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Abstract — The objective of this study was to assess the development response of cultivated rice and red
rice to different increases in minimum and maximum daily air temperatures, in Santa Maria, Rio Grande
do Sul State, Brazil. One hundred years climate scenarios of temperatures 0, +1, +2, +3, +4, and +5°C, with
symmetric and asymmetric increases in minimum and maximum daily air temperatures were created, using
the LARS-WG Weather Generator, and a 1969-2003 database. Nine cultivated rice genotypes (IRGA 421,
IRGA 416, IRGA 417, IRGA 420, BRS 7 TAIM, BR-IRGA 409, EPAGRI 109, EEA 406 and a hybrid), and
two red rice biotypes (awned black hull-ABHRR, and awned yellow hull-AYHRR) were used. The dates of
panicle differentiation (R 1), anthesis (R4), and all grains with brown hulls (R9) were estimated with a nonlinear
simulation model. Overall, the duration of the emergence—R1 phase decreased, whereas the duration of the
R1-R4 and R4-R9 phases most often increased, as temperature increased in the climate change scenarios. The
simulated rice development response to elevated temperature was not the same, when the increase in minimum
and maximum temperature was symmetric or asymmetric.

Index terms: Oryza sativa, global warming, phenology, simulation, weeds.

Impacto do aumento na temperatura média do ar sobre o desenvolvimento
do arroz e do arroz-vermelho

Resumo — O objetivo deste trabalho foi avaliar a resposta do desenvolvimento do arroz cultivado e do arroz
vermelho a diferentes aumentos nas temperaturas minima e maxima diarias do ar, em Santa Maria, RS, Brasil.
Foram criados cenarios climaticos de cem anos de 0, +1, +2, +3, +4 ¢ +5°C, com aumentos simétricos e
assimétricos nas temperaturas minima ¢ maxima diaria do ar, usando o Weather Generator LARS-WG ¢
uma base de dados de 1969-2003. Foram usados nove genoétipos de arroz cultivado (IRGA 421, IRGA 416,
IRGA 417, IRGA 420, BRS 7 TAIM, BR-IRGA 409, EPAGRI 109, um hibrido ¢ EEA 406) e dois biotipos
de arroz-vermelho (casca preta aristado ¢ casca amarela aristado). A data da diferencia¢do da panicula (R1), a
antese (R4) e todos os graos com casca marrom (R9) foram estimados com um modelo néo linear. Em geral, a
duragdo da fase emergéncia—R1 diminuiu, enquanto a duragdo das fases R1-R4 ¢ R4-R9 aumentaram, com o
aumento da temperatura nos cenarios de mudanca climatica. A resposta simulada do desenvolvimento do arroz
a elevagdo da temperatura nio foi a mesma, quando o aumento na temperatura minima e maxima foi simétrico
ou assimétrico.

Termos para indexacdo: Oryza sativa, aquecimento global, fenologia, simulagao, planta daninha.

Introduction global temperature will increase from 1.1 to 6.4°C by

the end of this century, in several locations, including
Brazil (IPCC, 2007). Agroecosystems are likely to be
affected by the projected climate change (IPCC, 2007),

There is a major consensus among scientists,
except for some minor disagreements, that climate
is changing and air temperature is raising due to

increasing concentrations of CO, and other atmosphere
greenhouse gases (Weiss et al., 2003; Kerr, 2005;
IPCC, 2007). There are reports that the 90°s was the
warmest decade in the last millennium (Kerr, 2005),
and projections indicate that it is very likely that mean

and their responses will cause considerable impacts on
public policy at national and international levels.

Rice (Oryza sativa L.) is one of the three major
cereals produced worldwide and constitutes the staple
food of more than half of the world population (FAO,
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2007). Brazil is the largest rice producer outside
Asia, with a production of about 11 million Mg per
year (Corréa, 2007). The State of Rio Grande do Sul
is the largest Brazilian rice producer, with an average
yield of 6.7 Mg ha!, in about one million hectares
of flood-irrigated fields (Instituto Rio Grandense do
Arroz, 2007). Red rice (Oryza sativa L.) is one of
the top weeds and it has caused considerable yield
reduction in paddy rice fields worldwide (Noldin et al.,
1999; Marchezan et al., 2004).

