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Abstract: Atmospheric CO, concentration has heen increasing at a rate of 1.2-1.4
ppm per yeax and is expected to he doubled before the end of next century. As CO, is
the main substrate for photosynthesis in all plants, an jncrease in the ambient Co,
level would have a divect effect on biomass production and yields of all agricultural
crops. Inereased concentrations of CO, and oiher ‘greenhouse’ gases lead to greater
absorption of infra-red wavelengths in the outgoing radiation causing global
warming. The estimated increases of ambient temperatures with a doubling ot
ambient CO, range from 1°C to 3.5°C. As all plant physiological processes are
dependent on temperature, a vise in temperyature would also have an impact on yield
formation processes and consequently on crop yields.

The present study was undertaken to predict the vield response of rice to
elevated CO, and temperature using a process-based, mechanistic simulation model.
The model quantifies the effects of CO, and temperature on crop duration, radiation
interception, photosynthesis, respivation and partitioning of assimilates to grains.
The model was validated by running it for the existing atmospheric conditions at
Maha-Illuppallama representing the low-country dry zone of Svi Lanka. The
validated model was used to predict yield variations in response to a doubling of
atmospheric CO, (i.e. {rom 350 to 700 ppm). The model predicted that rice yield per
unit area would increase by 50% in response to the ahove change in CO,. In contrase,
rice yield would decrease by 39-47% due 1o a temperature increass of 4°C. Simula-
tion of the combined etfects of elevated CO, and temperature showed that. the
positive cffects of elevated CO, are almost totally negated by elevated temnperatures
with only slight increases (up];o 17%) of yield frorn the current levels. The recom-
mended remedial measures are increasing hreeding efforts {or producing crop
varicties with greater tolerance to high temperature and drought, introduction of
rice-based mulliple cropping systems, increasing irvigation stficiency and promoting
researeh to increase understanding of plant functivning under future climates.
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INTRODUCTION

Atmospheric CO, levels have been increasing significantly during the 20th century
mainly due to increased burning of fossil fuel in various human activities. Based on
the current levels of emissions, the global CO, concentration is expected to rise from
the present level of 350 pmol mol? (ppm) to 530 ppm in 2050 and to 700 ppm in
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2100. When combined with increased emissions of other greenhouse gases such as
CH, and N,0, elevated CO, levels have caused significant global warming due to
the greenhouse effect. The mean global air temperature is predicted to increase by
ca. 3°C by 2050 and by ca. 4°C by 2100"* if greenhouse gas emissions continue at the
present levels.

Both CO, and temperature have direct effects in determining the yields of
all agricultural crops. Crop yield formation is the integrated result of a series of
physical and physiological processes starting from interception and absorption of
incoming solar radiation, photosynthesis, respiration, initiation of grains and ulti-
mately in partitioning of assimilates to grains. As CO, is an essential component in
the production of plant biomass through the interplay between photosynthesis and
respiration®, increase of ambient CO, concentration will have direct effects on the
photosynthetic and respiratory processes. As the rates of all plant physiological
and biochemical reactions are primarily determined by temperature?, rising global
temperatures will also have a significant influence on all processes leading to crop
yield formation. Therefore, the objective of the present work was to quantify and
predict the effects of elevated CO, and temperature on the grain yield of rice in the
low-country dry zone of Sri Lanka.

Rice is the staple food in Sri Lanka and is the second most important crop in
the world. The low-country dry zone contributes a significant proportion to the
national rice production. Besides, rice-based agriculture is the major form of land
use in the low-country dry zone. Therefore, prediction of the effects of climate change
on rice production is important in future development planning and policy
formulation of the low-country dry zone of Sri Lanka.

METHODS AND MATERIALS

The method of simulation modelling was used in the present, study to predict yield
variation of rice in response to changes in CO, and temperature. The relational
diagram of the basic model is shown in Fig. 1.

Overview of the model: The model is primarily driven by incoming radiation which
is intercepted by the leaf canopy and used in photosynthesis. The photosynthetic
light response is determined by the prevailing CO, and temperature levels. While
photosynthesis proceeds, temperature drives the development of the crop through
the different phenological stages. Hence, temperature determines the durations of
the different developmental stages and the total crop duration. Both temperature
and CO, determine the total crop canopy leaf area and its variation during the
course of the crop’s duration. Part of the carbohydrates produced by photosynthesis
is converted to plant biomass and the rest is used in respiration which provides the
energy for synthesis of new biomass and the maintenance of existing biomass.
Respiration rate is determined by the prevailing temperature and CO, levels.
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Synthesized biomass is finally partitioned into grains and straw with the propor-

tions of partitioning varying according to the dévelopmental stages as determined
by temperature.

