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Castor bean (Ricinus communis L.) is a fibrous and fast-growing plant with increasing
economic importance due to its ability to generate energy and in the pharmaceutical
and chemical industries. This research aimed to determine the best combination of
Assigned to Associate Editor Manuel irrigation regime and irrigation cutoff date (ICD) that maximizes grain and oil yields
and water use efficiency (WUE) in the castor bean hybrid AG IMA 110204. The
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bean were obtained with the combination of 40 kPa soil water tension to define the

time of irrigation and the irrigation cutoff at 120 DAS.

1 | INTRODUCTION

Castor bean (Ricinus communis L.), native to East Africa, is a
fibrous and fast-growing plant. In Brazil, it has growing eco-
nomic importance due to its use for generating energy and
in the pharmaceutical and chemical industries (Albuquerque
etal., 2014).

Castor oil has an essential and specific characteristic in
withstanding high temperatures without losing viscosity due
to its high solvency in alcohol transesterification, which
occurs without heating (Souza et al., 2007a). In addition to its
use as an energy source for engines, castor oil is also impor-
tant for the production of various products, such as lubricants,
cosmetics, paints, medicines, and foam mattresses (Verissimo
et al., 2009).

Castor bean has a high potential as a feedstock to produce
biodiesel because of its lower cetane number than diesel. It
also helps reduce the net greenhouse gases, primarily carbon
dioxide, as the plant will potentially capture the CO, emitted
from fuel burning during photosynthesis (Osorio-Gonzélez
et al., 2020).

Under a limited water supply where other species would not
make a crop, castor bean plants can still produce a low seed
yield because of their drought tolerance. However, produc-
tivity can only be optimized using genotypes with high yield
potential and adequate water supply (Severino et al., 2012).

Rios et al. (2013) observed that castor bean fruit mass and
grain yield decreased linearly with increasing water restriction
for all racemes, with soil moisture near field capacity showing
the highest values.

With the development of new cultivars with high produc-
tive potential and desirable characteristics for mechanized
harvesting (Severino et al., 2012), castor bean expanded to the
Brazilian cerrado, more specifically to the midwest region,
becoming a second crop choice, even to be included in the
rotation with other annual crops (Souza-Schlick et al., 2012).
However, more efficient production technologies, including
irrigation, are needed to maximize crop yield (Souza-Schlick
etal., 2011).

There is little information in the literature about the
irrigation management of castor bean cultivars obtained
through genetic improvement aimed at high productivity and
mechanized harvesting, especially compared to better-known
oilseeds, such as soybean and sunflower (Auld et al., 2001).
The castor bean hybrid AG IMA 110204 (RNC-32752) is
a relatively new variety, explaining the lack of specific irri-
gation studies. Conventional irrigation practices generally
address water requirements and timing but lack optimiza-

tion for high-yielding hybrids. In Brazil, few studies have
thoroughly examined the water use efficiency (WUE) of
castor beans, considering the soil-plant—-atmosphere system
(Carvalho et al., 2020). Understanding water needs at dif-
ferent phenological stages and optimal irrigation cutoffs are
essential for rational water management, allowing real-time
monitoring of water relationships throughout the crop cycle
(Oliveira et al., 2010). Proper water management can signifi-
cantly impact the vegetative development and productivity of
castor beans, enhancing WUE and crop performance (Gomes
etal., 2013).

The genetic improvement of castor bean aims to produce
hybrid cultivars that, in addition to being indehiscent, have
a shorter cycle, smaller stature, greater uniformity, and high
productivity—characteristics that are indispensable for the
mechanization process. In this way, the crop has proven to
be of great importance in the country’s agro-industrial sec-
tor. The castor bean hybrid AG IMA 110204 (RNC-32752)
exhibits high productive potential and the possibility of
mechanized harvesting (de Aradjo Nascimento et al., 2022);
however, it requires more studies about when to irrigate, the
date of water cutoff, and the WUE are needed to achieve
effective irrigation management throughout the crop cycle.

This research aimed to determine the best combination of
irrigation regime and irrigation cutoff date (ICD) that max-
imizes crop and oil yields and WUE in Castor Bean (R.
communis L.), cultivar AG IMA 110204.

The hypothesis of this research is that the adequate com-
bination of the soil water tension that defines the moment to
irrigate with the ICD results in greater yield and WUE in the
castor bean hybrid AG IMA 110204.

2 | MATERIALS AND METHODS

2.1 | Study area

This work was carried out in the Center-South region of Sao
Paulo State, Brazil, in the experimental area of the Faculty
of Agronomic Sciences (FCA)—Sao Paulo State University
(UNESP), in a greenhouse with an area of 161 m?, located at
the geographic coordinates 22°51'6.12” S and 48°25'45.44"
0.

