Agricultural Water Management 321 (2025) 109914

=L Agricultural
Water Management

Contents lists available at ScienceDirect

Agricultural Water Management

journal homepage: www.elsevier.com/locate/agwat

ELSEVIER

Check for

Irrigation strategies for upland rice cultivars in Brazil: Physiological | e
responses and agronomic performance

a,*

Carlos Alberto Quiloango-Chimarro , Rubens Duarte Coelho “®, Alice da Silva Gundim @,
Jéfferson de Oliveira Costa”, Taina Ferreira da Rocha ¢, Alexandre Bryan Heinemann °

& Department of Biosystems Engineering, University of Sao Paulo - “Luiz de Queiroz” College of Agriculture, Piracicaba, SP 13418-900, Brazil
b Experimental Field of Gorutuba, Minas Gerais Agricultural Research Agency (EPAMIG), Nova Porteirinha, MG 39525-000, Brazil

¢ Department of Crop Science, University of Sao Paulo - “Luiz de Queiroz” College of Agriculture, Piracicaba, SP 13418-900, Brazil

4 Embrapa Rice and Beans, Santo Antonio de Goids, GO 75375-000, Brazil

ARTICLE INFO ABSTRACT

Keywords:

Aerobic rice

Irrigation water productivity
Deficit irrigation

Oryza sativa L.

Soil water potential

Irrigation strategies are essential for enhancing water productivity, thereby contributing to the sustainable water
management in upland rice (Oryza sativa L.). This study aimed to quantify the effects of various irrigation
strategies on the physiology, yield, and irrigation water productivity of three upland rice cultivars. Two shelter
experiments (A and B) were conducted using two factors: irrigation managements and cultivars. In Experiment A,
three irrigation levels were applied: 100 % (Control), 70 % and 40 % of the irrigation applied in the control. In
Experiment B, irrigation was triggered at soil water potential thresholds of —20 and —40 kPa. The cultivars used
in both experiments were BRS A501 CL, BRS Esmeralda, and BRS A502. In Experiment A, the Control treatment
(100 %) demanded ~786 mm of water, which yielded 7.9 Mg ha!, corresponding to an irrigation water pro-
ductivity of 0.88 kg m3. Irrigation levels of 70 % (579 mm) and 40 % (371 mm) caused yield reductions of
51-96 % and irrigation water productivity declines of 32-92 %. In Experiment B, the treatment of —20 kPa
(683 mm) yielded 6.8 Mg ha™! and 1.0 kg m™~3 of irrigation water productivity. The irrigation threshold of —40
kPa (~590 mm applied) resulted in an average grain yield of 5.3 Mg ha™! and irrigation water productivity of
0.89 kg m 3. Overall, although drought-tolerant cultivars were used, water-saving treatments in Experiment A
(70 and 40 %) were not suitable for upland rice. In contrast, the —40 kPa irrigation threshold in Experiment B
reduced water use while maintaining irrigation water productivity, representing an effective strategy for water-
limited environments. Future work should explore irrigation strategies based on Experiment B, targeting specific
growth stages.

1. Introduction Over the last 40 years, the cropped area dedicated to upland rice in

Brazil has decreased from 4.7 to 0.3 million ha (da Silva and Wander,

Rice (Oryza sativa L.) is one of the most important cereals in the
world, with over 27 % of total cereal consumption worldwide and a
production of 709.9 million Mg (FAO, 2022). This cereal plays an
important role in human nutrition, primarily across Asia, Latin America,
and some African countries (Khan et al., 2021). Brazil is among the top
ten global producers, with 11.5 million Mg produced and 1.1 million Mg
(CONAB, 2021). In this country, cultivars were grouped for those
adapted to fully flooded and upland conditions (Pinheiro et al., 2006).
The flooded system dominates southern Brazil, accounting for 93 % of
the country’s total production, whereas upland rice, representing the
remaining 7 %, is mainly grown in the central region (IBGE, 2022).

2023; Pinheiro et al., 2006). This reduction can be attributed to various
factors, including water stress, which is a prevalent issue in this region
(Heinemann et al., 2011; Ramirez-Villegas et al., 2018). The low pro-
ductivity from 1975 to 2000, ranging from 0.6 to 2.6 Mg ha™!, further
supports this observation (You, 2012). However, although upland rice
accounts for a small share of the total rice area in Brazil, it is essential for
small-scale farmers (Heinemann et al., 2015).

During the 1990s, the Brazilian breeding program for upland rice
primarily focused on selecting cultivars with high productivity, favoring
regions that were not susceptible to climatic risks (Heinemann et al.,
2019). Consequently, upland rice cultivars developed during this period
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displayed limited tolerance to water stress. However, after 2000, a new
breeding program specifically targeted drought tolerance (Breseghello
etal., 2021; Ramirez-Villegas et al., 2018). Recent research on these new
cultivars has revealed consistent physiological and yield responses,
particularly under moderate water stress at flowering and grain-filling
stages (Quiloango-Chimarro et al., 2022).

Upland rice cultivation contributes to food security for agricultural
and non-agricultural communities (Heinemann et al., 2019). This sig-
nificance has grown significantly since 2024, as extreme climatic events,
including severe flooding, have affected rice production in southern
Brazil (Simoes-Sousa et al., 2025). New cropping systems have been
introduced in central Brazil, integrating upland rice as a secondary crop
after soybean cultivation (soybean-upland rice) under center pivot
irrigation. Limited research exists on irrigation management in Brazilian
upland rice systems, as the majority of studies focus on the advantages of
only one irrigation management compared to rainfed conditions
(Crusciol et al., 2013; Froes de Borja Reis et al., 2018; Stone et al., 1999).
However, when upland rice is included in the soybean-upland rice
sequence, cultivation occurs during the rainfed cessation period
(Heinemann et al., 2021), requiring adequate water management
strategies.

Effective irrigation strategies for upland rice (aerobic rice) are used
to optimize yield and irrigation water productivity (Fukai and Mitchell,
2022; Mallareddy et al., 2023). For example, Kumar et al. (2017)
examined irrigation at thresholds between —20 and —50 kPa across four
cultivars, finding that thresholds of —30 and —40 kPa maximized grain
yield and irrigation water productivity. Similarly, Mahajan et al. (2015)
studied irrigation at —10 and —20 kPa in six cultivars, observing a 14 %
increase in irrigation water productivity at —20 kPa. Additionally, irri-
gation levels during specific growth stages showed that grain yield could
remain similar under water stress conditions during the vegetative or
late grain-filling stages when compared with well-watered conditions
(Alou et al., 2018; Vijayaraghavareddy et al., 2020). Therefore, testing
some of these irrigation strategies is essential to ensure sustainable
production in the new cropping systems that integrate upland rice in
central Brazil.

As mentioned above, strategies to conserve water under aerobic
conditions include irrigation at different soil potential thresholds and
irrigation levels at various growth stages. However, rice is more sus-
ceptible to water stress than other cereals (Kato and Katsura, 2014). In
addition, aerobic rice is not typically exposed to prolonged stress pe-
riods, and its physiological and morphological responses have been
poorly studied (Luo et al., 2019). For example, it is unclear whether
stomatal conductance is maintained during low soil water potential
periods, which could contribute to higher irrigation water productivity
and biomass production (Fukai and Mitchell, 2022). Additionally, rice
cultivars may respond differently to water stress. For instance, tolerant
cultivars exhibit a more extensive root system (Lanna et al., 2020),
enhanced intrinsic water use efficiency (Quiloango-Chimarro et al.,
2022), and the ability to regulate stomatal conductance to minimize
water loss (Vijayaraghavareddy et al., 2020). Therefore, when selecting
appropriate water-saving irrigation strategies, it is important to consider
the physiology, yield, and irrigation water productivity of Brazilian
upland rice cultivars, particularly in light of their drought tolerance.

