress Effects on Cereal Crops Other Than Rice or Wheat
Researchers in the U.S. have stodied heat stress effects on a number of crops aod through diverse approaches.
Several of the groups providing a detailed response of plants to high temperatures use arrays of SPAR chambers
(Soil-Plant-Atmosphere-Research chambers) [21, which are large sunlit chambers with controlled temperature aod
atmospheric composition (Fig. 2). The construction provides the advantage of applying complex regimes of
temperature and, to a lesser extent, atmospheric composition. In addition, canopy (albeit small caoopy)
measurements of photosyothesis, respiration aod water use can be obtained. Because ao array (e.g., 5 to 15) of
chambers depending on the stndy site) are used, intemctions among environmental factors (e.g., air temperature aod
nutrient fertility) cao be examined. On the other hand, the limited number aod size of the chambers, aod their
emphasis on providing caoopy-level measurements, limit the number of factors or replications that cao be examined
simultaneously, as well as the intensity of periodic destructive sampling. Three of the groups utilizing SPAR
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chambers bave focused on agronomic crops. These locations are Starkville, Mississippi (K.R. Reddy); Beltsville,
Mmyland (V.R. Reddy); and Gainesville, Florida (K. Boote and H. Allen). The Gainesville group conducted a
number of studies on rice as affected by high temperatures and elevated CO2 ; the Beltsville group has conducted a
study or two with rice. Example recent studies from these groups on crops other than rice directly follow.

MT

ND

so

Fig. 1. Location of the U.S. rice-growing regions. California (CA) to the west and the Southern (or Mid-South) region
containing part. of Arkan... (AR), Loui.iana (LA), Missi.sippi (MS), Mis.ouri (MO) and Texas (TX).

At Gainesville, Vara Prasad, Boote and Allen [3] examined grain sorghum exposed to particular temperature
regimes (32/22, 36/26, 40/30, and 44/34 °e (day maximum/night minimum) at ambient (350 fUllol CO2 mor') or
elevated (700 fUllol CO2 mor') from emergence to rnatority. The lower seed-set at high temperatures in tltis study
was due to lower pollen production and lower pollen germination, however, the role of stigma receptivity was not
e1iminated. Elevated CO2 increased foliage and seed temperatures, which extended the negative effects of the higher
chamber temperatures on the grain-sorghum productivity.
At Beltsville, Kim and colleagues [4] also examined the interaction between growth temperature (19/13 to
38.5/32.5 °e (day maximum/night minimum) and atmospheric Co, levels (ambient [370 fUllol CO2 mor'] and
doubled [750 fUllol CO2 mor']) upon vegetative development and photosynthesis of maize. Although the growth,
photosynthesis and development of the maize plants were affected by temperature with the optima for leaf
photosynthetic capacity and for leaf appearance rate near 34 and 31°C, respectively; the atmospheric CO2
concentration had little effect, either independently or in interaction with temperature, on these processes.
At Starkville, Koti et al. [5], examined the interactive effect of temperature (30/22 and 38/30 0C), atmospheric
CO2 level (360 and 720 fUllol CO2 mor') and UV-B radiation intensity (0 and 10 kJ m·2 d·') on vegetative
development of six soybean genotypes (grown in pots inside the SPAR chambers) representing five rnatority groups.
The interactive effects on reproductive development of these genotypes bave been previously reported [6]. The
elevated temperatures and elevated UV-B radiation levels tended to cause more injury (e.g., decreased membrane
stability) to the soybean genotypes, wbile elevated Co, usually partially compensated for tltis. The rank genotype
response was, however, altered by the interactive effects of the three climate change factors. For example, in some
genotypes, the presence of the elevated CO2 increased the injury levels. In reprodoction, the UV-B and/or elevated
temperature led to smaller flowers, less pollen per flower and decreased pollen germination. Elevated CO2 did not
provide any compensatory benefit. The genotypes that were classified as tolerant based on reproductive
measurements were not the same as those considered tolerant based on vegetative development measures.
The Mississippi group also examined in vitro pollen germination, pollen tobe length, and relatively injury
(membrane stability) under various temperatures for pollen collected from field-grown cotton cultivars, and
developed a procedure for classifying cultivars as tolerant or susceptible based on tltis information [7].
A moderate number of other (not using SPAR chambers) stodies bave been conducted concerning the effects of
high temperatures on various crops besides rice or wheat. These bave progressively included an interest in the night
temperatures as part of the stndy. For example, Albertine and Manning [8] examined the ioteraction of elevated night
soil temperatures and elevated ozone on germination and early growth of bean, conclnding that wbile the elevated
night temperatore increased germination and seedling growth rate, it also increased susceptibility to ozone damage,
with the onset of ozone damage occurring earlier in plants subjected to the elevated night soil temperatures.
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Fig. 2. The Soil-Plant-Atmosphere-Research (SPAR) chambers at Starkville, Mississippi, USA. The SPAR facilities in Florida,
Maryland, and Mississippi have been influential in US research concerning the affects of high temperatures and
other climate change factors on crop production.

2) Recent U.S. Researcll Concerning Heat Stress Effects on Wheat
Several recent U.S. studies have examined the effect of high temperatores on wheat grain quality. These studies
are not included in this report.
Tewold et al. [9] evaluated a number of common Texas wheat cultivars for tolerance to high post-heading
temperatures. The high temperatures were allowed to be provided naturally due to the planting location at Uvalde in
southwest Texas and also due to a delayed planting in one of the two seasons. Evaluated across genotypes, yield was
negatively correlated with the daily mean temperatore (obtained from a weather station at the experimental farm)
averaged over the post-heading period of the individual cultivars. This was especially true in the hotter season. There
was a wide range of yield variation among cultivars. Those that were highest yielding under these hot post-heading
environments were those that were early heading. These cultivars had a longer duration of the post-heading period,
thus a longer grain-filling period; these cultivars also completed more of their grain filling while temperatures were
lower. The earlier-heading cultivars also had a greater proportion of green leaves remaining at anthesis. Although
these earlier-heading cultivars produced fewer total leaves per tiller, they lost fewer leaves to senescence at anthesis
than the later-heading cultivars.
Ristic et al. [10], a group at Kansas State University, established the use of chlorophyll content as a surrogate for
chlorophyll fluorescence as a screening tool for heat tolerance in winter wheat cultivars. Greenhouse-grown potted
plants were moved to an environmental chamber near the beginning of flowering for a l6-day high temperature
exposure (36/30 °C (day/night». Chlorophyll content (determined with a chlorophyll meter) was strongly negatively
associated with the chlorophyll fluorescence, and both showed consistent cultivar patterns for variation with duration
of exposure to the heat stress.
In Prasad et al. [11], the Kansas State group studied the effects of high night temperatures, using two wheat
cultivars grown in environmental chambers in which the night temperatore was varied (either 14, 17, 20 or 23°C)
starting at boot stage, where a 24114 °C (day/night) regime was considered optimal. Many of their findings are in line
with current understanding of plaot response to heat stress. For example, the high night temperatures decreased
photosynthesis, grain yields decreased with increaaing night temperature; and spikelet fertility, grains per spike, and
grain size were decreased. In addition, grain filling duration was decreased under the higher night temperatures.
Hays et al. [12] at Texas A&M University examined the effect of a one-day high day temperature at 10 days after
pollination on wheat kernel abortion and weight of a susceptible and tolerant variety. The heat exposure decreased
the percentage of filled kernels and decreased the kernel weight in the susceptible variety, but not the tolerant one.
Application of l-methylcyclopropane, an ethylene receptor inhibitur, blocked the higher ethylene production
observed in the susceptible variety upon exposure to the high temperatore, and also prevented the reduction in filled
kernel percentage and in kernel weight, thus suggesting that the high temperatore caused its effect through a
stimulation of ethylene synthesis in the susceptible variety.
3) Recent U.S. Research Concerning Heat Stress Effects on Rice
In 2004, Baker [13] reported on the response of several southern U.S. rice cultivars to various temperatures and
elevated atmospheric CO2 • These studies were conducted in various ways over several years using the SPAR
facilities at Beltsville. The primary effect of temperature was upon the number of grains per panicle, not on the
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number of panicles. Baker also tentatively concluded that the southern u.s. cultivars might be more sensitive to high
temperatures than the Asiatic (indica or japanica) cultivars. The southern U.S. rice cultivars appeared to bave a day
temperature limit of 32 to 35°C, albeit this was at elevated Co" thus might bave been impacted by an elevated
tissue temperature.
The SPAR facility at Gainesville, Florida was used to conduct a number of studies of rice response to temperature
and elevated CO2, with most of these being conducted in the 1990s. However, a fairly recent stody by the
Gainesville group is presented in Prasad et al. [14], which concerned a study conducted in temperature-gradient
houses, rather than in the SPAR chambers. The study thus was focused on high-temperature stress ouly (ambient
[28/22 °c day/night] vs. ambient + 5°C, both day and night). A number of rice varieties representing different
species, ecotypes and origins were screened. Spikelet fertility was evaluated, as were phenology, pollen number and
viability, leaf photosynthesis, leaf memhrane thermal stability, and time-of-day of anthesis. The elevated temperature
did not bave a consistent effect on development rate or on vegetative biomass, but did decrease grain yield. The
relatively low decrease in yield due to the elevated temperature that was observed in IR-72 and IR-8 was partially
explained by an avoidance of the high temperatures due to late flowering relative to the uther varieties. The N-22, a
tropical indica variety from India had the last decline in yield due to elevated temperature, and also the least decrease
in spikelet fertility, thus was considered relatively tolerant to high temperatures. Among varieties, the effects on
pollen production and pollen reception (number of pollen grains on the stigma surface) were similar as those on
spikelet fertility. The elevated temperature decreased pollen viability (I-KI staining of starch in pollen indicating
potential viability) across varieties. The photosynthetic rate of the flag leaf measured at anthesis for plauts exposed to
the elevated temperatures was lower on average compared to those subjected to ambient temperature, but differences
among cultivars were not consistent with yield decreases. The relative injury (calculated from the leaf memhrane
thermal stability) due to the elevated temperatures was fairly consistent among varieties ranging from 44.1 to 55.6%.
Among the O. sativa varieties, those with the longest duration from emergence to heading also tended to bave an
earlier "latest time-of-day of anthesis." Lower grain yield due to the elevated temperature and the differential
response of the varieties to the elevated temperature were associated with lower spikelet fertility, which was
primarily associated with decreased pollen production and pollen shed.
Starting in 2005, a group from the University of Arkansas published several articles focusing on the effects of high
temperatures, particularly high night temperatures, on rice grain quality (Counce et al. [15]; Cooper et al. [16];
Cooper et al. [17]). The 2005 article [15] presents research concerning the effect of high night temperatures (18 vs.
24°C imposed in a growth chamber from 0000 h to 0500 h starting at 50% heading). The cultivars used, Cypress and
LaGrue, were popular in the late 1990s and early 2000s, with Cypress being well-known for an excellent milling
quality. The higher night temperatures resulted in reduced head rice yields and grain width for each cultivar. Cooper
et al. (2008) [17] moved plants into phytotrons at night temperatures of 18, 22, 26 or 30°C starting at the late
anthesislgrain filling initiation stage. Increasing night temperatures generally decreased head rice yield and grain
dimensions. The number of cbalky kernels generally increased with an increase in night temperature, and it was this
increase in cbalkiness that seemed most closely related to the decrease in head rice yield. In Cooper et al. (2006) [16],
the same group evaluated rice milling quality variation, especially head rice yield, in a 17-year historical dataset for
two long-grain cultivars (Newbonnet and Lemont), which included head rice yield and days to 50% heading, in
relation to historical weather data. The authors estimated growth staging data using degree day information. The
single variable that contributed most (25% of the variance) to explaining the head rice yield was night temperature
during the period soon after the first kernel of the main panicle had matured, with the night temperature negatively
associated with decreased head rice yields.
4) Recent Research at Beaumont, Texas, U.S.A. Concerning Effects of High Night Temperature on Rice
Growth, Development and Physiology
Mohammed and Tarpley, located at the Texas AgriLife Research and Extension Center at Beaumont, bave recently
conducted several studies [18, 19. 20] detailing the response of southern US rice cultivars to elevated night
temperature. The rice-growing area along the US coast of the Gulf of Mexico, which includes parts ofLonisiana and
Texas, is susceptible to an increased frequency of periods of heat stress, especially those of high night temperatures
(e.g., in 2006 at Beaumout, the average night temperatures varied between 26 and 28°C during the rice crop
reproductive period). The principal cultivar investigated that was Cocodrie, which has been one of the most popular
cultivar grown in Texas and Lonisiana over the last seven or eight years.
Mohammed and Tarpley devised an apparatus to allow carefully controlled heating of small populations of plauts
in the absence of enclosures [18]. The apparatus (Fig. 3) can be used to apply elevated heat treatments to plant
canopies in the open field or in the greenhouse, and can accept either square-wave application of elevated
temperature or a complex prescribed diurnal or seasonal temperature regime. The heating system of the present study
uses overhead infrared heaters which are relatively inexpensive and are accurate and precise in rapidly controlling
the temperature. The apparatus successfully maintained air temperatures within the set points ±0.5 °C.
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Fig. 3. Graphic illustrating the infrared heating apparatus used for high night temperatura studies at Beaumont, Texas, USA.
The apparatus provides controlled prescribed heating of small populations of plants in the absence of an enclosure.
Figure from Mohammed and Tarpley [181.

In a series of experimeots [19, 20], Mohammed aod Tarpley compared elevated night (2000 to 0600 h)
temperatures (32°C) to ambient (27°C), with exposure starting 20 days after emergence aod continuing until grain
maturity. The respiration rates, membraoe thermo-stability, total aotioxidaot capacities ofleaves, leaf photosynthetic
rates, leaf chlorophyll concentration, leaf nitrogen concentration, percent pollen germination, spikelet fertility,
morphology, phenology, and grain characteristics were investigated In addition to the temperatore treatments, the
plants were treated with exogenous plaot growth regulator treatments. These included a-tocopherol (vitamin E),
glycine betaine (GB) and salicylic acid (SA), which play important, but different, roles in inducing thermo-toleraoce
in many plant species.
The high night temperatures did not affect rice morphology or rice leaf photosynthetic rates, however, the high
night temperatures decreased pollen germination (20% less) aod spikelet fertility (72% less) (Fig. 4).
In addition, the high night temperatures increased leaf respiration rates (21 % more), aod decreased membraoe
thermo-stability (60% less) [20], grain length (2% less), aod grain width (2% less). The high night temperatures also
sped up the rice plant development rates, as indicated by the paoicle emergence date. The combination of these
effects decreased the rice yield by 90%. Although the high night temperatores decreased leaf chlorophyll
concentration (7%) aod leaf nitrogen concentration (18%), these were not associated with leaf photosynthetic rates.
Application of glycine betaine or salicylic acid increased the total aotioxidaot capacity of the rice plaots by 17% [20],
thereby decreasing leaf respiration rates, aod increasing membrane thermal stability, pollen germination, aod spikelet
fertility, thus increasing the yield.
Glycine betaine aod salicylic acid increased yield of Cocodrie rice p1aots under ambient night temperature (27°C),
as well as under high night temperatore (32°C), suggesting that either 27°C is a superoptima1 night temperatore for
Cocodrie, a popular southern US rice cuitivar, or that factors in addition to high night temperature were contributing
to oxidative stress in these studies.

3. Conclusions
The primary effects of high night temperatore on rice productivity appear not to include decreased production of
photosynthates or altered rice morphology, but rather are increased consumption of photosynthates, accelerated rate
of plaot development, aod decreased reproduction. The high night temperatures appear to be partially acting through
heat induced reactive-oxygen-species-mediated degradation of membraoes aod enzymes (i.e., oxidative stress).
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Rice in the Sub-humid Zone of Sri Lanka and Its Long-term
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Abstract: Increasing rice production in the tropics is threatened by the increase in air temperature in the sub humid tropics.
Almost continuous warming has occurred in Sri Lanka since 1930' s. This has threatened the rice production in the island as air
temperatures during flowering season in many major rice growing ecosystems in Sri Lanka are already above threshold levels.
Growth chamber and field open top chamber stodies bave confirmed an increase in spikelet sterility with increased spikelet

temperature above 31_32oC. However apart from few isolated incidences where complete sterility in rice has occurred, there is no
evidence of high temperature induced grain sterility in major rice growing ecosystems despite increase in air temperature above

threshold levels. We investigated possible reasons for the absence of spikelet sterility even under moderate to high air
temperatores despite having pollen sterility. There is an increase in out crossing in the nuclear seed production program. Further
out crossing has increased "weedy rice" incidence in the tropics, suggesting that there is an increasing tendency of out crossing in
rice in Sri Lanka. Spikelets with sterile pollen are being out crossed with pollen from adjoining fertile spikelets. Therefore when
there is pollen sterility due to spontaneous increase in air temperature, cross pollination makes spikelet fertile. Increased air
temperatore also reduced growth of fertilized spikelets which would affect productivity. Further the seeds produced from these
cross pollinated rice spikelets would be of different genetic background making them segregate in the filtore generations.
Therefore the impact of climate change would affect both productivity and quality of rice produced. Further the impact would be
more on quality than the productivity of rice produced in the sub huntid tropics.
Key words: Heat stress, high temperature, sterility, out crossing, grain quality

1. Introduction
Rice is the staple food of over 20 million Sri Lankans and is the livelihood of more than 1.8 million fanners. More
than 30 % of the total labour force is directly or indirectly involved in the rice sector. During the past 40 years, new
cultivars and associated technologies developed for different rice growing eco systems have resulted in a significant
increase in rice production to near self sufficiency in the island. With the present population growth rate of 1.1 %,
increased per capita consumption, requirements for seed, and for wastage in handling, rice production in Sri Lanka
should be increased to 4.2 million tons in the year 2020. However, increasing rice production further is cballenged by
abiotic stresses such as high air temperatore, which is already at its threshold level.
With the indnstrial revolution, increasing green honse gases and other man made activities have led to continuous
cbanges in the climate. Average global atmospheric temperature under different scenarios is predicted to increase
between l.l°C to 6.4°C towards the end of this century (IPCC, 2007). Eleven of the last 12 years from 1995 to 2006
have been ranked as the warmest years of global surface temperature (IPPC, 2007). The rate of increase in maximum
and minimum air temperatures in Sri Lanka bas varied between location and season. Almost continuous warming
has occurred since 1930 s uotil 2007 in several locations representing the major agroecological zones in Sri Lanka
(De Costa, 2008). In the major rice growing location, Anuradhapura, which is located in the Dry Zone of Sri Lanka,
the rate of increase in air temperature has been around 0.0078 °c per year (De Costa 2008).
Temperature is the driving variable for growth and development of rice plant. A cbange in few degrees in
temperature often leads to a change in growth rate at any given stage of its life cycle and the effects of a temperature
increase cbanges with the duration of exposure to the critical temperature, diurnal variation and the physiological
statos of the rice plant. Increasing temperature in the tropics often hastens development, reduces radiation absorption
by the canopy, increases respiration and affects C assimilation and partitioning resulting in a reduction in grain yield.
The impact of increased air temperature is critical to reproductive development and the most sensitive stage is at
heading especially at the time of anthesis. Increased air temperature causes grain sterility (Osada et aI., 1973,
Matsusbima et al., 1982, Matsui et al., 1997a, 1999,2000). Increased spikelet temperature above 31°C gradually
decreased spikelet fertility until reaching complete sterility at 36°C (Weerakoon et ai, 2008). Therefore, a sub- humid
tropical country like Sri Lanka should be already facing a reduction in rice production due to high temperature
induced grain sterility as air temperatures are often greater than threshold levels. Over the recent past, there have
been reports of grain sterility in rice in Sri Lanka, but not directly related to high temperatore induced sterility
(Morita and Dhanapala, 1990). This paper highlights the impact of increased air temperature on spikelet sterility in
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both phytotron and in field open top chambers and identifies reasons for not observing sterile spikelets even at high
air temperatores under low land field conditions in the sub humid tropical zone of Sri Lanka .

