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Abstract: Field experiments were performed for two growing seasons in Spain under Mediterranean
conditions to evaluate the response of onion growth, plant water status, bulb yield, irrigation water
use efficiency (IWUE), and gross revenue to regulated deficit irrigation strategies (RDI). Seven
irrigation treatments were utilized, including the application of 100% irrigation water requirements
(IWR) during the entire growing season and the application of 75% or 50% of the IWR during one of
the following growth stages: the vegetative growth, bulbing, and bulb ripening stages. The deficit
irrigation strategies tested decreased marketable yields to greater or lesser extents; therefore, if water
is readily available, full irrigation would be recommended. The RDI with 50% of the IWR during
the bulb ripening stage led to important water savings (22%) and to slight decreases in yield (9%),
improving IWUE (20%) compared with full irrigation, and this strategy can be recommended under
a severe water shortage. A satisfactory bulb yield was obtained with RDI with 75% of the IWR
during the bulb ripening stages, resulting in a lower reduction in yield (4%) and in an increased
IWUE (9%); this strategy is an advisable strategy for onion production under a mild water shortage
in Mediterranean conditions.

Keywords: irrigation water requirements; irrigation water applied; irrigation water use efficiency;
volumetric soil water content; relative water content; membrane stability index; plant growth;
bulb yield; yield response factor; gross revenue

1. Introduction

Onion (Allium cepa L.) is the second most important vegetable crop worldwide, producing
approximately 98 million tons on 5.20 million ha in 2017. Globally, China, India, and the USA were the
major onion-producing countries in 2017, whereas Russia, the Netherlands, and Spain are the principle
onion producers in the European Union [1]. Onions are traditionally cultivated in Valencia (Spain) in
winter within the traditional crop rotations.

Irrigation water is a crucial resource for sustainable agricultural development worldwide. In arid
and semiarid areas, including the Mediterranean region, water scarcity is becoming critical, increasing
competition for water among agricultural, industrial, and urban consumers [2,3]. Agriculture is
the largest user of water worldwide, accounting for approximately 69% of the total consumption of
freshwater [4]. The total irrigated agricultural area was approximately 40 million ha in 1900, and it
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has increased more than eightfold worldwide over the last century to approximately 325 million
ha; consequently, water withdrawal has increased from less than 600 km? year~! to approximately
4000 km? year~! [4,5]. Population growth, urbanization, the increase of irrigated agriculture, and the
greater incidence of drought caused by climate change, particularly in the Mediterranean area, indicate
that irrigation water demand, as well as irrigation costs, will continue to increase in the future [6].
Furthermore, the Mediterranean area has low water resources per habitant, and is thus considered a
water-stressed area and faces a great challenge to cope with water scarcity [7,8].

The increases in irrigation costs and water scarcity have increased interest in improving water
productivity for irrigated agriculture [9,10], which can be achieved by both efficient irrigation design
and appropriate irrigation management [11,12]. Within this context, a deficit irrigation strategy is a
sustainable practice of applying irrigation levels that are below the optimum crop water requirements,
improving water productivity [10,13-17]. Plants respond differently to water reductions applied at
different development stages; therefore, their yield responses vary depending on their sensitivity at
each growth stage [2,18]. Regulated deficit irrigation (RDI) is a stage-based DI and consists of imposing
water deficits at particular phenological stages, when the crop is less sensitive to water stress [10,17,19].
Therefore, to apply the RDI approach effectively, identifying the most critical growth stages for a
specific crop species and cultivar is needed [16].

Irrigation water use efficiency (IWUE) is a key variable used to assess the efficiency of irrigation
water use in crop production [20] and is a practical index for the assessment of plant responses to
deficit irrigation [16,19]. Enhancing IWUE in irrigated agriculture increases the yield per unit of water
applied [21]. Under limited water conditions, one of the main goals of farmers and researchers is
to maximize IWUE rather than to increase yields [19]. The yield response factor (Ky) represents the
relationship between a relative yield decrease and a relative water deficit, providing a quantitative
evaluation of yield responses to soil water deficits during the growing season [22,23]. The relative
water content (RWC) and membrane stability index (MSI) are indicators of plant water status [24].
The RWC refers to the plant water content, and has been used as a meaningful index for dehydration
tolerance, while the MSI detects the integrity of cell membranes, and has also been widely used as an
indicator of leaf desiccation tolerance [25].