The weather variability inside the greenhouse was charac-
terized by a hot, humid, and temperate (mesothermal) climate,
classified as Cfa according to the Koppen classification. The
average temperature was 22.6°C and the average humidity was
72%.
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The greenhouse is 7 m wide and 23 m long, 161 m?, cov-
ered by plastic with 150 um and treated against ultraviolet
rays (15% solar radiation filter). The front and side cov-
ers consisted of Clarinet anti-insect mesh, allowing excellent
ventilation inside the greenhouse.

2.2 | Experimental material and design

The castor bean hybrid AG IMA 110204 (RNC-32752) was
chosen due to its favorable characteristics, such as high yield
potential, cultivation with higher plant density, and the pos-
sibility of mechanized harvest (Nascimento et al., 2022). It
is a small hybrid (1.70 cm) that presents the ideal conditions
for mechanization, fast flowering (approximately 30 days after
sowing [DAS]), a productive cycle of 160 days, a potential
yield between 1500 and 3000 kg ha~!, and an average oil
concentration at 47% (De Sa et al., 2015). The hybrid is rec-
ommended for biofuel production and is also an option for
crop rotation and nematode reduction in cotton areas.

A spacing of 1.0 m between rows and 0.33 m between plants
(30,000 plants ha~!) was maintained during planting. Three
seeds were placed in a 5-cm deep pit, and 20 DAS, thinning
was performed to maintain only one plant.

The statistical design adopted was randomized blocks using
subdivided plots and four replicates. The plots allocated the
irrigation regimes based on five levels of soil water tensions:
20, 30, 40, 50, and 60 kPa, corresponding to groups 11, 12, I3,
14, and IS5, respectively. When the soil water tension reached
the values corresponding to each treatment, irrigation was car-
ried out to obtain a soil water tension of 10 kPa, which was
adopted as the soil tension at field capacity (dos Santos et al.,
2018). In the subplots, the four dates of irrigation cutoff were
120, 130, 140, and 150 DAS, identified as A, B, C, and D,
respectively. The irrigation cutoff is the interruption of irri-
gation at the end of the crop cycle. This practice is used to
stimulate the maturation phase, promote the drying of plants,
and increase the concentration of oil in seeds by reducing
the water content of plants. Thus, there were a total of 20
treatments, with four repetitions.

The first cycle was conducted between January 1, 2020 and
June 8, 2020, and the second cycle was conducted between
March 23, 2020 and August 29, 2020, totaling 160 days of the
crop cycle. As the second cycle started before finishing the
first cycle, they were carried out in different greenhouses but
with the same dimensions, statistical design, and location.

The soil present at the experimental site had the fol-
lowing characteristics: organic matter = 7 g dm™>; pH
(CaCl,) = 4.2; P (resin) = 13.0 mg dm~3; K+ = 2.0 mmol
dm™3; Ca2* = 18 mmol dm~3; Mg+2 = 12.0 mmol dm~>;
H+Al = 21.0 mmol dm~3; CEC (cation exchange capac-
ity) = 85.0 mmol dm~3; S = 18.0 mg dm~>3; B = 0.25 mg
dm=3;Cu=35 mg dm™3;Fe =12.0 mg dm=3:Mn =45 mg
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Core Ideas

e Castor bean showed sensitivity to the increase in
water tension and to irrigation suspension.

* Morphological and production characteristics var-
ied depending on the water tension.

* Anincrease in water tension in the soil reduced the
production of grains and oil.

* The water use efficiency increased at a soil water
tension of 40 kPa.

* Water tension in the soil of 50 and 60 kPa were the
ones that most affected the yield.

TABLE 1
represent the soil retention curve for layers 0-20 cm and 20—40 cm.

The coefficients of the Van Genutchten equation to

Parameters
Layer (cm) c m n 0. 0,
0-20 0.100 0.351 1.541 0.146 0.233
2040 0.100 0.541 2.179 0.166 0.264

Note: o: scale parameter (1/cm), related to the inverse of the air-entry pressure;
n: shape parameter (dimensionless), related to the pore-size distribution; m: shape
parameter (dimensionless), often assumed to be m = 1 — 1/n; n: 6, residual water
content (cm’/cm?) 0,: saturated water content (cm?/cm?).

dm™3; Zn = 1.6 mg dm™3; 82% base saturation; and textural

classification = sandy loam, with 63.4% sand, 32.3% clay, and
4.3% silt.

Planting fertilization was carried out by applying the fol-
lowing amounts of N, P, and K: 50, 30, and 80 kg ha= b
respectively, as recommended by De Sa et al. (2015). The
application of nitrogen was carried out through fertigation and
began 40 DAS, according to Da FEira et al. (2014). Five ferti-
gation treatments were applied at 7-day intervals, with 10 kg
N ha~! applied in each one.