Plant development is a key process in defining crop
yield. To maximize crop yield, developmental phases
should be completed when the environmental factors
(mainly temperature, water, and solar radiation) are
nearby their optimum levels. Therefore, when assessing
crop response to climate change, an important scientific
question is: how will crop development change if
climate changes? This question extends to weeds, as
crop-weed competition is largely dependent upon
developmental stage of the crop (Agostinetto et al.,
2001).

Crop models are some of the tools used in studies
of crop development response to climate change
(Streck, 2005; Streck et al., 2006). Among several
environmental factors, temperature is a major abiotic
factor that drives rice development (Gao et al., 1992;
Infeld et al., 1998). Regarding the approach used to
describe the temperature effects on crop development,
there are two groups of models: linear models (Infeld
et al., 1998; Steinmetz et al., 2006), and nonlinear ones
(Gao et al., 1992; Streck et al., 2003, 2007). Linear
models usually work well at “normal” temperature,
but fail when crops develop at under and above
“normal” temperature (Streck et al., 2007). Therefore,
when assessing crop development response to climate
change scenarios, nonlinear models should be preferred
(Streck et al., 20006).

Someresearches have been devoted to study the effect
of climate change on rice development (Lal et al., 1998;
Tao et al., 2008). In Brazil, only the study by Steinmetz
et al. (2006) reports on the effect of climate change on
rice development. In the latter, the response related to
duration of emergence to panicle differentiation phase
to temperature was simulated using the linear approach
(thermal time concept). Furthermore, in the Steinmetz
et al. (2006) study, thermal time was calculated
using daily mean temperature, considering a base
temperature of 11°C and a 30°C upper threshold; and
climate change scenarios were created by adding +1,

Pesq. agropec. bras., Brasilia, v.43, n.11, p.1441-1448, nov. 2008

1. Lago et al.

+2, +3 and +5.8°C to the mean daily temperature. It is
important to extend the study by Steinmetz et al. (2006)
to later developmental stages in rice and consider daily
minimum and maximum temperatures in the climate
scenarios, because plant development responds to
both minimum and maximum daily temperatures,
and because asymmetric changes in minimum and
maximum daily air temperatures have been reported
worldwide, with higher increase in minimum than in
maximum daily air temperature (Peng et al., 2004;
IPCC, 2007).

The objective of this study was to assess the
development response of cultivated rice and red rice
to different increases in minimum and maximum daily
air temperatures, in Santa Maria, Rio Grande do Sul
State, Brazil.

Materials and Methods

The study was performed in Santa Maria, RS
(29°43'S, 53°43'W, and altitude: 95 m). This location is
representative of a major rice region in Rio Grande do
Sul State, Brazil. Climate change scenarios were created
with the LARS-WG Weather Generator (Semenovetal.,
1998), using as database the meteorological datarecords
(daily minimum and maximum air temperature) from
1969 to 2003, collected at a standard Meteorological
Station of Instituto Nacional de Meteorologia
(8 Distrito de Meteorologia). LARS-WG (Semenov
et al.,, 1998) is a stochastic model widely used for
downscaling of future climate large scale projections,
in scenario studies related to climate change impact
on agroecosystems (Weiss et al., 2003; Richter &
Semenov, 2005; Streck & Alberto, 2006a, 2006b).
This stochastic model generates data series using
semi-empirical probability distribution functions that
keep the statistics of the original data series (Semenov
et al., 1998).

One hundred years of daily meteorological data
(minimum and maximum air temperatures) with
increases of 0°C (current climate), +1, +2, +3, +4,
and +5°C (future climates) in mean air temperature,
considering symmetric and asymmetric increases in
minimum and maximum temperatures were generated
(Table 1). The asymmetric increase of mean air
temperature was assumed to be 20% greater for the
minimum than for the maximum temperature over
the increase in mean temperature (IPCC, 2007). The
comparison between these synthetic climate change
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series, and the observed series from 1969 to 2003 for
Santa Maria, was performed previously (Streck &
Alberto, 2006a, 2006b) and there was no significant
difference between statistics, indicating that air
temperature series generated with LARS-WG can be
used in this study.