2. Materials and methods
A series of experiments were conducted inside sunlit phythotrons at the National Agricultural Research Center for
Kyushu and Okinawa (KONARC), Kumamoto, Japan, inside open top chambers (OTC) and at the lowland rice fields
at the Rice Research and Development Institute (RRDI), Batalagoda (7°50' N and 80°50' E) Sri Lanka. The impact
of increased air temperatore and humidity on rice spikelet fertility, grain formation and growth was studied inside
sunlit phytrotons at KONARC using two japonica and two indica rice cultivars. Air temperatures and Relative
Humidities (RH) were controlled at 36/30 °c + 85% , 36/30 °C+60% and 30124 + 85%. Temperatures were
controlled from 9.00 to 15.00 hrs while RH was maintained through the day.
Field open top chambers located in low land rice fields at RRDI were used to study the impact of increased air
temperature on pollen fertility and spikelet fertility of different rice varieties inside OTC's in the sub humid tropical
zone of Sri Lanka. Rice varieties with different age classes (synchronized planting for oniform flowering) were
exposed to high air temperatores inside OTC's during the Wet season 2003/4. During the Dry Season of2009, field
expression of spikelet sterility with artificial suppression of self pollinstion and the possibility of out crossing under
tropical lowland conditions were studied. Ten panicles with same physiological maturity but with unopened spikelets
were labeled from a field planted with a 3 Y. month rice variety Bg 358. Thereafler, 10 spikelets with undehised
anthers located at the ntiddle portion of the panicle were emasculated and removed all anthers to prevent self
pollinstion. One half of the emasculated panicles were covered using paper bags to prevent pollen depositing from
outside and allowed pollinstion from spikelets from the top. The rest of the panicles were kept exposed to pollen
from the same panicle or from other panicles. Spikelets which were fertilized at 4 -5 days afler emasculation were
counted. Further, in a separste study we ascertained the time taken to complete the opening of spikelets of a panicle
of different rice varieties.
The possibility of out crossing under researcher managed nuclear seed production program under open field
conditions in the Dry, Intermediate and Wet zones of Sri Lanaka were investigated. To maintain genetic purity in the
nuclear seed production program, progenies with different phenotypes is discarded. The numbers of progenies
discarded in different seasons by rice breeders from these nuclear seed production programs of recommended rice
varieties were recorded. Possible reasons for discarding these progenies were also identified. Further, the increased
incidence of weedy rice in certain agro ecological zones in Sri Lanka was studied to ascertain the origin and possible
reasons for spontaneous outhreak of weedy rice in certain rice eco systems. Data from the phytotrone and OTC
studies were analyzed using ANOVA while stndent's T test was used to separate means of the open field study.

3. Results and Discussion
1) Mnimum air temperature and relative humidity during anthesis
Anthesis of rice planted in major rice growing eco systems in Sri Lanka occurs in December / January and July /
Angust periods. Air temperatores in different AEZ's during those months for different years are shown in Fig la and
lb. It is evident that maximum temperatures towards latter part of January, i.e. major rainy season flowering time
often fluctuates around 31°C and 33°C in all locations. During July and Angust period, which is the minor season
flowering period, maximum temperatore is above 35°C at GUadurukotte, a dry zone location while in the
intermediate zone and wet zone it was between 29°C and 33°C. In certain years air temperature has increased
beyond 35°C in the dry zone location, GUadurukotte. This shows that at the time of flowering maximum air
temperature has exceeded the ntinimum threshold temperatore for spikelet fertilization of rice in all locations during
the major season while in the minor season it was high in the dry zone. Similarly relative humidity values in those
locations were high (above 80) in the moming hours and gradually decreased towards noon. This suggests that even
at present, grain sterility would be a significant yield derermining factor in all locations during the major season
while it could be serious in the dry zone locations during the minor season.
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Increased arr temperature increased pollen and grain steri1ity of rice (Weerakoon e/ al2005 and 2008, Matsushima
ai, 1997a, 1999 and 2000, Abeysiriwardena et al., 2002, Nishiyama and Satake 1981). Weerakoon e/ al. (2008)
observed an increase in temperature inside spikelet with the increase in arr temperature and relative humidity, which
caused pollen grain death, disturbed dehiscence of anther and pollen shedding on stigma and finally reduced
ferti1ization. Under phytotron conditions with an increase in day time arr temperature from 30 to 36°C, they further
observed a decrease in number anthers with more than 10% fertile pollen by 60%. There was an interaction between
arr temperature and RH which lead to a conclusion that the spikelet fertility is a fimction of spikelet temperature with
a critical temperature of 30°C beyond which fertility decreases to zero at 36°C (Weerakoon e/ al., 2008). Under field
OTC conditions there was a significant reduction in pollen ferti1ity at arr temperature of32.1± 1.90C (Weerakoon et
al., 2005). We have also observed a similar decrease in pollen fert:i1ity with the increase in arr temperature inside
OTC in both seasons and the reduction varied between varieties (Table I). This suggests that even under moderately
high temperatures, spikelet steri1ity could occur. However, such reduction in spiketet fertility was not observed
under open field conditions despite reduction in pollen fertility even under arr temperature of 31°C ± 0.8. We have
observed a significant number of empty grains under field conditions but the reason for emptiuess was not primarily
due to failure of fertilization of spikelets. Morita and Dhanapala, (1990) also observed that under field conditions in
drier locations of Sri Lanka, there was a significant reduction in spikelet fert:i1ity but in general increased empty
grains were due to damages caused by pests. These findings suggest that even though almost all repotted stodies
conducted under closed systems suggests a significant reduction in rice spikelet fertility with increased arr
temperature, under lowland field conditions in sub humid tropics even at similar arr temperature and RH levels there
was no spikelet steri1ity.
e/
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Table 1 . Pollen fertility of different rice varieties exposed to high temperature inside OTC and in open field conditions at RRDI,
Batalagoda during 2008/9 major and 2009 minor !euon.

Variety

Bg94-1

Pollen sterility percentage of different spikelets
Inside GTe (32 + 0.7°C)
Open field (31 ± 0.8 dc)
2009 minor
2008/9 major
2009 minor
2008/9 major
12
2
12
3

Bg300

26

12

12

2

Bg-304

14

46

18

2

Bg352

21

12

18

3

Bg357

24

6

3

Bg358

16

2

4

2

There was also a reduction in the number of grains formed after fertilization inside the phytotron when air
temperature increased from 30°/24° C to 36°130°C and varieties differed in their reaction to increased air temperatore
in fiI1ing of spike1ets (Table 2). Number of grains formed from the fertilized spikelets increased with decrease in air
temperature. Insect damage may also have caused such differences but such a possibility did not exist as chambers
were free from insects suggesting that high temperatore also affects grain growth.
Table 2 . Difference in fertile spikelet percentage and filled grain percentage for different rice varieties of Indica and Japoniea rice
eIpoled to difterent daytime air temperature COC) and RH levels.

Variety
IR36
IR24
Hinohikari
Yurnehikari

Percentage reduction in grains formed after fertilization
36/30°
34/30°
30/24°
85%RH 50%RH
85%RH
50%RH
85%RH
2.4
2.7
1
5.99
0.5
19.1
2.3
10.9
2.7
0.7
10.3
25.2
19.3
6.4
6.6
30.2
12.3
20.9
5.5
5.6

Further, there was a reduction in final grain weight with increased air temperature. lncreased temperature affected
final kernel weight of rice, maize and sorghum (Chowdhury et ai, 1978). Average matore kernel weight of maize was
reduced by 7% under heat stress (Wilhelm et ai., 1999). This suggests that not only the fertility but also grain growth
conld be affected with increased air temperature. Even though there was a significant reduction in leaf C
assimi1ation by different varieties between 17 - 26% with increased air temperature to 36°C, reduction in C
assimi1ation may have little influence on grain filling as at high temperatures the total sink demand is reduced due to
reduction in the number of fertile spikelets.
We investigated possible reasons for the absence of spikelet sterility even under moderate to high air temperatores
despite pollen sterility. Rice is considered as a self pollinated crop. Rice varieties released in Sri Lanka even in
early 1960's like Bg 94-1 is still cnltivated in over 8 % of the total cnltivated extent suggesting that rice varieties are
vary stable. However, in the recent past there was a significant increase in weedy rice population in many rice
growing districts in the island. It was first reported in late 1980's in the North Western and Eastern dry zone of Sri
Lanka where air temperatore during flowering was considered greater than optimum (Abeysekara A unpublished).
Weedy rice is becoming a serious problem in the humid tropical countries in Asia (Baki et ai., 2000). Recent
surveys conducted showed that there is a mixture of off types comprising lines related to wild rice and lines related to
cnltivated varieties (Dahanayake, 2009). If the rice crop is self pollinated, the chances of existence of weedy rice and
such variation within cnltivated rice species must be minima\. Only spontaneous mutation or expression of
environmentally sensitive genes conld trigger such variation. Therefore it is believed that there is an increase in the
tendency of out crossing in rice.
Further, nuclear seed production of cnltivated rice varieties are done by the respective breeders using progenies of
the same cnltivar. They do it with extreme care without allowing physical mixtures. To make sure that there is no
genetic drifl, any suspected progeny is completely removed even if a single plant showed a slight variation.
lncreased number ofrcjected progenies suggests an increased percentage of offiypes in the nuclear seed stock. We
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have observed a significant variation in the number of progenies rejected between cultivated location, season and
variety (Table 3). Percentage progenies rejected in dIy and intermediate zones were significantly greater than that in
the wet zone. In the dIy and intermediate zones, progenies rejected were higher in the ntinor season than in the
major season suggesting that out crossing has occurred during the major season.
Table 3, Percentage progenies rejected and studud deviation of selected rice varieties in the Duclear seed productioD program during
major and minor seUODI from 2006 to 2009 in Dry, Intermediate and Wet Zonel of Sri Lanka.

Dry Zone

Intermediate Zone

Wet Zone

Variety

Major
season

Minor
season

Variety

Major
season

Minor
season

Variety

Major
season

Minor
season

At 362

31.0±5.6

39.0 ±3.6

Bg403

26±15

25±4.3

Bw267-3

37.0±l2

24.2±17.6

At 353

-

37.6±l5.1

Bg450

IS±lO.1

36±12.1

Bw351

IS.6±14

15.6±6.2

At 354

41.5±10.6

37.6±l4.6

Bg379-2

43±S.9

47±11.4

Bw361

12.3±5.3

11.0±7.4

At 306

39.5±7.7

56.6±l2.4

Bg406

35±16.S

34±10

Bw363

12.0iO

13.S±9.S

At 307

7l.5±12.0

63.6±29.2

Bg454

17±11.3

3S±4.2

Bw267-6b

7.5±5

14.5±10.9

Occurrence of morphologically different rice types within a homogeneous rice line could occur due to mutation or
an out crossing with a different male parent. Spontaueous mutation is very rare and continuous occurrence of
mutated lines is extremely rare. Abeywickrama et al. (2007) have observed an increase in the ont crossing
percentage of rice. Therefore it is evident that out crossing within the same population has produced slightly different
genotypes but with morphologically very similar lines. This is reflected in ntinute differences in plants within the
progenies rejected. Breeders are also of the view that there is an increase in the tendency of rejecting progenies of
nuclear seed plots over the years. We studied the reason for out crossing which was not very common in the past. In
general, the occurrence of off types is greater in the ntinor season. Further, there is a significant variability between
similar seasons suggesting that the increase out crossing is associated with the changes in the enviromnental
conditions. Generally the temperature and humidity are high (between 32 - 330C) during the flowering time of all
locations studied in the major season than the ntinor season except in Giradurukotte where it was very high during
the ntinor season flowering period (Fig 1). This suggests that possibility of having sterile pollen is greater during the
major season. Therefore, we hypothesized that uoder field conditions when air temperature and humidity is
increased to the critical level, pollen sterility occurs. Kim et al. (200 I) showed that when heat shock was applied to
Arabidopsis thaliana, floral organs developed nonnally except pollen inside anthers suggesting that stigma is
unaffected and ont crossing could occur. We have further observed that the anthesis of a rice panicle starts from the
top and continued towards base and the duration depends on the variety (Weerakoon, unpublished). The duration of
anthesis of a panicle could vary fro 4 to S days and there is a significant variation in exertion of panicles between
tillers. Therefore, even if the whole panicle is exposed to moderate temperature stress ouly certain spikelets which
are at the susceptible stage of growth are affected. This is possible in the humid tropics as increased air temperatore
above threshold levels is normally not continued and limited to few days. Pollen of such spikelets exposed to high
temperature would therefore become sterile and self fertilization is hampered. Depending on the duration and
timing of high temperatore stress, pollen from other spikelets of the same panicle or from the adjacent panicles could
be fertile. Ifhigh temperatore and high RH situation persists for more than a week, complete sterility could occur.
This type of complete sterility has ouly rarely been observed in certain seasons in Sri Lanka. When there is partial
sterility of pollen within the panicle, fertile pollen of the same panicle or from outside induces out crossing which
could make such spikelets fertile even when its own pollen is sterile. This is indeed hsppening in the field. We
emasculated and removed anthers from some spikelets and Y, of the panicles emasculated were covered with paper
bags while the rest were allowed to expose to pollen from other rice plants while keeping the rest of the spikelets
intact (withont emasculation). We observed that a significant number of emasculated spikelets were fertile
suggesting that when self fertilization is hampered, out crossing from the same panicle or other panicles occur
making the spikelets fertile. If the high temperatore persisted for more than 7 - S days, whole panicle would be
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sterile as no viable pollen could exist in such an environment. Ibis kind phenomenon is occurring inside phytotrones
or OTCs where we observe partial or complete sterility as the temperature stress continoed through the flowering
period inside OTC or growth chambers and make all pollen sterile making spikelets sterile.
Simi1arly, under farmer field conditions when spontaneous pollen sterility occurs due to increased air temperature
and humidity above threshold levels, pollen from adjacent rice plants or from the same panicle could deposit on
stigma making the spikelet fertile. Dependiog on the heat stress, number of spikelets cross pollinated differs. If the
seeds of these panicles are used for cultivation, the cross pollinated Fl generation plants could give rise to F2 seeds.
These seeds start segregating under farmer field condition. If cross fertilization occurs with the pollen of the same
panicle, no segregating population is visible even after two generations. However if the pollen for the fertilization
are from a different plant, we could observe a segregatiog population. Ibis phenomenon is now happening in the
tropical sub humid rice ecosystems as there was an increased frequency of the number of days with high air
temperature during flowering period than that of the past.
These observations suggests that the impact of climate change on pollen sterility in rice should be a common
occurrence in high temperature sub humid eco systems. However, the temperature increase is not enough to affect
the stigma thus cross pollination occurs making the impact of climate change not visible. Therefore rice productivity
is not directly affi:cted but high temperature on grain growth could influence productivity. However the segregating
population would cause a sigoificant impact on the quality of rice produced for both consumption and as seed paddy
for next season's cultivation. Therefore the impact of climate change is expected to cause a serious impact on both
productivity and quality of paddy produced in the sub humid tropics.
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Abstract: Since the introduction of japonica type rice in the 1920's, Taiwan has been the lowest latitude region where japonica
type rice cultivars are dominated cultured. There are two rice crop seasons in Taiwan. Temperatures of the two cropping seasons
of Taiwao are oaturally higher thso that of temperate countries. The temperature has been incressing during past 100 yesrs at rate
of 0.15'C11O yesr and is projected to incresse in the future at the rate of 0.1 - 0.3'C/1O yesr. During the recent 30 yesrs
temperature even incressed with rate of 0.36'C1I0 year. Oats revealed that culture management might be already modified by
farmers to adapt the climate change. Field experiments have been conducting to explore relationships among temperature, yield,
and quality traits; and the results are discussed in the present report.
Key words: high temperature, heat, rice, yield, quality, Taiwao

L Geographic position and current status of rice production in Taiwan
Taiwan locates at the subtropical region with the Tropic of Cancer across the southem area of the island. Based on
a recent archeology study, rice cultivation and breeding activities have proceeded since more than 4000 years ago. At
the presentjaponica, indica, and evenjavanica types of cultivars have been cultivated in Taiwan. Most of Taiwan rice
varieties belonged to indica type before the 1920s. Japanese scientists successfully developed japonica type varieties
(so called Pon-lai type rice) around the 1920s and japonica type varieties currently account for more than 90% of
cultivars in Taiwan. Taiwan is one of the lowest latitude regions where japonica type varieties are dominantly
cultivated [5].
Taiwan has two rice crops a year. Planting acreage of rice is about 136,000 ha for the 1ft crop and 100,000 ha for
the 2"" crop. The brown rice yield is about 5,400 kgIha for the I" crop and 4,300 kg/ha for the 2nd crop. High
temperature during vegetative stage (July to August) is recognized as the main factor limiting the yield of the 2nd crop
[6].

2. Current objectives of rice improvement of Taiwan
Until the 1980s, the 'yield' had been the most io3portant goal of rice io3provement. The objective has shifted to
quality io3provement after Taiwan had surplns rice production during the late 1970s. Currently the focus of field
management system, storage and milling facilities, as well as market management strategy are all orientated toward
the elevation of grain quality (both appearance and palatability) and the increase of market prices and
competitiveness. In recent years 'safety' has been gaining heavy social awareness in aspects of both food and
environmental sustainability. Cultivation systems including organics, traceability, HACCP, and eco-farming have
been rapidly developed and incorporated into Taiwan rice industry [4].
In regarding breeding, most of Taiwan varieties are developed by pure line breeding system. The objective has
been moved from high yielding to high grain quality since the 1980s. Evaluation of grain appearance and palatability
are essential before a new variety can be released. Most of the modem cultivars are so called premium or quality rice
varieties. Nevertheless, narrowing genetic background has become a significant challenge may be due to the
si03plified breeding objective. To io3prove the market uniqueness and competitiveness, varieties with special
characters have become an attractive focus of breeding, including aroma, color, unique nutrient content, as well as
the snitability for brewing.

3_ Climate of rice culture
Taiwan has two rice crops a year. In general the first crop is transplanted in January, heading in May, and harvested
in June; and the second crop is planted in July, heading in Octuber and harvest in early November. There is abont one
month difference of the timing of transplanting, heading and harvest along the Taiwan is1and from south to north
areas [6].
Trends in change of temperature are significantly different between two cropping seasons. Average daily
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temperature increases from 15"C to 28"C for the I" crop; while decreases from near 30"C to 18"C for the 2nd crop.
Temperatore for ti11ering stage is lower in the I" crop than that in the 2nd crop; while temperatore for grain fil1ing
stage is higher in the I" crop than that in the 2nd crop [4]. High temperatore stress (>30"C) frequently occurs at grain
filling stage in the I" crop and at ti11ering stage in the 2"" crop season [3].
In comparison with temperate climate regions where only one crop (japonica type) is cnltivated, such as Japan (Fig.
I), rice cnltore is 'always' under high temperature and low radiation « 13 MJ/day during growing season)
environments [4, 5]. This climate environment has been recognized as the main constrain for the improvement of
yield and quality of cn1tore japonica type rice in Taiwan.

4. Trends of climate change in Taiwan
Climate change does pose challenge on yield and quality of Taiwan rice production. It is found that the
temperature has been increasing by the mte about 0.15"C1I 0 year, which is fasterlhigher than the global average mte
of warming [2]. The warming statos is even sigoificant during the recent 30 years with mte of 0.36"CII0 year.
Increase of night temperatore is the main course for the warming trend. In addition the mdiation has also decreased
during past 100 years [3]. During both cropping season the frequency of maximum daily and night temperature has
also increased during recent 10 years [2, 3].
With respect to the future, the tempemtore is estimated to increase by 0.1 - O.3"CIIO years in Taiwan, which is
faster than the trend of the globe [7]. The increasing temperature will be a sigoificant challenge to the yield and
quality of Taiwan rice as described below.

5. Effects of temperature on grain yield and quality
To understand effects of temperature on the yield and quality, a year-round field approach had been performed.
Certain of threshold relationships among temperature, yield components, and quality traits were found. Resnlts
revealed that spikelet fertility was significantly binominal-correlated with temperatore with the average daily
temperature and daily maximum temperatore at heading stage (Fig. 2). The threshold temperature affecting fertility
was 26°C for average daily temperatore and 31°C for daily maximum temperature [4]. Binominal correlations were
also found between effective panicle number per hill and average daily temperatore at ti11ering stage, with a threshold
of 23°C.
In grain quality mte immatore chalky grain mte was positively correlated to the average daily temperatore during
grain filling stage. Grain quality of the second crop is in general higher than that of the I" crop, due to a lower
temperature at the 2nd crop during grain filling stage (Fig. 3). Further experiments showed that immatore brown rice
was negatively correlated with the average daily temperatore and maximum tempemtore within 15 days after heading,
with threshold at 22°C and 26°C respectively. A similar correlation and threshold were also found between mte of
chalky milled rice and the average daily temperatore and maximum temperatore within 15 days after heading.
Accumulation temperature above 26°C within 15 days after heading can be used as an index for the exteot ofmte
immatore or chalky grains.
Quality has been the main focus of rice improvement. It is important to estimate the effects of high temperatore on
quality traits. Resnlts of our year round field experiments snggested the negative relationship between average
temperature within 15 days after heading and amylose con_, breakdown value, and peak viscosity value. High
temperature may resnlt in a relative lower yield but a higher palatability analyzer score of rice grains, due to mainly
the lower amylose content [I].
The above identified temperature threshold or relationship can be used as key reference for designing the 'safe'
cnltore period or breeding indexes of rice for coping with the warming trend of Taiwan [I, 4].

