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Abstract We assessed the potential impact of climate change on the yield of rainfed rice in
the lower Mekong Basin and evaluated some adaptation options, using a crop growth
simulation model. Future climate projections are based on IPCC SRES A2 and B2 scenarios
as simulated by ECHAM4 global climate model downscaled for the Mekong Basin using the
PRECIS system. We divided the basin into 14 agro-climatic zones and selected a sub-
catchment within each zone for the model and assessed the impact for the period of
2010-2030 and 2030-2050. In general, the results suggest that yield of rainfed rice may
increase significantly in the upper part of the basin in Laos and Thailand and may decrease in
the lower part of the basin in Cambodia and Vietnam. The increase is higher during
2030-2050 compared to the period of 2010-2030 for A2 scenario. For B2 scenario, yield
increase is higher during 2010-2030. The impact is mainly due to the change in rainfall and
CO, concentration in the atmosphere. We have tested widely used adaptation options such
as changing planting date, supplementary irrigation, and reduction in fertility stress and
found that negative impact on yield can be offset and net increase in yield can be achieved.

Keywords Climate change - Adaptation - Rainfed rice - Mekong Basin - AquaCrop

1 Introduction

Rice is the world’s most important food crop, serving as a staple food for about half of the
world’s population (Sawano et al. 2008). The demand for rice is expected to increase with
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population growth. The rising temperatures and carbon dioxide and uncertainties in rainfall
associated with climate change may have serious direct and indirect consequences on rice
production and hence on food security (Aggarwal and Mall 2002; Gerardeaux et al. 2012;
lizumi et al. 2011; Jalota et al. 2012). In Southeast Asia, sustainability of rice is of great
concern from the viewpoint of food security of the ever-increasing population and live-
lihood of farmers (Jalota et al. 2012). Thus, rice cultivation faces greatly increased
demands for food on the one hand due to population increase and threats to production due
to climate change on the other. Against this backdrop, we examined the potential impact of
climate change on the yield of rainfed rice in the lower Mekong Basin (LMB) and eval-
uated options for adaptations.

The LMB, comprising parts of Laos, Thailand, Cambodia, and Vietnam, is one of the
most dynamic, productive, and diverse river basins in the world (Fig. 1). It is home to 67
million inhabitants (UN Population Division 2006) most of who are rural poor with
livelihoods directly dependent on the agricultural production, which is dominated by rice
(MRC 2010). Rainfed rice, grown in the wet season (May—October), produces more than
90 % of the total annual rice production of the basin, covers more than 85 % of annual
total rice harvested area and more than 75 % of total annual crop (rice and other crops)
harvested area (Mainuddin and Kirby 2009a, b). Thailand and Vietnam are two of the
world’s top five rice-exporting countries in the world and responsible for about 51 % of
world total rice exports in 2008 (FAOSTAT 2008). Most of the export comes from the
areas of these countries within the LMB (Mainuddin and Kirby 2009a, b). Therefore,
vulnerability of the rainfed rice production system in the LMB to the change in climate will
have severe impacts on food security and livelihood of the riparian countries and also on
the world rice market and food supply.

Extensive studies have projected the potential impacts of future climate change on rice
productivity on the basis of crop models with climate change scenarios derived from general
circulation models (GCMs) to assess the climate risks in global and regional scales
(Auffhammer et al. 2012; Bhatia et al. 2010; Gerardeaux et al. 2012; lizumi et al. 2007, 2008,
2011; Jalota et al. 2012; Tao et al. 2008). Despite being one of the major rice production
regions in the world, studies on the impact of climate change on rice of the Mekong Basin are
very limited. Matthews et al. (1995, 1997) simulated potential rice yield in South and
Southeast Asian countries including Thailand using two crop simulation models. However,
the studies were at the regional level (for Asia) and included only Thailand among the riparian
countries of the LMB. Sawano et al. (2008), Hasegawa et al. (2008), and Toritani et al. (2007)
developed models and demonstrated the potential of these models as a tool to assess the
regional impact of climate change on rice. However, none of these used generated climatic
data for future to assess the potential impact and adaptation. Chinvanno and Snidvongs (2005)
and SEA START RC (2006) simulated the yield of rice by MRB rice shell using simulated
weather data from the CCAM climate model in a few locations in Laos and northeast Thailand
but they did not study adaptations. The study by Eastham et al. (2008) is comprehensive in
terms of climatic data used and its spatial extent but the impact assessment was done using
FAO crop—water production functions which did not take into account the impact of tem-
perature and CO, directly on plant growth. Nhan et al. (2011) studied the impact of weather
variability on rice and aquaculture production in the Mekong Delta in Vietnam using sta-
tistical data of 1990-2008. They did not study the impact considering future scenarios. In this
study, we analyzed the inter-annual change in the yield of rainfed rice associated with inter-
annual climatic variability using a crop growth model. We also evaluated some widely used
adaptation options. Information on the impact of climate change on rice yield is important for
planning and policy of food security and national development strategies.
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Fig. 1 Zoning of the lower basin based on spatial average provincial rainfall. Number shown inside a
polygon is the province id. Provinces /-8 (zones L1-L3) are in Laos, /940 (zones T1-T4) are in
Thailand, 47/-60 (zones C1-C4) are in Cambodia, 6/—64 (zone V1) are in Central Highlands of Vietnam,
and 65-76 (zones V2 and V3) are in the Mekong Delta of Vietnam. White polygon represents the selected
case study districts. Inset map shows the location of the whole Mekong Basin