This study compared the responses of three upland rice cultivars,
developed after 2000, under two irrigation strategies: various irrigation
levels (Experiment A) and irrigation at soil water potential thresholds
(Experiment B). Given the limited information regarding irrigation
management of upland rice in Brazil, the assessment of water-saving
irrigation strategies is of critical importance. Therefore, we aimed to
quantify the effects of these strategies on the physiology, yield, and
irrigation water productivity of upland rice cultivars.
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2. Materials and methods

2.1. Characterization of the experimental area, planting, and crop
management

Two rain-out shelter experiments were conducted at the Department
of Biosystems Engineering, University of Sao Paulo (USP/ESALQ),
located in Piracicaba, Sao Paulo, Brazil (22°46°39" S, 47°17°45" W). The
experiments were conducted from September 2020 to January 2021 and
from October 2023 to February 2024. The rain-out shelter structures
featured a ceiling height of 5.2 m, with a transparent diffuser film as the
cover material. The shelter sides were enclosed with a black mesh that
intercepted 30 % of the incident radiation. The experimental area con-
sisted of 396 concrete containers, each with a volume of 0.33 m? (1.0 m
length, 0.4 m width, and 0.8 m depth). These containers were filled with
sandy-loam soil classified as Typic Haplustox (Oxisol) in the USDA Soil
Taxonomy (USDA, 1999) and as Latossolo Vermelho-Amarelo in the
Brazilian Soil Classification System (Santos et al., 2018). This soil type is
typical of the Cerrado biome (central Brazil), where upland rice is
widely cultivated, making these conditions representative of the major
rainfed rice-growing areas in the country.

Daily solar radiation, minimum and maximum air temperatures,
relative humidity, and wind speed were measured with an automatic
weather station positioned inside the experimental area at a height of
2 m above ground. These parameters were recorded at 10-minute in-
tervals by a CR1000 data logger (Campbell Scientific, Logan, Utah,
USA), ensuring precise monitoring of microclimatic conditions within
the shelter. Reference evapotranspiration (ET,) was calculated using the
Penman-Monteith equation (Allen et al., 1998).

For this study, seeds from three upland rice cultivars, as described in
Table 1, were sown on September 1, 2020 (growing season 1) and on
October 23, 2023 (growing season 2). The row spacing and seeding rate
were set at 0.40 m and 180 seeds per meter, respectively. Thinning of the
plants was conducted 13 days after the emergency to achieve a final
density of 60 plants per meter of row length (60 plants per plot). Before
fertilizer application, the chemical properties of the soil layer 0-0.40 m
depth were as follows: pH of 5.8 (H»0, 1:2.5), soil organic carbon con-
tent of 8.8 g kg™ (KyCr207 volumetric and external heating method),
exchangeable potassium of 1.3 mg kg™ ' (extracted with Mehlich), and
available phosphorus of 93 mg kg™' (anion-exchange resin method).
Based on this soil analysis, nutrient management was performed ac-
cording to van Raij et al., (1997) recommendations. Mineral fertilizers
were applied at rates of 80 kg N ha™! , 25 kg P ha™ , and 135 kg Kha™ .
Phosphate fertilizer was applied entirely in the sowing furrow, while
nitrogen and potassium applications were split into three top-dressings
at sowing, maximum tillering, and 50 % heading. Pesticides were
applied as needed, and weeds were managed manually throughout the
growing season.

2.2. Experimental design and treatments

A randomized split-plot design with two factors (irrigation man-
agement and upland rice cultivars) was implemented in two separate
experiments, denominated A and B, each with four replications.
Experiment A included three irrigation levels: 100 % irrigation (to keep
soil moisture at appropriate levels), 70 % irrigation, and 40 % irrigation
relative to the 100 % treatment. The 100 % irrigation level was selected
to prevent water stress, based on previous studies showing that rice
maintains yield when soil matric potential is kept between —20 and —30
kPa (Froes de Borja Reis et al., 2018). The 70 and 40 % irrigation
treatments were selected considering the drought tolerance of the new
cultivars and the potential for a second crop, where reduced precipita-
tion limits the water available for irrigation in Central Brazil (Antolin
et al., 2025). These treatments were applied across three upland rice
cultivars (BRS A501 CL, BRS Esmeralda, and BRS A502), with the
exception of BRS A502, which was not included in the 2020-2021
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Table 1
Description of upland rice cultivars used in this experiment.
Cultivar Drought Yield potential (Mg Year of Description
tolerance ha 1) release
BRS A501 CL.  Susceptible 8.2 2018 This cultivar is recommended for no-till systems and for areas with glyphosate-resistant weed
problems (Rangel et al., 2020).
BRS Intermediate 9.2 2012 Cultivar with wide adaptation and stability. It is moderately resistant to panicle blight, brown spot,
Esmeralda and grain spot (Castro et al., 2014).
BRS A502 Intermediate 9.6 2020 This cultivar is ideal for irrigated areas and can be effectively integrated into crop rotation and

succession practices (Furtini et al., 2022).

growing season. Experiment B evaluated two irrigation managements
defined by soil water tension thresholds: irrigation triggered at —20 and
—40 kPa in the layer 0-0.20 m. Additionally, Experiment B incorporated
destructive sampling plots to measure growth traits at key phenological
stages, including panicle initiation, heading, and anthesis.

During the first 20 days, all plants were irrigated based on daily
evapotranspiration (K. = 0.40) (Arf et al., 2003). Subsequently, the
upland rice cultivars were subjected to the irrigation management
detailed hereafter. Irrigation water was provided through a drip irriga-
tion system. A drip line of 1 m length was installed in each plot with six
emitters, each with a flow rate of 0.6 L h™! and spaced at 0.15 m,
resulting in a total flow rate of 3.6 L h™! per container (plot). All plots
were controlled individually through micro-registers installed on a
control panel.

2.3. Irrigation management

For Experiment A, tensiometers were installed in the plots corre-
sponding to the 100 % irrigation treatment for each cultivar, totaling 12
batteries. In each plot, three tensiometers were placed at depths of 0.10,
0.25, and 0.35 m, providing soil matric potential measurements for
three soil layers: 0-0.20 m, 0.20-0.30 m, and 0.30-0.40 m
(Supplementary Material, Fig. S1). Measurements were taken daily
using a portable digital punction tensimeter. Irrigation for the 100 %
irrigation level was calculated by replenishing the soil moisture in the
top two layers (0-0.30 m) to field capacity (Table 2), with the third layer
(0.30-0.40 m) serving as a drainage control. Irrigation was applied
whenever the soil water potential in the top layer (0-0.20 m) reached
approximately —30 kPa (Supplementary Material, Fig. S2). For the 70
and 40 % treatments, water depths were adjusted to represent fractions
of the irrigation volume applied to the 100 % treatment for each
cultivar.

For Experiment B, tensiometers were installed in all plots maintained
until harvest, totaling 24 batteries. Each battery included three tensi-
ometers placed at depths of 0.10, 0.30, and 0.50 m, providing soil matric
potential measurements for three soil layers: 0-0.20 m, 0.20-0.40 m,
and 0.40-0.60 m (Supplementary Material, Fig. S1). Soil matric poten-
tial was monitored daily and irrigation was performed to replenish the
soil water content to field capacity (Table 2) for the top two layers
(0-0.40 m). As mentioned above, irrigation was carried out following
two criteria: a) when the average soil matric potential at 0.20 m depth
reached approximately —20 kPa, and b) when the average soil matric
potential at 0.20 m depth reached approximately —40 kPa.

