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Abstract Physiological studies have provided clear evidence of heat-induced spikelet sterility in rice, which can
cause significant yield reductions. However, it is rather difficult to evaluate such yield losses in real world situations
in farmers’ fields, especially across large areas. State-of-the-art technologies, such as remote sensing and crop
modeling, can offer solutions for evaluating the heat-induced yield penalty in rice across a spatial area. Remote-
sensing technologies, especially Synthetic Aperture Radar (SAR), can provide spatial detection of the start of the
rice-growing season. This information, combined with time-series temperature data, can be assimilated into a crop
simulation model, which can provide a thorough assessment of any heat-induced yield penalty over a specific
geographic region. In this paper, we demonstrate how SAR can be used to assess the effects of heat stress in rice in
two districts of Andhra Pradesh, India, during the 2017 rabi (dry) season. The accumulated data suggest that 53,623
and 21,436 ha of rice fields in Nellore and West Godavari districts, respectively, had yield losses due to heat stress.
Rice fields in Nellore suffered higher yield and production losses due to heat stress because of steeper trend of
increasing temperatures during the rice plants’ reproductive stage.
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1. Introduction

High temperature affecting rice yield is a well known
phenomenon. Flowering is the most sensitive stage in
which heat stress causes a reduction in spikelet fertility
and harvest index in rice [1,2,3,4]. Zakaria et al. [3] found
that high temperatures of from 32 to 40°C occurring from
the 4th day after heading cause a decrease in panicle
weight and an increase in empty grains in the upper and
lower parts of the panicle. Das et al. [5] reported that a
temperature of 35°C or higher adversely affects panicle
extrusion, flowering period and number of anthesing
(opened) spikelets in rice. They also found pollen viability
is sensitive to high temperatures with lowland rice
genotypes being more vulnerable than upland ones.
Jagadish et al. [6] found both upland and lowland rice
spikelet sterility induced with less than 1 hr of exposure to
an air temperature of at least 33.7°C and higher, based on
a controlled environment experiment. Lowland indica rice
exhibited a reduction in spikelet fertility by 7% per°C
increase of temperature above 29.6°C whereas spikelet
fertility was reduced by 2.4% per°C increase above 33°C
for upland japonica rice [6]. In japonica rice, the critical
temperatures to induce 50% sterility were estimated to be
about from 36.5 to 38.5°C [2]. The effect of high
temperature on spikelet sterility is found to be exacerbated

under high humidity [7].

Under future climate change conditions between now
and 2100, assuming an A1B emission scenario, more than
120 million hectares of wetland rice are at high risk of
yield losses due to heat stress [8]. Rice pollen sterility induced
by high temperatures is exacerbated under increased CO,
concentrations [7], suggesting a further future threat of
rice yield constraints given the simultaneous increases of
both air temperature and CO, concentrations. Matsui et al. [7]
suggested that high CO, concentrations induce stomatal
closure, which leads to reduced transpirational cooling
thereby causing plants to be more vulnerable to heat stress.

To complement recent advances in collecting physiological
information on heat stress in rice, this study aimed to use
radar remote-sensing technology and a crop simulation
model to estimate the effects of heat stress on rice yield
during a specific cropping season at two geographical
locations in southern India.

2. Materials and Methods

The geographic focus of this research was in two
districts (West Godavari and Nellore) in the state of
Andhra Pradesh in southern India. Wassmann et al. [9]
suggested lowland rice grown in this region to be
highly vulnerable to heat stress because temperature
analyses showed that high temperatures occur during
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heat-susceptible growth stages of the crop.

The ORYZA crop growth model [10] was used in this
study because of its ability to simulate heat stress impact
on rice yield, particularly driven by rice spikelet fertility
response to daily maximum temperature [11] using the
relationship proposed by [12]:

Sy =100/ (1+exp(0.853(Tryax —36.6))) (1)

where Sy, is spikelet fertility (%), Tnax (°) is average daily
maximum temperature during rice flowering period, and
36.6° is a temperature coefficient marking Tpa. level
responsible for 50% spikelet fertility reduction.

Table 1. ORYZA inputs setting for rice yield simulation in this study

Variable Description Value Unit/Notes
ESTAB Crop establishment method | Transplanting -
NPLH Number of plants per hill 25 m?
NH Number of hills 5 Plants m?
Irrigated at
Water management minimum
IRMTAB method 20 soil water
depth
Amount of irrigation water
IRRI2 applied under IRMTAB=2 s mm
Minimum standing water
WLOMIN depth as threshold for 10 mm
irrigation application
FERTIL Inorganic N fertilizer reate 104 kg ha
Co2 Ambient alr_COZ 387387 4 ppm
concentration
WLOMX Bund height 85 mm
NL Number of soil layers for 9 )
Soil Water Balance (SWB)
0.05, 0.05,
. . 0.05, 0.10,
TKL Th'ﬁ;”:f?;’:;@gg soil 0.05, 0.05, m
4 0.05 0.20,
0.20
Maximum rooting depth in
ZRTM the soil 10 m
Number of puddle soil
NLPUD layers in the SWB 4 -
including plow sole
Deep
. ground
SWITGW | Ground water assumption 0 water (>
150 cm)
FIXPERC Soil percolation rate 2.0 mmd*