2 Materials and methods
2.1 Study sites, soil, and observed yield

Data of agricultural production are available at the provincial level. We divided the 76
provinces within the basin into 14 agro-climatic zones using spatial average provincial
rainfall. As shown in Fig. 1, there are three zones in Laos, four each in Thailand and
Cambodia, and three in Vietnam (two in the Mekong Delta and one in Central Highlands).
For hydrological modelling within the Mekong river commission’s decision support
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framework (MRC-DSF), the basin is divided into 700 sub-catchments of varying size
covering the LMB’s 76 administrative provinces (some partly). One sub-catchment within
each agro-climatic zone was selected to represent that zone (Fig. 1).

Provincial time series data of planted and harvested area and yield of rainfed rice were
obtained from the official statistical Web sites of the riparian countries. General crop
planting time and growing periods were based on the cropping pattern used by the MRC
(Nesbitt 2005). Soil-related information required for modelling was taken from the soil
classification map with physical and hydraulic properties for the whole basin used in
SWAT model of the MRC-DSF (Halcrow Group Ltd 2004).

2.2 Climate change scenarios and projections

The providing regional climates for impacts studies (PRECIS) is one of the most frequently
used regional climate models (RCM) in Southeast Asia over the last 5 years (Hoanh et al.
2010; TKK and SEA START RC 2009; Tuan and Chinvanno 2011; Ty et al. 2012). This
RCM was forced by the global climate model (GCM) ECHAM4 at its lateral boundaries,
under the [PCC SRES scenarios A2 and B2 (IPCC 2000). Climate output of the PRECIS
RCM includes daily precipitation, temperature, solar radiation, and wind speed, produced
by the “Southeast Asia System for Analysis, Research and Training” (SEA START)
Regional Centre. The downscaled grid of the PRECIS model includes 2,225 cells covering
the entire Mekong River Basin at a resolution of 0.2° x 0.2° for 1985-2000 and
2010-2050. The PRECIS data for the baseline 1985-2000 were adjusted by comparing
them with the available observed data as described by Hoanh et al. (2010). The rainfall and
temperature projections are similar to the results obtained by other recent studies (Eastham
et al. 2008; MacSweeney et al. 2008a, b).

2.3 AquaCrop model and its parameterizations

The “AquaCrop” model developed by the Food and Agricultural Organization (FAO) was
used to study the impact of climate change on the yield of rainfed rice grown in the Basin.
AquaCrop requires few parameters and input data to simulate the yield response to water,
environmental conditions, and climate change. Its parameters are explicit and mostly
intuitive and the model maintains a balance between accuracy, simplicity, and robustness
(Raes et al. 2009a, b; Steduto et al. 2009). Its performance has been tested for several crops
with satisfactory results (Araya et al. 2010; Farahani et al. 2009; Garcia-Vila et al. 2009;
Geerts et al. 2009; Heng et al. 2009; Todorovic et al. 2009).

2.4 Model set up, calibration, and validation

The model was set up for the sub-catchment assuming that the yield of the crop in the sub-
catchment equals the average yield of the province within which the sub-catchment is
located. The yield of a crop depends on the planting date, fertilizer applications, pesticides
and herbicides applications, and crop management. These parameters vary from field to
field and year to year. To minimize the effect of this variation from year to year, the
baseline period for model calibration was taken as the last 5 years (1996-2000) of the
baseline climatic period (1985-2000). The transplanting date of rainfed rice depends on the
onset of the wet season as good rainfall is required for land preparation and therefore varies
from year to year (Nesbitt 2005). The use of fertilizer in the basin is below the optimum
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Table 1 Parameters (planting date, growing period—transplanting to harvest, harvest index, and fertilizer
stress) used in calibration and validation of the model, average observed and model simulated grain yield,
and the root-mean-square error (RMSE) for the calibration and validation period (1996-2000) of rainfed rice