Global Radiation

Temperature

A D< Radiation
‘ Interception
Top

Phenological stege Leaf Area

Photosynthetic light response
. P'n .................
» Quantum efficiency

* Light compensation pomt

Photosynthesis

Carbohydrates

Plant Biomass

Gruain Yield
Straw

Figure 1: Relational diagram of the simulation model to predict rice yield
under elevated CO, and temperature.
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The model was run to simulate the growth, development and yield formation of rice
crops under four different scenarios: (a) Present levels of CO, (350 ppm) and
ambient temperatures; (b) Doubled CO, (700 ppm) and present ambient
temperatures; (¢) Air temperatures increased by 4'C at present CO, levels (350
ppm); (d) Air temperatures increased by 4°C and doubled CO, levels (700 ppm). In
a]l four simulations, it was assumed that the rice crops are provided with adequate
irrigation so that the crops do not experience water stress at any stage of their life
cycle. It was further assumed that the crops were provided with adequate nutrients
so that their growth and yield formation were not constrained by nutrient deficien-
cies. The simulations were carried out for a 12-year period from maha, 1984/85
to yala, 1996.

Model components at present levels of CO, and temperature

(a) Total crop durations: Following common farmer practice in the low-country dry
zone, a 4-month rice variety was used for simulation during the maha season
(i.e. November to March) and a 31 -month variety was used for the yala season
(i.e. April to July). The sowing dates for maba and yala seasons were 15, November
and 10, Apri. respectively.

(b) Developmental stages and their durations: A rice crop consists of three de-
velopmental stages, namely, vegetative, reproductive and grain filling. The
vegetative stage 1s defined as the duration from germination to panicle initiation.
The period from panicle initiation to heading is the reproductive stage and that
from heading to maturity is the grain fi.ling stage. Durations of developmental
stages are determined by daily variations in temperature and photoperiod in
photoperiod-sensitive varieties. However, in day-neutral varieties, crop phenology
is determined only by temperature. The new, improved varieties that are grown by
farmers in the low-country dry zone are day-neutra,. Therefore, in the present
model, crop phenology was determined on the basis of its response to temperature.
A fixed amount of thermal duration (©) has to be fulfilled for completion of each
successive developmental stage* O, for a given stage can de defined as:

0 = 2'] (T,-T) (eq. 1)

where: d is the duration of the stage; T, is the air temperature; and T 1s the
threshold temperature at which the rate of deve.opment Is zevo (i.e. base
temperature). AT, value of 10°C which is representative of tropical rice " was used
in the present study. Bq. 1is applicable up to an optimum temperature (T ) at which
the rate of development is maximum. For rice varieties growing in the low-country
dry zone of Sri Lanka, an optimum temperature of 35°C was fixed in the present
model. This was in accordance with the range of T, values given by Squire® for crops
adapted to high temperature environments. The required thermal durations for the
three phenological stages (i.e. vegetative, reproductive and grain-filling) of
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representative rice varieties of 4-month and 3 %-month durations (Table 1) were
estimated on the basis of an experiment done under controlled environmental
conditions using Sri Lankan rice varieties.”

Table 1: Estimated thermal dauation (0) in °C days for different phenological
stages of rice.

Variety Vegitative Reprodutive Grain-filling
4-month 1015 492 520
3% -month 880 : 545 ‘ 558

(¢c) Incoming radiation: The daily global radiation levels (in MJm2d") for the
simulat on period (i.e. from October, 1984 to August, 1996) were computed from the
measured daily values of sunshine duration (hours) by using a set of meteorological
equations® and an empirical equation.” As the incident radiation values were
calculated from measured values of daily sunshine duration, the effect of cloudiness
on the incident radiation has been taken into account during the calculation.
Cloudiness has also been accounted for in determining the parameters of the
empirical equation” which was used in the calculation of incident radiation.