2.3 | Irrigation management

In each treatment, irrigation management was performed
using two sets of tensiometers installed in the 0-20 and 20-
40 cm soil layers. Tensiometers at 0-20 cm were used to
decide when to irrigate, while 20-40 cm range sensors were
adopted to avoid water percolation.

The data for the soil-water retention curve were previously
obtained by the Richards extractor method (Richards, 1965)
and subsequently adjusted by the Soil Water Curve Relation
software, version 3.0 (Dourado-Neto et al., 2000). The soft-
ware adopted the Genuchten equation (van Genuchten, 1980),
Equation (1), whose coefficients are shown in Table 1.
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0, — 0,
0=06,+———0I= (1)
[1+(a 9]

where 0 is the soil water content (cm? cm™), 0, is the residual
water content (cm® cm™3), 0, is the saturated water content
(cm? cm™3), ¥ is the matrix potential modulus (kPa), and a,
n, and m are the model’s empirical parameters.

2.4 | Irrigation system

A drip irrigation system was used, with a noncompensated
dripper tube (Netafim—Typhoon Plus) for each planting line,
having the following characteristics: spacing between emitters
of 20 cm and an average emitter flow rate of 1 L h™! at the
operating pressure of 10 mca.

The wetted area of each emitter, obtained by the field test,
was 0.08 m”> (width of the wet strip of 0.4 m and length
of 0.2 m), and the application depth (Z) was 20 cm in the
first 45 DAS and 40 cm for the rest of the cycle (Bar-
reto et al., 2008). The emitter application rate was 12.5 mm
h~!, and the Christiansen uniformity coefficient (CUC)
was 95%.

The irrigation times for irrigation regimes I1, 12, 13, 14,
and I5 were 27.9, 42.9, 51.9, 58.0, and 62.4 min, respectively,
estimated from corresponding to Equations (2—-4).

0. — 06
LIZ%XZ (2)
L
Ly=+ 3
L
t=-—" )
Is

where L, is the net irrigation depth (mm), @, isthe soil
moisture at field capacity (10 kPa), 6, is the soil moisture
for each treatment (20, 30, 40, 50, and 60 kPa), Z is the soil
depth (cm), L, is the gross irrigation depth (mm), E is the
irrigation system efficiency (%), 95% in this case, t is the irri-
gation time (h), and I is the emitter application rate (mm
h).

Irrigation regime treatments began 41 DAS, because during
the first 40 days the crop was managed similarly, maintaining
the moisture close to 10 KPA, to ensure seed germination and
crop establishment.

Meteorological data, temperature, and solar radiation were
obtained using an agrometeorological station model, Camp-
bell Scientific CR10X, installed inside the greenhouse, with
an HMP45C sensor and a pyranometer to measure the air
temperature and solar radiation, respectively.
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2.5 | Crop production components
The variables analyzed were stem diameter, obtained with
the aid of a Vernier caliper and measured at 10 cm from the
ground; plant height, determined from the ground level to the
top of the plant with the help of a measuring tape; the number
of racemes per plant, obtained as the ratio between the total
number of racemes and the total number of plants; the number
of fruits per raceme, calculated as the ratio between the total
number of capsules and the total number of racemes in each
plant; the mass of 100 grains, obtained using a digital scale
with an accuracy of four decimal places; crop yield, obtained
as the ratio between the mass of the grains and the cultivated
area (kg ha™!); and oil yield (kg (oil) ha™!) calculated as the
ratio between the oil content of grains (kg) and the cultivated
area. The oil content was determined using nuclear magnetic
resonance, which measures the absorption of electromagnetic
radiation of up to 750 MHz by the nuclei of atoms and WUE
(kg m™?), calculated by the ratio between the mass of grains
and the amount of water utilized in the cycle.

Analysis of variance was performed, and when significant,
the Tukey test was adopted for comparisons between means,
considering the significance level of 5% (p < 0.05).

3 | RESULTS AND DISCUSSION

3.1 | Crop water requirements

The total irrigation depth applied in each treatment during
the first and second cycles is shown in Figure I. Initially, in
both cycles, all plots received the same irrigation depth dur-
ing the first crop stage (I), from 0 to 40 DAS (Figure 1b,d).
The application of the irrigation regimes began at 41 DAS.

The highest irrigation depth occurred in treatment 20 kPa
(I1) in all subplots, and these values decreased with increasing
soil water tension, as shown in Figure 1a,c. For the treatment
with the irrigation cutoff at 150 days (D) in the first crop cycle
(Figure la), I1 applied 528.9 mm, while treatments 12, 13,
14, and 15 showed irrigation depths 5.5%, 12.1%, 15.4%, and
19.4% smaller, respectively. In the second cycle (Figure 1c¢),
treatment 11 received 510.3 mm of irrigation depth, while the
subsequent treatments were 4.7%, 9.3%, 14.5%, and 18.7%
lower, respectively, than I1.