6. Adaptation of culture management in response to climate change
Rice farmers of Taiwan may already adjust their cn1tore management in coping with the trend of warming. Statistic
survey showed that the average tempemtore and maximum temperatore have been increasing during recent 10 years
for both crop seasons (Fig. 4). The increased temperatore might cause a increase ofimmaturelchalky grain mte. It is
interested to note that farmers may already 'feel' the trend of climate wanning. Our statistic review revealed that the
timings of transplanting for the I" crop and 2nd crop are also moved earlier in recent I 0 years, especially in the main
rice production regions of Taiwan (Fig. 4) [6]. The adjustment may lead to a lower temperatore environment for grain
filling stage of both crop seasons, andresnlt in a 'stable' yield and quality [4].
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7. Adaptation of cultivars and breeding
Since the vast introducing of japonica type varieties and successful breeding programs in Taiwan, at the present
more than 90% cultivars belong to japonica type. Taiwan has become the lowest latitude region where japonica rice
is dominantly cultivated. Grains produced by Taiwan's japonica type varieties have been named/called as 'Pon-lai
rice', in order to differentiate them from grains produced by the traditional japonica varieties from Japan. The
japonica varieties bred in Taiwan are thought to have less photoperiod sensitivity and higher warm temperatore
adaptation [5].
To compare the response of grain quality and yield to temperatore, several cultivars bred from Taiwan or Japan
were planted in the same years at Taiwan and Japan (Tsukuba). Results showed that Taiwan cultivars have a better
yield stability between two cultore locations, which may be due to the less photoperiod sensitivity of the cultivars.
Taiwan cultivars, however, have less stability of grain quality traits than did the premium Japan cultivar Koshihikari.
Cultivars grown in Taiwan had higher rate of dead grains and less amylose content than those same cultivars grown
in Japan (unpublished).
Currently breeding program for high temperatore tolerance is still at its infancy in Taiwan. Preliminary results
from screening trails at phytotron reveal that almost all of modern cultivars are vulnerable to high temperatore (35/30
°c of day/night, for two weeks after heading). Low spikelet fertility and high chalky rate are main factors for the low
grain yield and quality in response to high temperatore [1]. Introduction of related genes abroad is necessary to
improve the high temperatore tolerance. An ideotype was proposed for the breeding improvement of high
temperatore tolerance ofTaiwanjaponica cultivars [5].

8. Conclusion
In general japonica type varieties are adapted to temperate climate region. After more than 80 years breeding
effiJrts, Taiwan japonica type varieties already adapted to the subtropical climate environment. Significant warming
trend has been occurred and appeared by data from the past and projection for the futore. Modification of cultore
management may confer the adaptation for a short term. Vigorous breeding program should be implemented to adapt
the climate in the long term.
Just like that global climate change can not be mitigated without international cooperation, a global working
network is necessary to assure stable production for every rice cultore countries.

9. References
[I]

[2]

[3]
[4]
[5]
[6]
[7]

Huang, J.J., Lur, H.S., 2000. Influences oftemperature during grain filling stages on grain quality in rice (Oryza sativa L.)
I. Effects ofternperature on yield components, milling quality, and grain physicochemical properties, Journal qfthe
Agriculture Association o/China, 1:370-389.
Liu, S.C., Wang, C.H., Shiu, C.J., Chang, H.W., Hsiao, C.K., Liaw, S.H., 2002. Reduction in sunshine
duration over Taiwan: causes and implications, Terrestrial, Atmospheric and Oceanic Sciences,
13:523-546.
Lu, M.M., Chen, Y.L., Chen, G.H, 2008. Impact of global warming trend on rice cultural eovironment in Taiwan. Crop,
Environment & Bioinformatics, 5:60-72.
Lur, HS., Lin, Y.H., Agrometeorology Section of Central Weather Bureau, 2006. Environmental challenge and strategy
for quality rice culture in Taiwan, Crop, Environment & Bioin/onnatics, 3 :297-306.
Kondo, M., Lur, H.S., 2009. Current research status of the effects of climate change on rice production in Taiwan,
Agriculture andHorticulture, 84:36-41.
Agriculture and Food Agency, Council of Agriculture, Executive Than, From 1990 to 2007. Annual report ofrice
production (From 1990 to 2007), AFAPress, Taiwan.
Lin, C.M., 2009. Projection of the trend of climate change for Taiwan ares, http://www.gcrc.ntu.edu./w/clima/e.

-40-

-+-- Taichuns

35

---0-- Taituns

--0---

Hualien

____ Miao li

----a----

Kaohsiung

--<>-" Taovuan

_

Tainan
•• )If •••

Tsukuba
Kasoshima

30

~

.. 25
-". 20
E
-. 15
~

~

"-

-'"
·iii

".

..'" 10
~
~

.x·

.x
x

/

5

·x-x·x·

x: "

0

Mont h

20

18
-;: 16

--•

""e

14

~

12

c

10

0

.~

'Q
~

~
0

V>

8
6
4
2

Mont h
Figure 1. Comparison of fluctuations of annual average daily temperature (upper) and solar radiation (bottom) of seven
locations of Taiwan and Japan (Tsukuba and Kagoshima). Adopted from reference [5].

-41-

90.0
80.0
70.0

.. Min. T.

("C)

..

•
•

.t> 50.0
~ 40.0

lilt, '

\

20.0
10.0
0.0

.

peak: 22.6 "C
R' = 0.6012*~

,

peak: 26.1 "C
R' = 0.5607**

..

.•

~ 60.0
"-'

~ 30.0

• MaL T. ("C)

• Ave. T. eCl

,

•

,

,

,

,

,

•

-........
••

•
•

•

~ ...

•

". •

•

•

•

peak: 31.0 "C
R' = 0.5366**

15.0 17.0 19.0 21.0 23.0 25.0 27.0 29.0 31.0 33.0 35.0

Temperature ee)
Figure 2. Relationship between panicle fertility and temperatures of the heading week. Dam were analyzed from a two-years
round field experiments with 16 transplanting dates conducted at MiaoLi District Research and Extension Station,

Taiwan (2007 to 2008).

=02545x - 3.807
R =0.593 (f'(0.05)

y

5.0

•

4.0

*c

'"
~

OJ)

3.0

C1)
~

"
'"
E

~

2.0

E
>-'"

0
1.0

'"

.r:::

0

U

0 .0
20.0

22.0

24.0

26.0

28.0

30.0

Average daily temperatu re (.C)
Figure 3: Correlation between chalky immature grain ratio and average daily temperature.
e: grains with the filling stage in May to June (the 1- crop of Taiwan)j
0: grains with the filling stage in October to November (the 2nd crop of Taiwan). Adopted from reference [51.

-42-

- - 1990-1999 Ave rage High Te mp_
- - - · 2()()()-2008Ave rageHighTemp_

~ 1990-1999Aver:age Temp_

- + - 1990-1999Ave.-ageLowTemp_

- - - · 2()()()-2008Ave r:age Temp_

---- 2000-2008Aver:ageLowTemp_

120
Harvest

100

80

'*'

1990-1999
2000-2008

60

40

20

4,,' ,
o

f

~ ~#

e1)

~.

\'b

'

\~~.

~

~

:::0'

~

.~

~.

~

~ ~>#

e1)

-,,~ .
~

...., .

~

,.-

.~~
~ ~~.
~

,

~ ~#

e1)

~,,~~.

r

~

~.'"~.

~

r ,

~

.~

T

,-,-.-

. ~ ~~# \.~~

e,1)

~.

')

\V '

<$' LJ>~ '

~'

~

...,""

~

e1)

"T

Le~

1

~

,:-1)

7

M onth
Figure 4 . Upper: Change in the average daily temperature between period 1990-1999 and 2000 -2008. Bottom: Changes
in the timing of transplanting and harvest of the 1st crop among periods 1990-1999 and 2000 -2008; every data line
refers to the progress of transplanting or harvest of one specific year.

-43-

Recent Warming Trends and Rice Growth and Yield in
Japan
Toshihiro Hasegawa!', Tsuneo Kuwagata!, Motoki Nishimori!, Yasushi Ishigooka!, Masanori Murakami!,2,
Mayumi Yoshimoto!, Motohiko Kondo3 , Tsutomu Ishimaru3 , Shinji Sawano!, Yoshimitsu Masaki!,
Hiroko Matsuzaki!
1. National Institute for Agro-Environmental Sciences, 3-1-3 Kannondai, Tsulruba, Ibaraki, 305-8604 Japan
2, Graduate School of Life and Environmental Sciences, University ofTsulruba, 1-1-1 Tennodai, Tsulruba, Ibaraki,
305-8577 Japan
3. National Institute of Crop Science, National Agriculture and Food Research Organization, 2-1-18 Kannondai,
Tsulruba, Ibaraki 305-8518 Japan
·Corresponding author: thase@affrc,gojp

Abstract: Climate change will affect various aspects of rice production. Both gradual changes in mean temperatore and CO,
concentration will likely change the potential productivity of the regions determined by available climatic resources. Increases in
extreme events such as heat or dry spells will be a serious concern for growers and may become a source of vulnerability of the
crop production system. There is an urgent need for assessment of the climate change impacts on crop production at the field and
regional scale, but no single method can give us an overall picture of the impacts. We need to combine knowledge obtained from
different methods and at different temporal and spatial scales to understand the likely impacts of climate change. Analysis of the
past climatic variation on crop growth and yield is one of the key areas of the study, which help to estimate the potential impacts
of climate change on crop production. In this paper, we firstly examine the recent temperatore and yield trends at widely different
geographical sites allover Japan. Secondly, we present results of the field survey we conducted in an extremely hot sommer of
2007. Climate records obtained at different climatic and geographic zones in Japan since 1980 clearly suggested a strong warming
trend typically between I and 2 'C per quarter century. The rate of temperature rise is generally more pronounced in the western
part than in the north. The trend is not just a result of global warming caused by greenhouse gases, but may involve a periodic
temperature fluctuation and urbanization effects. Nevertheless, the temperature increases have already been influencing rice
growth. A preliminary analysis of long-term field trials indicates that dsys to heading become shorter by a nearly I week for the
past 25 years. Up to present, no significant change in grain yield has occurred in both experimental station records and regional
yield statistics. The percentage of the first-grade rice kernel (quality in tenus of grain appearances) in the western part ofJapan
showed a declining trend. A number of factors are involved in this, but the recent wanning trend can be considered as a triggering
factor of the trend. The field sorvey on spikelet sterility in the hot sommer of 2007 showed that extreme heat in mid summer can
induce sterility in the open field conditions, but to a lesser extent than what was predicted from the previous chamber results. The
lesson from the survey is that air temperatore per se is not sufficient to predict the occurrence of heat-induced sterility, but factors
influencing the heat budget of the panicles are needed to account for the crop dsmages under open field conditions. Systems
understandings of the impacts of climate change on rice production are needed to effectively and efficiently develop adaptation
measures to climate change.
Keywords: Climate change, Extremely hot summer, Grain quality, Grain yield, Phenology, Rice, Warming trends

1. Introduction
Predicted levels of global warming will have a marked effect on the growth, yield, and quality of the crop. Both
positive and negative effects of climate change are expected: Increasing atmospheric CO, concentration will have a
positive influence on crop growth and yield via promoting photosynthesis and reducing the water use due to reduced
stumatal conductance. Increases in temperature may reduce the low temperature limitations on growth particularly in
high-latitude and/or high altitude regions, but will shorten crop life cycle and increase occurrences of heat stress and
water use. These counteracting effects will determine the magnitude and even the direction of the impacts of climate
change.
A number of experiments and simulations have been conducted to determine or predict the likely impacts of
climate change on yields of major crops, including rice (Oryza sativa. L), the most important food crop in Asia, A
summary of these simulation results by the Intergovernmental Panel of Climate Change [1] indicated that the effects
of climate change on crop yields will be different depending on the region or the current level of ternperature, In lowlatitude regions, crop yields may drop even with a 1 'c increase in air temperature from the current level. In midhigh latitude regions, negative effects of climate change may appear where air temperature rises by 3 'c or more.
However, these predictions include large uncertainties not just in a magnitude but in the direction of the impacts,
The uncertainties in the predictions resulted from a number of sources, such as those in the carbon emission
scenarios, global climate models (GeM) and gaps between global and local climates. Options in land use, crops,
varieties and management practices may also make climate change impacts very different. In addition, crop models
themselves contain uncertainties. Many of the crop models were developed based on small-scale experiments
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typically those conducted in environmental controlled chambers. While these experimental results are highly
valuable in understanding the mechanisms of crop responses to the environmental changes, extrapolating to the field
or regional conditions under variable climatic conditions creates another major source of uncertainties in the
prediction of the futore crop production.
Testing the climate change impacts on crop production at the field or regional scale is still difficult and no single
method can give us an overall pictore of the impacts. We need to combine knowledge obtained from different
methods and at different temporal and spatial scales to understend the likely impacts of climate cbange. Analysis of
the past climatic variation on crop growth and yield is one of the key areas of the stody, which help to estimate the
potential impacts of climate cbange on crop production.
During the past 100 years, there was a significant increase in the global surface temperatore by 0.74 °C per century,
and the rate of increase is accelerating [2]. The rate of the increase depends on local conditions of the regions.
Detailed analysis is needed to interpret the changes in recent climate record. Japan extends more than 3000 km from
south to north (from 20° to 46 "N) and has various climatic zones. According to Japan Meteorological Agency
Report 2008 [3], annual mean temperatore averaged for the 17 meteorological stations in Japan has increased at a
rate of 1.11 °C per centory over the period of 1898 and 2008. Particularly, the rate of temperature increase became
more pronounced since 1980. The higher-than-global-average increase in Japan's annual temperature increase
resulted not only from global warming caused by greenhouse gases, but also from a periodic temperature fluctoation.
In addition, the observations at the 17 meteorological stations were not free from the effects of urbanization,
although they were carefully selected to minimize them. The mechanisms underlying this warming trend are thus
complex, but nevertheless, analysis of the effects of these changes on crop production will be an opportunity to
detect any sign of the effi:cts of warming on a real farm or regional scale.
In addition to the gradual temperatore increases, occurrences of extreme heat events will likely increase as a result
of global warming. Excessive heat, even if it is a short spell, might reduce yields of crops due to fsilure of
reproductive growth, but the effects of such events have not been well accounted for by many crop models, so that
we cannot assess the negative effect of rising temperature properly: This is one of the major uncertainties about the
futore yield prediction. Rice is highly adaptive to a range of environments, previous chamber experiments have
shown that rice is also highly susceptible to heat [4, 5]. According to their studies, flowering is the most sensitive
stage and heat-induced spikelet sterility (HISS) is the major reason for the yield loss. The threshold temperatore for
HISS was around 35°C at the time of flowering, which has already been reported even under current climates. The
yield loss due to HISS, however, has not been well documented in the rice industry. Filling the gap between
chambers and open-field is an important task for researchers working in the field of crop physiology and agricultural
micrometeorology.
During the summer of 2007, many areas in the Kanto and Tokai regions of Japan experienced abnormal heat. In
some areas, the dsily maximum temperatures exceeded 40°C. Such abnormally high temperatores can cause HISS
which has not yet been reported in Japan. To better understand the potential risk of crop failure and the possible
impacts of futore global warming on rice cultivation, we needed to determine the degree of crop damage in the open
fields during the hot sununer of 2007.
In this paper, we firstly examined the recent temperatore and yield trends at widely different geographical sites all
over Japan. Secondly, we preseut an outline of the results of the field survey we conducted in five prefectures in
Kanto and Tokai regions.

2. Trends in temperature and yield analyses
1) Database for the analyses
To analyze trends in climate and rice production in various climatic and geographical zones in Japan, we used a
database, called MeteoCrop developed for an analysis of the past climate variability and its association with crop
growth and yield [6]. The MeteoCrop database coutains dsily meteorological data since 1980 obtained from
Automated Meteorological Data Acquisition System (AMeDAS) stations (about 850 sites) and for 1961 to 2007
from surface meteorological stations (156 sites) (Outlined in Fig. 1. Currently, a Japanese version of the Web site is
available at http://meteocrop.dc.affrc.gojp/). These stations cover the whole of Japan and are the main components
of the observation network of the Japan Meteorological Agency (JMA). The database includes some specific agrometeorological elements (solar radiation, humidity, downward longwave radiation, FAO-56 reference
evapotranspiration, and potential evaporation) in addition to basic elemeuts such as air temperatore, wind speed, and
precipitation. For the specific agro-meteorological elements that are not observed at AMeDAS stations, MeteoCrop
estimates them at each AMeDAS station from measured sunshine duration and the data at neighboring surface
meteorological stations. Meteorological data at any AMeDAS (or surface meteorological) station, which are
formatted as MS Excel 2003 (or CSV text) files, can be downloaded easily by selecting the point representing the
station on Google Earth. In MeteoCrop, a micro-meteorological model of crop canopy and a simple rice growth
model are coupled with the meteorological data. By applying these two models to the meteorological data at any

-45-

stations we can evaluate the daily mean water temperature in a rice paddy during the growth period, the diurnal
variation in rice panicle temperature during the flowering period [7], and the growth stage (heading date) and
evolution of leaf area index in the main rice cultivar, Koshihikari. Perfurmance of each model was tested at several
experimental sites.
Grain yield data were obtained from "Statistics on Crop and Statistics on Cultivated Land and Planted Area",
Statistics Departmeot, Minister's Secretariat, Ministry of Agriculture, Forestry and Fisheries, MAFF. The data for
rice kernel gradiog were from the Rice Kemel Inspection by the Staple Food Departmeot, Geoeral Food Policy,
MAFF. Fertilizer nitrogeo input was estimated from the "Cost of Rice Production" by Statistics Departmeot,
Minister's Secretariat, Ministry of Agriculture, Forestry and Fisheries, MAFF. Additionally, a long-term growth data
were from the database for the Performance Test for Recommeodable Rice Varieties compiled by the National
Institute of Crop Scieoce, National Agricultural Research Organization.
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2) Changes in air temperature since 1980
Amongst about 850 AMeDAS observation sites, we have selected 65 sites covering important climatic and
geographic zones in Japan, but with modest urbanization effects. At each site, we calculated treods in both maximum
and minimum temperatures for the period betweeo 1980 and 2007 by regressing temperatures on years: the
regression slopes were used tu represeot a degree of change for the period studied (Fig. 2).
Overall, there were significant increases in both daily maximum and minimum temperatures averaged over the
year, but the rate of increase in air temperatures was not uniform across the regions. Increases were geoerally greater
in the western regions than in the northern region. The relatively small increase in air temperature in the north is in
agreemeot with those reported by Sarneshima et al [8] and Nishimori et al [9], who analyzed the long-term
meteorological observations with a small urbanization effect. The rate of temperature increase was more pronounced
in the daily maximum than in the daily minimum particularly in the western regions. These results seem somewhat
differeot from the observations or predictions on a global scale, where the increase in minimum temperature was
greater than in the maximum for the last 100 years [2] and a larger increase is expected in the higher latitudes
compared to the lower latitudes. Analysis is still ongoing to determine the seasonal patterns of the temperature trends
and their relation with meteorological disturbances over the past years, which will help to identi/Y these reasons.
What is evideot at this moment is that Japan has experieoced a substantial increase in both daily minimum and
maximum temperatures, and the typical increase was betweeo 1 and 2'C ouly for just about a quarter ceotury.
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3) Trends in rice yield