It was assumed that the daily total of global radiation energy is distributed
according to a sine curve over the length of each day. The total day length was
divided into 0.05 hour (3 minute) time steps and the irradiance (I), in terms of PAR,
for a given time step was calculated as:

1= (nS/2T)" SIN(mt/T) (eq. 2)

where: § is the daily global radiation in MJm2d-'; T is day length; and t is the time
after sunrise. It was assumed that 50% of th‘e energy content in global radiation
was contained within the PAR wavelength range.’9

(d) Interception of incoming radiation: Interception of incoming radiation by a crop
canopy and the distribution of intercepted radiation among the canopy leaf area
determine the amount of energy available for photosynthesis and yield formation.
Radiation interception by the rice canopy was quantified by the Monsi & Saeki’s!!
application of the Beer’s law for penetration of radiation into plant canopies given
as follows:

I =Te*t ‘ (eq. 3)
where: [ is the intensity of radiation (i.e. irradiance) incident on top of the canopy; I

1s the irradiance on a horizontal plane of the canopy below a leaf area index of L;
and k is the canopy light extinction coefficient which is mainly determined by the
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orientation of leaves relative to the direction of incident radiation. Therefore, the
amount of incident radiation intercepted by a canopy with a leaf area index of L and
extinction coefficient k would be:

I-IL=I(1-e""‘) (eq. 4)

(e) Distribution of intercepted radiation: The distribution of the above amount of
intercepted radiation over the canopy leaf area needs to be quantified in order to
compute canopy photosynthesis. Out of several different methods available, the
approach used by Monteith!? was used in the present study. Here, the canopy is
divided into two categories as: (i) ‘Sunlit’ foliage which is the area of leaves
directly-illuminated by incoming radiation penetrating into the canopy; and (i1)
Indirectly-lit’ foliage which is the area of leaves receiving radiation which has been
intercepted once by the ‘sunlit’ foliage and subsequently transmitted to the lower
leaf layers. Monteith and Unsworth'® showed that the sunlit Jeaf area (L)) and
indirectly-lit leaf area (L,) can be computed by the following equations:

L =(1-e*/k ' (eq. B)
and
L =L -(Le*Y (eq. 6)

Tt can be shown that for large canopies with high L, both L and L, tend to a imiting
value of 1/k.

() Leaf area index and light extinction coefficient of rice canopies: The vanation of
leaf area index (L) of a crop, from germination upto the point of reaching maximum
L, can be quantified by the logistic function." Therefore, under the present levels of
CO, and temperature, the variation of L upto the point of maximum L of the
simulated rice crops were specified by the following equations:

For the 4-month variety:
L =7.57[(1 + et¥-0medy] (eq. 7)
For the 3> -12--rr'10nth variety:
L =7.03{(1+ esn-01704)1) (eq. 8)
where, d is the number of days after sowing. The times of achieving maximum L
were specified as 75 and 60 days after sowing (DAS) respectively for the 4-month

and 3% -month varieties. In both varieties, the maximum L values were
maintained for the next 45-day period after which L decreased down to a value of 2
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at maturity according to the following linear equations:
For 4-month variety:
1.=68.84-0557d | (eq. 9)
and for 3-32- -month variety:
L=54.82-0.5034d (eq. 10)

The variation patterns specified by equations 7-10, agreed with the observed
patterns of L for rice crops grown in the low-country dry zone (De Costa,
Unpublished).

Until the point of reaching maximum L, the light extinction coefficient (k) of both
rice varieties were specified as 0.4 which is representative of the new high-yielding
varieties with dwarf stature and erect leaves.” Thereafter, k was specified as 0.6 to
talce in to account the change in leaf angle that oceurs in mature leaves.'

(g) Photosynthetic light response: The instantaneous gross photosynthetic rate (P)
of a unit area of ieaf in the canopy is primarily determined by the irradiance per
unit leaf area (3). The variation of P with 1 (Fig. 2) can be described by an asymptotic
exponential equation as following:

D 40 —

£ P,

o 30 /,':
8]

© 207¢

£

(o)

—

o 10+

E

m 0 L ‘ i N [ 1
L B
£ " LcP

500 1000 1500 2000

Irradiance (micromol.PAR m-2s™")