In the treatment with an ICD of 120 DAS (A), in the first
cycle (Figure 1a), the highest irrigation depth was 427.7 mm
for treatment 11, while 12, I3, 14, and I5 were 6.5%, 13.4%,
15.8%, and 16.3% lower, respectively. The same behavior
also occurred in the second crop cycle (Figure 1c). In both
cycles, the stage with the highest water demand was the third
crop growth stage, known as mid-season (IIl—from 76 to 120
DAS; Figure 1b,d).

85UB017 SUOWILIOD 3A1RR.D) 8|qedlidde auy Ag pausenoh 818 saolie YO ‘SN J0 S3|NI 0} A%eiq1T 8UlUO AB]IM UO (SUO T PUOD-PUR-SLLLBYWI0D" A8 | IMARRIq 1 BU1IUO//SHRY) SUORIPUOD PUe SWB L 38U} 39S *[5202/20/70] Uo AriqiT aulluo A1 ‘seded Aq £600. '2BBe/200T 0T/10p/L00 A8 | Im" AReiq1BUI U0 'SSSJe//'SaY W01y papeo|umod ‘T ‘G202 ‘96996£92



AVILEZ ET AL.

Agrosystems, Geosciences & Environment s

50f13

600

R
I
SRR

R
s
CRAHIH 2

Irrigation (mm)
w
8
o

TS
el

g
R
R
fiees

%
o2ofs

L
BB

TR
22
T

atetets

100

—
%%s

3%
T
0%

%
S

&
T
5!

ks

s
i
2

2

A B (o3
Irrigation Suspension
600 T

500 +

&
1<}
S

300 +

Irrigation (mm)

N
=]
S

100 +

A B [od D
Irrigation Suspension

FIGURE 1

81 ®l2 @13 mI4 @IS a

oM mI2 BI3 @4 815 C

250 1 | ol mi2 =13 @4 a|5| b

200 -

g

Irrigation (mm)
g

50

2

2

555

1(0 - 40) I (41 -75) Il (76 - 120) IV (121 - 145) V (145 - 160)

Stages of cultivation and duration of the phase (days)
250
o mi2 =13 o o5 | d
200
E 150
o R
b 100 ::::

R

2

22

50

2R

5
23

2
o

R
R

X
R

R

V (145 - 160)

%

<4
1(0 - 40) 1l (41 - 75) (76 -120) IV (121 - 145)
Stages of cultivation and duration of the phase (days)

Water requirement (mm) of castor bean cultivated in Sao Paulo State, Brazil: (a) first cycle, for different irrigation cutoff dates; (b)

first cycle, for different stages in the crop cycle; (c) second cycle, for different irrigation cutoff dates; and (d) second cycle, for different stages in the

crop cycle. I1, 12, 13, I4, and I5 corresponding to levels of soil water tensions of 20, 30, 40, 50, and 60 kPa, respectively; A, B, C, and D

corresponding to dates of irrigation cutoff: 120, 130, 140, and 150 days after sowing (DAS), respectively.

Previous research on castor bean with the cv. AL Guarany
2002 variety has demonstrated the importance of maintain-
ing optimal soil moisture levels, showing the greatest gains
in all production components when soil moisture was main-
tained close to field capacity with an effective water depth
of 486 mm (Rios et al., 2013). Similarly, Dias et al. (2015)
estimated water requirement values of 577.9 and 552.3 mm
in two cycles for the castor bean variety BRS Energia vari-
ety. Beltrao and Severino (2006) recommended maintaining a
water depth between 450 and 600 mm during the crop cycle
to achieve maximum productivity. Furthermore, Patel et al.
(1998) reported that the water requirements of castor beans
varied from 466 to 1178 mm, depending on the type of soil,
variety, and location.

In the second cycle, a slight decrease in the irrigation depths
was observed for all treatments compared with the values
of the first cycle. The difference can be associated with the
climatic conditions in each cycle. Figure 2 shows that for
the second cycle, solar radiation and temperature inside the
greenhouse had lower values than in the first cycle.

The average temperature and global solar radiation val-
ues during the first crop cycle were 24.52°C and 16.52 MJ

m?, respectively. In the second cycle, the mean values were

21.34°C and 11.30 MJ m? for temperature and global solar
radiation, respectively. Although the temperature values were
lower in the second cycle, they are within the temperature
range (between 20°C and 30°C) recommended by Moshkin
(1986) as ideal for developing castor bean.

Climatic factors interfere with several chemical and bio-
logical reactions of plants, causing a wide impact on the
characteristics of two important processes for the plant: photo-
synthesis and photorespiration (Taiz et al., 2015). According
to Azevedo and Beltrdo (2007), the highest net photosynthesis
rate in castor bean occurs at 23°C.