Nine rice genotypes (IRGA 421, IRGA 416,
IRGA 417, IRGA 420, BRS 7 TAIM, BR-IRGA 409,
EPAGRI 109, EEA 406 and hybrid) and two red rice
biotypes (awned black hull — ABHRR — and awned
yellow hull — AYHRR) were used. The rice genotypes
are of subspecies indica semi-dwarf, except for
genotype EEA 406, which is an old genotype, used
in the 60’s, representative of the japonica subspecies
(tall, broad-leaf plant), used as a red rice simulator
plant in crop-weed competition studies (Agostinetto
et al., 2004). These genotypes were selected because
they are widely grown in flood-irrigated paddies in
Southern Brazil; both indica and japonica represent
subspecies of Oryza sativa and have a broad range of
development rate, varying from very early (IRGA 421)
to late (EPAGRI 109). The two red rice biotypes are
representative of red rice types commonly found in
paddy rice fields in this location.

The development simulation model for cultivated
rice and red rice, used in this study, was the Wang and
Engel (WE) model (Wang & Engel, 1998). WE model
has coefficients with biological meaning and operational
definition, and the effects of environmental factors on
crop development are represented by nonlinear response
functions, combined in a multiplicative fashion. This

Table 1. Scenarios of increased mean air temperature,
with symmetric and asymmetric increase of minimum and
maximum air temperatures used in the study.

Climate scenarios Minimum  Maximum Mean
temperature temperature  temperature
U©) (U9 (9
Non-climate change 0.0 0.0 0.0

Symmetric increase

la +1.0 +1.0 +1.0

2a +2.0 +2.0 +2.0

3a +3.0 +3.0 +3.0

4a +4.0 +4.0 +4.0

Sa +5.0 +5.0 +5.0
Asymmetric increase

1b +1.2 +0.8 +1.0

2b +2.4 +1.6 +2.0

3b +3.6 +2.4 +3.0

4b +4.8 +3.2 +4.0

5b +6.0 +4.0 +5.0

1443

model was previously calibrated and validated for rice
and red rice by Lago (2008). The developmental cycle
of irrigated and red rice was divided into three phases
(Gao et al., 1992; Infeld et al., 1998): the vegetative
one, from emergence (EM) to panicle differentiation
(R1), the reproductive one, from R1 to anthesis (R4),
and the grain filling phase from R4 to all grains with
brown hulls (R9).

The first step in the WE model is to calculate the
daily plant developmental rate (r). The developmental
stage (DS) is calculated by accumulating daily
developmental rates (DS = Xr). DS is zero at EM, 0.4
at R1, 1 at R4, and 2 at R9. The general form of the
WE model is:

I = I'maxy f(T) — for the vegetative phase (EM—R1),

I = TI'na, [(T) — for the reproductive phase (R1-R4)
and

I = I'maxer f(T) — for the grain filling phase (R4-R9),

in which: Ty, Tmaer aNd e are daily maximum
developmental rate (per day), during vegetative,
reproductive, and grain filling phases, respectively;
and f(T) is a temperature response function varying
from zero to 1. The temperature response function
[f(T)] is a beta function (Wang & Engel, 1998; Streck
et al., 2003), and was defined as:

f(T) = 0, for T<Ty,

£(T) = [2(T - Tunin)*(Topt = Tin)* = (T = Toin)**}/(Topr = Trnin)
for T, <T<T nax

f(T) =0, for T>T,.,

o = In(2)/In[(Tumax = Tinin)/(Topt = Tinin)],

in which: Tynin, Tope and Ty are cardinal temperatures for
each developmental phase; and T is the air temperature.
For each climate scenario (Table 1), the f(T) was
calculated using daily minimum (TN) and maximum
(TX) air temperatures, and then the daily values of f(T)
were averaged resulting in a daily mean f(T).