Figure 2: Photosynthetic light response curve at current CO, and tempera-
ture. Phs- Gross photosynthetic rate. See text for explanation of symbols.
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P=P, (1" . (eq. 11)

where: P 1s maximum light-saturated gross photosynthetic rate per unit leaf area;
Bis the irradiance per unit leaf area (i) at which P 1s reached at initial, maximum
quantum efficiency (o) and cis the light compensation point (i.e. the light intensity
at which photosynthesis becomes zero). The P of rice at current CO, and
temperature levels was specified at 32 pmol CO, m* s It was assumed that the
crops receive adequate Jevels of fertilizer, especially nitrogen, so that P 1s not
reduced due to nitrogen deficiency. The value of B 1s determined by P, o and the
.ight compensation point (LCP) as:

B=(P +a LCPY/ o (eq. 12)

For current CO, and temperature levels, a B value of 579.33 umol PAR m™ s was
calculated based on the values of 0.042 mol CO, (mol PARY! ' for o and 7.58 pmo.
PAR m* st ¢ for LCP of rice. :

Therefore, the gross photosynthetic rates per unit leaf area of sunlit (P) and
indivectly-lit (P)) foliage can be computed using eq. 11 as:

For sunlit 1‘eaves:'

P, - le (1 - ety | | (eq. 13)
Tor indirectly-lit 1eaves:

P = P (1-et1umh | (eq. +4)

As the raespective areas of both sunlit- and indirectly-lit leaves ténd to a limiting
va'ue of 1/k at high L (eqs. 4 and 5), the irradiance per unit leaf area (i) becomes kI
and 0.14 kI respectively. The constant 0.14 is the transmission coefficient!’ which
represents the fraction of intercepted radiation transmitted through a sunlit leaf
layer to be subsequently intercepted by an indirectly-lit leaf area.

(h) Canopy photosynthesis: The instantaneous canopy gross photosynthesis (P ) for
a given time step of 0.05 hours (3 minutes) was computed as the sum of gross
photosynthesis of sunlit and indirectly-lit foliage:

Pz (P,L)+(P.L) - | (eq. 15)

The Pc values computed in pmol CO, m™* s were converted to assimilated car-
bohydrates (P.y,) in g [CH,0l m* s as:

P, =P x 30 (eq. 16)

CHO
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indicating that each mole of CO, used in photosynthesis would produce 30 g of
carbohydrates as assimilates.

(1) Respiration. Part of the carbohydrates assimilated by gross photosynthesis would
be used in producing plant biomass consisting of various biocchemical compounds
(i.e. sugars, cellulose, proteins, lipids etc.}). The rest would be utilized as a
substrate for respiration to generate the energy required for synthesis of new plant.
biomass (1.e. growth respiration) and for maintaining the structure and functioning
of the existing biomass (1.e. maintenance respiration). In rice, the fraction of
erowth respiration in total respiration is high during the vegeatative and
reproductive stages. On the other hand, during the grain filling period, the growth
respiration decreases and the maintenance component of total respiration increases.™
" However, despite the above variation of the relative contributions of growth and
maintenance components, Yamaguchi'® observed that total respiration is a rela-
tively-constant fraction of gross photosynthesis. Monteith!®>" also concluded that
despite the complex nature of the respiration process, a constant fraction of gross
photosynthesis can ve used to obtain an estimate of total respiration. Therefore, in
the present study, for carrent CO, and temperature .evels, a value of 0.3 was
specified as the fraction of gross photosynthesis used for total respiration (R)
during the vegetative and reproductive stages. A corresponding value of 0.4 was
used for R during the grain filling period. These values were based on a survey of
values used by other workers 24

(j) Net Photosynthesis and biomass accumutlation: The net increase of biomass (1e.
net photosvnthesis -P -) for a given time step can be computed as:

P (1-R) Py, (eq. 17)
The computed P, values of each 0.05 hour time steps were integrated over the total
dav length to compute the daily accumulation of crop biomass.

(k) Partitioning of biomass into grains: Carbohydrates are partitioned into rice
grains from two sources. The first source 1s current photosynthesis during the
grain-filling stage. All carbohydrates synthesized from photosynthesis during
grain-filling stage are translocated to grains.* 2 The second source of carbohydrates
to the filhng grains 1s the translocated assimilates which had been produced during
the vegetative and reproductive stages and stored in vegetative parts, i.e. ‘pre-
heading storage’. According to Cock and Yoshida?, 68% of the biomass accumulated
befove the onset of grain filling is translocated to grains. However, when rice crops
are grown with adequate supplies of water and nutriénts and without experiencing
extremely high or low temperatures, the percentage of pre-heading storage
translocated to grains is generally lower than 68%.% Therefore, in the present
simuwlations, it was assumed that 30% of carbohydrates assimilated during each
day of vegetative and reproductive stages are ultimately translocated to grains.
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This value of 30% is a weighted average of the maximum (i.e. 68%) and minimum
(i.e. 0%) values for the contribution of pre-heading storage. The weighting
factors were the daily gross photosynthesis and the daily total biomass of the crop
up to the beginning of the grain-filling period.