The national rice yield in Japan has increased substantially from 2.2 tIha (brown rice) in the last decade of the 19th
century to 5.0 tIha in that of the 20th century. The rate of increase has slowed since 1970's, when the supply
met/exceeded demand. Two examples of the rice yield progress from 1961 to 2008 in the north (Tohoku Region) and
in the west (Kyushu Region) indicated that the yield level has been higher in Tohoku than in Kyushu for this period
(Fig. 3) but that the pattern of the change was similar: Grain yield has leveled off since around 1980 like in the
national average. For this period, we have seen a substantial change in production technology, the major one being
nitrogen fertilizer input. During the 1961-80 period, nitrogen fertilizer input had steadily increased, but during
the 1981-2000 period, on the other hand, there was a significant and consisteut decrease in nitrogen use. The decrease
in this period was greater than the increase in the 1961-1980 period, so that the current level of input was smaller
than that in 1960. Despite the increase in temperature and the decrease in nitrogen input, we have not observed a
change in the yield levels. Grain yield per unit fertilizer N input had been stable before 1990, but then markedly
increased (Fig. 4). Interestingly, there was no major difference in this parameter between two regions. Therefore, we
have not been able to detect negative signs of the recent wanning trends on the grain yield and grain production
efficiency at this point.
The percentage ofkemels quslified as the 1" grade (the first grade rice %, hereafter) decreased to around 30 % for
the recent 5 years in Kyushu Regions, while no major trend exists in Tohoku Regions. The first grade rice % reflects
difference in grain appearance, which is often degraded by the occurrence of chalk and cracks of kernels. Occurrence
of chalk and cracks involves a number of processes, which can be moderated by enviromnental and genotypic factors,
so interpretation of the decline in the first grade rice % in observed in Kyushu region was complex. However,
because high temperature during the grain filling period is well kuown to induce chalk and cracks [10, 11, 12], the
recent warming trend can be considered as a triggering factor of the trend.
While statistical grain yield and quality data represeut the changes occurring on a regional scale, these changes can
be associated with those in cultivars and management practices in addition to those in climates. To detect the effects
of change in climate on rice growth on a field scale, long-term field trials are useful. We have started a study
utilizing the existing experimeutal data collected at the experimental stations covering a range of enviromnental
conditions all over Japan. A pre1imiruuy analysis of the long-term growth and yield trials from eight experimental
stations indicates that there was a significant reduction in the days to heading of the major variety at respective sites.
Averaged across eight stations, days to heading became shorter by nearly 7 days during the 25-years period. The
number of tested varieties is still small, but the reduction in days to heading was generally larger in the northern sites
than in the south and westem sites: this trend is opposite to the spatial distribution of the increase in temperat ure.
Despite the significant change in growth duration, grain yield showed no significant change. This agrees with the
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observations in the regional yield levels being unchanged with recent warming. We are currently running phenology
and growth models to test how much of these changes can be accounted fur by the change in climate.
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3. Lessons from spikelet sterility observed under the record hot summer of2007
During the summer of 2007, many areas in the Kanto and Tokai regions of Japan experienced abnormal heat, with,
for example, an unprecedented 40.9°C being recorded in August in Kumagaya of Saitama Prefecture and Tajimi of
Gifu Prefecture. We collected panicle samples from 132 paddy fields located in five prefectures (Gunma, Saitama,
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Ibaraki, Gifu, and Aichi) where heading and flowering
OCCWTed between late July and late August to examine the
15
2007
OCCWTence of mss. We did a similar survey in 200S, a year
without climatic episodic events, to determine the reference
10
level of sterility without heat damages.
Examination of data recorded at the government
meteorological stations and AMeDAS points near the studied
5
paddy fields revealed that more than 40% of the paddy fields
experienced maximum temperatores of over 35°C around the
~ 0
time of flowering. About 20% of the paddy fields investigated
5
10 15 20 25
Iii
0
showed sterility rates of over 10%. In a reference year (200S),
:>
C"
on the other hand, sterility percentage was mostly less than
I!! 20
2008
5 % (Fig. 6), indicating that sterility occWTed in an extremely
u..
hot sunnner of 2007.
15
To examine in more detsil abont the relation between timing
10
of the heat event and sterility in 2007, we collected panicle
samples from 34 experimental plots at the NIAES paddy field,
5
which differed widely in flowering dates depending on the
plots, and measured the spikelet sterility. Sterility was below
10% in the plots where flowering occurred before August 10
5
10 15 20 25
and on August 20; the daily maximum temperatures were
Spikelet sterility (%)
relatively low. A sterility rate as high as 23 % was observed in
the plots where flowering occurred around the date when the
maximum temperature of 3S.6°C was recorded (Fig. 7).
Fig.6. Frequency distributions of percentage
of sterile spikelols coUected from
However, even in the plots where flowering occWTed around
Kanta and Tokai regions in a hot
the hottest day, sterility rates varied widely between 10% to
summer of 2007 and a normal summer
23% depending on the variety and management of the crop.
of 2008. Modified from Hasegawa at al
This suggests that techoical options may be available to reduce
[131·
the adverse impacts of high temperature.
Sterility rates of the same cultivar obtained from different
prefectures tended to increase as temperature around flowering rose, hot even where temperatores reached 3SoC,
sterility at some sites was not noticeably high (Data not shown). Previously, chamber experiments showed that
sterility increases almost linearly with temperatures above 35°C at the time of flowering to reach almost 100% at
40°C or higher, bnt the sterility rates observed in paddy fields in 2007 were lower than those that could be expected
from the response to increased temperature in the previous chamber experiments.
One possible explanation for the fact that the actoal sterility rate during the high temperature period in 2007 was
below the sterility rate that could be expected from the maximum recorded temperature is that the temperature of the
panicle that is the sensitive organ differed from air temperatore. In filet, spatial distribution of the panicle
temperatures estimated using a heat
balance model [5] during the hours of
........ Maximum temperature
o Sterility %
rice flowering (10:00 - 12:00) does
40
40
not necessarily match daily maximum
temperature distribution (Data not
shown). This is because, in addition to
35
30
the temperatore during flowering
#
hours being lower than daily
maximum
temperature,
other
20 .;:
~
30
meteorological factors such as solar
radiation, wind speed and humidity
10
25
also affect ear temperature. The
o
correlation
between
panicle
temperature and sterility was higher
20
than the correlation between daily
8/1
8/6 8/11 8/16 8/21 8/26 8/31
maximum temperature and sterility.
The above factors can be major
Date
reasons why the sterility rate was
Fig.7. Daily maximum temperatures and sterility percentage sorted by
lower than expected given the high
flowering dates of NIAES experimental paddy field rice plants.
maximum temperature. It is also
Adopted from Hasegawa at al [131.
worth noting that within the whole
region, the area of rice exposed to

o

o

M

o
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high temperatures during the flowering time was relatively small, and as a result, major yield losses due to heatinduced sterility did not occur.
To date, the impacts of future global warming on agriculture have been based on changes in air temperature, but
this study demonstrates that impacts cannot be accurately assessed on the basis of changes in air temperature alone.
in the case of the Kanto and Tokai regions in 2007, estimated panicle temperatures were not necessarily as high as
air temperature. However, high humidity or windless conditions may cause panicle temperature to exceed air
temperature. The risks of yield losses due to heat-induced sterility, therefore, need to account for the effect of panicle
temperatures, which can vary depending on various micro-climatic conditions. It is also worth noting that there is a
considerable variation in spikelet sterility under extreme heat conditions, depending on cultivars and managemeut
practices, suggesting the possibility of reducing the damage due to high temperature. We believe that understanding
these mechanisms influencing the occurrence of sterility will help to contribute to the development of
countermeasures against damage caused by high temperature events, which may occur more frequently in the future.

4. Conclusions
Climate records obtained at different climatic and geographic zones in Japan since 1980 clearly suggested a strong
warming trend typically between I and 2 °C per quarter century. The rate of temperature rise is generally more
pronounced in the western part than in the north. The trend is not just a result of global warming caused by
greenhouse gases, but may involve a periodic ternperature fluctuation and urbanization effucts. Nevertheless, the
temperature increases have already been influencing rice growth. A preliminary analyais of long-term field trials
indicates that days to heading become shorter by a nearly I week for the past 25 years. Up to present, no significant
change in grain yield has occurred in both experimental station records and regional yield statistics. The first-grade
rice % (quality in terms of grain appearances) in the western part of Japan showed a declining trend. A number of
factors are involved in this, but the receut warming trend can be considered as a triggering factor of the trend.
The field survey on spikelet sterility in the hot summer of 2007 showed that extreme heat in mid summer can
induce sterility in the open field conditions, but to a lesser extent than what was predicted from the previous chamber
results. The lesson from the survey is that air temperature per se is not sufficieut to predict the occurrence of heatinduced sterility, but factors influencing the heat budget of the panicles are needed to account for the crop dsmages
under open field conditions. Systems understandings of the impacts of climate change on rice production are needed
to effuctively and efficiently develop adaptation measures to climate change.

Acknowledgement
The 2007 survey was conducted on a joint agreement between The National Institute for Agro-Environmental
Sciences and the National Agriculture and Food Research Organization. We would like to thank Gunma Agricultural
Technology Center, Saitama Prefecture Agriculture and Forestry Research Ceuter, Ibaraki Agriculture institute,
Aichi Agricultural Research Center, Gifu Prefectural Agricultural Technology Center, and Tono Toki Agricultural
Extension Center (Gifu Prefecture) for their help in selecting paddy fields and collecting samples. A part of the study
was conducted under "Evaluation, Adaptation and Mitigation of Global Warming in Agriculture, Forestry and
Fisheries: Research and Development" funded by Agriculture, Forestry and Fisheries Research Council Secretariat,
Ministry of Agriculture, Forestry and Fisheries and under "Global Environmental Research Fund (S-5): integrated
Research on Climate Change Scenarios to Increase Public Awareness and Contribute to the Policy Process" funded
by Ministry of the Environments. We would like to thank Agriculture, Forestry and Fisheries Research Council
Secretariat, Ministry of Agriculture, Forestry and Fisheries for this workshop opportunity under "Multilateral
Research Exchange Project for Securing Food and Agriculture".

References
[I] IPCC, 2007. Climate Change 2007: Impacts, Adsptation and Vulnerability. Contribution of Working Group II to the Fourth

Assessment Report of the Intergovernmental Panel on Climate Change, M.L. Parry, O.F. Canziani, lP. Palutikof; P.l van
der Linden and C.E.Hanson, Eds., Cambridge University Press, Cambridge, UK, 976pp.
[2] IPCC, 2007: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B.
Averyl, M. Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY,
USA, 996pp.
[3] Japan Meteorological Agency, 2009. Climate change monitoring report 2008, 1-89.
http://ds.dsta.jma.go.jp/tcc/tcclproductslgwp/CCMR2008.pdf
[4] Salake, T. and Yoshida, S., 1978. High temperature-induced sterility in indica rices at flowering, Japanese Journal of Crop
Science, 47: 6-17.

-50-

[5] Kim, H.Y., Horie, T., Nakagawa, H., Wada, K. 1996. Effect of elevated Co, and high temperature on growth and yield of rice.
II. The effect on yield aod its components of Akihikari rice. Japanese Journal of Crop Science, 65 :644-65 1.
[6] Kuwagata, T., Yoshimoto, M., Ishigooka, Y., Hasegawa, T. 2008. Model-coupled agro-meteorological database for esrimaring
the effects of global wanning and climate variability on rice production. NIAES Annual Report 2008, 16-17.
http://www.niaes.affic.go.jp/annual/r2008/index.htmL
[7] Yoshimoto, M. Que, H., Takahashi, N. and Kobayashi K. 2005. The effects of FACE (Free-Air CO, Enrichment) on
temperatures and transpiration of rice panicles at flowering stage. Journal qfAgricultural Meteorology, 60(5):597-600.
[8] Sameshima, R., Hirota, T., Hamasaki, T., Suzuki, S. 2007. Temperature trends at the National Research Center for Hokkaido
Region in the 40 years from 1966 to 2005. Journal ofAgriculturalMeteorology, 63:95-102.
[9] Nishimori, M., Kuwagata, T., Ishigooka, Y., Murakami, M. 2009. On the regional and seasonal characteristics of recent
surface air temperature changes in Japan with considering urban climate effects. Journal ofAgricultural Meteorology.
65:221-227.
[10] Nagato, K., Ebata, M. 1960. Effects of temperature in the ripening periods upon the development and qualities oflowland
rice kernels. Proceedings of Crop Science Society ofJapan, 28:275-278.
[11] Nagato, K., Ebata, M. 1965. Effects of high temperature during ripening period on the development and quality ofrice
kemels. Proceedings of Crop Science Society ofJapan, 34:59-66.
[12] Nagata, K., Takita, T., Yoshinaga, S., Terashima, K., Fukuda, A. 2004. Effect of air temperature during the early grain-filling
stage on grain fissuring in rice. Japanese Journal of Crop Science, 73:336-342.
[13] Hasegawa, T., Yoshimoto, M., Kuwagata, T., Ishigooka, Y., Kondo, M., Ishimaru, T. 2008. The impact of global wanning on
rice production. Lessons from spikelet sterility observed under the record hot summer of 2007. NIAES Annual Report 2008,
23-25. http://www.niaes.a£frc.go.jp/annual/r2008/index.html.

-51-

Rice Production in Australia:
Responses to Short - and Long -Term Climatic Fluctuations
Russell Reinke!, Peter Snell! and Len J. Wade2
E.H. Graham Centre for Agricultural Innovation (DII-CSU Alliance)
Yanco Agricultural Institute, Private Mail Bag, Yanco, NSW 2703, Australia
2 Charles Sturt University, Locked Bag 588, Wagga Wagga, NSW 2678, Australia
corresponding author's e-mail: russell.reinke@industry.nsw.gov.au
1 DII

The primary factor influencing rice production in south-eastern Australia is the availability of irrigation water.
Australian rice production is entirely reliant on irrigation water, as rainfall during the growth period is generally
minimal. The Murray-Darling basin, in which the rice production area is located, has been in the grip of drought
since 2002. Average river-stomge inflows throughout the past 9 years are approximately half their long-term values.
Consequently, sturage levels in the Murray-Darling system have been below long-term levels, varying from 44% of
capacity to a low of 6% of capacity. Average storage levels were reached in ouly one season, and the lack of
irrigation water has seriously impacted rice production during this period. Rice production in Australia averaged
more than 1.2 million tonnes annually for the 10 years up to 2002, however, from the 2003 harvest to the present, the
annual average has fallen to 360,000 tonnes. As a result of this long period of reduced inflows, the annual allocation
of water for irrigation from the Murray-Darling system will be reduced.
Hence there is a pressing need to continue to improve the water productivity of rice-based farming systems.
During the years of normal production until 2002, significant improvements in water productivity were made as a
result of the removal of more permeable soils from production, use of shorter-dumtion cultivars, and improved
fertilizer management, leading to improved yield potential. Over the 10 year period prior to 2002, the water
productivity of Australian rice production increased by around 60%, from 500 kg to 800 - 900 kg of paddy rice per
megalitre (ML) of water used. Future improvements are likely to come from changed production systems: such as
changing from broadcasting pre-germinated seed into stsnding water to direct-seeding into dry soil, followed by
intermittent irrigation until the mid-late vegetative stage. This will minimiu: evapomtive losses prior to canopy
closure. Further savings in total water use may be possible by using intermittent irrigation, or maintaining aerobic
conditions for the entire crop growth cycle, however water productivity may not increase, and the plants will be more
directly exposed to temperature extremes.
A number of adaptive traits will be reqnired to secure the future for the Australian rice industrY with limited water,
including tolerance to low temperatures, drought, and high temperatures. Foremost among these is cold tolerance,
particularly at the reproductive stage. The thermal mass of standing water in the current production system
minimizes exposure of the developing panicle to damaging low temperatures. In a completely aerobic system, this
protective effect is lost. Secondly, tolerance to transient periods of drought stress will also be reqnired to ensure
survival between irrigation applications. Finally, as temperatures become more variable, tolerance to periods of
intense heat will also be reqnired, particularly during periods of reduced water supply, (i.e. between irrigations),
when the evapomtive cooling effect associated with transpiration flow is reduced. Understsnding of these adaptive
traits is critical for continued success in rice breeding for limited water.
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Abstract: Rice yield can be reduced substantially when the crop is exposed to excessive hest, which will likely occur more
frequently under future climates, but the magnitudes of yield losses under open-field conditions are still difficult to predict,
despite many efforts being conducted to detennine temperature response in the closed environments. To better understand the
occurrence of heat stress under field conditions. we need thermal conditions of rice canopy under heat conditions, which can be
very much different depending on other environmental factors, but taking correct measurements of canopy micrometeorology
needs careful considerations. In this study, we will distribute a simple but well-designed system for measuring thermal
environments of the canopy to different rice growing regions covering continental and coastal climates in low and mid latitude
regions. With them, we attempt to establish a monitoring network of canopy thermal environments in the paddy fields that will
help to bridge gaps between chamber and open-field and to better assess potential impacts of climate change on rice production.
Keyword.: Canopy heat budget, Climate change, Micrometeorology, Multi-lateral research network, Rice

1. Introduction
The Intergovermnental Panel of Climate Change has reviewed a number of aimulation studies attempting to
determine the effect of climate change on crop yields in their 4th assesament report and summarized that negative
effects of rising tempemture may appear if the temperatute rises by 3·C in mid-tu-high latitude regions and just by
1°C in low latitude regions [I]. As a result of global warming, extreme heat events will likely occur more frequently.
Excessive heat, even if it is a short spell, can reduce yields of crops due tu failure of reproductive growth, but the
effects of such events on crop growth and yield have not been well accounted for by many crop models, so that we
cannot assess the negative effect of rising temperature properly: This is one of the major uncertainties about the
future yield prediction.
Rice, the staple food for about 3 billion people is not an exception. Although rice is highly adaptive to a range of
environments, previous chamber experiments have shown that rice is also highly susceptible tu heat [2,3]. According
to their studies, flowering is the most sensitive stage and heat-induced spikelet sterility (HISS) is the major reason for
the yield loss. The threshold temperature for HISS was around 35°C at the time of flowering, which has already been
reported even under curreot climates. The yield loss due to HISS, however, has not been well documented in the rice
industry. Filling the gap between chambers and open-field is an importsnt task for researchers working in the field of
crop pbysiology and agricultural micrometeorology.
One reason for the seemingly contradictory fact may be the fact that thermal conditions of the rice canopy can be
different from air temperatutes. For instance, Matsui et al [4] have demonstrated that the panicle temperatures can be
substsntially lower than air temperatutes by as much as 6-7 °C under hot and dry conditions in the Riverina Region,
New South Wales, a major rice production area in Australia, while panicle-air temperature difference was ouly
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around 0.5 ·C in Jiangsu Province, China [5]. This suggests that the impacts of rising temperature can be moderated
substantially by the factors that affect canopy heat balance.
The air-canopy temperature difference depends on various meteorological conditions such as solar radiation, wind
speed, relative humidity and hydrological conditions of the field. Other important factors that influence the thermal
conditions of the canopy and panicles include physiological and morphological properties of the rice varieties. For a
proper assessment of the vulnerability of rice production to any environmental change, we need micrometeorological
data in the open paddy field under variable climatic and management. Unfortunately, however, very limited
information is available on the canopy and air temperature relationship: This limits our ability to assess risks of heat
injuries due to excessive heat.
For this reason, we have initiated a research project aiming to develop a network of monitoring paddy
micrometeorological conditions and heat damage under the "Multilateral Research Exchange Project for Securing
Food and Agriculture", funded by Agriculture, Forestry and Fisheries Research Council, MAFF. We attempt to
establish a monitoring network of canopy thermal environments in the paddy fields that will help to bridge gaps
between chamber and open-field and to better assess potential impacts of climate change on rice production. In this
paper, we introduce outline of the activities which will take place under this research network.

2. Outline ofthe micro meteorological measurements system
There are some difficulties for this monitoring system: Micrometeorological measurements need careful setting of
the sensors, without which reliable field weather data are difficult to obtain. Ideally, continuous measurements of
organ temperatures will provide us with important information, but they reqnire elaborate measurement systems and
skilled work, which does not snit the multi-site monitoring. For this purpose, we have developed a simple system to
monitor temperatore and humidity profiles of the rice canopy, which can be easily handIed by agronomists and crop
physiologists.
The system is eqnipped with a force-ventilated radiation shield and measures profiles of the air temperature and
humidity (Fig. I). So far, naturally ventilated radiation shields have been often used because of the difficulty of
electric power supply. However, natural ventilation may cause the error since the shields heated by the solar
radiation emits long-wave radiation which will result in erratic rise in temperature of the sensor. The magnitude of
rise depends on the differences of radiation and wind condition between sites, making the multi-site monitoring
difficult. On the other hand, in the case of using a force-ventilated radiation shield, it is needed to wire power cables
for supplying electricity to a ventilator far in the paddy field. To hreak these limitations, we developed a stand-alone

Fig. 1. Prototype of the temperature and humidity profile measurement system equipped with a forceventilated radiation shield and a solar panel.
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force-ventilated system utilizing a solar cell powered ventilator equipped with rechargeable batteries (Solar Vent
MPV, ICP Solar Technologies Inc.) and a power control circuit developed by NIAES. In the daytime with sunlight,
the ventilating speed around the sensor will be maintained around 3 mis, minimizing the error by cooling down both
the sensor and the shields. In the nighttime, as it is not necessary to cool down, the circuit automatically lowers the
ventilating speed roughly by half which is enough to sample the air inside the canopy, extending the operating
duration under no sunlight. With the power control circuit, the ventilator can work continuously for two consecutive
cloudy or rainy days with no power generation and uights if the batteries are fully charged. A small temperatore and
huruidity sensor with integrated logging function (Osaka Micro Computer Inc. LS350-TH) is also self-powered with
a lithium battery and completely housed inside the ventilated radiation shield. The system is light-weight and can be
settled at any desired height in rice canopy using an adjustable tripod. These featores ensure that anyone can easily
handle the system and conduct accurate measurement in the field.

3. Target area
In this study, we will iuitially target several rice growing regions in the world (Fig. 2). We have selected these sites
to cover continental and coastal climates in low and mid latitude regions. Later on, we hope to increase mouitoring
sites so as to cover wider climate conditions, different paddy ecosystems and a range of farming scales.
At each site, field trials will be conducted using site's standard cnItivar and conventional management. Additionally,
one or more comparative treatments will be imposed on the crop: the treatment can be cnItivar, management (water
or fertilizer) depending on the region and/or participants' interest. Measurements can be repeated for both wet and
dry seasons.
-

•
•

-~

Core sites
Collaborative sites

Fig. 2. Target regions of the multi-site monitoring at the initial stage of the project.