The cardinal temperatures (T, Top and T.) for
the subspecies indica rice genotypes were: 11, 30 and
40°C, in the EM—R1 phase; 15, 25 and 35°C, in the
R1-R4 phase; 15, 23 and 35°C, in the R4-R9 phase
for Toin, Topt € Tinax, respectively (Lago, 2008). For the
subspecies japonica rice genotype and the two red
rice biotypes, the cardinal temperatures (T, Ton and
Tuax) Were: 6, 30 and 35°C, in the phase EM—R1; 13,
25 and 30°C, in the phase R1-R4; 10, 23 and 30°C, in
the phase R4-R9 for Ty, Tope and Ty, respectively
(Lago, 2008). Coefficients I'maxv, Imaxr I'maxgr fOr €ach
developmental phase (EM—R1, R1-R4 and R4-R9)
and for each genotype, are presented in Table 2.
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Simulations for each of the 100 years, in each
scenario (Table 1), started on November 15, which
is within the currently recommended sowing period
(from October 1* to December 10) for Santa Maria,
RS (Sosbai, 2007). The duration, in days, of the
EM-R1, R1-R4, and R4-R9 developmental phases
was calculated for each of the 100 years of the climate
scenarios (Streck et al., 2000).

Data analysis consisted of calculating the deviations
(difference between climate-change scenarios and
non-climate change scenario) of the developmental
phase duration, for the 100 years and averaging the
deviations for each climate scenario, as suggested
by Weiss et al. (2003). A positive deviation means
increases of developmental phase in the scenarios of
climate change, whereas a negative deviation means
developmental phase decreases.

Results and Discussion

A trend of increasing negative deviations was
observed in the duration of the vegetative (EM—R1)
phase (i.e. a shorter phase), for increasing mean
air temperature scenarios, for both symmetric and
asymmetric increase in minimum and maximum
temperature (Tables 3, 4 and 5). The shortest EM—R1
phase was simulated for the asymmetric increase —
based scenarios, and deviations increased with the
length of this phase. The later the maturation group
of the cultivar, the longer the length of the EM—R1
phase. Negative deviations varied from eight days

Table 2. Coecfficients of Wang & Engel model (tyuxys Tmaxrs
Tmaxef) fOr the developmental phases emergence to panicle
differentiation (EM—R1), panicle differentiation to anthesis
(R1-R4) and anthesis to all grains with brown hulls (R4-R9),
in nine irrigated rice genotypes and red rice biotypes™.

Genotype™ EM-RI R1-R4 R4-R9

T'max.v Trax.r Trax of
IRGA 421 0.0158 0.0386 0.0479
IRGA 416 0.0132 0.0229 0.0571
IRGA 417 0.0122 0.0282 0.0497
IRGA 420 0.0126 0.0221 0.0520
BR-IRGA 409 0.0118 0.0153 0.0515
BRS 7 TAIM 0.0114 0.0197 0.0506
EPAGRI 109 0.0091 0.0172 0.0557
Hybrid 0.0138 0.0258 0.0517
EEA 406 0.0161 0.0366 0.0719
ABHRR 0.0170 0.0376 0.0709
AYHRR 0.0165 0.0364 0.0601

(MSource: Lago (2008). ?’ABHRR: awned black hull red rice; AYHRR:
awned yellow hull red rice.
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for IRGA 421 (very early) genotype to 12 days for
EPAGRI 109 (late) genotype, in the 5b scenario. The
trend of shortening in this developmental phase, as
temperature increased, was similar, but the shortening
magnitude was smaller for japonica genotype
(EEA 406) and the red rice biotypes for the asymmetric
increase-based scenarios, with a negative deviation
of six days for these three genotypes in scenario 5b.
For EEA 406 and red rice biotypes, in the symmetric
increase-based scenarios, there was a slight shortening
until a+3°C increase (one day), and a slight lengthening
of one day and two days for the +4 and +5°C scenarios,
respectively (Table 5).

Steinmetz et al. (2006) also reported shortening of
the EM—R1 phase, in elevated temperature scenarios
from eight to 34 days, depending upon the location
(eight locations) and maturation group (early or
medium) for the +5.8°C scenario. During the EM—R1
phase, roots grow, tillering takes place and leaf area
expands. Therefore, a possible consequence of a shorter
EM-RI1 phase is a decrease in the number of tillers
and a reduced leaf area per plant, which may result
in decrease of rice yield, if temperature rises. Field
management operations like the date of side-dressing
nitrogen application, recommended at the onset of
tillering and at R1 (Sosbai, 2007), would also have to be
changed. From a crop-weed competition stand point, a
greater shortening of the EM—R1 phase of the modern
(subspecies indica) genotypes, compared to the red
rice biotypes, may result in reduced competitiveness
of the cultivated rice with this weed (Agostinetto et al.,
2001), because, in such scenario, red rice may have
greater leaf area per plant.