Site  Planting  Growing Harvest Fertilizer Observed Simulated RMSE,
date period, day index (%) stress (%)  average yield, average yield, t/ha
t/ha t/ha
L1 20May 130 36 40 3.19 3.17 0.04
L2 1 June 137 33 35 3.28 3.31 0.12
L3  15June 144 36 35 3.41 3.42 0.21
T1 1 July 137 27 40 1.61 1.59 0.08
T2 20 June 137 30 40 1.78 1.77 0.07
T3 20 June 134 30 39 1.75 1.73 0.18
T4 10 July 130 31 39 1.75 1.84 0.45
Cl 20 June 129 41 50 1.71 1.65 0.15
C2 15May 131 30 40 1.98 222 0.45
C3 20 June 132 38 59 1.85 1.90 0.09
C4 20 June 132 25 59 1.43 1.34 0.05
V1 20 April 130 38 30 4.62 4.58 0.34
V2 1 July 120 27 31 3.38 3.38 0.27
V3 1 July 120 28 25 3.59 3.45 0.35

level, particularly in Laos, Thailand, and Cambodia (Hasegawa et al. 2008; Fukai and
Basnayake 2001). Harvest index varies as a function of water availability and rice variety
(Hayashi et al. 2007; Homma et al. 2004). To calibrate the model, we matched the
modelled yield with the observed yield for the first year (1996) by varying the planting
date, but within the crop calendar published by the MRC (Nesbitt 2005), fertilizer stress
(nutrient deficiency), and harvest index. Then, we ran the model with unchanged param-
eters for the rest of the baseline period (1997-2000) to validate the model.

The planting date used in the model for calibration and validation of rainfed rice varies
from location to location from April 20 to July 10 (Table 1). The planting date and the
growing period (Table 1) are well within the range used for the basin by other researchers
(Fukai and Basnayake 2001) (Table 1). The harvest index used in calibration and vali-
dation for rainfed rice varied by location from 0.25 to 0.41, which is within the range
reported by Hayashi et al. (2007) and Hasegawa et al. (2008). Hayashi et al. (2007)
evaluated 14 rice genotypes in northeast Thailand and found that the harvest index varied
from 0.21 to 0.46 for transplanted rice. Hasegawa et al. (2008) used a constant value of
0.30 (30 %) for two of the primary rice cultivars grown in northeast Thailand. We have
found harvest index as 0.27, 0.30, 0.30, and 0.31 for the four sites in northeast Thailand at
calibration and validation.

Comparison of average (1996-2000) yield with the model average yield for all sites is
presented in Table 1. The accuracy of the model was evaluated with the root-mean-square
error (RMSE), widely used as an indicator of model performance of this type of studies
(Gerardeaux et al. 2012; lizumi et al. 2011; Jalota et al. 2012; Yao et al. 2007):

1 n
RMSE = /-3 " (S; — 0;)*

n i=1
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where S; and O; are the simulated and observed yield, respectively, and 7 is the number of
observations. The unit of RMSE is the same as that for S; and O;, and fitness improves as
RMSE approaches zero.

As shown in Table 1, RMSE for the sites varies from 0.04 to 0.45 t/ha; few sites have
values above 0.30 t/ha. lizumi et al. (2011) reported RMSE for simulated rice yield in as
0.412, 0.303, 0.281, and 0.256 t/ha, respectively, for Hokkaido, Niigata, Aichi, and
Kumamoto in Japan, which is similar to the values reported here. The performance of the
model is therefore considered to be satisfactory for the simulation of rainfed rice in the
study sites.

For climate change scenarios of A2 and B2, we ran the model with generated daily
climatic parameters such as rainfall, potential evapotranspiration (PET, estimated using
generated maximum and minimum temperatures, solar radiation, and wind speed), maxi-
mum and minimum temperature for the period of 2010-2050 keeping the soil, crop, and
management parameters unchanged from the baseline (calibration and validation) period.
In brief, A2 is corresponding to a story line of high population with slower per capita
economic growth and technological change, and B2, a story line of moderate population
growth and economic development with less rapid and more diverse technological change.
AquaCrop considers 369.47 ppm by volume as the reference atmospheric CO, concen-
tration. It is the average atmospheric CO, concentration for the year 2000 measured at the
Mauna Loa Observatory in Hawaii (Raes et al. 2009a). In the simulation of A2 and B2
scenarios, we considered that CO, concentration varies linearly from 401 to 536 ppm for
A2 scenario and 389 to 478 ppm for B2 scenario for the period of 2010-2050 (IPCC 2000).

3 Results
3.1 Impact of climate change

Cumulative probability diagrams of projected yield of rainfed rice for A2 and B2 scenarios
are shown in Fig. 2 for all 14 sites. The cumulative probability curve presents yield at
certain level of probability and is useful for policy decisions on agricultural production and
food security and assessing risk management of agriculture (lizumi et al. 2011; Yao et al.
2007). As shown in the figures, there is variation in projected yield due to climate vari-
ability from year to year, ranging from 0 to 7.14 t/ha for A2 scenario and 0-6.19 t/ha in B2
scenario in one site (V1). This indicates a significant impact of climate variability on yield.
There is no harvest at all in some years indicating a total crop failure due to climate
variability. In general, total crop failures occur in the lower half of the basin in the sites of
Cambodia and Vietnam. Site C1 has the highest frequency of failure (6 years) for both A2
and B2 scenario. Two sites in Laos (L2 and L3) and two sites in Thailand (T1 and T2) have
no crop failure during the simulation period.