3.2 | Effects of soil water tension and ICD on
crop production components

Stem diameter and plant height had higher values in treat-
ments 11, 12, and I3 compared to treatments 14 and IS5, with
no significant difference observed among treatments 11, 12,
and I3 in both cycles. The treatments irrigated when soil water
tension reached 50 kPa (I4) or 60 kPa (I5) may have induced
a water stress process in the plants and generated lower values
of stem diameter and plant height.
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Afshar et al. (2015) and Litvin et al. (2016) showed that
water stress during the vegetative growth stage affects cell
division and cell elongation, thus reducing the increase in
plant diameter and height.

ICDs, irrigation regimes, and interaction between them did
not significantly affect the number of racemes per plant in
either of the two crop cycles (Table 2).

When working with castor bean, it is not enough to ana-
lyze only the number of racemes produced per plant but
also the number of fruits in each raceme; the fruit is a
capsule (Figure 3) with three grains containing commercial
oil.

A significant difference was observed for the effect of the
soil water tension treatments (p < 0.05) on the number of
fruits per raceme. Higher numbers of capsules per raceme
were obtained with I1, 12, and I3 for both cycles and the low-

Global solar radiation and average air temperature in the two cycles of castor bean cultivation in Botucatu/SP, Brazil.

est was found with I5 and I4. The increase in the soil water
tension that defines when to irrigate generated a decrease in
the number of capsules per raceme.

The study conducted by De Freitas et al. (2010) confirmed a
decrease in the number of capsules as water stress increased,
a fact also reported by another study with different types of
oleaginous plants (Bannayan et al., 2008).

The number of capsules is the main component of the castor
bean yield and depends on the physiological and environmen-
tal conditions during grain formation and filling. In this study,
treatments 14 and IS may have impaired water absorption
by plants during floral development, pollination, and grain
filling. Such conditions can limit the number of racemes cap-
sules, mainly because of the water stress during the filling of
the grains (Rotundo & Westgate, 2010). Souza et al. (2007b)
also obtained similar results in irrigated castor bean without
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FIGURE 3 Castor bean crop after and before flowering.

water deficiency; the number of fruits per raceme increased
by 23 units compared to the rainfed crop.

3.3 | Weight of 100 grains
Sarwar and Chaudhry (2008) report that, for a given plant den-
sity, in addition to the number of racemes per plant and the
number of capsules per raceme, the yield of castor bean also
depends on the weight of 100 grains.

Note that 100 grain weight was affected only by the irriga-
tion regimes (p < 0.05) (Table 3). Higher grain weights were
obtained in treatments I1, 12, and I3, with no difference in both
cycles, followed by 14 and I5. Rios et al. (2013) also observed
areduction in the weight of 100 grains of castor bean with the
increase in the soil water tension that defines when to irrigate.

Ozer et al. (2020) and Mirzaei et al. (2013) found a statisti-
cally significant difference in the weight of a thousand grains
of oleaginous crops under different irrigation treatments.

3.4 | Grain and oil yields
In cycles 1 and 2, the highest grain and oil yields occurred in
treatments 11, 12, and I3, which did not differ on all evaluated
ICDs (Table 4). In this way, the best option is to irrigate when
the soil water tension reaches —40 kPa (I3) because it allows a
water economy compared to I1 and 12, as observed in Figure 1.
On average, considering both cycles, there was a reduction
in grain and oil productivity by 20% with increasing soil water
tension between treatments 11 and I5.

Reddy et al. (2004) noted that any factor that affects
the growth and development processes of plants will affect
the overall development of the canopy and, consequently,
production.

Dias et al. (2015), Ramanjaneyulu et al. (2013), and Rios
et al. (2013) demonstrated that the productivity of castor bean
grains was increased by depth irrigation. For castor beans,
water is the environmental factor with the greatest impact
on growth and influences grain production, especially in dry
regions (Severino et al., 2012).

The adverse effects of water stress are reflected in the
reduced number of grains when this occurs before anthe-
sis (time to maturity of a flower) and reducing the seed
weight when stress occurs after anthesis, particularly dur-
ing grain filling (Rajala et al., 2011). It was found that the
water stress that occurred during the filling of the grains
influenced the reduction in the number of fruits and in the
weight of the grains, which, consequently, decreased the final
productivity.

Water stress contributes to the decline in photosynthesis
due to the greater stomatal resistance and the lower biochem-
ical efficiency of chloroplasts, the closure of stomata, and
the decrease in carbohydrate production and accumulation
(Flexas et al., 2013; Reddy et al., 1996). Additionally, water
deficiency decreases the leaf area, causing less biomass accu-
mulation and impaired dry matter partitioning for the plant’s
generative and vegetative organs (Zhou et al., 2013).