For this study, solar radiation data input for ORYZA
were derived from NASA POWER dataset [13], whereas
daily minimum and maximum temperatures were obtained
from World Weather Online [14,15] and Global Surface
Summary of the Day (GSOD) dataset from National
Climatic Data Center (NCDC), U.S. Department of
Commerce [16]. Soil data were derived from World
Inventory of Soil Emission potential (WISE) dataset [17]
and Harmonized World Soil Database (HWSD) [18].
Detailed input parameters for yield simulation using
ORYZA in this study is shown on Table 1. To ensure
yield simulation is at the level of actual yield rather than at
attainable yield at a given setting of nitrogen and water
inputs, the simulation was calibrated at run time using leaf
area index (LAI) data from the literature [19] using the
forcing option in ORYZA.

Transplanting date mapping was based on Synthetic
Aperture Radar (SAR) data analysis [20]. The system
detected transplanting date with Root Mean Squared Error,
RMSE [21] of 14 days as compared to the in-situ ground
verification data taken in West Godavari and Nellore
districts. During the ground verification field work, the
rice growth stages and/or status of the fields were
observed at random locations across the two districts.
SAR-based remote-sensing was used because clouds do
not obstruct the data collection. The independence from
the cloud cover conditions paired with the frequent
acquisitions (image acquired every 12 days) allows
observation of complete temporal signature throughout the
crop season from the initial land preparation until harvest.

Transplanting date information was used to adjust the
start of date of simulation input for ORYZA such that
simulated transplanting date matched the detected
transplanting date based on SAR analysis. Other agronomic
management and assumption on rice variety duration was
kept constant. The ORYZA crop model was run according
to the start time based on the transplanting date
information from SAR analysis and thus is expected to
capture the associated temperature differences throughout
the rice planting season in the target geography. Based on
the assumption that air temperature as the key driver for
yield differences and yield is declining as function of
temperature increase, simulated yield penalty from heat
stress (Pyn, kg ha™*) was calculation as follows:

Py =(Ym—Yh) (2)

where Yy, is simulated yield without heat stress (kg ha™)
and Y, is simulated yield with heat stress (kg ha). The
variable Y, is calculated as the maximum simulated yield
during early transplanting dates before maximum daily
temperature reaching the threshold of impacting rice yield,
defined as 35.6°C in this study (Figure 1). On the other
hand, the variable Y}, is the simulated yield at a given
temperature condition after the maximum temperature
exceed the high temperature threshold above.
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Figure 1. Critical temperature affecting rice heat stress assumed in this
study with the background of relationship between daily maximum
temperature and fertility percentage of rice spikelet reported by [3,5,12]
for non elevated CO, level, [6] for lowland indica with the 7% spikelet
fertility reduction for every °C increase in temperature (1) and upland
japonica with 2.4% spikelet fertility reduction for every °C increase in
temperature (2), [2], and as described by the Equation 1
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We use the following formula to calculate the extent of
heat stress impacted rice area, Ay, (ha):

Ayh =D (Af Y <Yp) (3)

where A, if Y <Y, term indicates area for each pixel when
simulated vyield is below yield without heat stress as
defined above.

Simulated sum of rice production loss at district level
due to heat stress, Py, (t) was calculated as follows:

Py, =0.001 " (AypYy) (4)

where Ay, is area affected by heat stress (ha) and Y, is
yield penalty due to heat stress (kg ha™).

Yield (Ygn) and production (Py,) loss due to heat stress
in term of percentage as compared to attainable yield and
production were calculated as follows:

Yo =100(Yy /Yy ) (5)
Pon =100( Ay /(A Yy ) (6)

where Y}, is yield penalty due to heat stress (kg ha™), Yy, is
attainable yield not affected by heat stress (kg ha™), Ay is
area affected by heat stress (ha), and A is rice area for each
pixel (ha).

3. Results and Discussion

The maximum temperature trend for the rabi season at
the West Godavari site indicates that temperatures exceeded
the critical level (35.6°C) that impedes rice spikelet fertility
in late March, which corresponds with rice transplanting
in late January. In Nellore, temperatures reached this same
critical level slightly earlier in mid-March, which
corresponds with rice transplanting in mid-January based
on the ORYZA phenology simulation (Figure 2).

In Nellore, rice transplanted from mid-January onward,
on average, was exposed to 3.2°C above the critical level
that impedes spikelet fertility. In West Godavari, rice
transplanted from late January onward, on average, was
exposed to 1.7°C above the critical level that impedes
spikelet fertility. The situation in Nellore was worse due to
the tendency of farmers there to transplant late compared
to the farmers’ transplanting schedule in West Godavari.
In these two districts, transplanting dates in the rabi
season are strictly dependent upon the irrigation schedule.