Considering the projected time period for future scenarios is very long, we have ana-
lyzed the simulation results by dividing the simulation period into two: 2010-2030 and
2030-2050, as well as combined. Table 2 presents change in average rainfall and PET
during the growing period and projected average yield due to climate change from the
baseline average. The impact of climate change on yield significantly varies between two
periods and two scenarios. For scenario A2, increase in yield is significantly higher (except
sites T4 and C2) and decrease in yield is significantly lower during 2030-2050 compared
to 2010-2030 period (Table 2). For example, change in projected average yield for site L1
is 2.8 and 18.3 %, respectively, during 2010-2030 and 2030-2050. The same for site V2 is
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—2.4 and 26.9 %. For scenario B2, both increase and decrease in yield are higher during
2010-2030 compared to 2030-2050 for most sites.

The results suggest that average rice yield will increase for all sites in Laos and
Thailand for both scenarios except for the B2 scenario in site L1 (Table 2). In general,
considering the total simulation period, the projected average yield is higher in A2 scenario
in Laos and for B2 scenario in Thailand (except site T2). For the sites in Cambodia and
Vietnam, projected yield is slightly higher than the baseline yield for two sites in
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Fig. 2 Cumulative probability diagrams of projected rainfed rice yield from 2010 to 2050 where a and
b correspond to scenarios A2 and B2, respectively
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Cambodia and two sites in Vietnam for A2 scenario only. Yield decreases in all sites for
B2 scenarios in these two countries. The reduction in yield is highest (14.2 %) in the site
C1 followed by C4 (5.1 %) for A2 scenario. For the B2 scenario, the reduction is highest in
site V3 (11.0 %) followed by V1 (10.1 %) and C3 (8.4 %). In general, the increase in yield
is higher in A2 and decrease in yield is higher in B2.

3.1.1 Impact of rainfall and potential evapotranspiration (PET)

The variation in yield is due to the net impact of the variation in climatic parameters such
as rainfall (Fig. 3), PET (Fig. 4), the direct impact of temperatures, and CO, concentration
in the atmosphere on plant growth. PET is estimated using generated maximum and
minimum temperatures, wind speed, and solar radiation so the variation in PET is due to
the net impact of the variation of these parameters. Figures 3 and 4 suggest that the
variation in rainfall is much higher than the variation in PET. PET indicates crop water
requirements, which in rainfed agriculture is supplied by rainfall if supplementary irri-
gation is not provided. Therefore, the impact of PET on yield depends on the availability of
rainfall. Rainfall is the most important factor affecting agricultural productivity in rainfed
agriculture (Laux et al. 2010; Rockstrom et al. 2010). As shown in Table 2, growing season
rainfall increases generally in the upper part of the basin and decreases in the lower part of
the basin. There is no significant variation in rainfall between two periods except few sites
in Thailand for scenario A2. The change in PET is predominantly positive all over the
basin except part of the basin in northeast Thailand.

In general, yield changes are in the same direction as the change in total rainfall except
in some sites where increase or decrease in rainfall resulted in reverse change in yield
(Table 2). For example, considering the total period for site L2 in Laos, though the total
amount of rainfall during the growing period decreases and PET increases, yield increases.
Projected rainfall in this area is much higher (1,693 and 1,864 mm, respectively, for A2
and B2 scenarios) than the water requirements (projected PET is 528 and 521, respectively,
for A2 and B2 scenarios) of rainfed rice. Therefore, though the rainfall decreases, the
reduced amount is still much higher than the requirement of the crop and therefore yield is
not affected. For the site C4, though projected average rainfall is higher than the baseline
average rainfall (976 and 990 mm, respectively, for A2 and B2 scenarios compared to
846 mm for baseline), yield is lower than the baseline. Apart from the increase in PET
which may have offset some of the increase in rainfall, the rainfall distribution over the
growing period may have also affected the yield. The crop may suffer from water stress
because of a prolonged dry spell within the growing period affecting yield.

Figure 5 presents projected daily rainfall and PET of A2 scenario for 2013, 2015, and
2023 for site L1 during the growing period. The projected total rainfall during the growing
period in 2013 and 2015 is 1,025 and 952 mm, respectively, compared to 603 mm in 2023
(bold line in Fig. 5). Yet, there is no harvest in 2013 and 2015 but the yield is 3.44 t/ha for
2023. As we can see in Fig. 3a, there is almost no rainfall during the period of day 11-41
for the year 2013 and 2015 but PET was very high (up to about 8.0 mm/day, Fig. 3b).
Therefore, the crop may have suffered severe water stress because of this prolonged
drought and could not recover even though there is plenty of rain afterward. In 2023, there
is 2.0-4.0 mm of rainfall almost every day during that period, and the requirement is also
low (PET is up to 4.0 mm/day). The crop therefore may not have experienced water stress
to the extent that it wipes out the crop completely. The analysis suggests that total crop
failure in some years could be due to prolonged drought within the crop period and the
distribution of rainfall and PET is important.
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Fig. 3 Rainfall during the growing period of rainfed rice for scenario A2 and B2 from 2010 to 2050 at the
selected sites in the lower Mekong Basin. The box plot shows the 5, 25, 50, 75, and 95 %o. The dots and lines
in the box plots indicate the mean and median, respectively. The crosses indicate the minimum and