Grain and oil yields in castor bean did not differ in terms of
the date of suppression of irrigation in treatments I1, 12, 13,
and I4 in the first cycle or in treatments I1, 12, and I3 in the
second cycle (Table 4). Irrigation at 120 DAS would be the
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Effect of irrigation regimes (I) and irrigation cutoff dates (ICD) on the weight of 100 grains of castor bean in two crop cycles.

First cycle

Second cycle

TABLE 3
Weight of 100 grains (g)
Treatment  df A
11 34.96
2 35.01
13 35.20
14 32.37
15 28.78
Average 33.26
ANOVA
ICD
1 4
ICD x 1 12

B

35.65
33.92
34.05
31.67
29.49
32.96

C

35.01
34.69
34.15
31.42
29.82
33.83

D

35.66
35.11
34.39
32.80
31.19
33.27

Average
35.32a
34.68a
34.44a
32.06b
28.76¢
33.51

ns

*

ns

A

34.58
35.65
35.74
32.85
28.76
3391

B

35.86
34.35
34.53
32.02
29.54
33.26

C

35.46
35.07
34.50
31.63
30.99
33.53

D

35.85
35.54
35.19
33.01
31.66
34.25

Average
35.43a
35.15a
34.99a
32.37b
30.24c
33.64

ns

*

ns

Note: According to Tukey’s test, the means within a column that do not share the same letter differ significantly at the p < 0.05 level; I1, 12, I3, 14, and IS5 correspond to
levels of soil water tension levels of 20, 30, 40, 50, and 60 kPa, respectively; and A, B, C, and D correspond to ICDs of 120, 130, 140, and 150 DAS, respectively.

Abbreviation: ANOVA, analysis of variance.
*p < 0.05; ns, not significant.

TABLE 4 Effect of irrigation regimes and irrigation cutoff dates on castor bean grains and oil yield in two crop cycles.
Grain productivity (kg of grain ha=') 0il productivity (kg of oil ha=')

Treatment A B C D A B C D
First cycle
11 4948.75aA 5016.25aA 5047.50aA 5163.0aA 1733.0aA 1732.71aA 1749.52aA 1781.26aA
12 4657.25abA  4832.5aA 4777.25aA 4737.25abA  1595.14abA  1713.73aA 1647.06abA  1635.52abA
13 4701.25abA  4549.5abA 4612.50abA  4669.75abA  1594.9abA 1685.10aA 1663.38aA 1690.65abA
14 4212.0bA 4057.25bcA  4058.0bA 4336.0bA 1469.03bA 1407.64bA 1432.84bcA  1500.49bA
15 3436.0cB 3677.5cB 4132.25bA 4264.0bA 1184.76¢cB 1262.8bB 1406.67cA 1480.55bA
Second cycle
11 4328.88aA 4361.77aA 4343.13aA 4488.43aA 1515.382A 1495.07aA 1536.25aA 1535.54aA
12 4323.65aA 4203.1abA 4326.55aA 4240.23abA  1497.67aA 1492.47aA 1496.21abA  1530.19aA
13 4149.03aA 4134.25abA  4224.35abA 4206.7abA 1466.79aA 1488.49aA 1487.24abA  1498.1aA
14 3467.13bB 3954.8bcA 3938.8bA 4080.45bA 1211.87bB 1374.55aA 1367.63bcA  1415.83abA
15 3385.9bC 3585.33cBC  3764.6bAB 3833.3bA 1163.43bC 1227.43bBC  1344.61cAB  1370.32bA

Note: According to the Tukey test, the means within a column that does not share the same lowercase letter and within the same row in an uppercase letter differ significantly
at levels p < 0.05; 11, 12, 13, T4, and IS correspond to soil water tension levels of 20, 30, 40, 50, and 60 kPa, respectively; and A, B, C, and D correspond to irrigation cutoff

date of 120, 130, 140, and 150 days after sowing (DAS), respectively.

most indicated option, resulting in higher grain and oil yields
with lower water demand. As shown in Figure 1, the 120 DAS
treatment received the least amount of applied water.

In the first cycle, for treatment IS5, higher grain and oil yields
were obtained with irrigation cutoffs at 140 and 150 DAS
compared to 120 and 130 DAS cutoffs. In the second cycle,
for treatment 14, grain and oil yields were higher with irriga-
tion suppression at 130, 140, and 150 DAS. These yields did
not differ significantly from each other but were higher than
120 DAS. In treatment IS5, higher grain and oil yields were

observed with irrigation suppression at 150 DAS compared to
120 DAS. This indicates that the partial water deficit caused
by the IS treatment was mitigated by the longer irrigation
cycle in both cycles.