Onion plants possess shallow-root systems, with most parts of the roots in the top 0.20 m of
the soil [26,27]; therefore, onions require frequent and light water applications to avoid incurring
large soil water deficits [28,29]. Hence, onions are very sensitive to water stress, requiring adequate
irrigation management to achieve high commercial yields. Such sensitivity has been observed by
Leskovar et al. [30] in Texas, USA, Zheng et al. [28] in northwestern China, Semida et al. [24] in Egypt,
and Rop et al. [31] in Kenya. These studies observed reductions in bulb yield and size under water
deficits. Compared with the bulb ripening stage, onions are more sensitive to soil water deficits at the
bulbing [32] and vegetative growth [28] stages. Water restriction during the vegetative growth and
bulbing stages result in the highest percentages of small size bulbs in Spain [33].

The crop response to deficit irrigation varies with location, stress patterns, cultivar, planting dates,
and other factors [10], and it is thus important to determine the onion response to deficit irrigation for
the particular conditions within a traditional Valencian crop rotation. The objective of this study was
to determine the effects of RDI on the growth, plant water status, yield, bulb quality, IWUE, and crop
profitability of onions cultivated under Mediterranean conditions.

2. Materials and Methods

2.1. Experimental Site Conditions

Two field experiments were carried out during the 2017 and 2018 seasons at the Cajamar
Experimental Centre in Paiporta, Valencia, Spain (39.4175 N, 0.4184 W). These experiments were
performed in two different plots to avoid soil diseases caused by repeated onion cultivation [26]. Both
soil plots are deep with a medium (silt loam) texture and are classified as Petrocalcic Calcixerepts
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according to the USDA Soil Taxonomy [34]. The soils of the two plots are similar, being very
slightly alkaline (pH = 7.4-7.5) and highly fertile (organic matter = 1.9%-2.1%, with highly available
phosphorous (43-45 mg kg™!; Olsen) and potassium (340-371 mg kg~!; ammonium acetate extract)
concentrations). Irrigation water was pumped from a well, with (on average) an electrical conductivity
of .16 dSm™! and a 77 mg kg~! N-NO;3~ content.

According to the Papadakis agro-climatic classification [35], the climate is subtropical
Mediterranean (Su, Me) with hot dry summers and an average annual rainfall of approximately
450 mm, irregularly distributed throughout the year, falling mostly during the autumn and at the
end of winter/beginning of spring. Figure 1 shows the most significant climatological data of the
growing seasons.
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Figure 1. Monthly precipitation (P, mm; gray vertical bars), reference evapotranspiration (ETo, mm;
black vertical bars), and average temperature (T, °C) during the two growing seasons.

2.2. Plant Material and Growth Conditions

The onion ‘Hamaemi’ was used in these experiments. This onion produces medium-size bulbs,
with a straw yellow colour and flattened globose shapes. This cultivar is suitable for producing tender
onions, which are appreciated by the local market, and it is well adapted to the soil and climatic
conditions in the area [36].

Seeds were sowed on 20 September 2016 and 15 September 2017, in 448 cell flexible polyethylene
traysina peat moss based substrate (70% blonde and 30% dark; Pindstrup Mosebrug S.A.E., Sotopalacios,
Spain) and placed in a Venlo-type greenhouse. Seedlings were transplanted to an open field when the
plants had reached the two-leaf stage on 4 November 2016 and 30 October 2017. The transplantation
was accomplished with a four-row onion transplanter (Minoru, Fukui, Japan), with plant and row
spacings of 0.11 m X 0.25 m and with four plant rows per bed. The top of the flat raised bed was 0.90 m
wide (the distance from the bed centre-to-centre was 1.20 m). The flat raised bed had a length of 7.25 m
and a height of 0.15 m, with north-south orientation. Each experimental plot consisted of a bed (8.7 m?
and 264 plants). The incorporation of nutrients (200-100-250 kg ha~! N-P,05-K,0) was performed by
fertigation with a nutrient solution based on the Sonneveld and Straverd [37] solution, following the
criteria described by Miguel [38].