maximum

3.1.2 Impact of temperature

Tables 3 and 4 show the average maximum and minimum temperature during the growing
period and during the flowering stage of rainfed rice for all 14 sites, respectively, for
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Fig. 4 Potential evapotranspiration during the growing period of rainfed rice for scenario A2 and B2 from
2010 to 2050 at the selected sites in the lower Mekong Basin. The box plot shows the 5, 25, 50, 75, and
95 %o. The dots and lines in the box plots indicate the mean and median, respectively. The crosses indicate
the minimum and maximum

scenarios A2 and B2. Both projected average maximum and minimum temperatures
increase about 1 °C from the baseline for both A2 and B2 scenarios for the growing period
and at flowering stage. The rate of increase, in general, is higher in the first half of the
simulation period (2010-2030) than the second half (2030-2050) for total growing season
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Fig. 5 Projected daily rainfall and potential evapotranspiration of A2 scenario for site L1 in years 2013,

2015, and 2023

as well as at the flowering stage for scenario A2. For scenario B2, there is no such trend
and the rate of increase is higher in some sites during 2010-2030 while for the others, the
increase is higher during 2030-2050. However, even with the increase, average maximum
temperature is well below 35 °C and within the optimum range of 28-35 °C for good
growth as specified by Doorenbos and Kassam (1979). Average minimum temperature is
also within the range for good growth. Average maximum and minimum temperatures do
not indicate whether the plant was subject to cold and heat stress, which might affect
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pollination (Raes et al. 2009a). In AquaCrop, the upper threshold for the minimum air
temperature is 8 °C (cold stress) and the lower threshold of the maximum air temperature
at which pollination starts to fail is 35 °C (heat stress). The temperature at the time of
flowering affects the spikelet fertility and hence the yield (Sheehy et al. 2006).

The minimum temperature is never below 8 °C during the growing period of rainfed
rice for all scenarios for all sites. So there is no modelled impact from cold stress. Table 5
shows the projected number of days/year the maximum temperature is above 35 °C for
baseline and A2 scenario at flowering stage of the crop. The maximum temperature is
above 35 °C for 3-10 days of the total flowering period (40-50 days) for all sites in Laos,
Thailand, and Cambodia. There is almost no change in Vietnam. The number is higher in
the first half than (2010-2030) that in the second half (2030-2050). The number of days/
year maximum temperature >35 °C decrease sharply with increase in temperature. Tem-
perature of higher than 38 °C is experienced about a day/year except at few sites (L2, L3,
and C3). The trend is similar in scenario B2 but the increase is higher. For the total
simulation period, maximum temperature is above 35 °C for 5-12 days/year with more
days during 2030-2050. Mainuddin et al. (2010) showed that the impact of temperature on
the yield of irrigated rice is negligible (<2 %) in these locations even with more days with
higher temperature. Therefore, the adverse impact of this slight increase in temperature at
the flowering stage on the yield of rainfed rice could be either none or negligible.

3.1.3 Impact of CO, concentration in the atmosphere

To see the impact of increased CO, concentration in the atmosphere, we carried out
simulations for two sites (L3 and C1, higher increase and decrease in yield) keeping CO,
concentration at 369.47 ppm (reference atmospheric CO, concentration at 2000). Table 6
compares projected average yield with varied and constant CO, concentration. In site C1,
for the total simulation period, yield decreases from the baseline average of 1.65-1.14 t/ha
(—31.0 %) at constant CO,, while with varied (linearly since 2010-2050) CO, concen-
tration yield decreases to only 1.42 t/ha (—14.2 %) for A2 scenario. But the decrease in
yield is not linearly distributed between the two simulation periods. While decrease in
yield is 0.45 t/ha during 2010-2030, the additional decrease during 2030-2050 is only
0.13 t/ha. With varied CO, concentration, yield increase is higher during 2030-2050
(1.08-1.44 t/ha) compared to the same (1.20—-1.40 t/ha) during 2010-2030. The reason for
this could be increase in CO, concentration during the later period. Overall, projected
average yield is about 25 % higher with varied CO, concentration than with the CO,
concentration at the reference level. For scenario B2, the results follow the overall trend for
the total simulation period (16 % increase in yield with varied CO,) but differs on dis-
tribution between the two periods; decrease in yield is lower (0.14 t/ha) during 2010-2030
with additional decrease of 0.24 t/ha during 2030-2050. The results are similar for site L3,
with yield increases of about 25 and 16 % for A2 and B2 scenarios.