Hence, the final grain yield is the sum of carbohydrates from current
photosynthesis and pre-heading storage. This final grain yield was adjusted to a
moisture content of 14% which is representative of the level of moisture in grains at
harvest.

Modification of model parameters for doubled CO, concentrations (700 ppm) at present
teniperatures

(a) Crop durations and radiation interception: Increasing CO, levels without a
sjimultaneous increase in ambient temperatures do not cause any modifications in
the durations of the different developmental stages or the total duration of rice
crops. Although the levels of incoming radiation do not vary, radiation interception
at elevated CO, levels will be different from those at the present CO, levels
because elevated CO, increases the canopy leaf area index.?* Several workers
including Lawlor and Mitchell* and Acock* have reported significant increases in
leaf area under elevated CO,. Thisis not surprising as part of the increased amount
of biomass produced under elevated CO,, is certain to be partitioned to leaves.
Specifically, for rice, the latest research results from India® show that the leaf area
per plant increased by 32% at a CO, concentration of 600 ppm. This increase of leaf
area has occurred due to an increase of both the number of leaves per plant and
area per leaf ' In the present simulations, doubled CO, was assumed to increase
the leaf area index by 25% of the values at present CO, levels. In view of the results
from Indian studies, the 25% increase in canopy leaf area index in the present
simulations is reasonable as a slight reduction in the increase of Jeaf area index (i.e.
from 32% to 25%) is possible due to self-thinning. The light extinction coefficient
did not change with varying CO,.

(h) Photosynthetic light response: All parameters of the photosynthetic light re-
sponse curve (eqg. 11) would be changed at doubled CO,,. Based on the predictions of
Long?, doubled CO, at a temperature around 30°C increased P | by 73% (i.e. from
32 to 55.36 pmol CO, m™ s?). As mentioned earlier, it was assumed throughout
the model that the crops were supplied with adequate nitrogen so that P, was
not constrained dy a nitrogen limitation. o also would be increased by a doubling
of CO,'. Based on the ratios calculated by Long?, oo was increased from 0.042 mol
CO, (mol PAR)! to 0.051 mol CO, (mol PAR)" at doubled CO,. The light compensa-
tion point decreased from 7.58 pmol PAR m™s™ to 4.86 umol PAR m™ s at doubled
CO, (based on Long®). As a result of the above changes, the value of B (eq. 12)
increased to 1086 wmol PAR m™ s'! at doubled CO,,
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(¢c) Respiration: As rice has the C, photosynthetic pathway, elevated CO, levels
would decrease photorespiration (by increasing the ratio of carboxylation to
oxygenation of RUBP in the Calvin cycle) and thereby decrease total respiration.®
Under ambient CO, concentrations and saturating light intensities, photorespiration
in vice accounts for 40% of its gross photosynthesis.® However, it is difficult to
separate the crop dry matter loss due to photorespiration from that due to dark
respiration.? ?’ In the present simulations, for doubled CO,, the fraction of gross
photosynthesis used for total respiration (R) was decreased by 25% of its levels at
present CO,. As total respiration is calculated as 30 - 40% of gross photosynthesis
(shown earlier), the above-mentioned 25% reduction in total respiration would,
in effect, add a fractiona) biomass of 7.5 - 10% (i.e. [30 x 0.25] - [40 x 0.25]) of its
gross photosynthesis. At the biochemical level, under ambient CO, concentrations,
the enzyme RUBISCO is utilized for carboxylation (i.e. photosynthesis) and oxy-
genation (i.e. photorespiration) at a ratio of 3:1 (l.e. 76% : 25%).” However, even at
doubled CO, concentrations, photorespiration is not totally eliminated in C, crops.?
Therefore, the effective addition of 7.5 - 10% of gross photosynthesis takes in to
account the amount of biomass saved due to the partial reduction of photorespiration
due to elevated CO,,.