2.3. Deficit Irrigation Strategies and Growth Stages

The onion growth period was divided into four stages as follows: (1) initial stage,
from transplanting to plant establishment; (2) vegetative growth stage, from plant establishment to
when the bulbing ratio (bulb diameter/pseudostem diameter; periodically measured from three plants
per plot) reached the value of 1.7 (intermediate value between the thresholds considered by Miguel [38]
(1.5) and Leskovar et al. [30] (2.0) and Brewster [27] (2.0)); (3) bulbing stage, from the previous stage
until most of the bulbs reach “full size” (approximately 70 mm in diameter, according to previous
experiences with the cultivar in the Experimental Centre [36]); and (4) bulb ripening stage, from the
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previous stage until the harvest (two weeks after 50% of the leaves were bent over by the pseudostems).
These four growth stages coincide with those defined by Allen et al. [39]: (1) initial stage, (2) growth
development stage, (3) mid-season stage, and (4) late-season stage. During the initial period, all plants
were irrigated without restrictions to ensure correct plant establishment. Different irrigation strategies
were then initiated.

The experiments, carried out for two growing seasons (GS), compared seven irrigation strategies
(IS). The analysed IS were as follows: T1, the application of full irrigation (100% of the irrigation water
requirements (IWR)) during the entire crop cycle; T2, T3, and T4, reduction of the irrigation water
applied (IWA) to 75% of the IWR during stages 2, 3, and 4, respectively; and T5, T6, and T7, reduction
of the water applied to 50% of the IWR, at the same respective stages. Table 1 shows the duration and
IWA of each growth stage. Initially, all the treatments were irrigated with 28 and 37 mm in 2017 and
2018, respectively, to ensure adequate plant establishment.

Table 1. Duration (days) and irrigation water applied (mm) at vegetative growth (2), bulbing (3),
and bulb ripening (4) stages in each irrigation strategy (T1-T7) during the 2017 (4 November-27 April)
and 2018 (30 October-30 April) growing seasons (GS).

Irrigation Water Applied (mm)

GS Stages Days

T1 T2 T3 T4 T5 T6 T7

2 84 17 12 17 17 8 17 17

2017 3 43 70 70 52 70 70 35 70
4 37 80 80 80 60 80 80 40

Total 164 167 162 149 147 158 131 127

2 87 131 98 131 131 65 131 131

2018 3 39 61 61 46 61 61 31 61
4 43 139 139 139 104 139 139 69

Total 169 331 298 316 296 265 300 262

2.4. Irrigation Scheduling and System

The IWR values were determined using the following equation:

ETc - Pe

IWR =
W Ef

@
where ET. (mm) is the crop evapotranspiration; Pe is the effective precipitation (mm), determined
from rainfall data using the method of the U.S. Bureau of Reclamation [40], as presented by
Pascual-Seva et al. [41]; and Ef is the irrigation efficiency, being 0.95 (considering that the uniform
distribution = 0.98; deep percolation ratio = 0.97; the leaching requirement is negligible, as has been
stated for onion cultivars grown in the Experimental Centre).

The ETc (mm) was calculated from the ET,, and a single crop coefficient (K.) was proposed for
local conditions by the IVIA [42], adapting the duration of each stage to the growing cycle (Table 1).
The K. values used were 0.3, 0.95, and 0.8, corresponding to the initial, mid-season, and late season
stages, respectively.

ET. = ET, X K, 2)

where ET, is the reference evapotranspiration and K is the crop coefficient. The ET,, was determined
according to Allen et al. [39], as follows:

ET, = Epan X Kp, ®)

where Epan (mm day™!) is the evaporation from a class A pan installed adjacent to the experimental
plot, and K, (0.815) is the pan coefficient determined according to Allen et al. [39].
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The irrigation water was supplied by a double lateral line for each bed using a turbulent flow
dripline (16 mm; AZUDRIP Compact; Sistema Azud S.A., Murcia, Spain) with emitters (2.2 L h1)
spaced 0.33 m apart. An irrigation controller programmer (NODE-100 single station controller, Hunter,
CA, USA) was used to control the time of each irrigation event, and a water flow meter (MJ-SDC TYP
E, NWM, Czech Republic) was installed in each IS to record the IWA.