3.2 Adaptation options

Reilly and Schimmelpfenning (1999) identified several adaptation options with broad
applicability across the agricultural sector and defined seasonal changes and sowing dates,
different variety, water supply and irrigation system, new crop varieties, and other inputs
(fertilizer, tillage methods, grain drying, other field operations) as major classes of adap-
tations. In this study, we tested the changing of planting dates, water supply in the form of
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supplementary irrigation, and fertilizer applications as adaptations to adverse impacts of
climate change.

3.2.1 Changing planting date

The rainfall available for the crop during the growing season, and the timing of dry spells
or water stress at sensitive crop growth stages, depends on the date of transplanting. We
carried out simulations of shifting the planting date 2 weeks later and 2 weeks earlier from
the baseline planting date for all sites for both A2 and B2 scenarios.

Figure 6 shows the percentage change in yield with respect to the baseline average yield
of rainfed rice for A2 and B2 scenarios with baseline, 2 weeks earlier, and 2 weeks later
planting date for the total simulation period (2010-2050). As shown in the figure, changing
the planting date may further increase yield (in some sites where yield increases with
baseline planting date) or minimize the negative impact in the areas where yield is
adversely affected. Changing the planting date later greatly increases yield in sites in
Cambodia and Vietnam. The changes in some sites are quite significant.

As discussed previously, there is no or negligible direct adverse impact of slight
increase in temperature on the yield of rainfed rice. Therefore, change in yield due to
changing planting date is mainly due to the change in rainfall (both total amount and
distribution over the growing period). Figure 7 shows the change in rainfall from the
baseline condition for different planting dates for the total simulation period. In general,
except for a few sites, higher increase in yield is related to the increase in total amount of
rainfall for both scenarios. In addition to the amount of rainfall, due to change in planting
date, crops may have experienced less water stress during the critical stages of crop
growth. This is evident in the CV of yield for the simulation with adaptive planting date
(Tables 7, 8) which decreases from that of baseline planting.

There is no definitive trend in the simulation results with adaptive planting date between
two simulation periods (Tables 7, 8). The variation in yield is higher in some sites (T2, C3
in Table 7) during 2010-2030 while lower in other sites (C1, C3 in Table 8).

3.2.2 Supplementary irrigation and increase fertilizer input

In most areas, changing the planting dates results in a positive increase in yield—that is,
any negative climate change impact is more than offset, and an increase in yield results.
However, in few areas, neither of the strategies resulted in an increase in yield (Tables 7,
8). In two such sites (C1 and V3), we simulated considering supplementary irrigation when
required with baseline planting date and 10 % reduction in fertility stress (that is increasing
fertilizer input by 10 % of the total required) separately with baseline planting and 2 weeks
later planting date. Fertilizer applications vary from 40 to 75 % of the requirements in the
baseline conditions with lowest application in Cambodia and highest in Vietnam. Here, we
considered 10 % increase to demonstrate its potential though increasing fertilizer to the
maximum required will further increase yield.

The projected average yields are shown in Table 9. In site C1 for the A2 scenario,
supplementary irrigation completely offsets the negative impact on yield with baseline
planting date and increases the projected yield from 1.40 (A2) to 1.83 t/ha during
2010-2030 and from 1.44 to 1.92 t/ha during 2030-2050. For the total period, yield
increases from 1.42 to 1.87 t/ha, an increase of 31.6 %. Reduction in fertility stress
increases the overall yield again to 2.96 t/ha (2.90 and 3.02 t/ha, respectively, during
2010-2030 and 2030-2050), an increase of 78.7 % from the baseline average yield. The
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highest increase (3.27 t/ha, 97.5 % increase from the baseline average) results from
2 weeks later planting with 10 % reduction in fertility stress. The result is similar for B2.

In site V3 for B2, 10 % reduction in fertility stress offsets the negative impact on yield
and increases yield from the projected average yield of 3.07-3.51 t/ha for the total period,
an increase of 14.3 %. However, supplementary irrigation provides highest increase in
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Fig. 6 Percentage change in projected average (2010-2050) yield with respect to the baseline average yield
(1996-2000) of rainfed rice for A2 and B2 scenarios with baseline, 2 weeks earlier and 2 weeks later
planting date
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later planting date

yield from baseline average of 3.45-4.28 t/ha, a net increase of 24.2 % after offsetting
11 % decrease in yield without supplementary irrigation. The reduction in fertility stress is
more effective in site C1 or in areas with poor fertilizer application, while supplementary
irrigation is more effective in site V3 or in areas with higher fertilizer application. These
adaptation options are likely to be applicable to the other sites, and similar increases in
yield may be expected.
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4 Discussion

Estimates of impact of climate change on crop production could be biased depending upon
the uncertainties in climate change scenarios, region of study, crop models used for impact
assessment, and the level of management (Aggarwal and Mall 2002; lizumi et al. 2011). In
this study, we have used only one of the 24 GCMs used in the 4th Assessment Report of the
IPCC (IPCC 2007). There are significant differences between GCMs with regard to climate
changes simulated at the regional scale, particularly for precipitation (Eastham et al. 2008).
Therefore, GCMs can at best be used to suggest the likely direction and rate of change of
future climates (Krishnan et al. 2007). Also, several crop models for any crop can be
employed for impact assessment of climate change and the results vary from model to
model (Aggarwal and Mall 2002; Krishnan et al. 2007).