(d) Partitioning of biomass into grains: Elevated CO, levels do not cause variations
in the ratios of partitioning of assimilated carbohydrates to different organs.?
Therefore, the same proportional contributions from current photosynthesis and
pre-heading storage to grain yield of rice were used for simulations at both present
and doubled CO, levels. Uprety* has observed a 17% increase in the number of
panicles per plant and a 65% increase in the number of grains per panicle in rice
growing under elevated CO,. Therefore, sink limitation under elevated CO, can be
ruled out as a yield-limiting factor.

Modification of model parameters for increased air temperatures (by 4°C) at current
CO, concentrations (350 ppm)

(@) Phenological development of the crop: The development of a crop through its
successive phenological stages was determined on the basis of eq. 1 described
earlier. Elevated temperatures shortened the durations all developmental stages
because the required thermal durations were fulfilled within shorter durations.
Table 2 gives the respective mean durations of different stages of rice when grown
under air temperatures elevated by 4°C from the current levels. These values were
computed using 12-year (1984-1996) averages of daily mean temperatures at
Maha-Illuppallama for the three developmental stages of the two rice varieties used
in the simulation.

(b) Leafarea development and radiation interception: The rate of leaf expansion is
increased by elevated temperatures.® Hence, the pattern of variation of leaf area
index (L} will be the same as that under current temperatures. However, it will be
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confined within the shortened durations of the crops as following:
For the 4 month variety:
L= 7.61 (1 + et 01 (eq. 18)
For the 3 -]2- -month variety:
L= 701 (14 e-0iudyi] (eq. 19)

Table 2: Mean durations (days) of developmental stages of rice at tempera-
tures elevated by 4 °C from the current levels

Variety Vegetative Reproductive Grain-filling Total
4-month 51 25 » 27 103
3—(15 ‘month 39 25 26 30

Note: Based on daily mean temperatures at Maha-Illuppallama duriog a 12-vear perind from 1954

to 199k

where, d is the number of days after sowing. The times of acnieving maximum L,
caleulated on the basis of thermal durations, were 62 and 50 days after sowing
(DAS) respectively for the 4-month and 34 ~month varieties. In both varieties, the
maxintum L values were estimated to be maintained for the next 30-day period
after which L decreased down to a value of 2 at maturity according to the following
Jinear equations:

For 4-month vartety:

1, =61.28-0.61d (eq. 20)
and for RK_l)—month variety:

L =50.33-0.56d (eg. 21)
Radiation interception by the rice canopies at elevated temperatures would be
determined according to eqs. 3 - 6. The light extinction coefficient does not change
with rise in temperature.

(¢c) Photosynthetic light response: Within the range of prevauing ambient
temperatures m the low-country dry zone of Sri Lanka, a temperature increase of

4'C will not cause a change in P 1% However, o decreases and the light compen-
sation point (LCP) increases with increaging temperature because of increased
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photorespiration. Based on calculations of Penning de Vries et al.' and Long®, a
was decreased from 0.042 mol CO, (mol PAR)! at current temperature to 0.036
mol CO, (mol PAR)! at a temperature elevated by 4°C. On the other hand, the
LCP increased from 7.58 pumol PAR m* s to 11.52 umol PAR m2 s As a result,
according to eq. 12, B increased upto 891.15 pmol PAR m? s'.

(d) Respiration: An increase in temperature increases respiration.? The extent
of respiration increase due to elevated temperature was estimated by eq. 224
using a Q* value of 2.9

Q,, = (R/R)LT (eq. 22)

where: R and R are the respiration rates at elevated and current temperatures
respectively; and AT is the temperature rise (i.e. 4°C). Therefore, according to eq.
22, the vrespiration rate would be increased by a factor of 1.32 with a 4°C rise in
temperature.

(e). Partitioning of biomass into grains: The proportion of partitioning of biomass
mto grains is not altered by a temperature increase, either for pre-heading storage
or for current photosynthesis. Although the number of sterile grains could increase
with increasing temperature®, the amount of biomass partitioned in to grains could
remain constant because the fertile grains could absorb the biomass that was to be
filled in to the sterile grains.