2.5. Volumetric Soil Water Content

The volumetric soil water content (VSWC; m® m~2) was continuously monitored using ECH,O
EC-5 capacitance sensors connected to an Em50 data logger using the ECH,O Utility software
(Decagon Devices Inc., Pullman, WA, USA). Onions have shallow root systems, with most roots being
concentrated in the upper 0.20 m of the soil; therefore, following the methodology described by Enciso
et al. [43], in each treatment, one sensor was installed horizontally, at a depth of 0.15 m, in the middle
of the beds below a dripline and equidistant between two adjacent emitters. Additionally, for T1,
another sensor was placed at a 0.25 m soil depth to verify that water losses at that depth were nearly
negligible. The VSWC was measured and stored at 15 min intervals, and variations in the VSWC were
used to determine the in situ field capacity (FC). To compare the VSWCs corresponding to the different
IS and GS, their values are presented as the ratio of the VSWC compared with the VSWC at FC (% FC).
The irrigation events for all the IS began when the VSWC in T1 dropped to 80% of the FC, following
the criteria used in prior experiments at the Experimental Centre, and lasted the time necessary for
applying the corresponding IWA.

2.6. Relative Water Content and Membrane Stability Index (MSI), Plant Growth, and Harvest Index

The RWC and MSI were evaluated at the end of each growth stage. Leaf RWC was determined in
fresh leaf discs of 2 cm diameter using the method developed by Hayat et al. [44], and was calculated

using the following equation: EW - DW

)= Twow"
where FW, DW, and TW are the disc fresh weight, dry weight, and turgor weight, respectively.

The MSI was determined using 0.2 g samples of fully expanded leaf tissue following the
methodology described by Rady [45], and was calculated as follows:

RWC (% 100, )

MSI (%) = (1 - 9) +100, ®)
G
where C; is the electrical conductivity of the solution after the samples were heated at 40 °C in a water
bath for 30 min, and C; is the electrical conductivity of the solution after the samples were boiled at
100 °C for 10 min.

Three onion plants per plot were selected at harvest (two weeks after 50% of the leaves near the
pseudostems were bent over, 27 and 30 April of 2017 and 2018) to measure the following plant growth
parameters: plant height, leaf number per plant, bulb diameter, and height. The leaf chlorophyll
index (SPAD) was measured at three points in three fully developed leaves from each plant using a
SPAD-502 m leaf chlorophyll meter (Konica Minolta Sensing Inc., Tokyo, Japan). Thereafter, these
plants were separated into leaves and bulbs and each part was weighed (fresh weight) with a precision
analytical balance (Mettler Toledo AG204, Greifensee, Switzerland), and dried at 65 °C in a forced-air
oven (Selecta 297, Barcelona, Spain) until a constant weight was reached to obtain dry weights and
bulb dry matter content. The harvest index (HI) was determined as the ratio of total yield (TY) to total
biomass (leaves + bulbs) on a dry mass basis (g g‘1 ; [46]).

2.7. Yield, Irrigation Water Use Efficiency and Yield Response Factor

The yield components were determined from a 3 m length in the two central plant rows, leaving
a plant row on each side of the bed to avoid marginal effects. The bulb yield was partitioned
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into marketable (MY) and non-marketable yield. The average bulb weight of MY was determined.
The non-marketable yield was, in turn, classified according to the nature of blemishes, including small
bulbs, bulbs with defects in shape, and bolting plants, in accordance with Leskovar et al. [30].

The IWUE was calculated as the ratio of MY (fresh mass; kg m=2) to IWA (m® m~2; [47]). The yield
response to water deficits (Ky) during the growing season and at each growth stage were determined
according to Doorenbos and Kassam [48] using the following equation:

(-52) -5 ©

where Y, and Y, are the actual MY (corresponding to the different RDI strategies at each stage) and
maximum MY (fully irrigated plants), respectively; ET, and ETy, are the actual (RDI) and maximum
(full irrigated) ET (mm), respectively; and Ky is the yield response factor, which was obtained by
lineal regression for each stage. ET, and ETy, were calculated as ET = IWA + Pe, considering both the
drainage and the variations in volumetric soil water content to be negligible.