The current soil volumetric water content (0, cm® em~3) was esti-
mated from the measured soil water potential values using the van

Table 2

Genuchten (1980) model (Eq. 1):

(65 —6)
1+ (ax¥)")"

0 (¥Yn) = 6 + @

where 0 (yp,) is the current soil volumetric water content (cm® em™3), 0,
is the soil residual volumetric water content (cm> cm’g), 05 is the
volumetric water content of the saturated soil (cm® cm’3), m and n are
the regression parameters of equation (dimensionless), o is the param-
eter with dimension equal to the inverse of the tension (ecm™1) and Y is
the function of the matric potential (kPa). The fitting parameters of the
van Genuchten equation (Table 2) were obtained using the RETC com-
puter program (van Genuchten et al., 1991). For this purpose, undis-
turbed soil samples were collected using 50 cm® cylindrical cores at
three depths, 0.10, 0.30, and 0.50 m, corresponding to the 0-0.20 m,
0.20-0.40 m, and 0.40-0.60 m soil layers. Four plots were randomly
sampled (one per block), resulting in a total of 12 samples collected. In
the laboratory, soil water contents for these layers were determined
using tension tables at —1, —2, —4, and —6 kPa, and pressure plates with
membranes for matric potentials of —10, —30, —50, —100, —500,
—1000, and —1500 kPa (Dane, 2002).

Using the current soil moisture (0) estimated with Eq. (1) and the
hydraulic properties of each soil layer (Table 2), the irrigation depths
required to restore soil moisture to field capacity (0¢) were calculated
for each soil layer (Eq. 2):

I =) (0pi—0)Z @

i

where I is the depth in mm needed to raise soil moisture to field capacity,
Of; is the soil volumetric water content at field capacity (—4.85 kPa
matric potential) for a layer i in cm® cm ™3, @ is the soil volumetric water
content observed before irrigation for layer i in cm® cm ™3, and Z; is the
thickness of layer i in mm. Eq. 2 was applied for each cultivar, consid-
ering the specific irrigation management criteria described above for
Experiments A and B.

2.4. Physiological measurements

Leaf gas exchange rates, including photosynthetic rate (umol m™2
s’l), stomatal conductance (mol m 2 s’l), and transpiration rate (mmol
m~2 s71), were determined on panicle initiation, anthesis, and grain
filling stages. In the first season (2020-2021), measurements were
conducted on October 20, November 18, and December 17, 2020. In the
second season (2023-2024), measurements were taken on December 27,
2023, January 14, 2024, and January 30, 2024. The measurement was

Empiric parameters (o, m e n), soil residual and saturation water content (6,, 65) of the van Genuchten model (1980), moisture at field capacity (6fc), moisture at the

wilting point (Bwp), and available water capacity (AWC).

Layers (m) [SX [SH o m n ofc Owp AWC (mm)
(cm3 cm’3) (cm3 cm’3) (cm’l) (crn3 cm’s) (cm3 cm’s)

0-0.20 0.421 0.098 1.346 0.179 2.717 0.227 0.106 24.2

0.20-0.40 0.412 0.085 1.570 0.164 2.503 0.226 0.098 25.6

0.40-0.60 0.374 0.122 1.129 0.275 1.562 0.241 0.132 21.8
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performed on the last fully developed leaves of rice between 9:00 and
11:00 am with a portable photosynthetic system LiCor-6400 XT (LiCOR-
Inc., Nebraska, USA), at 1400 ymol m~2 s! photon flux density and
400 ppm CO; concentration in the leaf chamber. In addition, the chlo-
rophyll index (unitless) was measured using a handheld chlorophyll
meter (Falker, Porto Alegre, Brazil) that uses photodiode emitters at
three wavelengths: two emit within the red band, close to the peaks of
each chlorophyll type (A = 635 and 660 nm), and another in the near-
infrared (A = 880 nm). The chlorophyll index for each plot was deter-
mined by averaging five measurements taken from the youngest fully
expanded leaves on the same dates as the gas exchange assessments.
Canopy temperature of upland rice was measured using a FLIR T640
thermal camera model Duory Pro R (Teledyne FLIR, Wilsonville, USA)
with emissivity (e) set at 0.94. The thermal images were obtained at a
distance of 2 m from the top of the canopy at around 11:00-12:00 a.m.
on the same dates as gas exchange evaluations. The average canopy
temperature of each plot was obtained using FLIR Thermal Studio® with
the tool line measurement (Supplementary Material, Fig. S3). Subse-
quently, the crop water stress index was calculated as follows (Eq. 3):

(Tc - Tair) - Twet

3)
Tdry - Twet

Crop water stress index =

where Ty, is air temperature (°C), T, is canopy temperature (°C), Tyet is
the non-water-stressed baseline (temperature of leaves with open sto-
mata), and Tq,y is the water-stressed baseline (temperature of leaves
with closed stomata). Baselines were calculated following the method-
ology proposed by Costa et al. (2020), where Tyet and Tqry corresponded
to the minimum and maximum difference observed between T. and T,
respectively.

2.5. Crop growth and yield traits

For experiment B, growth parameters such as leaf area index, shoot
and root biomass, and root dry mass were assessed at panicle initiation,
heading, anthesis, and maturity, except for heading and panicle initia-
tion for root dry mass. Plants were sampled from the central part of the
row (0.5 m length), totaling 30 plants (0.2 m?) per plot. First, leaf area
was determined with a leaf area meter LI-3000 C (LiCOR-Inc, Lincoln,
Nebraska, USA). The leaf area index was calculated by dividing the
measured leaf area by the sampling area. After that, all the shoot
biomass was dried at 60 °C in an oven with forced air circulation for
72 h to determine shoot dry mass.

For root sampling, a soil cube (0.20 m length, 0.20 m width, and
0.30 m depth) in the middle of the sowing line was dug up using a
sampling core. According to Xu et al. (2018), this cube contains
approximately 95 % of the total rice root biomass. Each soil-root column
was placed into a 0.25 mm sieve and slowly rinsed with running water
until the root system was completely separated from the soil. Subse-
quently, roots were dried at 60 °C in an oven with forced air circulation
for 72 h to determine root dry mass.

At physiological maturity, plants from the central part of the row
(0.5 m) were harvested and separated into vegetative and reproductive
components. Panicle number per m? and spikelets number per panicle
were recorded. Then, each panicle was hand-threshed, and the unfilled
spikelets were separated from the filled spikelets with a blower to
determine spikelet fertility. The spikelet fertility was the whole grains to
the total number of spikelets multiplied by 100. Finally, 1000-grain
weight and yield were determined (adjusted to 14 % moisture). In
addition, irrigation water productivity was calculated as the ratio be-
tween the marketable yield produced by the crop along the growing
season and the irrigation water applied over the same period (Fernandez
et al., 2020), as follows (Eq. 4):

Yield
Irrigation water applied x 10

€]

Irrigation water productivity =

Agricultural Water Management 321 (2025) 109914

where irrigation water productivity is expressed in kg m~3, yield in kg
ha™!, irrigation water applied in mm, and 10 is the conversion factor
between units.

2.6. Statistical analysis

All the statistical analyses were performed with R Studio (R Project
for Statistical Computing, version 4.1.2). Each growing season and each
phenological stage were analyzed separately (ANOVA) using the pack-
age ‘agricolae’ (de Mendiburu and Yaseen, 2020). Shapiro-Wilk and
Levene tests were used to estimate normality and homogeneity of vari-
ance. The effects of irrigation management and cultivar were evaluated
using the F-test at the 0.05 and 0.01 probability levels. The means of
variables with a significant F-test value were compared using the
Tukey-Kramer test, which uses the honest significant difference to
indicate if a significant difference is present.

3. Results
3.1. Weather conditions and irrigation water applied

During growing season 1, the minimum daily temperature ranged
from 12.2 to 21.5 °C, with an average of 18.1 °C for the period. The
maximum temperature varied between 23.6 and 44.2 °C, with an
average of 35.5 °C throughout the season (Fig. 1A). During growing
season 2, the minimum daily temperature ranged from 14.1 to 24.2 °C,
with an average of 20.3 °C for the period. The maximum temperature
varied between 23.3 and 43.8 °C, with an average of 36.5 °C throughout
the season (Fig. 1C). Mean solar radiation in the first growing season was
10.5 MJ m 2 day~! (Fig. 1A), while in season 2 was 13.4 MJ m 2 day
(Fig. 1C). Average reference evapotranspiration was 3.9 mm day’1 in
growing season 1 (Fig. 1B), while in growing season 2 was 4.8 mm day !
(Fig. 1D).