Based on this study, heat stress is more severe in Nellore
with an estimated 53,623 ha affected, which is 38% of the
district’s total rice area, resulting in yield and production
losses of 10.6 and 4.5 %, respectively (Table 2). In West

Godavari, even though 51,436 ha were affected (36.7% of
total rice area), the impact of the heat stress was less
severe with 2.2 and 0.6% for the respective yield and
production losses. The maps in Figure 3 illustrate the
greater severity of the impact of heat stress in Nellore. The
more severe impact of heat stress on rice production in
Nellore is consistent with a steeper trend of temperature
increase in this district compared to West Godavari
(Figure 2). Further data analysis reveals that, in Nellore,
relatively high production losses due to heat stress are
more evident in blocks (administrative division below
district level) with a medium-to-large total rice area
(Figure 4).
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Figure 2. Daily maximum temperature (Tmax) during 2017 rabi season in
West Godavari (a) and Nellore (b) districts, Andhra Pradesh, India, and
its historical range (2009-2017). Labels in the graph indicate onset of
flowering (based on ORYZA simulation) for the corresponding
transplanting dates as follows: West Godavari: 13-Nov (1), 30-Nov (2),
07-Dec (3), 12-Dec (4), 19-Dec (5), 24-Dec (6), 31-Dec (7), 05-Jan (8),
12-Jan (9), 17-Jan (10), 24-Jan (11), 29-Jan (12), 05-Feb (13), 10-Feb
(14), 01-Mar (15); Nellore: 30-Nov (1), 12-Dec (2), 24-Dec (3), 05-Jan
(4), 17-Jan (5), 29-Jan (6), 10-Feb (7), 06-Mar (8), 18-Mar (9), 30-Mar
(10). *Critical temperature inducing heat stress assumed in this study
(35.6°C).

Table 2. Heat stress impact on rice area®, yield® and production® in West Godavari and Nellore districts in Andhra Pradesh, India, during the

2017 rabi (dry) season

District Total rice area®  Heat stress- impacted area” Yield penalty due to heat stress® Production penalty due to heat stress®
(ha) (ha) (%) (tha?) (%) (t) (%)
West Godavari 140,155 51,436 36.7 0.13 2.2 5,667 0.6
Nellore 141,107 53,623 38.0 0.68 10.7 32,283 3.6

? Total rice area was estimated using rule-based algorithm processing of SAR data (Nelson et al., 2014). In this study, the SAR data used were from

Sentinel S1A (provided by European Space Agency, ESA).

P Heat stress-impacted areas were assumed for rice planted subjected to high temperature during reproductive stage based on temperature trend during

this rabi season in the area
°Yield loss due to heat stress is calculated using ORYZA crop model.

¢ Production loss due to heat stress is calculated based on yield and area information.
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Figure 3. Maps of rice area in West Godavari (a) and Nellore (b),
Andhra Pradesh, India, with color gradient indicating severity of heat
stress impact, expressed as yield penalty in kg ha™

This phenomenon-heat stress causing yield losses
due to late planting in Andhra Pradesh during the rabi
season-is the reason why farmers prefer to plant rice
earlier if water is available. Consultations with district
agricultural officers and interviews with farmers suggest
that water unavailability was the main reason that farmers
fail to plant their rice early. This detection methodology
can be expanded to provide comprehensive information on
the extent of the impact of heat stress on rabi season rice
production in Andhra Pradesh and elsewhere.
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Figure 4. Heat stress-affected area per block (administrative division
below district level, whereas district is administrative division below the
state level) and estimated production penalty per block (bubble size) in
Nellore district, Andhra Pradesh, India during 2017 rabi season. Total
rice area was estimated using rule-based algorithm processing of SAR
data [20]. Heat stress-impacted areas were assumed for rice subjected to
high temperature during reproductive stage based on temperature trend
during this rabi season in the area. Production loss is estimated as
product of yield loss and the area affected by heat stress. Yield loss due
to heat stress is calculated using ORYZA crop simulation model.

4. Conclusions

In this study, we provided methodology that looked into
the spatial details of heat-stress impact on rice production
in two districts in Andhra Pradesh, India. The results are
consistent with the information reported by district
agricultural officers that farmers wish to plant earlier to
avoid the rice yield penalty due to heat stress. This spatial
assessment, along with real evidence reported by district
agricultural officers, provides clear verification of the
disadvantage of late planting during the rabi rice season

in the study area, which is very dependent upon the
availability of irrigation water. The comprehensive
information provided on the what, where, when and why
of the heat stress impact on rice production in the area
studied should improve the awareness of the relevant
stakeholders and perhaps lead to better water governance
that will alleviate the impact of high temperature stress on
rice production.
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