Modification of model parameters for doubled CO, concentrations (700 ppm) and for
increased air temperatures (by 4°C): The above-discussed effects of elevated CO,
and temperature would be combined here. ’

(a) Crop durations and radiation interception. The crop durations would be
shortened by elevated temperatures and, as described earlier, the leaf area index
would be increased by 25% by doubled CO,. The light extinction coefficient would
not change and radiation interception by a rice canopy would occur according to
eqs. 2-5.

(b) Photosynthetic light response: As P_is not affected by elevated temperature within
the range considered, the value of 55.36 jimol CO, m?s” is used. o is increased by
elevated CO, and decreased by elevated teraperature. The net result of these two
opposing effects was estimated according to Long?® and a value of 0.05 mo? CoO,
(mol PAR)! was computed. Likewise, the light compensation point is decreased
by elevated CO, and increased by elevated temperature. The net effect was
estimated based on Long® and a value of 8.49 imol PAR m? §? was used. According
to eq. 12, the computed B was 1107.53 pmol PAR m™ s,
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(¢c) Respiration: The respiration rates which would be reduced by 25% (as described
earlier, relative to current levels of CO, and temperature) due to doubled CO, were
adjusted for elevated temperatures according to eq. 22. Hence, a factor of 0.99 was
used to compute respiration rate at elevated CO, and temperature relative to the
current levels.

All models were run with a time step of 0.05 bours (i.e. 3 minutes) on the SAS
statistical software and the results were integrated over the respective crop durations
to obtain the fina) grain yields of the simulated rice crops. The 3-minute time step
was selected in order to simulate the diurnal variation of canopy photosynthesis.
This is essential in the computation of daily total photosynthesis and tine resulting
increase of crop biomass. Although the incident radiation data were on a daily
basis, these were also partitioned in to 3-minute time intervals for the purpose of
computing the diurnal variation of canopy photosynthesis.

RESULTS AND DISCUSSION

Comparison of predicted rice yields at current CO, and temperature with
actual yields

Fig. 3 shows the actual rice vields obtained in Kalawewa (representing irrigated
rice crops in Mahaweli ‘H’ area in Anuradhapura district) during the period
between maha, 1984/85 and maha, 1995/96 as compared to the yields predicted
from the mode! using meteorological data at Maha-Illuppallama and the reievant
crop parameters. The actua) yield data were obtained from the Socio-Economics
and Planning Centre of the Department of Agriculture, Peradeniya and are based
on the yields of a large number of farmer fields in the area. There was satisfactory
agreement between predicted and actual rice yields.

-\

Rice Yield (x 10% kg/hs

6 — ]

Actual ,

asM B87M 89M 91M 93M  95M 96Y
' Year & Season

Figure 3: Irrigated rice yields predicted by the model as compared to the
actual yields in the Kalawewa area.
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However, the mode] slightly underestimated the maha yields and slightly
overestimated the yala yields. The underestimation of maha yields has occurred
most, probably because of the fact that some farmers cultivate rice varieties of a
longer duration (i.e. 4% -month) than the 4-month variety used for the simulations.
Under proper manage;nent, especially irrigation, a 4-})- -month variety would have
a higher vield than a 4-month variety and would cause the predicted yield to be
slightly lower than the actual yield. The most probable reason for the slight
overestimation of vala rice yields is the probable occurrence of soil water deficits in
farmer fields and the higher atmospheric vapour pressure deficits (ranging from
1 kPa upto 4 kPa) which would cause a yield reduction. The model assumed that the
vala crops are fully-irrigated and hence do not experience water deficits either in
the soil or air. However, despite these unavoidable errors, the model is accurate
enough to be used to make predictions about rice yields at elevated CO, and
temperature levels.

Predicted change in rice vield due to doubled CO,

Fig. 4 shows that a doubling of CO, would increase rice yields significantly. The
percentage increase is around 50% relative to the current yields. This value agrees
closely with the actually-observed yield increase of 47% in vice crops grown in
open-top chambers in the field at doubled CO,.*** The yield increase of 50%
predicted by the present model also agreed very closely with the 537% yield increase
for rice under elevated CO, observed in the most recent Indian studies.”” The vield
increase is mainly due to increased leaf area, light-saturated photosynthesis (P, ),
gquantum efficiency (o) and decreased respivation.
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Tigure 4: Predicted irrigated rice yields under different scenarios of future
climate change as compared with predicted yields under current climatic
conditions in the Anuradhapura district.
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Predicted change in rice yield due to increased temperature by 4°C

In contrast to the yield increases produced by doubled CO,, the elevated
temperature causes a significant yield decrease (Fig. 4) ranging from 39-47%. This
is mainly because of the shortened crop duration which would decrease vadiation

absorption and photosynthesis and increase resplration.