There was an increase in the duration of the
R1-R4 phase (positive deviations) simulated for indica
genotypes, as temperature increased when the increase
in minimum and maximum was symmetric (Tables 3,
4 and 5). The greatest delay for completing this phase
was simulated in scenario 5a, where positive deviations
varied from four days for IRGA 421 (very early) to
10 days for BR-IRGA 409 (mid late). For the asymmetric
increase-based scenarios, the deviations in the R1-R4
phase of indica genotypes were slightly negative
(shorter phase) in +1 and +2°C, and slightly positive
(longer phase) for greater temperature increases (+3, +4,
+5°C). For EEA 406 and red rice genotypes, deviations
in the duration of the R1-R4 phase were negative in all
climate change scenarios, with the greatest reduction of
four days in the scenario 3b (Table 5).
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A longer R1-R4 phase may increase the number of
days in which plants are exposed to high temperatures,
which may cause spikelet sterility. An exposure to 35°C,
during anthesis, can cause 20-30% sterility (Horie,
1993; Matsui et al., 1997). In the scenarios used in the
present study, maximum temperature during the 100 years
was equal to or greater that 35°C in 4, 7, 11, 15, and
21% of the days in scenarios la, 2a, 3a, 4a, and 5a,
respectively, and 4, 6, 8, 11, and 15% in scenarios 1b,
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2b, 3b, 4b, and 5b, respectively, compared to only 2%
in the non-climate change scenario (current climate).
The shortening of the R1-R4 phase of the red rice
biotypes, simulated for all climate change scenarios
in this study, means that plants of this weed would
be exposed to high temperatures during fewer days,
which may decrease spikelet sterility, compared to the
cultivated rice. One consequence of the difference in
the duration of the R1-R4 phase between red rice and

Table 3. Deviations (in days) of the duration of emergence to panicle differentiation (EM—R1), panicle differentiation to
anthesis (R1-R4), anthesis to all grains with brown hulls (R4-R9), and emergence to all grains with brown hulls (EM—-R9)
developmental phases of the very early and early irrigated rice genotypes IRGA 421, IRGA 416, IRGA 417, and IRGA 420
simulated for climate change scenarios of +1, +2, +3, +4, and +5°C, related to the scenario with no change in temperature.

Scenarios are numbered according to Table 1.

Genotype Developmental Climate scenarios
phase la 1b 2a 2b 3a 3b 4a 4b Sa Sb
IRGA 421 EM-R1 -2 -2 -3 -4 -5 -6 -5 -7 -5 -8
R1-R4 0 -1 1 -1 1 -1 2 0 3 1
R4-R9 1 0 2 1 4 2 6 5 8 7
EM-R9 -1 -3 -1 -4 0 -4 3 ) 6 0
IRGA 416 EM-R1 -2 -3 -4 -5 -5 -7 -6 -8 -6 -9
R1-R4 0 -1 1 -1 3 0 5 2 7 4
R4-R9 0 0 1 0 2 2 4 3 6 5
EM-R9 2 -4 -1 -5 0 -5 3 -4 7 0
IRGA 417 EM-RI1 2 -3 -4 -5 -5 -7 -6 -9 -6 -10
R1-R4 0 0 1 0 2 0 4 1 6 3
R4-R9 0 0 1 0 3 2 5 4 7 6
EM-R9 -2 -4 -2 -5 0 -5 3 -4 6 0
IRGA 420 EM-R1 -2 -3 -4 -5 -5 -7 -6 -8 -6 -9
R1-R4 0 -1 1 -1 3 0 5 2 7 4
R4-R9 0 -1 1 0 2 1 4 3 5 5
EM-R9 -2 -4 -2 -6 0 6 3 -4 7 0

Table 4. Deviations (in days) of the duration of emergence to panicle differentiation (EM—R1), panicle differentiation to
anthesis (R1-R4), anthesis to all grains with brown hulls (R4-R9), and emergence to all grains with brown hulls (EM—R9)
developmental phases of the mid late and late irrigated rice genotypes BRS 7 TAIM, BR-IRGA 409, and EPAGRI 109
simulated for climate change scenarios of +1, +2, +3, +4, and +5°C, related to the scenario with no change in temperature.