4. Implication of this network
This network is aimed at filling the knowledge gaps between chamber and open field experiments in the climate
change impact studies. The rice canopy micro-meteorological data obtained with a common methodology across
sites of different climate zones together with crop data will improve our quantitative understandings of climate
change impacts on rice commuuities. By analyzing the relationship between above-canopy and inside-canopy
thermal conditions at each site and across sites, susceptibility to climate change of the regions can be characterized
We will also compare them with the on-station weather data and/or with the near-by weather station data. The
workshop, micro-meteorological measurements and data analysis will be also be a good opportunity for improving
research capacity in the area of agricultural meteorology, which is highly important in climate change impacts and
adaptation studies. These activities will help to detect signs of climate change impacts in various rice growing
regions in the world, which information is shared by the international scientific commuuity.
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Abstract: Flower opening in the early morning helps to avoid heat-stress-induced sterility in rice (Oryza sativa L.) at anthesis.
Selection of cultivars with an early flower opening time (FOT) is thus an important method for reducing heat-induced sterility.
However, cultivar differences are not well characterized. We discuss cultivar variation in FOT in the section "Cultivar differences
in FOT." We observed a wide diversity in FOT among rice cultivars. The earliest FOT (0901 h) was detected in indica rice,
'Xiaomazhan.' Although FOT is under genetic control, it is also affected by weather, and particularly by air temperature (TJ;
however, the combined effects of T~ solar radiation (R.), and humidity (expressed as the vapor-pressure deficit, VPD) on the FOT
of various rice genotypes remain unclear, particularly under field conditions. In the seelion "Effects of weather factors on FOT,"
we compare the effects of T.. R,. and VPD at various time points before anthesis on rice FOT under field conditions. First, we
analyzed the correlations between FOT and T~ 11., or VPD averaged hourly from 0000 to 1000 h. Second, to evaluate the
individual effects of cultivar, T~ 11., and VPD on FOT, we constructed general linear models (GLMs), which revealed that the
average T~ R. and VPD between 0600 and 0900 h significantly affected FOT. The standardized partial regression coefficients of
T. andR. were negative and those ofVPD were positive, indicating that higher T~ higher R. and lower VPD in the early morning
result in earlier FOT. There are several artificial methods for advancing FOT in rice plants. Some artificial FOT advancements
such as strong wind, physical stimul~ and I-h dark treatment, however, are accompanied by undesirable effects such as anther
indehiscence, poor pollination, and sterility. In "Effects ofMeJA on FOT, fertility, pollination, and anther dehiscence," we discuss
the effects of methyl jasmonate (MeJA) on advancing FOT and on anther dehiscence, pollination, and sterility in standard
japonica rice 'Hinohikari.' 'Hinohikari' was subjected to application of 4 mmol L- 1 MeJA solution (3 mL per panicle) and water, as
a control, on panicles at three different time points (0900, 1000, and 1100 h). Application ofMeJA at 0900 h caused FOT to occur
about 2 h earlier than without treatment and 1.5 h earlier than alier treatment with water. MeJA application at 1000 h also caused
FOT to occur earlier. In mid-August, when MeJA application at 0900 h caused FOT to occur, the temperature at 1000 h in Matsue
is >2 °C lower than at 1200 h, when most flowers of japonica rice open under natural conditions. These results suggest that MeJA
application before flowering would allow flower opening in the early morning to mitigate potential heat-induced sterility.
Although MeJA application at 0900 h caused FOT to occur earlier, it increased flower sterility and decreased pollination stability
and anther dehiscence. This result suggests that these flowers opened too early to develop pollen grains.
Keyword.: Cultivar, Flower opening in the early morning, Flower opening time, Heat-induced sterility, Methyl jasmonate, Oryza
sativa, Rice, Solar radiation, Temperature, Vapor-pressure deficit.

1. Introduction
The opening of rice flowers in the early morning is a beneficial response that can avoid heat-stress-induced
sterility at anthesis. The sensitivity of rice flowers to high temperatures decreases during the l-h period after
flowering [1]; thus, a flower opening time (FOT) 1 h earlier than norntal
lead to anthesis before the air
temperature (Ta) reaches a critical level. Ta can rise at a mte of >3 °C h - starting around 1000 h [2]. A
controlled-environment experiment bas revealed that flowers of 'Milyang 23' that opened earlier in the morning and
at a lower temperature bad higher seed-set than those that opened later (near midday) and at higher temperatures [3].
Selection of cultivars with an early FOT is therefore an important technique to reduce heat-induced sterility [2, 4].
For example, the flowers of Oryza glabe"ima Steud. open earlier than those of 0. sativa L. [2, 4], and the flowers of
interspecific bybrids between 0. glaberrima and 0. sativa open earlier than those of 0. sativa [5]. Among the
cultivars of 0. sativa, Imaki et al. [3, 6] reported cultivars with flowers that opened I tu 2 h earlier than those of
'Koshibikari,' a standard Japanese cultivar. Under controlled conditions, 'Milyang 23' exhibited heat tolerance due tu
the earlier opening of its flowers [6]. Flowers of several indica cultivars open earlier than those of japonica cultivars
[3]; however, cultivar differences bave not been well characterized. We discuss cultivar variation in FOT later in the
text.
Although FOT is under genetic control, it is affected by weather, and particularly by T. [4, 5, 6, 7, 8, 9, 10]. In a
study of indica cultivars, FOT occurred about 45 min earlier at temperatures that were 7 Co above the normal
temperature [8]. However, most of the studies ofFOT [4, 6, 8,] bave been conducted under controlled environments,
and rice plants grown in a glass house or a growth chamber bave been reported to open their flowers 1 to 2 h later
than those grown outdoors [11]. The temperature response of flower opening differs among rice cultivars. FOT
occurs earlier under high tempemtures in 'Milyang 23', whereas it is delayed in 'Nipponbare' [6].
In addition to temperature, other weather factors such as solar radiation (11.) and relative humidity appear to affect
FOT. For example, Nakagawa and Nagata [9] found that R, from 0400 to 0800 h influenced FOT in 'Koshihikari,' but
not in EGO, heading-time tester line. Strong winds [12], as well as low atmospheric pressure and rain [7], also affect

mar
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FOT. In addition, light conditions can influence FOT, because the duration of anthesis increases under continuous
light or dark conditions [7]. This result suggests that both the light intensity and the cycle of light and dark affect
FOT.
However, the combined effects of T" R., and humidity variations on the FOT of various rice genotypes remain
unclear, particularly under field conditions, and this limits our ability to predict FOT. In the second section "Effects
of weather factors on FOT," we compared the effects of T" R" and humidity (expressed as the vapor-pressure deficit,
VPD) at various periods before anthesis on rice FOT under field conditions. First, we analyzed the correlations
between FOT and T" R., or VPD averaged hourly from 0000 to 1000 h. Second, we used general linear models
(GLMs) to separately evaluate the effects of cultivar, T" R., and VPD on FOT. In the second analysis, we used a 3-h
time span based on Japan Standard Time (JST).
There are several artificial methods used to advance FOT in rice plants. Dark treatment for I h before natural
flower opening advances FOT by 2 h or more [13]. Light conditions can also influence FOT since the duration of
anthesis increases under continuous light or dark conditions [7, 13]. Subjecting rice panicles to physical stimuli has
been shown to advance FOT [12]. Applications of CO2 and methyl jasmouate (MeJA) on panicles also advance FOT
[14, IS, 16]. In a report by Zeng et al. [14], MeJAinduced flower opening in rice within BO ntin aflertreatment; clear
flower-opening effects were observed with 0.4 and 4 mmol L -I MeJA treatment.
Some artificial FOT advancements, however, are accompanied by undesirable effects such as anther indehiscence,
poor po1Iination, and sterility [12, 13]. For example, advancement in FOT caused by wind or physical stimulation of
rice panicles reportedly resulted in anther indehiscence and poor po1Iination [12]. Advancement in FOT caused by
I-h dark treatment has also been reported to result in anther indehiscence [13]. Tsuboi [12] speculated that such poor
po1Iination may be due to flowering before pollen matoration and preparation of anther dehiscence. In the section
"Effects of MeJA on FOT, fertility, po1Iination, and anther dehiscence," we examine the effects ofMeJA application
on advanciog FOT as well as on anther dehiscence, po1Iination, and sterility in standard japonica rice 'Hinohikari' in
order to develop artificial techniques ofFOT control in rice.

2. Cultivar differences in FOT
The study was conducted at an experimental field of Shimane University in Matsue, Shimane Prefecture, Japan
(35°29'N, 133°04'E, 4 m asl) in 200B. To cover wide range of genetic diversity, we used the National Institute of
Agrobiological Sciences (NIAS) global rice core collection [17], the NIAS rice core collection of Japanese landraces
[IB], and cultivars that were reported to flower in the early morning or demonstrated heat stress resistance, inclnding
0. glaberrima Stend. Cultivars used in this study are listed in Table 1. The planting density was 22.2 hills m-2 (one
seedliog per hill, 15-cm hill spacing, and 30-cm row spacing). A basal dressing of 4 gm-2 N, 12.B gm-2 P 20" and
13.6 gm-2 K 20 was applied. No top dressing was used.

1) Measurements ofFOT
Physical stimuli such as touch may promote flower opening in rice [12]. To avoid this phenomenon, we used
digital photographs of the panicles instead of physically inspecting plants. The panicles were photographed
automatically at 10-mio intervals with waterproof digital cameras (Optio W30, Pentax, Tokyo, Japan) to determioe
the FOT of each cultivar. We used tripods for the cameras and a built-in electronic timer to control measurement
intervals. We recorded the time of anther extrusion for all observable flowers (>30% flowers per panicle) on the
obverse side of panicles. The median anther extrusion time for all observed flowers in each panicle was calculated
and FOT was defined as the mean of the individual panicle medians per day. Weather data were obtained from the
data presented on the website of the Matsue Local Meteorological Observatory, located near the experimental site.

2) Coltivar differences in FOT
There is a wide diversity in FOT among rice cultivars examined in this study (Table I). The earliest FOT (0901 h)
was detected in indica rice, 'Xiaomazhan.' FOTs in most of indica cultivars occurred before 1100 h and those in most
ofthejaponica cultivars occurred afler 1100 h. FOTs in 0. glaberrima occurred between 0904 and 1054 h, which is
earlier than most of the 0. sativa cultivars, but later than 'Xiaomazhan ' FOTs varied widely among tropical japonica
cultivars. For example, the 'Jaguary' FOT was 0930 h, but the 'Kahei' FOT was 1220 h. However, FOTs in most
cultivars that originated in Japan occurred afler 1100 h while FOTs in some tropicaljaponica that originated in Japan
occurred before II 00 h.
Weak correlations were found between T. dnting 0000 and 0600 h and FOTs in glaberrima (r ~ -0.504), indica (r
~ -0.326), japonica (r ~ -0.255), and tropical japonica (r ~ -0.337) cultivars. Average, maximum, and minimum T.
doring the FOT-observing period (July 16-September24) were 24.1, 27.6, and IB.2°C, respectively. Average T.
doring the FOT-observing period in 'Xiaomazhan' was relatively high at 26.1 0c. Advanced research assessing
genetic diversity in FOT is needed regarding weather factors such as T. and R•.
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Table 1. List of rice cultivars, their types (G, Oryza g/aberrimaj I, indicaj J, japonicaj T J, tropical japonica), their origins, and
110_' opening time (FOT, hI.
z) Classification of cultivar types is mainly according to http://www.gene.affrc.go.jpldatabases-core_coliections_wr_en.php
and http://www.gene.affrc.go.jpldatabasas-core_coliections.Jr_an.php.

Cultivar
Xiaomazhan
8'·3'2
GNF·7
GNF·2
Jaguary
8'·3'4
Hong Chouh Zoi
Nepal 5"
IR58
Jinguoyin

Shuusoushu
Karaboushi

Lemont
Keiboba
Basilanon

T~ez)

China

TJ

Brazil

G
China
India

Philippines
I
I
J

Sanguicao

TJ

Asu
Local Basmati
Deejiaohualuo
G-21

I
G

Senshou
Are '9'5
Are 7291
Kaluheenati
Kasolath
Are 11094

TJ

Dabonggu
85·351
Ch86

Shwe Nang Gyi
Urasan 1
Hirayama
Nab.
Qingyu

I
I
G

TJ
TJ
I

J... 035

Ratul

China
MYIllllllllr
Japan
Japan
India
China

Shoni

HOBOgara

Japan
India
India
Sri Lauka
India
India
China

Indonesia
Madagascar

Hunanxian

IR24
M401
G-8

India
China
Japan
Bhuhm
India
China

Taiwan

Ryou Suisan K.oum.ai
Padi KOlling
Vary Futsi

Jhona2
Rexmont

China
China
Japan
USA
China

Philippines
South Korea

Milyang23
Are 7047
Oiran

Origin

I
G
G
G

TJ
I
J
G
J

Bangladesh
China
Nepal
India
USA

Philippines
USA
Japan
India

FOT
0901
0904
0911
0919
0930
09'0
09'2
0953
0955
1002
1008
1008
1010
1010
1011
1012
1015
1016
1019
1020
1020
1020
1021
1024
1024
1025
1028
1030
1032
1035
1035
1037
1038
1039
1039
1041
1042
1043
1044
1045
1047
1047
10'1
1051
1053
10'4
10'4
1054
1055
1057

Cultivar
Kaneko
Akamai (Koehi)

J
J

Origin
Japan
Japan
Japan

Padi Perak

TJ

Indonesia

Shinriki
SekiYIIlIlII

J
J
I

Japan
Japan
Philippines
Japan
Japan
Philippines
Philippines
Japan
India

Milky Queen

Calotoc
Bouzumochi
llanaechizen
Lobed
Pinulupot 1
Hinode
Muha
Davao I
Co 13

Ginbouzu
Meguromochi
Shichimenchomochi
BeiKhe
Wataribune
Hassokuho
Nipponbare
Akitakomachi

Typo"

TJ

TJ
J

I

TJ
I

Philippines
J

TJ
J

India
Japan
Japan
Japan

Cambodia

Shinyamadaho 2

J

Japan
Japan
Japan
Japan
Japan
Japan
Japan
Nepal
MYIllllllllr
Japan
Japan
Japan

KhauMacKho

TJ

Vietnam

Fukoku
Omachi

Kabashiko

J
J
J
J
J
J
J

BadariDhaa

Bingala
Kamoji

Irimanishilri

MI02

Akamai (Nagosaki)
Jiu9304
Raiden
Mansaku
Shinrikimoehi

Himenomochi
Moritawase
Shiroine
Shinshuu
Rilrutou Rilruu 2

J

TJ

J
I
J
J
J
J
J
J
J
J
J
J

Dango
KhaoNok
Puluik hang

TJ

Dianyul
Kahei
Aiehiasahi

TJ

Kyotoasahi

I
J
J
J

USA
Japan
China
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Laos

Indonesia
China
Japan
Japan
Japan

FOT
10'9
1100
1101
1101
1103
1104
110'
1106
1106
1108
1110
1110
1111
1115
1116
1118
1118
1119
1119
1120
1120
1120
1122
1124
112'
1129
1130
1131
1132
1137
1138
1138
1142
1142
1144
1145
1147
1148
1150
1150
1151
1151
1151
1153
1156
1200
1202
1220
1234
1235

3. Effects of weather factors on FOT
The combined effects of T" R" and humidity variations on the FOT of various rice genotypes remain unclear,
particularly under field conditions, and this limits our ability to predict FOT. We assessed the effects of T" R" and
humidity (expressed as VPD) at various periods before anthesis on rice FOT under field conditions. First, we
analyzed the correlations between FOT and T" 1(., or VPD averaged hourly from 0000 to 1000 h. Second, we used
GLMs to evaluate the individual effects of cultivar, T" 1(., and VPD on FOT.
We collected the FOT data of five rice cultivars at an experimental field of Shirnane University in Matsuc,
Shirnane Prefecture, Japan in 2007. Used cultivars were the indica cultivar 'IR72,' and the japonica cultivars
'Hanacchizen,' 'Fujihikari,' 'Shinriki,' and 'Asahi.' The planting density was 22.2 hills m-2 . A basal dressing of 5
gm-2 N, 5.6 gm-2 P 20" and 4.4 gm-2 K20 was applied. No top dressing was used. Measurement ofFOT was similar
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to the method described in the section "Cultivar differences in FOT." We measured T.. relative humidity, and R.
every 5 min. VPDs were calculated from T. and relative humidity using the method of Buck [19]. In this analysis, we
used average hourly T.. R., and VPD values between 0000 and 1000 h. Since inherent relationships exist between
weather factors, relatively high correlations among T.. R., and VPD may exist. Therefore, we used GLMs to evaluate
individual effects as well as the cultivar effects on FOT. In this analysis, T.. R .. and VPD values were averaged over
four 3-h periods (0000--{)300 h, 0300--{)600 h, 0600--{)900 h, 0900--1200 h) based on JST. Details of this analysis is to
be described [20].

1) CorreIations between weather factors and FOT
In 'IR72,' we found significant negative correlations between FOT and mean hourly Ta fur every hour between
0000 and 0900 h (Fig. I). No significant correlations were detected between FOT and mean hourly T. between 0000
and 0800 h for any of the other cultivars; however, for 'Shinriki,' a significant negative correlation between FOT and
mean hourly T. for the two I-h periods between 0800 and
1000 h was found. 'Fujihikari' and 'Asahi' showed
1.0
-'0-' IR72
significant negative correlations between FOT and mean T.
""""6""",, Hanaechizen
0.8
only during the fiual hour (0900--1000 h).
-0-- FLliihikari
For 'Fujihikari,' significant negative correlations
0.6
_.<> .- Shinnki
between FOT and mean R. were observed for every hour
'E 0.4
-Ji/-- Asahi
between 0500 and 1000 h (Fig. 2). In contrast, 'IR72'
'u
showed significant positive correlations between FOT and IE 0.2
mean R, for the two hours between 0500 and 0700 h.
0.0
r::
'Shinriki' and 'Asahi' showed significant negative
:8 -0.2
correlations between FOT and mean R. for the two hours
'"
between 0700 and 0900 h.
~ -0.4
Few significant correlations were found between FOT 8 -0.6
and the hourly averaged VPD values (Fig. 3). Significant
-0.8
negative correlations between FOT and the hourly
averaged VPD were detected in 'IR72' (0500--{)900 h),
2 3 4 5 6 7 8 9 10
versus significant positive correlations fur 'Hanaechizen'
(0400--{)700 h) and a significant negative correlation for
Time of day (h)
Fig. 1. Time course of the correlation coefficients ("
'Asahi' (0900-1000 h). Simple correlation analysis showed
between flower opening time (FOT) and average air
only a limited number of significant correlations between
temperature (T.) of five Oryza allfivlJ cultivars.
FOT and hourly averaged T. (Fig. I), R, (Fig. 2), and VPD
Black and whit. symbols represent significant and
(Fig. 3), and differences between cultivars in the direction
nonsignificant corralation coefficients, respectively
(positive or negative) of the correlation.
(p < 0.05).
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0500 to 1000 h in the other four Oryz.stlfivtl cultivars.
Black and white symbols represent significant and
nonsignificant correlation coefficients, respectively (p <

Fig. 3. Time course of the correlation coatricients (r)
between flower opening time (FOn and average
vapor-pressure deficit (VPD) for each hour from 0000

0.05).
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to 1000 h for the five Oryz. sllflw cultivars.
Black and white symbols represent significant and
nonsignificant correlation coefficients. respectively (p

< 0.05).

2) Evaluation of the effects of cultivar, T., R" and VPD on FOT
Among the four 3-h time spans based on JST, the adjusted R2 value determined by the GLMs (Table 2) was
highest (adjusted R2 ~ 0.399,p < 0.001) from 0600 to 0900 h. During this period, all four factors (cultivar, T., R" and
VPD) were sigoificant (p < 0.05). The standardized partial regression coefficient for T. was -0.480, indicating that a
higher T. during this period resulted in an earlier FOT. Similarly, the standardized partial regression coefficient of R,
was -0.540, indicating that a higher R, during this period also resulted in an earlier FOT. However, the standardized
partial regression coefficient ofVPD was +0.346, indicating that a lower VPD (i.e., more humid conditions) resulted
in an earlier FOT. As suggested by their standard partial regression coefficients, the relative contributions of these
three factors to FOT were similar.
These cultivar-specific differences indicate that all three weather factors (T" R" and VPD) should be considered
while analyzing the effects of weather on FOT. Air temperatore showed negative standardized partial regression
coefficients for all time periods (Table 2), thus higher T. resulted in an earlier FOT. This result suggests that rice
plants may open their flowers under cooler conditions in the early morning by detecting and responding to high night
temperatores. Typically, average T. at 0900 h in mid-August in Matsue, Japan is more than 2 °C lower than the
temperatore at 1100 h. The combinstion of genetic control of FOT with the dependence of FOT on night
temperatores may allow earlier flower opening in the morning to mitigate or avoid potential heat-induced sterility in
rice. These results suggest that higher T., higher R" lower VPD, or a combinstion of these conditions during the early
morning resulted in an earlier FOT.
Table 2. Results of multiple-regression analysis using general linear models (GLMs) for the correlations among three

R.. daily total solar radiation; VPD. daily me.n vapor-pre•• ura deficit) and
cultivars, and flower opening time (FOT) during 3-h periods based on Japan Standard Time (JST), and the significance.

weather factors (T.. air temperatura;

000(H)300
030(H)600

0.160'
0.351···

060(H)900

0.399'"

0900-1200

0.392'"

Standardized partial regression

F values in the GLMs

Period (JS1) AdjustedR 2

Cultivar
4.1369.4342.380'
2.326'

coefficient

R,

1.329 ..
13.124-

19.743-

VPD
4.023'
14.653···

9.40816.368-

27.2049.603-

4.830'
8.986"

T.

ns, not significant; significant at * p < 0.05,

p < 0.01. and

T.

R.