In experiment A, the total amount of irrigation water applied in the
treatments varied between 389 and 876 mm in growing season 1 and
between 351 and 748 mm in growing season 2 (Table 3). On average,
the three cultivars received 856, 627, and 397 mm of irrigation water in
the 100 %, 70 %, and 40 % treatments during season 1, and 739, 546,
and 354 mm in season 2, respectively. Regarding cultivars, BRS A501 CL
received the highest amount of irrigation water applied at both growing
seasons. The number of irrigation events averaged 60 in growing season
1 and 52 in growing season 2.

In experiment B, the total amount of irrigation depth applied varied
between 584 and 736 mm (Table 3). Under the treatment of —20 kPa,
the irrigation depth applied averaged 683 mm, whereas under —40 kPa,
it averaged 590 mm. The cultivars BRS A501 CL, BRS Esmeralda, and
BRS A502 reduced by 8, 11, and 21 % when compared to both irrigation
treatments. The number of irrigation events averaged 43 and 35 for
treatments at —20 and —40 kPa, respectively. It is worth mentioning that
among cultivars, BRS A502 showed higher water consumption under
—20 kPa and lower water consumption under —40 kPa.

3.2. Experiment A: irrigation levels

3.2.1. Effect of irrigation treatments and cultivars on physiological traits
During the panicle initiation stage, in the two growing seasons,
photosynthetic rate showed differences for irrigation management,
following a trend 100 % > 70 % > 40 %, which was more evident in the
season 2023-2024 (Figs. 2A, 2D; Table S1). Only in the second growing
season, significant differences for cultivar were observed, being higher
in BRS A502 and BRS Esmeralda than in BRS A501 CL. Stomatal
conductance exhibited significant differences for the individual effects
of management and cultivar in the two growing seasons (Figs. 2B, 2E;
Table S1). The 40 % irrigation treatment showed the highest reduction
in stomatal conductance, with an average of 53 % compared to
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Fig. 1. Range of maximum and minimum air temperature (green), solar radiation (blue), and reference evapotranspiration (red) in 2020-2021 (A, B) and 2023-2024

(C and D).

treatment 100 %. Related to cultivars, BRS Esmeralda showed the
highest values at panicle initiation with an average value of 0.4 mol m~2
s~L. Transpiration was significant for cultivar in the first growing season
(Fig. 2C; Table S1), following a trend BRS Esmeralda>BRS A502 >BRS
A501 CL. For the second growing season, transpiration was significant
for the interaction management x cultivar (Fig. 2F; Table S1). Notably,
in this season, under 100 % irrigation, transpiration was similar for all
cultivars, whereas under 70 % and 40 %, BRS A501 CL showed the
lowest values. At the anthesis stage, in both growing seasons, photo-
synthetic rate, transpiration, and stomatal conductance showed differ-
ences only in response to irrigation (Fig. 2), following the trend 100 %
> 70 % > 40 %. However, in the 2020 —2021 season, the 100 % irri-
gation treatment did not show differences with the 70 % treatment. The
40 % irrigation treatment, compared to the 100 % treatment, reduced
photosynthetic rate, stomatal conductance, and transpiration by an
average of 55, 75, and 66 %, respectively. At the grain-filling stage, in
both growing seasons, photosynthetic rate, transpiration, and stomatal
conductance differed only in response to irrigation (Fig. 2; Table S1),
with the 40 % treatment differing from the 100 % treatment. Compared
to the 100 % treatment, the 40 % treatment resulted in reductions of 27,
63, and 65 % in photosynthetic rate, stomatal conductance, and tran-
spiration, respectively. Notably, the reductions in photosynthetic rate
and stomatal conductance were less pronounced in this stage than at
anthesis, showing that the anthesis stage is more sensitive to water stress
than the grain-filling stage.

Irrigation influenced the crop water stress index at the three stages
(panicle initiation, anthesis, and grain-filling) during both growing
seasons (Table 4). Additionally, in the 2023-2024 season, a significant

interaction effect of management x cultivar was observed at the
anthesis and grain-filling stages. Similar trends were observed in both
growing seasons, with the 100 % irrigation treatment achieving the
lowest crop water stress index values, ranging from 0.15 to 0.32, and
showing no significant differences from the 70 % treatment at the three
evaluated stages. In contrast, the 40 % treatment resulted in the highest
crop water stress index values, ranging from 0.52 to 0.73. In the
2023-2024 season, at anthesis, BRS A501 CL and BRS Esmeralda under
the 70 % treatment exhibited crop water stress index values comparable
to those of the 100 % treatment across all cultivars. During the grain-
filling stage, the cultivar BRS Esmeralda exhibited the highest CWSI
value (0.74) under the 40 % irrigation level, compared with BRS A501
CL and BRS A502.

The cultivar significantly influenced the chlorophyll index across
both growing seasons (Table 4). Consistently, BRS Esmeralda exhibited
the highest chlorophyll index values among the cultivars in all the stages
(panicle initiation, anthesis, and grain-filling). Irrigation also played a
key role, particularly at the anthesis stage. In both seasons, a 40 %
irrigation level at this stage decreased the chlorophyll index by an
average of 6.2 % when compared to the 100 % treatment.

3.2.2. Effect of irrigation treatments and cultivars on yield and irrigation
water productivity

Irrigation significantly influenced shoot dry mass, grain yield, and its
components across both growing seasons (Table 5). In 2020-2021, the
management X cultivar interaction was significant for shoot dry mass,
while in 2023-2024, it was significant for grain yield. During the
2020-2021 growing season, BRS A501CL recorded the greatest shoot
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Table 3
Irrigation water applied and the number of irrigation events of upland rice

cultivars subjected to various irrigation levels and different soil water potential
thresholds.

Experiment Treatment  Cultivar Irrigation Number of
(mm) irrigation events
2020-2021
Experiment 100 % BRS A501 CL 876 60
A
100 % BRS 836 59
ESMERALDA
70 % BRS A501 CL 641 60
70 % BRS 613 59
ESMERALDA
40 % BRS A501 CL 405 60
40 % BRS 389 59
ESMERALDA
2023-2024
Experiment 100 % BRS A501 CL 748 53
A
100 % BRS 736 52
ESMERALDA
100 % BRS A502 733 52
70 % BRS A501 CL 553 53
70 % BRS 545 52
ESMERALDA
70 % BRS A502 542 52
40 % BRS A501 CL 357 53
40 % BRS 352 52
ESMERALDA
40 % BRS A502 351 52
Experiment —20 kPa BRS A501 CL 635 42
B
—20 kPa BRS 678 43
ESMERALDA
—20 kPa BRS A502 736 44
—40 kPa BRS A501 CL 587 35
—40 kPa BRS 601 35
ESMERALDA
—40 kPa BRS A502 584 35

dry mass under 100 % and 70 % irrigation levels, whereas BRS Esmer-
alda exhibited 13 and 17 % lower values, respectively. Overall, the
greatest variations in shoot biomass were observed under the 40 %
treatment, with a 60 % reduction compared to the 100 % treatment.

Considering both growing seasons, reducing irrigation from 100 % to
70 % led to an average yield reduction of 51 %, while a reduction to
40 % resulted in near-total yield failure (96 %). In 2023-2024, under
full irrigation (100 %), the grain yield achieved by BRS A501 CL and
BRS A502 outperformed BRS Esmeralda. In contrast, under 70 and 40 %
irrigation levels, the three cultivars achieved similar grain yield values.

Yield components were the most impacted by the 40 % irrigation
treatment in both seasons (Table 5). Under this condition, panicles per
m?, spikelets per panicle, spikelet fertility, and 1000-grain weight
decreased by an average of 39, 59, 70, and 27 %, respectively, relative to
the 100 % irrigation level. Additionally, among the yield components,
spikelet fertility was the most affected by the 70 % irrigation treatment,
with an average reduction of 23 %. Regarding the effect of cultivar, BRS
A501 CL and BRS A502 consistently outperformed BRS Esmeralda across
both seasons in panicles per m?2 with increases of 33 and 42 %,
respectively.