2.8. Onion Bulb Quality Traits

Three representative (in size and shape) marketable bulbs per plot were used to determine the bulb
size (height and diameter) and shape (diameter/height ratio). Then, these bulbs were used to determine
the external bulb firmness using a digital penetrometer with an 8 mm diameter tip (Penefel DFT 14,
Agro Technologies, Forges les Eaux, France). Then, the bulbs were liquefied with a domestic blender to
obtain their juice, which was filtered. The soluble solids content (SSC, °Brix) was determined from the
bulb juice using a digital refractometer (PAL-1, Atago, Tokyo, Japan). Acidity (grams of citric acid/100
g FW) was determined by titration with 0.1 M NaOH. The maturity index (MI) was calculated as the
ratio of SSC (°Brix) and acidity (g citric acid 100 g~! FW).

2.9. Crop Profitability

The determination of the profitability of the RDI, as presented in Pascual-Seva et al. [49], under the
conditions of this study can help to make decisions that reduce water consumption. The gross revenue
and water economic value were determined, taking into account the MY and the IWUE obtained in this
study, as well as the average price of the onion bulbs over the previous three years (0.21 € kg~! [50].

2.10. Experimental Design and Statistical Analysis

The experiment was performed using a randomized complete block design with three replicates.
The results for the different parameters were evaluated by analysis of variance (ANOVA) using
Statgraphics Centurion XVII [51]. Percentage data were arcsin transformed before analysis. Least
significant differences (LSD) at a 0.05 probability level were used as the mean separation test. MY and
IWUE were related with IWA using Statgraphics Centurion XVII [51].

3. Results

The rainfall registered in the 2017 season was higher (618 mm) than in 2018 (203 mm), and most
of the rainfall during 2017 occurred at the vegetative growth stage, with lower values of rainfall
occurring at the bulb ripening stage in both GS (Figure 1). These facts are responsible for the significant
interactive effect (p < 0.01/0.05) between the IS and GS on many of the studied parameters. When the
GS * IS interaction was not significant (p < 0.05), the mean values of the two factors were analysed
separately, but when the interaction was significant (p < 0.05), the two factors were analysed jointly.

3.1. Growth Stages and Irrigation Water Applied

The total crop cycle period (including the initial period) was shorter in 2017 than in 2018, lasting
175 and 183 days, respectively. The total pan evaporation and ET, during the growing season were
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lower in 2017 (334 and 272 mm, respectively) than in 2018 (576 and 469 mm, respectively). The values
of Pe during the growing season were higher during 2017 (387 mm) than during 2018 (148 mm). In 2017,
there were 10 irrigation events, while in 2018, the number of irrigation events increased to 27. The IWA
values during the different irrigation periods ranged from 127 mm (T7) to 167 mm (T1) in 2017 and
from 262 mm (T7) to 331 mm (T1) in 2018 (Table 1).

3.2. Volumetric Soil Water Content

The VSWC for the different IS and GS at 0.15 m depth (in addition, 0.25 m depth in T1), as well as
the daily rainfall during both GS, are presented in Figure 2. The high rainfall in 2017 led to a high
VSWC for all the IS, being higher in 2017 (on average, 92.0% of FC) than in 2018 (on average, 86.4% of
FC). Therefore, during 2017, there were no considerable differences in the VSWC among the different
IS; however, the average VSWC in 2018 at a 0.15 m depth ranged between 87.6% of the FC for T1 and
84.7% of the FC for T6, and the VSWC decreased slightly over time. Lower variations in the VSWC at a
0.25 m depth were recorded in 2018 than in 2017.
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Figure 2. Volumetric soil water content (VSWC in percentage of field capacity (FC)—15 cm, —25 cm)
for each irrigation strategy and daily rainfall during the two growing seasons. Crop growth stages:
(1) initial; (2) vegetative growth; (3) bulbing; and (4) bulb ripening.

3.3. Relative Water Content, Membrane Stability Index, Onion Growth, and Harvest Index

The RWC and MSI were affected (p < 0.05/0.01) by the GS, and both parameters at each analysed
time in 2017 were higher than in 2018 (Table 2). The RWC and MSI at establishment were not affected
by the IS (p > 0.05; data not shown), but at the end of the vegetative growth (stage 2), both parameters
were affected (p < 0.01) by the GS, IS, and their interaction (Table 2). There were no differences between
the IS in 2017, while in 2018, T2 and T5 led to lower values (p < 0.01; Table 3). At the bulbing and
bulb ripening stages, the interactions were not significant (Table 2) for the RWC or MS]I, and these
lower values corresponded to the strategies of severe water restriction (50% IWR) in the corresponding
stages (T6, T7).