Scenarios are numbered according to Table 1.

Genotype Developmental Climate scenarios
phase la 1b 2a 2b 3a 3b 4a 4b Sa 5b
BRS 7 TAIM EM-R1 -2 -3 -4 -6 -6 -8 -6 -9 -6 -10
R1-R4 0 -1 2 -1 3 0 5 2 8 5
R4-R9 0 -1 0 -1 1 0 2 1 4 3
EM-R9 -2 -5 -3 -7 -1 -7 2 -6 6 -2
BR-IRGA 409 EM-R1 -2 -3 -4 -5 -5 -7 -6 -9 -6 -10
R1-R4 0 -1 2 -1 4 0 6 3 10 6
R4-R9 -1 2 -1 2 0 2 1 -1 2 0
EM-R9 -3 -6 -3 -8 -2 -9 1 -7 6 -3
EPAGRI 109 EM-R1 -3 -3 -5 -6 -6 -9 -7 -10 -7 -12
R1-R4 0 -1 1 -1 3 0 5 2 8 5
R4-R9 -1 -2 -1 -2 -1 -2 0 -2 1 0
EM-R9 -4 -7 -5 -10 -4 -11 -1 -10 3 -7
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the modern rice genotypes would be an increase in red
rice seed bank in the soil, in a warmer climate.

The simulated duration of the R4—R9 phase increased
(positive deviations) in the climate change scenarios
for the indica genotypes (Tables 3, 4 and 5), except
for BR-IRGA 409 and EPAGRI 109 (Table 4), with
slightly greater deviations in the symmetric increase-
based scenarios. BR-IRGA 409 and EPAGRI 109 had
negative deviations for small increased temperatures
(up to +3°C) and small positive deviations in the +4
and +5°C scenarios. Positive deviations for the R4-R9
phase were also simulated for the japonica genotype
(EEA 406) and red rice biotypes (Table 5), with the
greatest positive deviations of all genotypes and
slightly greater values in the asymmetric increase-
based temperature scenarios, reaching 10 days in
scenario 5b. A longer R4-R9 (grain filling) phase
increases the opportunity for grain growth, but at the
same time, higher nighttime temperature (especially
in asymmetric scenarios) increases canopy respiration,
which may affect negatively grain yield, possibly
offsetting the positive effect of elevated CO, on crop
growth and yield (Lal et al., 1998; Streck, 2005; Streck
& Alberto, 2006a).

Deviations in the total developmental cycle
(EM-R9) were different for symmetric and asymmetric
temperature increase scenarios (Tables 3, 4 and 5).
Overall, in the symmetric temperature increase

1. Lago et al.

scenarios, there was a slight decrease (negative
deviations lower than five days) for scenarios 1a, 2a and
3a; and there was an increase (positive deviation) in the
duration of the EM—R9 phase, for scenarios 4a and 5a,
that reached three days in EPAGRI 109 genotype and
six to seven days in the other genotypes, including red
rice biotypes. In contrast, in the asymmetric temperature
increase scenarios, a general trend of decreasing the
duration of EM—R9 phase, as temperature increased,
was simulated until +3°C (scenario 3b), for all
genotypes. For higher temperature increases (+4 and
+5°C), the negative deviations decreased, reaching
positive deviations for some genotypes (IRGA 421, the
hybrid, EEA 406), and the red rice biotypes in scenario
5b. The greatest negative deviations of this phase, in
scenario 3b, varied from five days for IRGA 421 (very
early) to 12 days for EPAGRI 109 (late), in indica
genotypes and were about six days for EEA 406 and
red rice biotypes.

Many studies with different crops, including
rice, reported a decrease in the duration of crop
developmental phases, under climate change scenarios
(Lal et al., 1998; Weiss et al., 2003; Steinmetz et al.,
2006; Tao et al., 2008). A few studies, however,
reported an increase in the duration of developmental
phases, when temperature was increased by 2 up to
6°C (Streck et al., 2006). These studies used different
approaches to describe the effect of temperature

Table 5. Deviations (in days) of the duration of emergence to panicle differentiation (EM—R1), panicle differentiation to
anthesis (R1-R4), anthesis to all grains with brown hulls (R4-R9), and emergence to all grains with brown hulls (EM-R9)
developmental phases of the irrigated rice genotypes, hybrid and EEA 406, and red rice biotypes ABHRR (awned black hull
red rice) and AYHRR (awned yellow hull red rice) simulated for climate change scenarios of +1, +2, 43, +4, and +5°C, related
to the scenario with no change in temperature. Scenarios are numbered according to Table 1.