Irrigation levels influenced irrigation water productivity in both
growing seasons (Fig. 3). In addition, management x cultivar interac-
tion was significant in the growing season 2023-2024 (Fig. 3B). Overall,
irrigation water productivity followed the trend 100 % > 70 % > 40 %,
with reductions of 32 and 92 % under the 70 and 40 % irrigation
treatments, respectively, compared to 100 % treatment. In the
2020-2021 season, no significant differences were observed among
cultivars (Fig. 3A). However, in 2023-2024, under the 70 % irrigation
treatment, BRS A501 CL showed a 40 % decrease in irrigation water
productivity compared to BRS Esmeralda and BRS A502.
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3.3. Experiment B: Irrigation at different thresholds

3.3.1. Soil water potential dynamics

The soil matric potential at the 0-0.20 m depth averaged —11.8 kPa
under the —20 kPa treatment and —18.5 kPa under the —40 kPa treat-
ment (Fig. 4). The minimum values recorded for the —20 and —40 kPa
treatments were —28.9 and —47.4 kPa, respectively. At the 0.20-0.40 m
soil layer, all cultivars maintained similar average matric potential
values to those observed at 0-0.20 m, regardless of the irrigation
threshold. For the 0.40-0.60 m soil layer, under the —20 kPa treatment,
BRS A501 CL exhibited the lowest matric potential (—69 kPa), particu-
larly between 64 and 95 days after sowing (DAS), compared to BRS
Esmeralda and BRS A502, which averaged —49.3 kPa. Under the —40
kPa treatment, BRS Esmeralda recorded the lowest matric potential
(—72.5 kPa) compared to BRS A501 CL and BRS A502, which averaged
—54.2 kPa.

3.3.2. Effect of irrigation treatments and cultivars on physiological traits
At the panicle initiation stage, photosynthetic rate, transpiration,
and stomatal conductance varied significantly in response to irrigation
(Fig. 5; Table S2). The —40 kPa treatment resulted in the lowest values
for all three parameters, with reductions of 18, 45, and 30 %, respec-
tively. At the anthesis stage, photosynthetic rate, transpiration, and
stomatal conductance were influenced by both irrigation and cultivar,
and a significant interaction between management x cultivar for sto-
matal conductance. The negative effects of —40 kPa treatment were
more pronounced at anthesis than at the panicle initiation stage (Fig. 5;
Table S2), with reductions of 74, 93, and 82 % for photosynthetic rate,
transpiration, and stomatal conductance, respectively. Among cultivars,
BRS A502 exhibited the highest photosynthetic rate and transpiration
values, followed by BRS Esmeralda and BRS A501 CL. Additionally,
under the —20 kPa treatment, BRS A502 recorded the highest stomatal
conductance value (0.75 mol m~2 s’l), whereas BRS A501 CL had the
lowest (0.48 mol m~2 s™!). At the grain-filling stage, photosynthetic
rate, transpiration, and stomatal conductance were significantly affected
by both management and cultivar (Fig. 5; Table S2). The —40 kPa
treatment led to the lowest values for all three parameters, with re-
ductions of 32, 51, and 33 %, respectively. Notably, at this stage, BRS
Esmeralda exhibited the highest values for photosynthetic rate (18.74
pmol m~2 s71), stomatal conductance (0.52 mol m~2 s™1), and transpi-
ration (7.79 mmol m 2 s’l), followed by BRS A502 and BRS A501 CL.
Irrigation influenced the crop water stress index across all three
growth stages (panicle initiation, anthesis, and grain-filling), while
cultivar effects were observed specifically at the panicle initiation stage
(Table 6). In addition, the interaction between irrigation and cultivar
was significant at the grain-filling stage. Under the —20 kPa treatment,
the crop water stress index values ranged from 0.10 to 0.18. At the
panicle initiation stage, BRS A501 CL exhibited a lower crop water stress
index value compared to BRS A502 and BRS Esmeralda. Notably, under
the —40 kPa treatment, cultivars BRS A501 CL and BRS A502 exhibited
the highest crop water stress index values during the grain-filling stage
(average 0.37), compared with BRS Esmeralda. Regarding the chloro-
phyll index, only the cultivar had a significant effect at panicle initiation
and grain-filling (Table 6). At panicle initiation and grain-filling, BRS
Esmeralda and BRS A502 outperformed BRS A501 CL by ~11 %.

3.3.3. Effect of irrigation treatments and cultivars on yield and irrigation
water productivity

Irrigation influenced shoot dry mass at both anthesis and maturity,
while cultivar effects were observed at anthesis (Table 7). The —40 kPa
treatment resulted in reductions of 9 and 14 % in shoot dry mass at
anthesis and maturity, respectively, compared to the —20 kPa treatment.
At anthesis, BRS A502 exhibited superior performance, producing 14 %
higher shoot dry mass than BRS Esmeralda. Leaf area index was signif-
icantly influenced by irrigation at all growth stages except at maturity
(Table 7). The —40 kPa treatment led to reductions in leaf area index,
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Fig. 2. Average values of photosynthesis, stomatal conductance, and transpiration of three upland rice cultivars subjected to irrigation levels (100, 70, and 40 %) in
2020-2021 (A, B, C) and 2023-2024 (D, E, F). Photosynthesis (A); stomatal conductance (gs); transpiration (E). In the center of each graph: panicle initiation (PI);

anthesis (AT); grain-filling (GF).

decreasing it by 50, 17, and 22 % at panicle initiation, heading, and
anthesis, respectively, compared to the —20 kPa treatment. Addition-
ally, BRS A502 exhibited a higher leaf area index than BRS Esmeralda at
anthesis. Root dry mass was significantly influenced by cultivar at
panicle initiation and by both irrigation treatment and cultivar at
maturity (Table 7). BRS A502 outperformed BRS A501 CL, exhibiting 33
and 52 % greater root mass at panicle initiation and maturity, respec-
tively. At maturity, the —40 kPa treatment resulted in a 24 % reduction
in root mass compared to the —20 kPa treatment.

The grain yield and 1000-grain weight were influenced by irrigation,
whereas cultivar affected both yield and yield components (Table 8).
Under —40 kPa, grain yield and 1000-grain weight decreased by 22 and
3 %, respectively. Yield components differed among upland rice culti-
vars. BRS A502 demonstrated superior performance in panicles per m?
and spikelet fertility, while BRS A501 CL excelled in spikelet fertility and
1000-grain weight. Conversely, BRS Esmeralda exhibited the highest
number of spikelets per panicle. These findings suggest that spikelet
fertility and panicle density were determinants in maximizing grain
yield, as observed in BRS A501 CL and BRS A502.

Irrigation water productivity was influenced only by cultivar,
following a trend of BRS A501 CL > BRS A502 > BRS Esmeralda, with
values ranging from 1.03 kg m 3 in BRS A501 CL to 0.85 kg m % in BRS
Esmeralda (Fig. 6). Notably, there were no differences between the
irrigation treatments —20 and —40 kPa.

4. Discussion

To our knowledge, this is among the first studies of Brazilian upland
rice cultivars subjected to different irrigation treatments, as previous
research only analyzed one irrigation threshold (Crusciol et al., 2013;
Stone et al., 1999) and deficit irrigation at specific growth stages
(Guimaraes et al., 2016; Lanna et al., 2020; Quiloango-Chimarro et al.,
2022). Given the potential of upland rice to be integrated into crop ro-
tations under low rainfall, water-saving irrigation strategies are essen-
tial. Two complementary approaches were employed in this study to
assess the physiological and morphological responses of upland rice
cultivars. This enables a more comprehensive analysis for the future
design of irrigation management strategies.