Table 2. Effects of the growing season and the irrigation strategy on the relative water content (RWC)
and membrane stability index (MSI) at the end of the vegetative growth (2), bulbing (3), and bulbing
ripening (4) stages.

RWC (%) MSI (%)
2 3 4 2 3 4
Growing Season (GS)

2017 79.7 a 81.8a 82.6a 70.1a 715a 69.4 a
2018 76.8 b 79.8b 80.1b 61.7b 59.7b 589b

LSD 1.5 2.1 1.9 1.4 1.7 1.9

Irrigation Strategies (IS)

T1 794 a 81.8 ab 839a 67.2a 68.0 a 67.6 a
T2 76.1 bc 81.4 abc 82.8a 63.6 bc 65.2 ab 65.1 ab
T3 78.5 ab 78.9 bc 80.3 ab 67.0a 65.9 ab 65.5 ab
T4 792 a 839a 82.7a 679 a 67.0a 64.9 ab
T5 749 c 81.6 ab 80.6 ab 63.0 ¢ 63.7 ¢ 62.6 bc
T6 79.7 a 77.7 ¢ 80.8 ab 65.7 ab 63.2¢ 62.5 bc
T7 80.1a 80.5 abc 785D 67.0a 66.0 ab 61.0c

LSD 29 3.8 3.6 2.5 3.23 3.58

ANOVA (df) % sum of squares

GS (1) 14.2 ** 7.1ns 13.8* 64.6 ** 79.9 ** 69.0 **
IS (6) 23.9 ** 253 % 27.2%* 11.3 ** 58%* 109 *
GS*IS (6) 34.5 ** 179 ns 2.8 ns 13.1 ** 3.0ns 4.7 ns

Residuals (28) 27.4 49.6 56.1 11.0 11.3 15.5

Standard deviation 24 3.2 3.0 2.1 2.7 3.0

df: degrees of freedom. Mean values followed by different lower-case letters in each column indicate significant
differences at p < 0.05 using the least significant differences (LSD) test. ** (*), indicate significant differences at
p £0.01 (p < 0.05). ns, indicates no significant difference. ANOVA, analysis of variance.
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Table 3. Growing season—irrigation strategy interaction for the relative water content (RWC) and
membrane stability index (MSI) at the end of the vegetative growth, bulb dry weight (BDW)), total yield
(Yield), marketable yield (MY), and average bulb weight (ABW).

RWC MSI BDW Yield MY ABW
(%) (%) (kgm=2) (kgm=2) (kgm2) (g bulb-1)
2017
T1 79.6 a 68.9 a 0.44d 491f 424f¢ 1839e
T2 80.5a 68.9 a 0.40d 480 f 428f 184.8 e
T3 78.6 a 694 a 0.38d 487 f 420f 185.6 e
T4 789 a 71.5a 0.46d 474 f 415¢ 1814 e
T5 80.2a 70.8 a 0.43d 480 f 413 f 1854 e
T6 794 a 70.8 a 0.38d 4.67 f 3.93f 174.7 e
17 80.5a 70.7 a 0.38d 472 f 412f 1854 e
2018
T1 79.2a 65.5b 0.88a 893 a 8.04a 340.5a
T2 71.7b 58.2d 0.78 b 8.40 be 7.35bc 318.0 bc
T3 78.5a 64.7b 0.75b 8.74 ab 7.77 ab 327.1a
T4 794 a 64.3b 0.76 b 897 a 7.66 ab 327.0 ab
T5 69.5b 552e 0.59 ¢ 722e 6.06 e 296.9 d
T6 80.0a 60.5 cd 0.72b 7.66 de 6.55 de 303.0d
17 79.6 a 63.3 bc 0.74b 7.99 cd 7.03 cd 310.4 cd
LSD 3.3 297 0.09 0.49 0.63 15.5
Mean values followed by different lower-case letters in each column indicate significant differences at p < 0.05 using
the LSD test.