VPD

-0.164
-0.488

-{).666

0.282
0.473

-0.480
-1.009

-{).340
-{).331

0.346
0.933

p < 0.001. respectively.

4. Effects of MeJA on FOT, fertility, pollination, and anther dehiscence
Several artificial methods exist for advancing FOT in rice plants, including applications of MeJAon panicles [14,
16]. Zeog et al. [14] observed a response within 80 min after treatment and found clear flower-opening effects with
0.4 and 4 mmol L -I MeJA. Some artificial FOT advancements such as strong wind, physical stimuli, and I-h dark
treatment, however, are accompanied by undesirable effects such as anther indehiscence, poor po11instion, and
sterility [12, 13]. In this section, we discuss the effects of MeJA application on advancing FOT as well as on anther
dehiscence, po11instion, and sterility in standard japonica rice 'Hioohikari' in order to develop artificial techniques of
FOT control in rice.
In 2008, a pot experiment was conducted outdoors at Shimane University, Matsue, Japan, using the japonica type
rice cultivar 'Hinohikari'. Selected seeds were sown for unifonnity on June 15,2008. Twenty germinated seeds were
planted in each Wagner pot (1/5000 a) contsiniog 3.6 kg equivalent of oven-dry soil (sir-dried andosol and a granitic
saprolite carobisol mixture, 1:1 volume) using the circular dense-cultore method [21]. To obtain uniform plants,
tillers were removed as they appeared
MeJA applications were perfurmed on September 9, 2008. Panicles jndged to have flowers nearing anthesis, in
which several flowers had flowered before the experiment date, were selected for tests. 'Hioohikari' was subjected to
applications of 4 mmol L -I MeJA, or water as a control (referred to as "control water" hereafter), at three different
hours (0900,1000, and 1100 h). MeJA was dissolved in a small aroount of ethanol and then diluted to 4 mmol L- 1
[14]; the saroe volume of ethanol was also added to control water. Approximately 3 mL MeJA solution or control
water were sprayed on each panicle. A no-spraying group was also used as a control. Measurement of FOT was
similar to the method desctibed in the section "Cultivar differences in FOT." We gathered and analyzed data on
sterility, po11instion, and anther dehiscence. The percentage of flowers having more than 80 pollen grains on the
stigmata (referred to as ">80-pollcn-grain flowers" hereafter) was calculated for each treatment. The percentage of
>80-pollen-grain flowers strongly correlated with the number of pollen grains deposited on the stigmata and was thus
used as a measure of the reliability of po11instion under normal conditions [22]. Details of this method will be
desctibed [23].
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1) Effect of MeJA on FOT
FOT of 'Hinohikari' was about I h after the application of 4
mmol L-I MeJA solution when applied at 0900 and 1000 h
(Table 3). Application ofMeJA solution at 0900 h caused FOT
to occur about 2 hr and 1.5 hr earlier, respectively, than plants
receiving no application and application of control water at
0900 h. MeJA application at 1000 h also caused FOT to occur
earlier, but at 1100 h did not bring the change. Applications of
control water at 0900, 1000, and 1100 h caused FOT to occur
slightly earlier than no application (p > 0.05). In mid-Aogost in
Matsue, when MeJA application at 0900 h induced earlier FOT,
the temperatore at 1000 h is >2 °C lower than that at 1200 h,
the time when most flowers ofjaponica rice open under natural
conditions. These results suggest that MeJA application before
flowering would allow flower opening in the early morning to
mitigate potential heat-induced sterility.

Table 3. Effect of methyl j ••monate treatments on
flower opening time in rice (ev. 'Hinohikari') at
three different time points.

MeJA9 Z)
MeJA10
MeJAII
CW9')
CW10
CWII
No treatment x)

Flower opening time
(JSn
1016 a W)
1108 b
1244d
1214 c,d

1147 b,c
1148 b,c
1212 c,d

"MoJA9, MeJA10, and MeJAll indicato treatmonls
of 4 mmol L -1 methyl j.smonate solution at 0800,
1000, and 1100 h, respectively.
Ylcwg, CW10, and CW11 indicate control water
treatmonls at 0900,1000, and 1100 h, respectively.
XlNo treatment indicates that neither methyl
j ••monate solution nor control water were
sprayed on rice panicles.
WValues with the ..me letters were not
significantly different at the level of p = 0.05 with
Tukey's HSD test (n= 8-10).

2) Effects of MeJA on fertility, pollination, and anther
dehiscence
Flower sterility in the rice plants was increased by the
application of MeJA solution at 0900 h compared to control
water at 0900 h (p > 0.05; Table 4). MeJA application at 1000
h also increased flower sterility. Applications of control water
at 0900, 1000, and 1100 h also increased flower sterility
slightly (p > 0.05).
The percentage of >80-pollen-grain flowers was significantly decreased by applications of MeJA solution at three
dilJereut time points. Applications of control water at these time points did not affect the percentage of
>80-pollen-grain flowers. Pollen germination was not affected by applications of either MeJA solution or coutrol
water.
Application of MeJA solution at 0900 and 1100 h sigoificantly decreased thecae with both basal and apical
dehiscence. While application of MeJA solution at 1000 h significantly decreased thecae with apical dehiscence, it
decreased thecae with basal dehiscence, but not significantly (p > 0.05). Applications of control water at 0900, 1000,
and 1100 h slightly decreased apically and basally dehisced thecae (p > 0.05).
There was a significant negative correlation (r ~ --{).874, P ~ 0.01) between FOT and the percentage of flower
sterility. A correlation between FOT and the percentage of thecae with basal dehiscence was not detected. However,
excluding the result ofMeJA application at 1100 h, a significant positive correlation (r ~ 0.988,p < 0.001) between
FOT and the percentage of thecae with basal dehiscence was found.
Although MeJA application at 0900 h induced earlier FOT, it also increased flower sterility. MeJA application
decreased the percentage of >80-pollen-grain flowers, which is used as a measure of reliability of pollination under
normal conditions [22]. Such poor pollination was caused by anther indehiscence at the basal and apical parts of the
thecae. This result suggests that these flowers opened too early to develop pollen grains.
rabla 4. Effect of methyl j •• monata treatments on flower fertility, percentage of flowars with more than ao pollan grains
deposited on the stigmata after .nth •• is (>80-pollan-grain flowers), pollan grain gannination, and dahiscad anthers at
the basal and apical parts of thecae in rice (cv. 'Hinohikari') at three different time pOints.

Flower sterility
McJA9 z)
MeJAIO
MeJAII

CW9')
CWIO
CWII

No treatment z)

(%)
49.6 a W)

20.4 a,b
8.7b
16.6.,b
11.3 b
9.8b
5.3b

>80-pollen-grain
flowers (%)
41.7.
41.7.
45.8.
95.8b
100.Ob
100.Ob
95.8b

Pollen grain
germination (%)
22.8.
13.8.
22.3.
20.9.
20.3.
23.0.
30.2.

Basally dehieced
thecae (%)
19.8.
63.1 b
21.8 a
96.9b
86.6b
90.7b
100.Ob

Apically dehisced
thecae (%)
15.3.
57.3b
21.1 a
96.5 c
94.2 c
90.3 c
99.2 c

"M.JAB, MoJA10, and MoJAll indicate treatmenls of 4 mmol L -1 methyl jasmonato solution at 0900, 1000, and 1100 h,
respectively.

"CW9, CW10, and CW11 indicate control water treatments at 0900, 1000, and 1100 h, respectively.
x)No treatment indicate. that neither methyl j •• monata solution nor control water ware sprayed on rice panicl••.
"'values with tho samo letto.. were not significantly dillo..nt at the lovol of p = 0.05 with Tukey's HSD test (n= 4).
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5. Conclusion
I) There was a wide diversity in FOT among rice cultivars. The earliest FOT (090 I h) was detected in indica rice,
'Xiaomazhan. '

2) The GLMs revealed that the average T~ R., and VPD between 0600 and 0900 h significantly affected FOT. The
standardized partial regression coefficients of T. and R, were negative and those of VPD were positive, indicating
that higher T.. higher R, and lower VPD in the early morning resulted in earlier FOT.
3) Application of 4 mmol L-1 MeJA solution at 0900 h caused FOT to occur about 2 h earlier than without application
and 1.5 h earlier than after application of control water at 0900 h. However, MeJA application at 0900 h also
increased flower sterility and decreased po11ination stability and anther dehiscence.
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Adapting the Rice Crop to Hotter Environments:
Current and Future Activities at IRRI
Tanguy Lafarge (I), (2), Melissa Fitzgerald (I), Sigrid Heuer (I), Gregory J Howell (I),
Jagadish SV Krishna (I), Tao Li (I), Shaobing Peog (I), Edilberto Redoiia (I),

Kay Sumfleth (I), Reiner Wassmann (I)
(I) International Rice Research Institute, DAPO Box 7777, Metro Manila, Philippines
(2) Centre International de Recherche en Agronomie pour Ie Developpement, Montpellier, F-34398, France

( tanguy.lafarge@Cirad.fr / Fax: +63 (2) 580-5699 / Phone: +63 (2) 580-5600 )

Future climate scenarios are claiming for an increase in global temperature of 2 to 4°C by
2100 in the rice production areas in Asia One of the mandates of the International Rice Research
Institute is to predict to what extent the different rice growing areas will be affected, tu analyze
consequences on rice production and to provide adaptive strategies. A regional assessment of
vulnerability to heat has been conducted by lRRl scientists on rice cropping areas by linking
ORYZA2000 with Geographic Information System (GIS). The establishment of a spatio-temporal
geo-statistical framework will soon allow identifying regions of risks of heat induced sterility, for
which the threshold panicle temperature commonly ranges from 35 to 38°C with respect to the
variety. To face this major issue, lRRl scientists are conducting multi-location testing of
promising varieties and developing new genetic materials by screening donors from gene bank
accessions. Some heat tolerance breeding populations have been developed and dispatched for
hotspot screening, and 4 QTL mapping populations have been developed for polymorphism
characterization. In addition, anthers of 3 lines contrasted for heat induced sterility were extracted,
and some candidate genes are currently being sequenced and will be targeted for transformation.
Donors for earlier time of the day of anthesis are investigated for heat induced sterility avoidance:
42 lines among 4000 from the lRRl gene bank accessions appeared to have peaked by 9am and
were sent for testing in 5 Asian countries. An integrated phenotyping study for earlier time of the
day of anthesis, heat tolerance to sterility and heat tolerance to chalkiness during grain filling, is
actually conducted on a set of 212 contrasted accessions in the phytotron. Indeed, lRRl scientists
demonstrated under plant temperatures higher than 30°C that genotypes that did not adapt to high
temperature produced chalky grains whereas those that sacrificed part of their sink size maintained
high quality grains. Similarly, such temperature regimes affect plant growth processes also at
earlier stages like for leaf elongation rate. In the case of addressing confounding effects of climatic
factors, the correlation observed during the last 15 years in the lRRl farm between the increase in
night time temperature from 22 to 24°C and the reduction in grain yield is now confronted with
additional data collected in a contrasted night temperature setup in the field. In collaboration with
lRRl, scientists from Cirad and NIAES are collecting data in various field environments to
quantify panicle temperature and predict its variation with regard to weather conditions, crop
architecture and plant cooling ability. At the same time, lRRl scientists are developing the energy
balance and exchange routines of ORYZA2000 and adding routines for canopy temperature and
spikelet sterility. Considering rice is often grown in humid environments and soon under doubling
air [C02], additional routines addressing interactions between temperature, humidity and [C02]
will be developed by lRRl collaborators and included into crop models. Such cumulated efforts
from rice scientists are necessary to face the challenges of future climate scenarios and make the
rice production systems more resilient.
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Physiological and Molecular Approaches to Address Heat Tolerance
during Anthesis in Rice
SVK Jagadish (I), PQ Craufurd (2), RMuthurajan (1), TR Wheeler (2),
ROane (1), J Bennett (I) and S Heuer (1)
(1) International Rice Research Institute, Plant Breeding genetics and Biotechnology, Philippines,
(2) Plant Environment laboratory, University of Reading, UK
( K.Jagadish@cgiar.org )

In future climates, frequency of critical high temperatures coinciding with sensitive

developmental stages like anthesis will increase in rice. To identify heat tolerant donors for
future breeding programs 18 and 8 parents of existing major mapping populations with N22 as
check were screened for heat tolerance at anthesis during 2004 and 2005, respectively using a
novel spikelet marking protocol. N22 was consistently heat tolerant (71 % spikelet fertility),
IR64 moderately tolerant (48%) with Moroberekan being highly sensitive (18%). Different
physiological processes including anther dehiscence, pollen germination on the stigma and in
vivo rate of pollen tube length and both male and female reproductive organ morphologies in
the above three genotypes were studied.
Anthers from all three genotypes were extracted from heat stressed and control spikelets
and used for 2D gel electrophoresis. Proteins were separated on 3-10 and 4-7pH IPG strips and
candidate genes responsible for significantly higher heat tolerance in N22 were compared to the
other two genotypes. Some interesting proteins identified using in silico analysis included
dirigent like protein, cold shock protein, serine protease along with heat shock proteins and 6
unknown proteins. However the protein sequences identified were from Nipponbare genome
and hence complete sequences obtained from N22 are presently being used in in-depth allelic
analysis of both the significant and unknown genes. These genes are targeted for transformation
to know the level of contribution to heat tolerance and to identify the novel functions of the
unknown genes which could play an important role in the existing pathways or to reveal new
heat tolerance pathways.
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Rice Anther Tolerant to High Temperatures at Flowering Period
Tsutomu Matsui
Faculty of Applied Biological Science, Gifu University, Japan

(matsuit@gifu-u.ac.jp / Phone & Fax: +81-58-293-2967)
To improve the tolerance of rice to the high temperatures, it is important to identify the
traits that control or represent the tolerance of pollination to the high temperatures at flowering.
We found that the length of dehiscence formed at the basal part of anther was strongly
correlated with the percentage of sufficiently pollinated florets under hot and humid conditions
at flowering in growth chamber. The length explained 95 % of variance in the percentage of
sufficiently pollinated florets, which ranged from 5 to 85 % among 18 cultivars. This fact
suggests that long basal dehiscence raises the reliability of pollination under high temperature
conditions probably through the easy pollen transport from the dehisced anther to the stigma.
Moreover, both the length of basal dehiscence and percentage of sufficiently pollinated florets in
non-japonica type were smaller than in many of japonica type cultivars. This result indicates

that pollination of non-japnica type cultivars was susceptible to high temperature and the
susceptibility was caused by the small dehiscence at the base of the anther. Some japonica rice
cultivars with long basal dehiscence may be useful genetic resources for the improvement of
heat tolerance in rice. We also found that the length of basal dehiscence under the normal
condition was closely correlated with that under the high temperature condition. We, therefore,
Can estimate the tolerance of pollination by measuring the length under a normal condition.
To confirm the practicability of the simple marker, anthers with long basal dehiscence, in
the field condition, we examined the relationship between the length of basal dehiscence and the
fertility under hot and humid field condition in Jingzhou (Yangtze University) where the high
temperature induced floret sterility sometimes occurs. The length was significantly correlated
with sufficiently pollinated florets and seed set rate among seven hybrid rice cultivars with
variation in the size of basal dehiscence. The results demonstrated that the anthers with long
basal dehisce are useful marker for the tolerance of pollination and seed set in the field.
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Responses of Rice Grain Setting and Filling
under High Temperature and High CO2
Hidemitsu Sakai, Weiguo Cheog, Toshihiro Hasegawa
National Institute fur Agro-Environmeutal Scieoces, Japan
(hsakai@niaes.affrc.go.jp / Fax: +81-298-38-8199/ Phone: +81-298-38-8205 )

Atmospheric CO2 concentration ([C02]) has been increasing since the industrial
revolution at the middle of eighteen century. IPCC reported that [C02 ] is expected to reach
540-970 ppm by the end of this century with global mean surface temperature increasing by

1.1-6.4 °C relative to 1980-1999 mean temperature. Crop production will be affected by
projected changes in the global climate, such as increases in atmospheric [C02], increased
surface temperatures, and more frequent occurrences of extreme climate events. According to
IPCC assessment reports, crop productivity is projected to increase slightly at mid to high
latitudes for local mean temperature increases of up to I-3°C depending on the crop, and then
decrease beyond that in some regions. At lower latitudes, in which high portion of the total
planted area of rice exists, crop productivity is projected to decrease for even small local
temperature increases (I-2°e). Since CO2 is a substrate of plant photosynthesis, increasing
[C02], in general, will have a positive impact on crop production, by what is known as the CO2
fertilization effect. On the other hand, negative impacts on crop production are projected due to
increases in temperatures. Rice yield will be decreased due to shortened growth period,
increased spikelet sterility, and decreased grain fertility. But, the mechanism and the extent of
the effects of climate change on rice growth and yield still remain uncertain. Many experimental
and modeling studies have been conducted to predict the impacts of these changes on rice
production. To make an assessment with less uncertainty and an adaptation strategy to climate
change, it is needed to further understand to the effects of high temperature and [C02] on rice,
especially on its yield formation processes such as grain setting and filling. In this study, we will
discuss the effects of high temperature (especially at night) and high [C02 ] on rice grain setting
and filling by using results of some chamber experiments.
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Responses to Elevated Temperature in Rice and Wheat
Len Wade
Charles Stmt University, EH Graham Centre, Wagga Wagga NSW 2678, Australia
( Iwade@csu.edu.au )

The Murray-Darling Basin in southern Australia is predicted to encounter severe consequences
under climate change.

Severe drought, temperature extremes, and greater fluctnations in weather

are already impacting upon crop production and river flow, with worse expected to follow.
Consequently, a recent book called "Where the hell is Wagga Wagga" highlighted the expected
severity in the Riverina and Wagga Wagga, the site of Charles Stmt University (CSU).

Hence, the

CSU-Department of Industry and Investment (DIT) alliance, via the EH Graham Centre for
Agricultural Innovation, is well placed to address research issues in climate change, especially heat
stress in crop production.

This presentation will outline recent research approaches in examining

the consequences of elevated temperature for rice in the tropics, initially via the PhD studies of Ms
Estela Pasuqnin, in collaboration with Dr Toshi Hasegawa (NIAES), Dr Tanguy Lafarge (IRRI), Dr
Russell Reinke (DIl) and AlProf Phil Eberbach (CSU).

Related questions for wheat exposed to

elevated temperature in grain filling will also be outlined, featuring collaboration with Dr Livinus
Emebiri (DIT) under the proposed Cooperative Research Centre for Cereals.

This research will

address both physiology and genetic questions, including changes in heat shock proteins. Dr D.
Vijayalakshmi from Tamil Nadu Agricultura1 University in India is expected to further strengthen
these research activities in 2010, if her application for an AusAID Endeavour Postdoctoral
Fellowship is successful. Likewise, Dr Rolly Cruz, Chief Scientist from Philrice, will join us in 2010
as a Visiting Professor with CSU support, to assist us in further methodology development.

Our

recent success is receiving a $34.0 Million grant (with a further $10.0 Million from CSU-DIT) under
the federal Education Investment Fund will allow us to establish a National Life Sciences Hub at
Wagga Wagga, to further strengthen research and learning facilities from field to laboratory for
research under drought, climate change and food security.
strengthen these emerging projects.