In general, the irrigation regimes affected the yield com-
ponents, and the correlation matrix between the variables
analyzed in this study is shown in Table 5. The grain and oil
yields increased and were positively correlated with the diam-
eter, height, number of capsules per raceme, and weight of 100
grains. According to Neto et al. (2009) and Severino and Auld
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TABLE 5 Correlation matrix between the variables analyzed.
@ (€] 3 (C)) ® () )

(1) Diameter 1 - - - - - -
(2) Height 0.759* 1 - - - - -
(3) Number of racemes 0.088 0.131 1 - - - -
(4) Number of fruits 0.585* 0.547* —0.281 1 - - -
(5) Weight of 100 grains 0.651* 0.738* 0.238 0.412% 1 - -
(6) Grain yield 0.649* 0.635* 0.208 0.668* 0.619* 1 -
(7) Oil yield 0.647* 0.624* 0.217 0.661* 0.604* 0.984* 1

*The correlation is significant at the 0.05 level.

TABLE 6 Water use efficiency (WUE) for grain and oil in two crop cycles.

WUE for grains (kg grain m—>) WUE for oil (kg 0il m—2)

Irrigation regimes A B C D A B C D
First cycle
11 1.15aA 1.07abAB 1.01aB 0.97aB 0.4052aA 0.373abAB 0.3487aB 0.335aB
12 1.18aA 1.085abAB 0.998aBC 0.947aC 0.399aA 0.385abAB 0.344aBC 0.3272aB
13 1.23aA 1.118aA 1.047aB 1.01aB 0.431aA 0.4227aA 0.3782aB 0.3635aB
14 1.14aA 1.03bB 0.962aB 0.969aB 0.407aA 0.3593bB 0.3337aB 0.335aB
15 0.96bA 0.9825bA 1.075aA 0.945aA 0.33bA 0.3365bA 0.349aA 0.3272aA
Second cycle
I1 1.067aA 0.985bAB 0.9bBC 0.88aC 0.361aA 0.336aA 0.315aB 0.303aB
12 1.113aA 1.02abB 0.95abB 0.87aC 0.368aA 0.356aA 0.33aAB 0.309aB
13 1.15aA 1.102aA 1.0aB 0.91aC 0.384aA 0.367aA 0.345aAB 0.317aB
14 0.975bA 1.06abB 0.97abB 0.925aB 0.298bB 0.338aA 0.318abAB 0.306aB
15 0.98bA 0.99bA 0.98abA 0.93aA 0.287bB 0.30bB 0.316abA 0.310aA

Note: According to the Tukey test, the means within a column that do not share the same lowercase letter and within the same row in an uppercase letter differ significantly
at levels p < 0.05; 11, 12, I3, 14, and I5 correspond to soil water tension levels of 20, 30, 40, 50, and 60 kPa, respectively; and A, B, C, and D correspond to ICDs of 120,

130, 140, and 150 DAS, respectively.
*p < 0.05; ns, not significant.

(2013), the increase in water stress also decreased castor oil
production.

3.5 | Water use efficiency
The WUE for grain and oil as a function of irrigation regimes
and dates of irrigation cutoff are shown in Table 6.

3.6 | WUE—grain

In the first cycle, the highest WUE values for grains occurred
in I1, 12, and I3, which did not differ among themselves
in treatments with irrigation cutoffs at 120 and 130 DAS.
From 140 DAS, there was no differentiation in WUE between
irrigation regimes (Table 6).

In the second cycle, WUE was higher with 11, 12, and 13
only with an irrigation cutoff at 120 DAS, with no differen-
tiation between these treatments; when the cutoff occurred
at 130 DAS, I3 presented WUE higher than I1 and I5. With
water suppression at 140 DAS, I3 was higher than I1, while
at 150 DAS, all water regimes had the same WUE. In both
cycles, increasing the irrigation period resulted in equal WUE
between water treatments (Table 6).

Regarding the irrigation suppression date, in the first cycle,
the highest grain WUE occurred at 120 DAS for treatments I1,
12,13, and I4. In treatment I5, there was no difference between
ICDs.

In the second cycle, there was a higher value of WUE grains
with irrigation cutoff at 120 DAS for treatments 12 and I4. In
I1 and I3, WUE was higher at 120 and 130 DAS, while in
IS5, there was no difference in efficiency for the dates of water
suppression.
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Thus, in both cycles, treatments 11, 12, I3, and 14 had the
greatest WUE when water suppression occurred earlier. Treat-
ment I5 did not show this tendency, as it exhibited low grain
yield across all ICDs (Table 4).

These findings align with those of Gomes et al. (2013),
who indicated that more efficient irrigation could favor crop
development, leading to improved vegetative growth and
productivity, thereby enhancing WUE. Additionally, Barros
Janior et al. (2008) report that the WUE values of castor beans
under water stress and adequate moisture conditions were sim-
ilar to those observed in this study. Other studies, such as that
of de Aradjo Nascimento et al. (2022), reported lower WUE
values, with some as low as 0.48 kg m~3.