4.1. Water-saving irrigation strategies impact physiological responses
depending on the phenological stage

Both experiments demonstrate that under 70 and 40 % (Experiment
A) and —40 kPa (Experiment B), the photosynthetic rate, transpiration,
and stomatal conductance are significantly reduced. In crops such as
soybean (Franca et al., 2024), pearl millet (de Almeida et al., 2022), and
common beans (Calvache et al., 1997), irrigation strategies have been
tested during the entire growing season. However, physiological re-
sponses in rice have been studied when deficit irrigation was applied at
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Table 4
Average values of crop water stress index and chlorophyll index of three upland
rice cultivars subjected to various irrigation levels (100, 70, and 40 %).

Treatment Crop water stress index Chlorophyll index
PI AT GF PI AT GF
2020-2021
Irrigation (M)
100 % 0.15 0.32b 0.31b 42.16 48.82 a 49.53
b a a
70 % 0.33 0.48b  0.52 42.94 47.97a  46.79
b ab a b
40 % 0.67 0.73 a 0.67 a 43.08 45.49b 44.54
a a b
Cultivar (C)
BRS A501 CL 0.42 0.56 a 0.53a 40.98 4491b 44.93
a b b
BRS Esmeralda 0.35 0.46a 0.47a 4447 49.94a  48.98
E a a
Significant level
Irrigation (M) x i * ns *
Cultivar (C) ns ns ns i i i
MXC ns ns ns ns ns ns
2023-2024
Irrigation (M)
100 % 0.19 0.17 0.31 43.06 46.87a  43.84
b a a
70 % 0.26 0.34 0.39 42.88 44.60 43.53
b a ab a
40 % 0.64 0.72 0.52 42.62 44.24b 4452
a a a
Cultivar (C)
BRS A501 CL 0.37 0.44 0.32 42.19 46.71 a 4291
a b b
BRS Esmeralda 0.37 0.37 0.48 43.67 44.76 44.58
a a ab a
BRS A502 0.32 0.42 0.39 42.59 44.07b  44.23
a b a
Irrigation x Cultivar
100 %xBRSA501 CL  0.19 0.21c 0.26b  43.20 47.83 41.95
100 %xBRS 0.20 0.12c 0.33b  43.35 46.37 43.25
Esmeralda
100 % xBRS A502 0.17 0.18c 0.34b 42.53 46.40 45.38
70 %xBRS A501 CL 0.31 0.33 0.38b  41.23 46.05 43.55
be
70 %xBRS 0.23 0.21c 0.37b 43.88 44.53 43.55
Esmeralda
70 %xBRS A502 0.23 0.46 0.41 43.55 43.20 43.48
ab ab
40 %xBRS A501 CL 0.69 0.77 a 0.33b 42.40 46.47 42.75
40 %xBRS 0.67 0.79a 0.74a 4378 43.37 46.95
Esmeralda
40 %xBRS A502 0.57 0.62 a 0.40b 41.68 42.90 43.85
Significant level
Irrigation (M) xx xx * ns * ns
Cultivar (C) ns ns ok *
MxC ns wx ns ns ns

Means within a column followed by different letters differ significantly ac-
cording to the Tukey—Kramer test at p < 0.05. ANOVA significance levels:
p < 0.05 (¥), p < 0.01 (**). Panicle initiation (PI); anthesis (AT); grain filling
(GF); not significant (ns).

specific phenological stages. For example, it was demonstrated that
deficit irrigation limits physiological parameters of upland rice under
terminal stress (Olalekan Suleiman et al., 2022; Quiloango-Chimarro
et al., 2022) and at vegetative and flowering stages (Alou et al., 2018;
Wang et al., 2023). For irrigation using different water potential
thresholds, previous research primarily focused on assessing mecha-
nisms that maintain physiological functions (Kumar et al., 2017). In
contrast, this study expands on that by evaluating the consequences of
water stress, including gas exchange traits, temperature responses, and
chlorophyll index.

The severity of the impact varied with both the water stress intensity
and phenological stage. At panicle initiation and grain-filling stages, gas
exchange declined similarly under the 40 % and —40 kPa treatments,
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but in Experiment A, soil water potential dropped until —80 kPa before
irrigation (data not shown). This is consistent with a previous study,
showing that physiological traits change with irrigation thresholds since
—46 kPa (dos Santos et al., 2018). Therefore, a threshold between —20
and —30 kPa for upland rice cultivation is recommended to avoid sig-
nificant reductions (Froes de Borja Reis et al., 2018). At anthesis, re-
ductions in gas exchange, particularly stomatal conductance, were more
pronounced, consistent with Vijayaraghavareddy et al. (2020). The
stronger decline under —40 kPa compared with 40 % treatment suggests
that the latter triggered non-stomatal limitations. Genotypic differences
were also evident; BRS Esmeralda performed better under severe stress,
suggesting greater drought tolerance, whereas BRS A502 showed ad-
vantages under less stressful conditions. Mechanistically, sustaining
higher photosynthesis at anthesis enhances carbon flux to reproductive
organs and prevents pollen sterility (Centritto et al., 2009). These
findings indicate that cultivar choice and soil moisture management at
anthesis influence aerobic rice systems.

Similar patterns were observed for the crop water stress index, with
stress intensities peaking at anthesis compared with panicle initiation
and grain filling. This corroborates that anthesis is the most sensitive
stage to water stress (Vijayaraghavareddy et al., 2020), likely due to its
critical function in yield determination (Boonjung and Fukai, 1996).
This could be because crop water stress index is closely related to
photosynthetic rate and stomatal conductance, such that a high crop
water stress index value reflects the stomatal closure induced by water
stress (Gutiérrez et al., 2018; Jackson et al., 1981; Ramirez-Cuesta et al.,
2022b). For cultivars, it was observed that the crop water stress index
exhibited reduced sensitivity compared to gas exchange parameters.
This could be attributed to the greater variability in canopy temperature
due to external factors such as wind or radiation fluctuations
(Ramirez-Cuesta et al., 2022a). Furthermore, the crop water stress index
estimation procedure may introduce discrepancies such as over- or
under-estimation of water stress (Jamshidi et al., 2021; Luan et al.,
2021). Therefore, considering the responses of the crop water stress
index to irrigation treatments, it could serve as a tool for irrigation
scheduling in aerobic rice.

The chlorophyll index responded to irrigation only in Experiment A,
likely due to differences in stress duration and intensity between ex-
periments. In this case, values progressively declined under stress,
particularly at grain filling, in agreement with Zhang et al. (2024).
Conversely, other studies reported increases in chlorophyll under
moderate or stage-specific deficits (Gao et al., 2024; Sreekanth et al.,
2024), indicating that responses depend on stress conditions. Cultivar
differences were also significant, although each experiment favored a
distinct cultivar. These findings emphasize that both genotype and stress
dynamics shape chlorophyll responses. This underscores the need to
expand studies on irrigation strategies under aerobic conditions, as the
chlorophyll index is widely used to assess drought tolerance in rice
(Larkunthod et al., 2018; Qu et al., 2016; Singh et al., 2017).

4.2. Irrigation strategy and cultivar impact on shoot mass, leaf area
index, and root mass

At maturity, shoot mass was more negatively affected under the 70
and 40 % treatments in Experiment A than under the —40 kPa treatment
in Experiment B. Reductions in shoot mass are closely linked to yield
losses (Bouman et al., 2005). In Experiment B, declines became evident
from anthesis onward, consistent with previous findings where shoot
mass decreased under —40 kPa compared with —20 and —30 kPa from
75 DAS in cultivars with similar growing season durations (Kumar et al.,
2017). These patterns suggest that lower photosynthetic rate, stomatal
conductance, and transpiration at anthesis limited carbon assimilation,
thereby constraining shoot mass production.