However, the trend of the results in this study is broadly similar to that of the other
studies based on different crop models and climate projection of different GCMs (Mat-
thews et al. 1995; Matthews et al. 1997; Chinvanno and Snidvongs 2005; SEA START RC
2006). Matthews et al. (1995, 1997) predicted changes in rice production in Thailand using
three GCMs (GFDL, GISS, and UKMO) and two crop models (ORYZA1 and SIMRIW).
The change in yield varies from —12.8 to +9.3 % with change in temperature from +4.0 to
+5.2 °C. The main reason for this change is the impact of increased temperature on the
spikelet fertility of that particular variety of rice. When a more tolerant (to temperature)
genotype was used as varietal adaptation, models predicted that rice production in Thailand
would change by +18.7 to +40.7 %. In this study, change in temperature for the growing
period of rainfed rice in northeast Thailand varies from +1.0 to +1.5 °C, much lower than
considered by Matthews et al. (1995, 1997). The impact of this was found very low or
negligible in this study. The result of this study (increase in yield up to about 28 %) is
therefore comparable and in agreement. Studies by Chinvanno and Snidvongs (2005) and
SEA START RC (2006) simulated the yield of rice by CERES rice and DSSAT models
using simulated weather data from the CCAM GCM at few places in Laos and Thailand
and reported an increase in yield of rice up to 15 %, which support the results of this study.

The study found high variation in yield (Fig. 2; Tables 7, 8) during the simulation
period due to the variation in rainfall (Fig. 3). There is no significant difference between
yield variation between the two periods of simulation (Tables 7, 8) which indicates that no
significant difference in rainfall variability as well. The results generally suggest increases
in projected yield in the upper half of the basin in Laos and Thailand and decreases in the
lower half in Cambodia and Vietnam. This is because of a net increase in water availability
(increase in rainfall minus the increase in PET) in the upper part of the basin and net
decrease in water availability in the lower part of the basin. However, water stress at the
critical stages of growth may also affect yield (lizumi et al. 2011) as discussed in Sect.
3.1.1 based on Fig. 5.

Rice yields are expected to undergo a general decline in many countries in south Asia
due to increase in temperature (Auffhammer et al. 2012; Hossain 2008; Jalota et al. 2012)
This prediction reflects the fact that most rice crops are grown in south Asia at the upper
limit of this crop’s temperature tolerance (Gerardeaux et al. 2012). This is not the case in
the LMB for rainfed rice grown in the wet season (Tables 3, 4). Thus, the analysis suggests
that the direct impact of temperature on rice yield may be negligible in the LMB.

AquaCrop model considers the effect of high temperature on spikelet sterility at the
time of flowering. The accuracy of modelling temperature effects on spikelet sterility,
however, depends on the diurnal time course of temperature and on the accuracy of the
model in predicting flowering rate (Matthews et al. 1997). Peng et al. (2004) provide
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evidence of decreased rice yields from increased night temperature associated with global
warming. Auffhammer et al. (2012) showed that night time warming at the end of the
growing season had an even greater impact on yield during 1966-2002 in India than
changes in monsoon characteristics. Other mechanisms also may contribute to the observed
yield reduction such as differential effects of night versus day temperature on tillering, leaf
area expansion, stem elongation, grain filling, and crop phenological development (Peng
et al. 2004). These issues are not included in many current crop models, which will need
further refinement to account for the differential effects of minimum and maximum
temperatures on respiration, morphological traits, and phenological development and thus
more accurately simulate the influence of increased temperature under climate change
scenarios (Peng et al. 2004).

Increased CO, concentration in the atmosphere in our simulations had a significant
positive impact on the yield of rainfed rice all over the basin. In the upper part of the basin
in Laos and Thailand, CO, concentration augments yield further in addition to the increase
due to increase in rainfall. In the lower part of the basin in Cambodia and Vietnam, CO,
concentration offsets a significant part of the negative impact of climate change on yield. In
the absence of temperature increase, many studies have shown that the net effect of
increased CO, was increase in the yield of rice (Bachelet et al. 1992; lizumi et al. 2011;
Jalota et al. 2012; Krishnan et al. 2007).

There are many adaptation options (Gaydon et al. 2010; Reilly and Schimmelpfenning
1999) for dealing with climate variability which will provide resilience against the
potential negative impacts of climate change. Some of these options are climate-specific
and some are non-climate-specific adaptation (Resurreccion et al. 2008) and adaption for
climate change cannot be separated from other management options within agro-ecosys-
tems (FAO 2008). In this study, we tested a climate-specific adaptation, change in planting
date, and non-climate-specific adaptations of supplementary irrigation and increased fer-
tilizer input. Previous studies (Blanche and Linscombe 2009; Hasegawa et al. 2008; Jalota
et al. 2012; Krishnan et al. 2007; Laux et al. 2010; Matthews et al. 1997) suggested that
adjusting planting dates might be a simple and powerful tool for mitigating the effects of a
potential global warming. The result of the current study supports the suggestion, as
shifting the planting date offsets negative impacts of climate change on yield and further
augments yield where it has already increased due to climate change.