These enhanced facilities will further

We look forward to exploring collaborative opportunities for

research under heat stress in crop production with you.
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Extrapolating Crops to New Climatic Environments: Grey Zones of
Knowledge and Research Needs for Modelling
Michael Dingkuhn
CIRAD: International Center of Agronontic research for development, France
(luquet@cirad.fr/Fax: +33-467-61-5742/ Phone: +33-467-61-5571)

Any evaluation of climate change (CC) impacts on crop yields is based on quantitative
extrapolation of knowledge and thus uses crop modelling as central tool. However, the validity,
or robustness, of available models is limited even for currently observed ranges of environments,
as parameter values still tend to be quite environment specific. Simulations for new
environments thus constitute a major challenge. This is particularly true for rice, a species
known for its great diversity of adaptations but also high level of vulnerability to environmental
stresses.
As point of entry, 3 recent papers are discussed that each highlight a particular grey
zone in our knowledge on crop response to climate in the field, and in particular thermal factors.
One detects long term yield trends in rice experiments and struggles to explain them with
climate, one questions the stability of cardinal temperatures governing plant development, and
the last raises questions on the accuracy of our notion of maintenance respiration (Rrn). The
author then identifies major potential sources of error in extrapolative simulation of phenology
and yield, (1) by failing to consider the conditions locally experienced by the plant organ
concerned (micro climate) and (2) by making "established" but possibly wrong assumptions on
process responses. Examples are given.
The paper terminates by asking what is "vigour" and "general adaptation" in terms of
physiological plant-environment interaction, and if some of this is accessible to crop modelling.
The question is particularly relevant in the CC context because breeding efforts and agronomic
adaptation strategies increasingly consider shifts in ecosystem management (e.g., aerobic rice or
water saving irrigation) and geographic/zonal shifts of cultivation. This involves new ideotype
concepts, use of exotic germplasm sources and genetically engineered, modified plant behaviour
(e.g., C4 rice project). Are models conceivable that not only extrapolate existing genotypes to
changing environments, but also explore such adaptation for virtual varieties envisaged by
research?
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Has the Impact of Temperature on Wheat Production from Global
Warming Been Underestimated?
Senthold Asseng (I), Ian Foster (2) & Neil C. Twner (3), (4)
(I) CSIRO Plant Industry, (2) Department of Agriculture and Food Western Australia, Australia
(3) Centre for Legumes in Mediterranean Agriculture, M080, The University of Western Australia,
Australia, (4) Institute of Agriculture, M082, The University of Western Australia, Australia
(Senthold.Asseng@csiro.au/ Private Bag No.5, Wernbley, WA 6913, Australia)

With current annual production at over 600 million tonnes, wheat is the third largest
crop in the world behind com and rice, and an essential source of carbohydrates for millions of
people. While wheat is grown over a wide range of environments, it is common in the major
wheat-producing countries for grain-filling to occur when soil moisture is declining and
temperature is increasing. Average global temperatures have increased over the last few decades
and are predicted to continue rising, along with a greater frequency of extremely hot days. Such
events have already been reported for major wheat growing regions in the world. Attributing
changes in observed yield to a single factor such as temperature is not possible due to the
confounding effects of other climatic factors such as rainfall and radiation, and changes in nonclimatic factors such as improved cultivars, increased nutrition and new cropping technologies.
By using simulation modelling, we separated the temperature impact from other yield factors.
This showed that we might have underestimated the impact of temperature on wheat production.
Surprisingly, temperature can be a major source of wheat yield variability and small observed
changes in mean temperature can cause large reductions in grain production. With average
temperatures and the frequency of heat events projected to increase with global warming, yield
reductions due to higher temperatures during the important grain filling stage alone will
substantially undermine global food security.
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The GECROS Model and its Application for Assessing Impacts of
Climate Change on Crop Production
Xinyou Yin
Centre for Crop Systems Analysis, Department of Plant Sciences, Wageningen University, P.O. Box 430,
6700 AK Wageningen, The Netherlands
(Xinyou.Yin@wur.nl/Fax: 31-317-485572 I Phone : 31-317-482348)
Crop growth relies on the functional balancing of contrasting components (e.g. shoots vs
roots, sources vs sinks) or processes (e.g carbon metabolism vs nitrogen metabolism, assimilation
vs dissimilation). In addition, like any other type of system process involving cybernetic
mechanisms, crop growth is associated with many feedback features. An example of such a
(negative) feedback is apparent reduced amount or down-regulation of Rubisco under conditions
of high carbohydrate status such as at an elevated CO2 condition. The consequences of these
feedback and compensation mechanisms are those often reported generalities such as low yielding
ability of cultivars having high protein concentration and low nitrogen (N) concentration of plants
when grown at an elevated CO2 level.
Some models use these emergent physiological generalities as input functions to guarantee
model predictability over a certain domain, and therefore, may contain too many empirical
trivialities. Similarly, the early prevailing model concept that demarcates crop production into
potential, water-limited or N-limited levels, facilitating model development by focusing on one
major factor at a time, cuts the internal link among processes and therefore may not help to model
individual processes that interact. For example, leaves with high N levels transpire more than lowN leaves, because of the coupling of photosynthesis, stomatal conductance and transpiration. Thus,
models considering water- and N-limited levels separately are not useful for environments
whereby N and water may be co-limiting or limiting in tandem.
A relatively new Wageningen crop model, GECROS, was developed to overcome some of the
weaknesses of earlier models. GECROS is able to capture elementary traits of genotype-specific
responses to environment based on quantitative descriptions of complex traits related to phenology,
root system development, photosynthesis and stomatal conductance, and stay-green traits, thereby
suiting for analysis of a number of physiological processes in response to environmental stresses.
The model can generate, in a phenomenological manner, some physiological observations, such as
leaf photosynthetic acclimation to elevated CO2 . It predicts an accelerated leaf senescence of
plants grown under elevated CO2 conditions as often observed experimentally. It also predicts
better the impact of stimulation of crop yield by elevated CO2 as observed in a large-scale FACE
(free-air CO2 enrichment) experiment than existing crop models do. Some scientists expressed the
concern that there are some quantitative differences in how crops respond to elevated CO2 in
FACE and chamber experiments given that current popular crop models parameterised from
chamber experiments typically overestimate the CO2 fertilization effect on crop yields. They
indicated that controlled chamber environments clearly are not the best experimental facilities for
estimating CO2 response ratio of crop yield. It will be shown that the robust crop model GECROS
largely allows a translation and extrapolation of input information at the leaf level in a short-time
scale (usually from controlled-environment chamber studies) to the crop performance in a
continuously changing field environment.
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Simulating Breeding Systems for Climate Change

s.c. Chapman (I), K. Chenu(2), G. McLean (2), G.L. Hammer (3), M. Dieters (3),

J. Wang (4)

(I) CSIRO Plant Industry, Australia, (2) APSRU/QDPI&F, Australia,
(3) The University ofQueensIand, Australia, (4) CIMMYT/CAAS, China
(scott.chapman@csiro.au/ Fax: +61-7-32142920 I Phone: +61-7-32142254)

In most crop breeding programs, the time between the making of a cross and the release

of a new variety from a cross is between 5 and 10 years. Given current climate change scenarios,
there are only two to three cycles of breeding between the present and the time of major impacts
of heat stress on agriculture. Hence there is an urgency to review the diversity of germplasm for
performance in 'future' climates and to determine how to utilize this diversity. With the increased
availability of molecular marker and gene sequence information, a major challenge for plant
breeders is how to incorporate this information to increase genetic gain through improvements in
both crossing and selection decisions. Simulation of breeding programs allows testing and
development of new methods now, i.e. before breeding programs have the data needed to apply
such methods in practice.
In response to climate change, breeders may have to utilize different combinations of

traits to identify useful adaptations. Using climate predictions of future weather patterns,
researchers have begun to use crop simulation models to try to determine what combinations of
traits may be most suitable for 'future' climates, i.e. how much 'phenotypic' diversity will we
need in our parental lines to maintain or increase yields. However, there are many options in
determining how to rapidly move breeding programs toward such new targets for adaptation, i.e.
what are the best design breeding systems that will efficiently combine traits based on both
molecular and phenotypic selection indices.
This paper outlines software applications that have been built around the QU-Gene
genetic simulation platform (http://www.uq.edu.aullcafsiqugene/) with an example to simulate
selection for the response of maize leaf and silk growth to drought and temperature. To use this
system we provide information on the genetic control of different traits (e.g. from QTL
experiments) and generate new genotypes using any breeding and crossing system. The
phenotypes are estimated by a crop simulation model (APSIM) and can be selected using either
phenotypic or molecular-markers. The recent development of the system has integrated genetic
and biophysical simulations in high-throughput computer 'grids' (>4000 pes). This allows us to
compare breeding strategies for current vs future climates for many combinations of traits, genetic
models of trait effects and selection methodologies.
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Modelling Rice Phenotypic Plasticity in Diverse Climates Using
EcoMeristem: Model Evolution and Applications to Rice Improvement
Delphine Luquet, lean-Christophe Soulie, Tanguy Lafarge, Michael Dingkuhn
ClRAD: International Center of Agronontic research for development, France
(luquet@cirad.fr/Fax: +33-467-61-5742/ Phone: +33-467-61-5571)

Climate change and variability (CCV) exposes tropical crops as rice to heat and
drought. Increasing atmospheric CO2 is expected to improve plant transpiration efficiency but
benefits may be more than offset by reduced transpirational cooling and accelerated phenology.
Yield is generally affected by environment effects on morphogenesis, particularly to stress
during reproductive sink capacity determination. Exposure of reproductive processes to heat and
drought, in turn, depends on plant structura1 development and resulting microclimate and water
availability. These highly genotype-dependent interactions make it difficulty to predict CCV
impacts and design adaptations.
An important step is to model this system, particularly interactions between plant
morphogenetic and phenological processes with climate and resources, and resulting
microclimate within the crop stand. Models are needed that consider crop structura1
development at organ level, while providing sufficient phenological and physiological detail to
situate stress sensitive processes within time and canopy. Such a model must be coupled with a
heat balance providing accurate information on soil, floodwater, leaf and panicle temperature.
Key physiological processes would thus become predictable, including:
tillering and tiller maintenance/abortion,
leaf area dynamics including senescence,
spike number dimensioning and adjustments,
stem carbohydrate accumulation and mobilization to grains,
thermal and drought induced spike sterility determined at the sensitive microspore
and anthesis stages or by panicle exertion limitation,
and finally grain filling process.
A new type of functional-structura1 plant models is needed that integrates environment
dynamics within soil-water-plant-atmosphere continuum.
EcoMeristem model was designed to simulate environment and genotype driven
phenotypic plasticity for rice and other cereals. It simulates rice plant morphogenesis at organ,
plant and canopy levels in response to drought and climatic (excluding C02) factors. The key
concept is the feedback of trophic status (source-sink and competition among sinks) on organ
initiation and (pre-)dimensioning processes, through signals to the meristem. A state variable
quantifying internal competition for assimilates constitutes this signal (Ic: supply-demand ratio),
which also governs resource and stress feedbacks on senescence processes. Water deficit is
described by Fraction of Transpirable Soil Water (FTSW) and derived physiological
coefficients. The sensitivity of development vs. trophic feedbacks is set by genotypic
parameters (threshold and slope parameters, e. g. for tillering response to Ic or leaf expansion,
assimilation and transpiration rates to FTSW).
EcoMeristem was developed to
- explore phenotypic plasticity concepts as affected by abiotic factors (drought, T ... ),
- explore ideotype concepts for specific environments, and
- measure heuristically hidden (process based) traits/parameters within phenotyping
context.
A new objective is to study rice varietal response to CCV (CIRAD, NIAES, IRRI, WUR
collaboration). EcoMeristem was therefore recently linked with 3D visualization tool
(OpenAJea), opening the way to spatial micrometeorological computations within the canopy.
Further model developments are needed:
- Completing the model for all developmental stages,
- Extending the water balance to flooded and mixed flooded/aerobic systems,
- Introducing C02 effects on plant gas exchange,
- Introducing a stratified heat balance for the soil-water-plant-atmosphere continuum.
This paper presents the current state of model development and applications, and
future improvements for research on rice crop adaptation to CCV.
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Phenology Modelling in ORYZA2000: Issues and Prospects
PAl. van Oort and H. Meinke
Centre for Crop Systems Analysis, Department of Plant Sciences, Wageningen University
P.O. Box 430,6700 AK Wageningen, The Netherlands
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We review the current state of phenology modeling in the ORYZA2000 crop growth
simulation model, possible improvements and consequences of poor mechanistic description of
phenology. Zhang (2008) studied thermal time accumulation requirement to maturity for a
single rice variety grown on a single location in a 20 years time series. The study concluded (1)
thermal time accumulation requirement is not constant but increasing over time and (2) this
outcome severely limits the accuracy of climate impact assessments done with models like
ORYZA2000. The first conclusion may not be true. Ignoring specific processes affecting
development would lead to the wrong conclusion that thermal time requirement is not constant.
It calls for more accurate and mechanistic modeling of phenology. Currently the ORYZA model

describes phenological development as a function of photoperiod sensitivity (a photoperiod
sensitive phase within the juvenile phase) and thermal time accumulation; it includes delay in
development due to transplanting shock and delay in development before flowering in case of
drought stress. Along with the ORYZA model comes a program for calibrating development
rates. This program is not consistent with the model - it calculates rates from thermal time,
taking into account temperature shock but not photoperiod. Hence any calibrated development
rates will be wrong in case of photoperiod sensitive varieties and in case of experimental set-ups
in which the crop was stressed. In this paper we consider options for further improving
phenology modeling in ORYZA. We discuss this from the point of data needs and modeling
needs. In particular, we discuss: (1) are we using the right temperature; (2) including
photoperiod sensitivity in calibration (3) stress and effect on development and (4) alternatives to
the bilinear function for calculating thermal time accumulation. The work presented is part of an
emerging research agenda on designing climate robust rice-based cropping systems.

-75-

Canopy Micrometeorological Model for Climate Change Impact Study
Mayumi Yoshimoto (1), TsutomuMatsui (2), Kazuhiro Kobayasi (3), Hiroshi Nakagawa (4),
Minehiko Fukuoka (1), Tosbibiro Hasegawa (1)
(1) National Institute for Agro-Environmentai Sciences, Japan, (2) Gifu University, Japan,
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Projected global warming is expected to increase the occurrence of heat-induced spikelet
sterility (HISS) of rice (Oryza sativa L.). Previous chamber experiments have shown that HISS
can occur where temperature at the flowering time exceeds the threshold temperature of around
35°C (Kim et al., 2001). In fact, severe rice HISS occurred in the Yangtze Valley of China during
the summer of 2003 (Wang et al., 2004). While, no serious yield losses have been reported in
Australia where the daily maximum temperature sometimes reaches over 40°C during the rice
flowering season (Angus 1997). One of the reasons of the inconsistency is expected as heat
avoidance by the evaporative cooling of rice panicle/canopy evapotranspiration. However, organ
temperature such as panicle by evaporative cooling and plant heat balance has not been quantified
among various climatic conditions so far.
A heat balance model was developed to simulate panicle temperature under field
condition. The model includes two sub-models: First is canopy microclimate sub-model, which
estimates canopy (leaf) temperature, water temperature, and air temperature and humidity inside
canopy by solving the heat balance between the atmosphere and canopy. Second is the panicle
temperature sub-model, which calculates panicle temperature from the heat and radiation budgets
of panicle in the canopy microclimate. The model was parameterized by observation data of
micrometeorology and evapotranspiration conductance at paddy rice fields, and validated using
panicle temperature measured by very thin thermocouples and infrared thermometer.
We applied the model to micrometeorological measurement data in irrigated rice paddy
fields in the middle Yangtze Valley, China, in 2006. Daily maximum air temperature was 35°C
and panicle temperature was estimated as 38 DC, higher by about 3 °C than the air temperature
above canopy. This attributed to the high humidity (daily minimum 67%) and low wind speed
(less than I mls in average), which retarded evapotranspiration and canopy/panicle temperatures
were easy to elevate. While, the air temperature above canopy in Reverina, Australia reached
42°C in summer 2005. When applied the model, daily panicle temperature was estimated as 32 to
35 DC, which was lower by 3 to 7 °C than daily air temperature. This attributed to the extremely
low humidity (15 to 40%) and high wind speed (2 to 4 mls), which stimulated evaporative cooling
by canopy and panicle evapotranspiration. It is suggested that extremely dry and windy climatic
condition in Reverina, Australia should be the key factor for stable rice production under
extremely hot environment during flowering season.
This analysis strongly suggests that we must use the panicle temperature instead of the
air temperature, as a measure variable for the climate change impact study especially on rice
sterility. So many chamber and field experiments addressed to the rice sterility-temperature issues
have been conducted and plenty of precious data have been accumulated at various climatic zones
in the world. Those data can be analyzed on an equal footing with each other, using the panicle
temperature instead of the air temperature by canopy micrometeorological model.
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Evaluating the Effect of Uncertainty in the Climate Scenario on Future
Prediction of Rice Production in Asia
Shinji Sawano (1), Toshihiro Hasegawa (1), Tsuneo Kuwagata (1),
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Rice (Oryza sativa L.) is the most vital food crop in Asia, where is the world's most
populous region, and is produced under different agro-ecosystems. Climate change such as
global warming will have significant impacts on rice production, but those impacts can be
different under different agro-ecosystems. The world rice production increased nearly 4-fold
during the 20th century as a result of technological improvements in management practices,
breeding and agrochemical uses. Meanwhile, heavier use of agro-chemicals has apparently
increased the environmental load from rice agriculture. A comprehensive assessment of the
impacts of climate change on rice production needs to design the future crop production to keep
up with the increasing demand with keeping environmental quality under changing climates.
For this purpose, we have developed a system that integrates crop production, water and N flow
as affected by the climatic conditions at a regional scale. Future climate scenarios projected by
general circulation models (GeMs) is, although, used for the impact assessment studies, GeMs
has large uncertainties due to initial condition, process/parameter and emission scenario
uncertainty. Considering these uncertainties is important for the impact assessment of climate
change using future climate scenario based on GeMs. In this present study, we tried to
determine the effects of uncertainties in the climate scenarios on crop production due to the
future climate scenario uncertainties. We used climate scenarios from the World Climate
Research Programme's Coupled Model Intercomparison Project phase 3 (CMJP3). We ran the
rice model at 26 different sites using climate scenarios based on 10GeMs, which had climatic
data required for the rice model. The target period was 1990-1999,2020-2029 and 2040-2049.
The change in climatic resources such as air temperature and solar radiation differed largely
between GeMs, which resulted in a large range of yield prediction. The yield reduction was
projected larger under climatic scenarios where the increase in both air temperature and solar
was larger, despite the latter factor having a positive effect on crop yield. This may suggest that
yield reduction may be larger than the current prediction if air temperature rises without
noticeable increase in solar radiation.
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Recent Monsoon Rainfall Dynamics and Productivity of Basmati Rice
in Baryana State of India
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The regional approach to climate change/variability is indeed a quest to assess
regional vulnerability, based on which sustainable development particularly under monsoon
variability in semi-arid tropics. For a country as vast as India, with inherent spatial variability of
monsoon rainfall, there would always be some areas of deficient rains even in the best monsoon
years. Such climatic variability poses a serious threat to every part of the world especially
monsoonal regions of Asia including India facing the challenge of ensuring food and nutritional
security to the growing population. India contributes about one-third of the world acreage under
rice. The food security of India and other countries in South Asia is, however, now at risk due to
continuously increasing population and anticipated climatic change. By 2050, India's population
is expected to grow to 1.6 billion people from the current level of 1.1 billion. A large proportion
of this increase will be in the Indo-Gangetic plains of NW Indian states including Haryana.
Although the world as a whole may have sufficient food for everyone, it would need to be
produced in the region itself due to socio-economic and political compulsions. The cereal
requirement of India by 2020 will be between 257 to 296 million tons depending on income.
The demand for rice, the predominant staple food, is expected to increase to 122 million tons.
Rice is available in over 5000 varieties, of which Basmati rice occupies a prime position on
account of its extra long superfine slender grains, pleasant, exquisite aroma, fine cooking quality,
sweet taste, soft texture, length-wise elongation with least breadth-wise swelling on cooking and
tenderness of cooked rice. The monsoon rainfall dynamics and its impact evaluation on
productivity of basmati rice in Haryana during 1995-2007 were analyzed. While assessing the
monsoon dynamics, about 69 % monsoon seasons received below average rainfall (600 mm) in
the rice growing areas. About 46 % growing seasons recorded above average productivity (19.2
q/ha) of scented/basmati rice in Haryana owing to well distributed rainfall and assured irrigation
facilities in basmati rice growing areas. In the growing season of 1998, the state of Haryana
recorded lowest productivity (14.2 q/ha) despite of high rainfall of913 mm owing to its erratic
distribution and increased insect-pest infestation. The gradual increase in environmental
degradation in intensive cropping systems is further compounding the problem of yield decline
in basmati rice. There is now a great concern about decline in soil fertility, change in water table
depth, rising salinity, resistance of harmful organisms to many pesticides and degradation of
irrigation water quality in the region. Therefore, it is imperative to protect rice growing
environments and estimate the magnitode of potential yields of basmati rice in Haryana state
sitoated in Indo-Gangetic plains considering the spatial and temporal variation in monsoon
rainfall and other climatic features and available agricultora1 technology so as to meet the global
demand of aromatic rice.