The leaf area index is a critical parameter in cereals, as it directly
influences the capacity of the crop to intercept photosynthetically active
radiation (Shi et al., 2022), which is a primary determinant of grain
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Table 5

Average values of grain yield and grain yield components of three upland rice cultivars subjected to various irrigation levels (100, 70, and 40 %).
Treatment Shoot dry mass (Mg ha 1) Grain yield (Mg ha 1) Panicles per m? Spikelets per panicle Spikelet fertility (%) 1000-grain weight (g)
2020-2021
Irrigation (M)
100 % 19.3 8.8a 373.2a 143.7 a 743 a 22.7 a
70 % 12.8 39b 3338a 106.3 b 52.7b 21.0a
40 % 7.6 0.4c 174.3 b 38.1c 33.3c 18.5b
Cultivar (C)
BRS A501 CL 14.2 4.7 a 335.7 a 78.8b 58.6 a 209a
BRS Esmeralda 12.3 4.0a 251.8 b 113.3a 48.2b 20.5a
Irrigation x Cultivar
100 % xBRS A501 CL 20.7 a 9.3 418.5 122.6 122.6 23.1
100 %xBRS Esmeralda 18.0b 8.3 328.0 165.0 165.0 22.2
70 %xBRS A501 CL 14.0c 4.4 376.0 85.7 85.7 21.8
70 % xBRS Esmeralda 11.6d 3.4 291.5 126.9 126.9 20.3
40 %xBRS A501 CL 79e 0.4 212.5 28.3 28.3 17.9
40 %xBRS Esmeralda 74e 0.4 136.0 47.9 47.9 19.0
Significant level
Irrigation (M) s B B B s s
Cultivar (C) e ns ok xx e ns
MxC * ns ns ns ns ns
2023-2024
Irrigation (M)
100 % 148 a 7.0 361l.5a 1339a 849 a 21.8a
70 % 109b 3.8 358.7 a 115.2a 71.2b 20.2a
40 % 6.1c 0.2 269.0 b 75.6 b 13.4c 14.2b
Cultivar (C)
BRS A501 CL 103 a 3.3 344.1a 93.6 b 56.3 a 20.2a
BRS Esmeralda 10.1a 3.6 266.7 b 130.5a 52.2a 18.3 ab
BRS A502 11.3a 4.0 378.4a 100.5 ab 61.0a 17.7 b
Irrigation x Cultivar
100 % xBRS A501 CL 15.0 7.2a 362.1 108.3 88.0 23.6
100 %xBRS Esmeralda 13.7 6.3 b 318.2 161.5 79.9 21.2
100 % xBRS A502 15.9 7.6 a 404.1 132.0 86.9 20.6
70 %xBRS A501 CL 9.9 2.7¢ 372.3 99.0 63.4 20.1
70 % xBRS Esmeralda 11.0 4.4 be 301.0 146.8 73.4 21.2
70 %xBRS A502 11.8 43c 402.9 99.9 76.8 19.2
40 %xBRS A501 CL 6.2 0.2d 298.0 73.6 17.4 17.0
40 % xBRS Esmeralda 5.7 0.0d 181.0 83.4 3.4 12.4
40 %xBRS A502 6.3 0.3d 328.1 69.8 19.4 13.3

Significant level

Irrigation (M) ok sk e
Cultivar (C) ns ns o
MxC ns * ns

wedk ns *k

ns ns ns

Means within a column followed by different letters differ significantly according to the Tukey-Kramer test at p < 0.05. ANOVA significance levels: p < 0.05 (*),

p < 0.01 (**). Not significant (ns).
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Fig. 3. Average values of irrigation water productivity of three upland rice cultivars subjected to irrigation levels (100, 70, and 40 %) in 2020-2021 (A) and

2023-2024 (B).

yield (Cao et al., 2024). Leaf area index was limited at —40 kPa at key
stages, such as panicle initiation, which is critical for sustaining canopy
development until late grain filling (Peltonen-Sainio et al., 1997). This
limitation, compounded by restricted stomatal conductance, further

reduces photosynthetic source capacity (Kashiwagi et al., 2021).
Regarding cultivars, BRS A502 exhibited superior leaf area index per-
formance at anthesis, which is advantageous as higher dry matter
accumulation up to this stage suggests greater mobilization of
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grain-filling (GF).

pre-anthesis assimilates (Inoue et al., 2004). Therefore, the advance-
ments in the Brazilian breeding program are evident, as the cultivars
followed a clear trend in leaf area index according to their release year
(2012 < 2018 < 2020).

Root dry mass is a critical morphological trait of the root system (Liu
et al., 2020). Reductions in dry mass observed at maturity under —40
kPa may limit nutrient and water uptake, ultimately compromising
grain yield (Meng et al., 2021). Differences among cultivars were

10

evident at both panicle initiation and maturity, supporting its use as a
criterion for screening drought tolerance (Albert et al., 2024; Kondhia
et al., 2015). BRS A501 CL exhibited the lowest root biomass compared
with BRS Esmeralda and BRS A502. Interestingly, the soil water po-
tential of A501 CL in the third layer (0.40-0.60 m) was lower than in the
other cultivars. This could be because cultivars with lower root biomass
may develop greater root length (Vijayaraghavareddy et al., 2020),
thereby reducing soil moisture in deeper layers. Although root mass was
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Table 6

Average values of crop water stress index and chlorophyll index of three upland
rice cultivars subjected to different soil water potential thresholds (—20 and —40
kPa).

Treatment Crop water stress index Chlorophyll index
PI AT GF PI AT GF
Irrigation (M)
—20 kPa 0.18 0.20 0.10 43.09 50.02 44.83a
b b a
—40 kPa 0.59 0.63 0.33 42.32 48.83 44.75a
a a a
Cultivar (C)
BRS A501 CL 0.27 0.41 0.25 40.49 48.79 42.53 b
b a b
BRS Esmeralda 0.42 0.43 0.18 44.74 50.14  44.14
a a a ab
BRS A502 0.42 0.38 0.23 43.06 49.64 47.71a
a a a
Irrigation x Cultivar
—20 kPaxBRS A501 0.15 0.20 0.07c 40.93 50.35 42.85
CL
—20 kPaxBRS 0.24 0.23 0.08c 44.65 51.50 43.90
Esmeralda
—20 kPaxBRS A502 0.15 0.18 0.16 43.70 4895 47.75
be
—40 kPaxBRS A501 0.43 0.70 0.43a  39.90 46.70  42.20
CL
—40 kPaxBRS 0.65 0.63 0.27 44.87 49.23  44.38
Esmeralda be
—40 kPaxBRS A502 0.70 0.58 0.30 42.20 50.57  47.68
ab
Significant level
Irrigation (M) o ns ns ns
Cultivar (C) ns ns * ns *
MxC ns ns * ns ns ns

Means within a column followed by different letters differ significantly ac-
cording to the Tukey-Kramer test at p < 0.05. ANOVA significance levels:
p < 0.05 (*), p < 0.01 (**). Panicle initiation (PI); anthesis (AT); grain filling
(GF); not significant (ns).

not assessed in Experiment A, it can be inferred that BRS A501 CL had a
limitation in water uptake efficiency due to its root system in the shallow
layer under water stress (higher yield penalty). Therefore, future studies
should incorporate additional root traits to elucidate the role of the root
system in soil water dynamics and its impact on yield performance.

4.3. Impacts of water-saving irrigation strategies on grain yield and
irrigation water productivity

Grain yield was affected by the water-saving irrigation treatments
compared to the reference treatment in each experiment. However, yield
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reductions were more pronounced in Experiment A (Table 5) than in
Experiment B (Table 8). These differences could be attributed to the fact
that rice is more susceptible to water stress than other crops (Kato and
Katsura, 2014). For example, in an experiment conducted by the same
research group (de Almeida et al., 2024), a 40 % deficit irrigation
treatment reduced soybean yield by 49 %, while upland rice showed a
96 % reduction compared to the full irrigation treatment (100 %).
Although efforts to improve drought tolerance in upland rice cultivars
have been made (Heinemann et al., 2019), deficit irrigation (70 % and
40 %) may only be viable if applied during specific growth stages (Alou
et al., 2018; Quiloango-Chimarro et al., 2022). In Experiment B, the
yield penalty under —40 kPa was similar to that observed by Kumar et al.
(2017) using the same threshold, who also noted that the grain yield of
cultivars Apo and Annada under —40 kPa was comparable to that under
continuous flooding. In addition, the yield penalty under —40 kPa is
lower than the typical range observed in central Brazil (Pinheiro et al.,
2006), showing promising potential to be further tested across a wider
range of cultivars. Overall, recently released cultivars (BRS A502 and
BRS A501 CL) maintained higher grain yield performance than BRS
Esmeralda, mainly through greater panicles per m? and spikelet fertility.
This result was expected, as modern, high-yielding cultivars are typi-
cally characterized by increased tillering and a larger leaf area index
(Park et al., 2022; Zhou et al., 2022).