Changing the planting date as adaptation strategy has the potential to affect the overall
annual crop calendar. In the LMB, however, the crop calendar under rainfed lowland
conditions spans a wide transplanting or sowing window (Nesbitt 2005). Variability in the
water conditions due to variability in rainfall appears to explain the wide windows for
sowing and transplanting (Sawano et al. 2008). Changing the planting date is unlikely to
have any impact on the overall cropping pattern of the region, as this variation is already
accommodated in the crop calendar.

Reduction in fertility stress or application of more fertilizer was simulated in two sites
in Cambodia and Vietnam. Among the riparian countries, fertilizer use is lowest in
Cambodia and highest in Vietnam. The results (Table 9) show that yield is more sensitive
to fertilizer application in Cambodia than that in Vietnam. Low fertilizer application, low
use of high-yielding varieties, periodic drought, and inadequate management practices are
the major causes of low productivity of rice in Cambodia (Fukai and Basnayake 2001). Soil
fertility is also a major problem in Laos and Thailand due to the permeable nature of the
sandy soils in the region (Fukai et al. 1998). Reduction in fertility stress is expected to have
significant positive impact on the productivity of rice in these countries.
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Drought is a major production constraint for rainfed lowland rice grown in Laos,
Thailand, and Cambodia, but the frequency of drought problem is the highest in Northeast
Thailand (Fukai et al. 1998). Increased rainfall due to climate change, which minimize the
occurrence of drought, is the predominant factor in higher yield of rainfed rice in these
countries. The variation in yield (Fig. 2; Tables 7, 8) can be further minimized and net
increase in yield can be achieved by applying supplementary irrigation when required as
the results suggest. Supplementary irrigation is practiced where there is irrigation infra-
structure, in the areas near the confluence of major rivers, and along the tributaries. Field
survey by Shimizu et al. (2006) in Cambodia revealed that some rainfed paddy fields do
not depend solely on rainfall, and that they have supplementary sources of water such as
small ponds close to paddy fields or water in lowlands along the farm road. Groundwater
from shallow tubewells is also used as supplementary irrigation in some provinces in
Cambodia (IDE 2009). However, supplementary irrigation is limited in Laos, Thailand,
and in some parts of Cambodia mainly due to the lack of irrigation infrastructure. In the
Mekong Delta, supplementary irrigation is already used for rainfed rice (Mainuddin and
Kirby 2009a).

The objective of using adaptation option is to inform the policy makers who require an
assessment of the benefits derivable from the adoption of the various adaptation measures.
The computation of such benefits would require knowledge of the pre- and the post-
adoption yields in addition to the costs of the adaptation itself, in order to make the choice
among potential adaptation options (Krishnan et al. 2009). The success in the assessment
of impacts and adaptations does not depend on the accuracy of yield predictions as much as
it depends on the extent to which the differences between pre-impact (adaptation) and post-
impact (adaptation) yields are reflected. What is more needed for the assessment of impacts
of climate variability is the difference between pre- and post-impact productivity and
production (Krishnan et al. 2009). In this study, we showed the difference between pre- and
post-impact productivity. We did not assess the costs and economic benefits of the
adaptation options.

Our study does not take into account the impact of extreme events such as floods,
extreme drought, sea level rise, cyclones, and storm, which may become more frequent and
more intense due to climate change. Flooding, salinity intrusion, and sea level rise may
have a severe impact on the agriculture of the Mekong Delta (Carew-Reid 2007). Wass-
mann et al. (2004) showed that rice production will be affected through excessive flooding
in the tidally inundated areas and longer flooding periods in the central part of the Viet-
namese Mekong Delta as a result of the sea level rise due to climate change.

5 Conclusion

We examined the impact of climate change and adaptation strategies on the productivity of
rainfed rice in the LMB for climate scenarios A2 and B2 for the period of 2010-2050. The
results suggest that the yield of rice will increase for much of the basin except for part of
Cambodia and Vietnam. The impact on the yield of rainfed rice is mainly due to the
variability of rainfall during the growing season and increased CO, concentration in the
atmosphere. The impact of increased temperature is negligible. However, the model is not
able to consider all possible impacts of temperature such as increased night temperature.

Changing the planting date of rainfed rice may increase yield and minimize the impact
in the areas where yield is adversely affected. Reducing the fertility stress and providing
supplementary irrigation can further enhance yield.
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This study marks significant progress in our understanding of how future climates are
likely to affect rainfed rice cultivation in the LMB. The information generated is expected
to help to properly anticipate and adapt farming to maximize rainfed rice production. The
study, however, does not take into account the impact of extreme climate events due to
global warming which may have catastrophic impact on yield and productivity.
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