Genotype Developmental Climate scenarios
phase la 1b 2a 2b 3a 3b 4a 4b Sa 5b
Hybrid EM-R1 -2 -3 -4 -5 -5 -7 -6 -8 -6 -9
R1-R4 0 -1 1 -1 2 0 4 1 6 3
R4-R9 0 0 1 0 3 2 5 4 7 6
EM-R9 -1 -3 -1 -5 0 -5 3 -3 7 0
EEA 406 EM-R1 -1 -2 -1 -4 -1 -5 1 -6 2 -7
R1-R4 0 -2 -1 -3 -2 -4 -2 -3 -1 0
R4-R9 1 0 2 1 3 3 4 5 6 8
EM-R9 0 -3 0 -5 1 -6 3 -4 7 2
ABHRR EM-R1 -1 -2 -1 -3 -1 -5 0 -6 2 -7
R1-R4 0 -2 -1 -3 -2 -4 -2 -3 -2 0
R4-R9 1 0 2 1 3 3 5 6 7 9
EM-R9 0 -3 0 -5 1 -6 3 -4 7 2
AYHRR EM-R1 -1 -2 -1 -4 -1 -5 1 -6 2 -7
R1-R4 0 -2 -1 -3 -2 -4 -2 -3 -1 0
R4-R9 1 0 2 1 3 3 5 6 8 9
EM-R9 0 -3 0 -5 1 -6 4 -3 8 2

Pesq. agropec. bras., Brasilia, v.43, n.11, p.1441-1448, nov. 2008



Impact of increasing mean air temperature

on crop development (linear models or nonlinear
models). A longer duration of developmental phases,
simulated in high temperature scenarios (Tables 3, 4
and 5), was due to the delay in the developmental rate
at supra optimum temperatures in the nonlinear model
(equations 4 to 7), which was not considered in other
studies (Weiss et al., 2003; Steinmetz et al., 2006).

Among uncertainties about future climates is
whether minimum and maximum temperatures will
rise at the same rate. The simulations of the present
study indicated that rice developmental responded to
increase of mean temperatures; and the results were
not the same, when the increase in minimum and
maximum temperature was symmetric or asymmetric.
These results show that the uncertainties about the
vulnerability of agroecosystems to climate change
(IPCC, 2007) could increase.

There are several limitations in simulation studies
of scenarios of climate change impact on crop
development. One of such limitations is that most of
the studies consider crops are free of insects, diseases
and weeds (Lal et al., 1998; Streck et al., 2006), but
some studies have demonstrated that plant pests
increase in climate change scenarios (Ghini et al.,
2008). These results showed that current modern rice
genotypes could be less competitive with red rice in
simulated future climates. Furthermore, the results
are important for rice breeders who may consider
looking at additional traits, to compose the portfolio of
morphological and agronomic characteristics used for
selection of the next generation of rice genotypes.

Conclusions

1. There is a decrease in the duration of the EM—R1
phase when mean air temperature increases for both
symmetric and asymmetric increases in minimum
and maximum temperatures, with subspecies indica
genotypes being more sensitive than japonica genotype
and the red rice biotypes.

2. The duration of the R1-R4 phase increases in
indica rice genotypes when mean air temperature
increases for symmetric increase in minimum and
maximum temperatures; and the duration of this
phase decreases for japonica genotype and red rice
biotypes when mean air temperature increases for both
symmetric and asymmetric increases in minimum and
maximum temperatures.
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3. The duration of the R4-R9 phase, for the
cultivated rice genotypes (except for BR-IRGA 409 and
EPAGRI 109) and red rice biotypes, increases when
mean air temperature increases for both symmetric
and asymmetric increases in minimum and maximum
temperatures.

4. The response of total rice developmental cycle
(EM-R9) to increase mean temperature is dependent
upon the symmetric and asymmetric increases in
minimum and maximum temperatures.
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