3.7 | WUE-oil

In the first cycle, regarding WUE-oil, the highest values for
water suppression at 120 DAS were obtained with 11, 12, I3,
and 14, which did not differ. At 130 DAS, 11, 12, and I3 showed
the highest values of WUE-oil without any significant differ-
ence. From water suppression to 140 DAS, irrigation regimes
did not differ regarding WUE-oil (Table 6).

In the second cycle, the irrigation cutoffs at 140 DAS
and 150 DAS presented the same values of WUE-oil in all
evaluated water regimes. For water suppression at 130 DAS,
WUE-oil was superior in 11, 12, I3, and 14, without differen-
tiating between them. Likewise, 11, 12, and I3 did not differ
from each other and presented the highest WUE-oil values
when the irrigation cut occurred at 120 DAS. (Table 6).

In both cycles, for all ICDs, it was found that treatments
I1, 12, and I3 had the highest WUE-oil values without dif-
fering from each other. In this way, irrigation when the soil
water tension reaches —40 kPa (I3) is the most indicated
because it generates the highest efficiency with the lowest
water demand.

For WUE-oil, in the first cycle, water suppression in treat-
ments 1, 12, and I3 resulted in higher values at 120 DAS and
130 DAS. In treatment 14, higher values were obtained at 120
DAS, while treatment IS5 did not show a significant difference
between ICDs.

For the second cycle, in treatments 11 and 12, the highest
WUE-oil values occurred with water suppression at 120 and
130 DAS compared to 140 and 150 DAS. In I3, 120 and 130
DAS resulted in values greater than 150 DAS. In 14, the high-
est WUE-oil occurred at 130 DAS, greater than at 120 DAS
and 150 DAS. At I5, 120 and 130 DAS resulted in higher
WUE-oil values than 120 and 130 DAS.

In both cycles, water suppression at 120 DAS resulted in
higher WUE-oil values for treatments I1, 12, and 13.

Rajetal. (2010) and Sharma et al. (2010) observed a signif-
icant increase in the productivity of water and the WUE with
the rise of supplementary irrigation in the castor bean crop.

Agrosystems, Geosciences & Environment  {t6ss 110f13
These findings support the results of this study, indicating that
early water suppression optimizes WUE.

This study demonstrated that determining the optimal soil
water tension and identifying the best ICDs can maximize
crop production, improve WUE, and increase the profitability
of the AG IMA 110-204 cultivar, which shows great promise
for grain producers in Brazil.

3.8 | Considerations and recommendations

The castor bean water demand decreased from I1 to IS5,
and crop stage III (76-120 DAS) had the highest irrigation
requirement.

The irrigation regimes and water supply cutoff dates did not
affect the number of racemes per plant. However, treatments
I1, 12, and I3 resulted in more fruits per raceme in both cycles.

The 20 (I1), 30 (I2), and 40 (I3) treatments showed the
highest values and did not differ between themselves in the
two cycles for the variables weight of 100 grains, grain yield,
oil yield, WUE-grains, and WUE-oil. Therefore, irrigating
when 40 kPa is reached is the most recommended because it
obtained the best yield performance with lower water demand
than 20 and 30 kPa.

When the irrigation cutoff was performed at 120 DAS,
in both cycles, the water regimes 11, 12, and I3 showed the
highest values and did not differ for the variables grain and
oil yields, as well as WUE-grains and WUE-oil. In general,
there was no difference among the water regimes for the other
suppression dates (130, 140, and 150 DAS) for these same
variables. Therefore, an irrigation cutoff at 120 DAS can be
recommended because it generates the best productivity and
WUE for grains and oil, with lower water demand.

4 | CONCLUSIONS

It can be concluded that castor bean is susceptible to drought
stress, having significant reductions in stem diameter, plant
height, number of fruits per raceme, weight of 100 grains, and
yield with an increase in the soil water tension that defines
irrigation.

The 20 (I1), 30 (I2), and 40 kPa (I3) treatments showed the
highest values and did not differ among themselves in the two
cycles for the variables weight of 100 grains, grain yield, oil
yield, WUE-grains, and WUE-oil.

When the irrigation cutoff was performed at 120 DAS, in
both cycles, water regimes 11, 12, and I3 presented the highest
values and did not differ in grain and oil yields, WUE-grains,
or WUE-oil.

Higher grain and oil yields with lower water demand for
castor bean hybrid AG IMA 110204 (RNC-32752) were
obtained with the combination of soil water tension 40 kPa
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to define the moment to irrigation and the irrigation cutoff at
120 DAS.
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