-79-

Identifying Heat-tolerant Rice Genebank Accessions
Edilberto D. Redoiia (1), Marcelino A Laza (1) (3), Sheryl N. Sierra (1), Oliver E. Manangkil (2), and
Wilhelmina V. Barroga (2)
(1) Plant Breeding, Geoetics, and Biotechnology Division, International Rice Research Institute (IRRI),
DAPO Box 7777, Metro Manila, Philippines. (2) Plant Breeding and Biotechnology Division,
Philippine Rice Research Institute (PbilRice), Science City of Muiioz, Nueva Ecija, Philippines,
(3) Presenting author.
(m.laza@cgiar.org/Fax: +63(2) 580-5699 / Phone: (049) 536-2701 ext. 2286)

Global warming is a threat to the world's rice production. High temperature (>35°C)
during flowering induces grain sterility which in tum reduces rice yield. At the moment, very
few donors of heat stress tolerance are known from the rice germplasm collection stored at the
IRRI Genebank. So far, N22 has been identified as the most heat-tolerant accession. As part of
the IRRI's initiative to develop improved breeding lines tolerant to high temperature, studies
were conducted to identifY more genetic donors of the heat tolerance trait from the IRRI
Genebank and ultimately provide information and seeds of these accessions to breeders
worldwide thru the International Network for Genetic Evaluation of Rice (INGER;
http://seeds.irri.org/ingeri). A series of trials were conducted using a set of 455 IRRI Genebank
accessions coming from 'hot' countries (pakistan, India, Afghanistan, Iran, and Iraq). In the
2008 dry season (OS), all the entries were planted in single and unreplicated 5-meter rows. The
materials were grouped according to their flowering duration and staggered seeding of the
entries was done to have their flowering coincide with the hottest period at IRRI (mid April mid May). The time of anthesis of the materials was recorded and the best 200 accessions with
the least grain sterilities were selected. In 2008 wet season (WS), the best 200 selections were
further tested under controlled phytotron conditions using 38/21°C day/night temperature and
75/85% day/night relative humidity (RH) settings. Pollen and grain sterilities were recorded and
the 28 best accessions with the least grain sterilities were selected. In 2009 DS, another field
trial involving these 28 accessions along with 12 new promising germplasm were conducted in
two sites in the Philippines: IRRI, Los Bail.os and PhilRice Nueva Ecija. Based on historical
weather data, the temperature in Nueva Ecija is hotter than that in Los Bail.os during mid-April
to mid-May. In this trial, some of the best entries that were equal or better than N22 for traits
like grain sterility, pollen sterility, early time of day anthesis, and grain yield were Darbari
Roodbar (IRGC Acc. 66238), Larome (IRGC Acc. 32312), and Mulai (IRGC Acc. 32315).
Other entries were equal to or better than N22 in some but not all traits. Genotyping of all
promising germplasm with SSR markers and crossing of the selected accessions with megavarieties are on-going. Breeding lines produced from these crosses will be tested in high
temperature conditions both in the field and the phytotron.
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For crop scientists, the biggest challenge is to increase crop production in the future.
The increase in global temperature will decrease crop productivity per acreage, thereby
increasing demand for global food production. Moreover, as a result of global warming, the
nighttime temperatures are predicted to increase more than the daytime temperatures and have
been implicated in lowering yields throughout the world. The presence of seasonally high
nighttime temperatures (HNT) in the rice growing areas, occurring during the critical stages of
development, could reduce rice yield and quality. The objective of this study was to determine
the effects of HNT and plant growth regulators (vitamin E, glycine betaine [GB], salicylic acid
[SA]) on growth, development and physiology of rice plants.
Plants were grown under ambient nighttime temperature (ANT) (27°C) and HNT (32
°C) in the greenhouse. They were subjected to a HNT through use of continuously controlled
infrared heaters. Nighttime temperatures were imposed from 2000h until 0600h. Net
photosynthesis (p,,) of the penultimate leaves from three plants in each treatment was measured
between 1000 h and 1200 h using a LI-6400 portable photosynthetic system (LI-COR Inc.,
Lincoln, Nebraska, USA) at pre-boot, boot, early grain-fill and mid-dough stages. Respiration
rates were measured on the penultimate leaves between 2400 h and 0200 h using a LI-6400 at
boot, early grain-fill and mid-dough stages. Membrane stability was determined at boot stage,
and total antioxidant capacity was determined using DPPH (2,2-diphenyl-I-picryJhydrazyl)
assay at boot and mid-dough stages. Spikelet fertility was defined as the ratio of filled grains to
total number of grains in the panicle. Grain length and width of brown (dehulled) rice were
determined using a Winseedle, which uses image analysis of scanned color images of the grain
to calculate these parameters. Grain nitrogen concentration was measured using a FP-528
Nitrogen/Protein analyzer.
The results indicated no effects of HNT on photosynthesis; however, HNT increased
respiration rates and grain nitrogen concentration, and decreased membrane stability, pollen
germination, spikelet fertility, grain length, width, and weight. In addition, HNT hastened the
crop development rate, as indicated by the dates of panicle emergence. All the above parameters
contributed towards decreased rice yields under HNT. Rice plants treated with GB or SA
showed an increase in total antioxidant capacity and yield compared to untreated plants, when
grown under ANT and HNT. In conclusion, HNT decreased rice yields and exogenous
application of glycine betaine and salicylic acid partially negated the negative effects of HNT
possibly acting through increased antioxidant levels, which might have protected the
membranes and enzymes against heat-induced ROS-mediated degradation.
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We proposed a model determining the cropping calendar on rice cultivation in the
Mekong River Delta, Vietnam (MRD) to investigate the environmental change impacts. In
MRD, multiple rice cropping have been conducted under adverse water conditions such as
flooding, salinity intrusion and irregular monsoon rains. The environment changes brings about
changes in cropping calendar in terms of the duration of growing season and the number of
cropping, resulting in changes of total harvested area In this context, modeling the dynamic
nature of rice cropping calendar in MRD is essential for evaluating rice productivity as well as
water demand in the region under the current and the future environmental conditions. The
model includes sub-models describing hydrological process in MRD, water budget in a paddy,
rice growth and the crop management. The cropping calendar, that is the schedule of cultivation,
is determined by crop management and rice growth statns with the available water resources at
daily time step provided by the sub-models. Particularly, for setting of starting time of a
cultivation period, the model account for both the maximum land use and the minimum risk on
harvest with the current environmental condition as well as the successful experiences of the
cropping in the historical condition. The parameters of the decision criteria in the crop
management in this model were given by empirical values according to the result of field survey
in MRD. To validate the model performance, we compared the model estimation with the
observation, which is derived from satellite imageries data (MODIS 8-days composite), with
respect to the date of heading and time changes of leaf area index of rice plant for 10 selected
sites during a period of 2002 to 2006. The estimations of the model agreed well with the
observations except for the cases in the middle part of MRD where year-round irrigation is
available due to free from flooding and salinity intrusion. Based on the model, we examined the
impacts of changes in river water conditions on cropping calendars in MRD, assuming the
actual statns of water environments in 1998 (severe salinity intrusion occurred) and 2000
(severe flooding occurred). We further applied climate a change scenario projected by a Global
Climate Model (MlROC high resolution version) under SRES AlB GHG emission scenario.
The results elucidated the spatial changes of cropping calendar as well as vulnerable areas under
future climate change by 2030.
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Rice production and quality will be strongly influenced by global warming and
climate variability in the near future. In order to predict the effects of these changes on rice
production and perform risk assessments of rice production changes under future climate
scenarios, we need to examine the impacts of recent climate variability on rice production. We
have developed a crop-meteorological database (MeteoCrop DB) for this purpose. The database
has two unique characteristics; first it contains daily agro-meteorological elements, some of
which are not routinely observed in Japan. Second, the database includes a
micro-meteorological model of crop canopy and a rice growth model.
The crop-meteorological database contains daily meteorological data for 1980 to 2008
from Automated Meteorological Data Acquisition System (AMeDAS) stations (about 850 sites)
and for 1961 to 2008 from surface meteorological stations (156 sites). These stations cover the
whole of Japan and are the main components of the observation network of the Japan
Meteorological Agency (JMA). The daily meteorological information in the database consists of
both basic meteorological elements (including air temperature, wind speed, and precipitation)
and specific agro-meteorological elements (solar radiation, humidity, downward longwave
radiation, FAD-56 reference evapotranspiration, and potential evaporation). Although the
agro-meteorological elements are important for clarifYing the relationships between
meteorological conditions and crop production, they are not observed at AMeDAS stations. We
can successfully estimate those at each AMeDAS station from measured sunshine duration and
the data at neighboring surface meteorological stations. Soil type at each AMeDAS station is
also included in the database. The daily meteorological data at any AMeDAS (or surface
meteorological) station, which are formatted as MS Excel 2003 (or CSV text) files, can be
downloaded easily by selecting the point representing the station on Google Map.
Both the micro-meteorological model of crop canopy and the rice growth model are
coupled with the database. By applying these two models to the meteorological data at any
stations we can easily evaluate the daily mean water temperature in a rice paddy during the
growth period, the diumal variation in rice panicle temperature during the flowering period, and
the growth stage (heading date) in the main rice cultivar (Koshihikari). We have already
validated the performance of each model by using several experimental data sets. Water
temperature in the rice paddy is one of the most important factors affecting growth and yield of
rice, and it can be input to a rice growth model. We have also found that rice panicle
temperature during flowering is the most important agro-meteorological factor in heat-induced
spikelet sterility of rice.
The crop-meteorological database can be used on a web site (in Japanese only,
http://MeteoCrop.dc.affrc.gojp). We will show the application of the database to the effects of
recent extreme weather on rice production in Japan.
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The predicted increases in global atmospheric temperatures are likely threats to rice
productivity. In order to help develop better genotypes and crop management strategies to sustain
the continuously increasing demand for rice, deeper understanding of the growth and
physiological responses under increased temperature and other related climatic conditions is
needed. This study aims to evaluate the response of 18 rice genotypes from Japonica, Tropical
Japonica, Indica, Aus/Japonica and Glaberima/Japonica germplasm group with a wide range of
high temperature response. Seeds were direct-sown and grown in pots under continuous day/night
temperatures of 25°C, 28°C, 31°C and 34°C under naturally-lit chambers in Yanco (11.5 MJ m-2 dI) and in artificially-lit chambers in Wagga Wagga (7.8 MJ m2- ld-\ New South Wales, Australia..
Growth was poor (6.9 g/pl) at Wagga Wagga under artificial light at all temperatures, so those
results were not considered further. In contrast, individual plant dry weight at 72 DAS at Yanco
decreased from 27.1 g/pl at 25°C to 14.66 g/pl at 34°C under natural light (11.5 MJ m2-l dI). Vandana had high, Takanari had intermediate and Akihikari had low dry weight at all

temperatures. Contrary to expectation, N22 had reduced dry weight at high temperature while
IR72 and especially IR64 retained or even increased dry weight at high temperature. The response
of the individual genotypes to climatic conditions inside the growth rooms was quite wide, but
discrimination between the climatic factors and their effect on plant growth could not be achieved
in the facilities exploited here. A more intensive characterization of the responses in well
controlled environments is needed to better identify and discriminate the mechanisms for
adaptation to elevated temperature.
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The vapor pressure deficit (VPD) can affect rice growth by affecting water status of the
plants and/or thermal conditions of leaves or the canopy. Rice responses to increasing
temperatures may also be altered by changes in VPD. We are currently conducting a series of
experiments to determine the interactive effects of temperature and VPD on rice growth, but we
need to examine genotypic variation in growth responses to VPD to better understand the
interaction and it implication for adaptation to climate change. This study aims to determine the
genotypic variability in responses to VPD using four varieties that showed different temperature
responses in our previous study. We used two naturally-sunlit growth chambers (Climatron) of
NIAES, Tsukuba, Japan, setting day/night temperature at 32/22DC for both chambers but different
relative humidity (RH) levels; one at 80% (Low VPD9l.74 KPa) and the other at 50% (High
VPIY=1.84 KPa). Seedlings of Akihikari, IR64, N22 and Takanari were grown outside until 21
days after sowing (DAS), then moved to the chambers and allowed to grow for 30 days. Growth
and physiological responses were determined during the treatment period. Leaf temperature (Tl)
measured under the mid-day cloudless conditions at 45 DAS with infra-red thermometers
(Konica-Minolta, TA-0510) was significantly higher in low VPD than in high VPD (P<O.OOI), but
the difference in Tl between the treatments was larger in Akihikari and N22 (3 DC) than in IR64
and Takanari (1.4 ·C), resulting in a highly significant interaction between genotype and VPD
(P<O.OOI). Interestingly, genotypic variation in Tl was small under high VPD, but was noted in
low VPD. The reason for the VPD x genotype interaction was not clear, but this suggests that
under humid conditions, Tl of Akihikari and N22 may become higher than that of other varieties
even under the same air temperature. VPD also had significant effects on growth parameters: the
high VPD treatment significantly enhanced tiller production (P<O.OOI) without significant
interaction with genotypes. On the other hand, leaf area and plant height were significantly
reduced by high VPD (P<O.OOI), but this effect appeared different between genotypes. The
reduction in the leaf area was about 50 % in Akihikari and N22 but was about 30% in IR64 and
Takanari, resulting in a significant VPD x genotype interaction (P<O.OOI). A similar interaction
was observed for plant height and specific leaf area We are currently determining associations
amongst growth and physiological parameters observed under different VPD conditions. In the
meantime, a series of experiments are on-going to determine the combined effects of temperature
and VPD on growth of these contrasting genotypes.
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Global climate change will have profound effects on rice production and the livelihood of
rice farmers. Rising air temperature or more frequent occurrence of extreme heat or drought
brought about by shifts in weather pattems may increase crop yield losses. The 41h Intergovernmental Panel for Climate Change Assessment Report showed that minimum temperature
increased about twice as maximum temperature over global land areas since 1950 (0.204 vs. 0.141
per decade). Earlier findings at 1RR1 showed that high night temperature (lINT) accounted for the
year-to-year variation in rice grain yield. Lesser vegetative growth is one of the major reasons for
the limited grain yield under HNT. However, the mechanism of lINT effect during the vegetative
stage has not been fully understood. Using controlled-environment growth chambers, we
conducted pot experiments to determine the responses of three genotypes to the lINT treatment
imposed during the vegetative stage. We used three rice cultivars: Nipponbare Gaponica), and
1R36 and 1R72 (indica), which were grown in 5-L pots at 30/21 °C (LNT) and 30/25°C (lINT)
day/night temperatures. We measured photosynthesis, night respiration rates, and plant growth
parameters at the end of the vegetative growth period. The lINT treatment increased leaf area by
3-16% and total biomass of genotypes, except for 1R36, where a 9% reduction in total biomass
was observed. Plants grown at lINT had thinner leaves as shown by higher specific leaf area,
which increased by 3-6%. SPAD values, which are estimates of the leaf chlorophyll content
decreased by 2-4% at lINT. Across genotypes, whole plant dark respiration increased with lINT
by an average of 20 %, but there were noted differences among varieties. The increase in
respiration was higher in both 1R36 and 1R72 and not remarkable in Nipponbare. The specific dark
respiration (dark respiration divided by dry weight) showed a modest response to lINT (by an
average of 14%), compared to the whole plant respiration, suggesting that the increase in biomass
in part accounts for the lINT effect on dark respiration. Photosynthetic rate measured under
photosynthetically active radiation of 1800 !1IIlol m-2 .-' was not significantly affected by the lINT
treatment in all the genotypes tested, despite the generally lower SPAD readings under lINT.
These preliminary results showed that lINT enhanced vegetative growth of rice plants mainly by
promoting leaf development, which was quite different from previous field observations.
Experiments are still on-going to determine the after-effects of lINT and its effects on spikelet
formation and degeneration during the reproductive growth period.
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A pot experiment was conducted to investigate microbial biomass in a sandy paddy soil as
influenced by rice cultivars and atmospheric CO2 elevation. The experiment with two CO2 levels,
370 ).ILL-' (ambient) and 570 ).ILL-' (elevated), was performed in a climatron, located at the Natioual
Institute for Agro-Environmentai Sciences, Tsukuba, Japan. Four rice cultivars were tested in this
experiment, including IR.65598, IR.72, Dular and Koshihikari. Tiller number, root length and grain
yield were clearly larger under elevated CO2 thao under ambient CO2 . IR.72 and Dular showed
significantly higher tiller number, root length and grain yield thao Koshihikari and IR.65598. Soil
microbial biomass C under elevated CO2 were also significantly larger by 18.9--25.2% thao those
under ambient CO2 , and varied with the cultivars in the sequence IR.72 > Dular > IR.65598 >
Koshihikari. Average daily ClI., (methaoe) fluxes under elevated CO2 were significantly larger by
10.9-23.8% thao those under ambient CO2 , and varied with the cultivars in the sequence Dular >
IR.72 > IR.65598 > Koshihikari. Dissolved organic C (DOC) content in the soil was obviously higher
under elevated C02 thao under ambient CO2 and differed among the cultivars, in the sequence IR.72

> Dular > Koshihikari > IR.65598. The differences in average daily CH4 fluxes between CO2 levels
and among the cultivars were related to different root exudation as DOC content, root length and
tiller number. This study indicated that Koshihikari should be a potential cultivar for mitigating ClI.,
emission and simultaneously keeping stable grain yield, because this cultivar emitted lowest ClI.,
emission and produced medium grain yield.
Another experiment was conducted by using FACE riug soil in Shizukuishi paddy field, as
described elsewhere, to test the effect of elevated water temperature on soil microbial biomass and
their activities. Dehydrogenase activity, soil microbial biomass C and DOC had no significant
difference between elevated and ambient temperature, though significantly higher in surface soil

thao sub-surface soil.

ClI., production activity was increased by elevated temperature, but no effect
on ClI., oxidation activity. These results indicated that elevated temperature may affect soil

microbial processes in different ways.
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A process-based biogeochemistry model, DNDC-Rice, has been constructed aimed at
simulating rice growth and Cli, emissions from rice fields under changing climate, i. e., elevated
atmospheric CO2 concentration and temperature. It simulates the effects of elevated CO2 on rice
growth by the

~- factor

approach, where it approximates enhancement of photosynthetic rate

under elevated CO2 by a single adjustable coefficient. It also simulates leaf area development of
rice depending on the air and floodwater temperature as well as the N availability. Rice growth
and Cli, emission are linked together through rhizodeposition rate and rice plant's conductance
for Cli, emission, which are assumed proportional to the root biomass and the tiller density,
respectively.
DNDC-Rice model was validated using a five-year record of rice growth parameters,
as well as a three-year record of Cli, emissions, from the free-air CO2 enrichment (FACE)
experiment on a rice field at Shiznkuishi in northern Japan. In that experiment, two levels of
atmospheric CO2 (ambient, and 200 ppm above the ambient) were imposed on the rice plants.
As the average acroSS the five or three years of observation, elevated CO2 enhanced the final
above-ground biomass by II %, and the seasonal Cli, emission by 26%. Present model was able
to predict the fina1 above-ground biomass for every year, for both the elevated and ambient CO2
treatments. It also gave a reasonable prediction for Cli, emissions from the rice field under
ambient CO2 . For the rice field under elevated CO2, however, it obviously underestimated
enhancement of Cli, emission under elevated CO2 . The underestimation of Cli, emission under
elevated CO2 was partly attributed to the fact that the model also underestimated the root
biomass under elevated CO2 , as rhizodeposition was supposed to be the major carbon source for
Cli, production in the soil. In addition, another independent research (Cheng et al., 2008)
suggested that elevated CO2 also stimulates rhizodeposition rate per unit root biomass as well as
the conductance for Cli, emission per rice tiller. These are probably another mechanisms for
elevated CO2 environment to enhance Cli, emission from rice fields, which are not yet
accounted for in present model.
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Northeast Thailand is the major rice production region where the most of rice is
cultivated in a rainfed lowland paddy without irrigation facilities. Therefore the rice production
is highly influenced by a fluctuation of climatic conditions, especially by spatiotemporal
versatilities of precipitation. We developed a simple hydrological model that not only simulates
large-scale hydrological process, but also provides the fractional saturated area within each unit
cell of the model; aiming to evaluate surface water conditions and rice productivity in rainfed
lowland paddy in Northeast Thailand. The concept of TOPMODEL which can represent spatial
heterogeneity of soil moisture and groundwater level on sub-grid scale through the effect of
topographic features was used for reproducing the variation of saturated area fraction. The
model was implemented during from 1977 to 2006 using gridded daily meteorological data
which were created by spatially interpolating the observed data. Simulation results confirmed
that large saturated areas occurred in areas where accumulated precipitation was high and water
tended to concentrate in topographically low areas such as valleys and basins, which is a
relevant feature of water condition. The time series of saturated area calculated from the model
was compared with the observed rice-planted area in Northeast Thailand. We found that the
saturated area in mid-August was highly correlated with rice-planted area, implying that
rice-planted area could be estimated appropriately from the simulated water-saturated area at
this time. This result also suggests that transplanting of rice in this region must be finished by
the end of August, because the photoperiod-sensitive rice cultivars used will be immature at the
time of flowering and heading if planted later than August.
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Sri Lanka is vulnerable to climate change. As in other countries, its impacts are visible
in human health, agriculture, water, ecosystems, wildlife, sea-level rise and extreme weather
conditions. This paper reviews the current situation on vulnerability to climatic change in relation
to the agricultural sector of the country. Agro ecological map which was developed in 1975 has
been revised in 2003. This indicates the serious uses of the issues. Countries staple crop
production has been continuously affected due to drought, floods, temperature rise, and sea water
intrusion etc. Other important plantation crops such as tea, rubber and coconut, and other export
agricultural crops such as cinnamon, pepper, cloves and cardamom etc. will have positive or
negative consequences due to climatic change. Other subsidiary food crops also may have
affected. Possible increased frequencies of these climatic changes decline agricultural productions,
decreases in real incomes as current food prices go up. Rural sector paddy fanners have shifted
from farming, resulted about 63% of their mean household income is coming from nonagricultural activities. As a consequences of all these impacts country has faced a food scarcity,
decrease in real incomes as food prices go up rapidly. For the small marginal farmer,
vulnerability to climatic change can mean indebtedness, loss of land etc. Impacts on women
fanners will be adversely affected because of their traditional role as collectors of water, fodder
and fuel.
As adaptation strategies following steps can be suggested. Efficient water management
in farming situations, use of micro irrigation systems, rehabilitation of large, medium and small
water tanks, streams and dams, recycling of waste water if usable, follow soil and water
conservation techniques, recommendation of crop by agro climatic zones, breeding of new
varieties resistant to drought, pest and diseases, salinity, high temperature, and introduce shortage varieties, launch awareness programmes and reinforce environmental laws and regulations to
the maximum level. ( 308 words)

-90-