Irrigation water productivity largely followed grain yield trends in
both experiments, confirming that irrigation water productivity in aer-
obic rice is strongly yield-driven under drought conditions (Kumar et al.,
2019). In Experiment B, however, irrigation water productivity was
stable across the —20 and —40 kPa treatments, contrasting with previous
reports of optimal values at —30 kPa and declines at —20 kPa (Kumar
et al., 2017). These differences are likely explained by climatic condi-
tions, particularly temperature and evaporative demand (Fukai and
Mitchell, 2022), given that their study was conducted under the clima-
tological conditions of Eastern India. Results indicated that cultivar BRS
A502 performed better in Experiment B, consistent with its higher yield
potential, the main determinant of irrigation water productivity
(Bouman et al., 2007). This is supported by studies showing that rice
cultivars with similar growing season durations generally have compa-
rable water requirements (Liu et al., 2019; Lopez-Lopez et al., 2018), as
observed in our study (Table 3). Overall, although in this study irrigation
water productivity was not superior under —40 kPa, this treatment could
be useful to be explored under field conditions and in future research to
configure combinations based on crop growth stages.

4.4. Novelties and prospects

Upland rice under aerobic conditions is highly dependent on rainfall
distribution. Kadiyala et al. (2015) reported that grain yield decreases

Table 7
Average values of shoot dry mass, leaf area index, and root dry mass of three upland rice cultivars subjected to different soil water potential thresholds (—20 and —40
kPa).
Treatment Shoot dry mass (kg ha™?) Leaf area index Root dry mass
(g plant™)
PI H AT PM PI H AT PM PI PM
Irrigation (M)
—20 kPa 3.6 7.3 9.0a 143 a 2.0a 3.0a 3.2a 2.7 1.3a 21a
—40 kPa 3.2 7.2 8.2b 12.3b 1.0b 25b 25b 2.5 15a 1.6b
Cultivar (C)
BRS A501 CL 3.1 7.4 8.5 ab 13.1a 1.5a 2.7 a 2.8 ab 2.4 1.2b 1.2b
BRS Esmeralda 3.4 7.1 7.8b 12.8 a 1.8a 25a 25b 2.6 1.4 ab 19a
BRS A502 3.6 7.3 91a 139a 1.3a 29a 3.4a 2.8 1.8a 25a
Significant level
Irrigation (M) ns ns * * ok * * ns ns *
Cultivar (C) ns ns * ns ns ns ns * o

MxC ns ns ns ns

ns ns ns ns ns ns

Means within a column followed by different letters differ significantly according to the Tukey-Kramer test at p < 0.05. ANOVA significance levels: p < 0.05 (¥),
p < 0.01 (**). Panicle initiation (PI); heading (H); anthesis (AT); maturity (PM); not significant (ns).
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Table 8

Agricultural Water Management 321 (2025) 109914

Average values of grain yield and grain yield components of three upland rice cultivars subjected to different soil water potential thresholds (—20 and —40 kPa).

Treatment Grain yield (Mg ha 1) Panicles per m?

Spikelets per panicle Spikelet fertility (%) 1000-grain weight (g)

Irrigation (M)

—20 kPa 6.8a 342.1a
—40 kPa 5.3b 340.2 a
Cultivar (C)

BRS A501 CL 6.3a 339.7b
BRS Esmeralda 55b 295.1¢
BRS A502 6.4a 388.7 a

Significant level
Irrigation (M)
Cultivar (C)
MxC

ns

ns ns

126.7 a 80.9a 223 a
128.7 a 78.4 a 21.7b
1156 b 84.0a 235a
151.4a 72.8b 21.7b
116.1 b 82.2a 20.8b

ns ns
ns

ns ns

Means within a column followed by different letters differ significantly according to the Tukey-Kramer test at p < 0.05. ANOVA significance levels: p < 0.05 (*),

p < 0.01 (**). Not significant (ns).
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Fig. 6. Average values of irrigation water productivity of three upland rice
cultivars subjected to different soil water potential thresholds (—20 and
—40 kPa).

by 38 % in years with poor rainfall distribution compared to 19 % in
years with adequate rainfall distribution in India. This effect is even
more pronounced in Brazil, where the yield penalty of upland rice
ranges between 36 % and 90 % (Pinheiro et al., 2006). Consequently,
farmers occasionally employ supplemental irrigation to mitigate severe
water stress (Froes de Borja Reis et al., 2018). However, in countries like
Australia, where irrigation water has become costly (Champness et al.,
2023), strategies to reduce water input in upland rice cultivation are
essential. In this experiment, the —40 kPa treatment reduced water input
by 93 mm and decreased the number of irrigations by 10, demonstrating
not only a reduction in water use but also the maintenance of irrigation
water productivity and a reduction in energy required for pumping.

As mentioned above, upland rice often loses farmers’ interest due to
its high variability in grain yield. For example, in China, groundwater
sustainability deteriorated rapidly after 2009, due to the conversion of
large upland areas into paddy rice fields (Zhang et al., 2024). Cultivars
well-adapted to aerobic conditions, as highlighted by Fukai and Mitchell
(2024), combined with water-saving strategies, could help reduce the
expansion of flooded systems. It is worth mentioning that upland rice
irrigated systems can achieve yields comparable to those of lowland rice
(Kadiyala et al., 2015). Another factor to be considered is the continuous
expansion of irrigation. For example, in sub-Saharan Africa, where up-
land rice accounts for 38 % of total rice production and plays a crucial
role in subsistence agriculture, it is expected to potentially add 30
million ha of irrigated land (Frimpong et al., 2023). This study high-
lights the need to guide breeding programs and farmers in developing
tailored irrigation strategies for upland rice, as each cultivar responds
differently to the tested approaches. Additionally, policymakers and
industry stakeholders should consider providing support, as adequate
irrigation in upland rice could be based on potential thresholds that

12

require tools such as soil moisture sensors and canopy temperature
monitoring.

5. Conclusions

In Experiment A, the irrigation level of 100 % (Control) with
~786 mm of water resulted in an average annual yield of 7.9 Mg ha™?,
corresponding to an irrigation water productivity of 0.88 kg m~>. Grain
yield and irrigation water productivity decreased by 51-96 % and
32-92 %, respectively, under irrigation levels reduced to 70 and 40 % of
the irrigation water applied in the Control treatment. The main con-
straints causing these large reductions in grain yield and irrigation water
productivity were declines in physiological traits, which led to lower
grain yield components, particularly spikelet fertility.

In Experiment B, when irrigation was triggered at different soil water
potential thresholds, the reference treatment (—20 kPa) with ~683 mm
of water resulted in an average grain yield of 6.8 Mg ha™! and irrigation
water productivity of 1.0 kg m~°. The irrigation threshold of —40 kPa
with ~590 mm of irrigation water applied resulted in an average grain
yield of 5.3 Mg ha™! and irrigation water productivity of 0.89 kg m~>.

Collectively, water-saving treatments in Experiment A (70 and 40 %
of full irrigation) reduced upland rice yield and irrigation water pro-
ductivity, whereas a —40 kPa irrigation threshold in Experiment B
maintained irrigation water productivity. Although the —40 kPa irri-
gation threshold reduced yield by 22 %, it represents a viable strategy to
reduce water use in water-limited environments. Implementing this
irrigation strategy requires support from policymakers and industry
stakeholders to ensure access to tools, such as soil moisture sensors and
canopy temperature monitoring.
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