Predicted change in rice yield due to doubled CO, and a 4"C temperature
increase

Fig.4 shows that the signiticant probable yield increases at doubled CO, would be
considerably negated by a 4'C increase in temperature. In fact, in certain years, the
maha vields under elevated CO, and temperature will be slightly lower than the
current, yields whereas, in all years, the yala yields will be slightly higher (by 3-
17%,). Therefore, it is clear that the negative effects of elevated temperature (i.e.
shortened crop duration and increased respiration) almost totally negate the
positive effects of elevated CO, G.e. increased leaf area and photosynthesis and
decreased respiration).

Much of the existing research information are in agreement with the above
predictions from the present model. The most comprehensive research and
modelling effort, so far, on the effects of climate change on rice was carried out at
IRRI with collaboration from many South Asian countries which included
Bangladesh, China, India, Indonesia, Japan, Malaysia, Myanmar, Philippines, South
Korea, Taawan and Thailand.*“* At all sites, increasing CO, alone increased
simulated vields. The average yield increase was 23.6%: at a CO, concentration of
510 ppm and 36.8% at 680 ppm.** However, increments in temperature decreased
simulated yields. Regression analysis indicated yield declines ot 6.7, 14.1 and 29.4%
for temperature increases of 1,2 and 4'C respectively (i.c. a yield decrease of 6.7 and
7 4% tor each 1°C increase in temperature). The net result of the positive effect of
increased CO, and the negative effect of increased temperature on the rice
production in the tested countries was predicted to be an overall decrease of 3.87
under the climate of the next century.” These results showed close agreement with
the predictions of the present model.

Implications of predicted changes inrice yield due to future climate change
and recommended remedial measures

Tt is clear that expected climate change in the future would not be favourable for
achieving the required increases in rice production in Sri Lanka, particularly in
view of the expected increases in population during the next century. Therefore, the
following remedial measures are recommended:
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(1) Breeding of rice varieties with tolerance to high temperature: As it is
the effects of elevated temperature that negate the potential yield increases due to
elevated CO,, varieties with greater tolerance in their physiology to temperature
increases will perform better in a future climate. Therefore, the breeding efforts
should be directed towards incorporating greater high-temperature tolerance
to the existing high-yielding varieties.

(2) Introduction of rice-based multiple cropping systems: The shortened
durations of the rice crops due to increased temperatures will mean that more time
will be available between the two traditional rice-growing seasons. This time
could be utilized either for a third rice crop or for other suitable short-duration
crops. However, as availability of water will be a major factor here, crops of greater
drought tolerance will have to be used. Therefore, considerable breeding effort
has to be channelled to breeding drought-tolerant varieties of both rice and other
field crops. Policy decisions may have to be taken to ensure that the additional

nputs li.e. seeds, fertilizer, agrochemicals, harvesiing andg $10raoe cilites)

required by the farmers for cultivation of a third crop are available in adequate
quantities at the required time. It is true that the above iputs are limiting even at

the present time where only two crops per year are grown. Therefore, a concerted
effort to increase the availability of these inputs as a preparation for future climate
change, is certain to bring about overall benefits to ensure future food security in
Sri Lanka. '

(3) Increasing irrigation efficiency: More efficient use of the available irmgation
water duting the two traditional growing seasons, would make a certain amount of
water available for imited irrigation of a third inter-seasonal crop. Therefore,
irrigation management has to be improved with a view of minimizing unproductive
wastage of irrigation water and obtaining a greater yield in return for a unit of
irrigation water utilized.

(4) Promotion of research within Sri Lanka into crop responses to future climate
change: All research information for the present study had to be obtained from studies
carried out in other countries because of lack relevant research in Sri Lanka.
Therefore, research into plant physiological responses of rice and other important
crops to elevated CO, and temperature should be promoted within Sri Lanka. This
could even lead to identification of genotypes among local germplasm which have
inherently greater yield potential at higher CO, and temperature levels. Further-
more, increased understanding of the internal functioning of crops under future
climatic conditions will contribute significantly into breeding of crop varieties more
suitable for future climates.
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