The values of plant growth traits (except for SPAD; Table 4) were affected (p < 0.01) by the GS,
with lower values obtained in 2017 than in 2018, except for the bulbing ratio, which was higher in
2017. In both GS, the bulbing ratios usually increased during the crop cycle, being considered as a
measure of bulb formation; the bulbing ratios reached their highest values at harvest. The data for the
bulbing ratios at the end of vegetative growth are presented in Table 4, and they were not affected
by the IS. The plant heights and the numbers of leaves per plant were not affected by the IS (p > 0.05;
Table 4); nevertheless, lower values were obtained for plants that were exposed to water stress during
the vegetative growth stage (T2 and T5). The SPAD index was not affected (p < 0.05) by the GS nor by
IS. Water restrictions negatively affected the production of biomass, for both the leaves (fresh and dry
weight; p < 0.05, Table 4) and the bulbs (fresh p < 0.05, Table 5; dry p < 0.01, Table 4), with the greatest
values (in these parameters) corresponding to full irrigation (T1) and moderate deficit irrigation during
bulb ripening (T4). The bulb dry weights were affected by the IS only in 2018 (p < 0.01), when the
highest values were obtained for the fully irrigated plants (T1; p < 0.05; Table 3), reducing in value
with the water deficit, and this phenomenon occurred to a greater extent with the severe deficit and in
the earlier stages. Greater values of HI (p < 0.05) were obtained in 2018 than in 2017 and were not
affected by IS (p > 0.05).
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Table 4. Effects of the growing season and the irrigation strategy on the bulbing ratio at the end of
stage 2, and on the plant height, leaf number per plant, leaf chlorophyll index (SPAD), leaf fresh weight
(LFW), leaf dry weight (LDW), bulb dry weight (BDW), and harvest index (HI) at harvesting.

Bulbing Plant Leaf SPAD LFW LDW BDW HI
Ratio Height  Numb _ _ N
© (cm) umber ) (kgm=2) (kgm2) (kgm2) )
Growing Season (GS)

2017 1.79 a 47.14b 6.71b 62.95 0.67b 0.085b 0.41b 0.83b
2018 1.63b 57.78 a 740 a 64.56 1.20 a 0.119a 0.75a 0.86 a

LSD 0.09 1.72 0.27 2.20 0.07 0.008 0.04 0.01

Irrigation Strategies (IS)

T1 1.71 53.94 7.22 62.60 1.04a 0.121a 0.66 a 0.84

T2 1.75 50.33 6.94 65.14 0.90 bc 0.100 b 0.59b 0.85

T3 1.68 52.39 7.11 64.67 0.96 abc 0.095b 0.57 be 0.85

T4 1.74 53.89 7.17 65.62 0.99 ab 0.105 ab 0.61 ab 0.85

T5 1.64 50.72 6.78 63.86 0.86 bc 0.099 b 0.51¢ 0.84

T6 1.73 52.33 7.06 63.11 0.89 bc 0.096 b 0.55 be 0.85

T7 1.74 53.61 7.11 61.28 0.89 bc 0.098 b 0.56 bc 0.84

LSD 0.17 321 0.50 4.11 0.13 0.016 0.07 0.02

ANOVA (df) % sum of squares

GS (1) 9.2 % 54.2 ** 17.3 ** 1.7 ns 65.1 ** 31.2* 69.2 ** 22.1 **
IS (6) 2.0ns 3.6 ns 29ns 5.3ns 3.2% 74* 4.7 ** 2.7 ns
GS*IS (6) 6.1 ns 1.8 ns 3.6 ns 39ns 2.1ns 1.4 ns 3.9 ** 6.4 ns

Residuals (112) 82.8 404 76.2 89.2 29.6 60.0 222 68.8

Standard deviation 0.3 49 0.8 6.2 0.2 0.0 0.1 0.0

df: degrees of freedom. Mean values followed by different lower-case letters in each column indicate significant
differences at p < 0.05 using the LSD test. ** (*), indicate significant differences at p < 0.01 (p < 0.05). ns, indicates no
significant differences.

Table 5. Effects of the growing season and the irrigation strategy on the total yield (Yield); marketable
yield; average bulb weight (ABW); non-marketable yield and its partitioning in small, deformed, and
bolting bulbs; and irrigation water use efficiency (IWUE).

Yield Marketable Yield Non-Marketable Yield (% of Yield) IWUE
(kgm=2) (kgm=2) ABW (gbulb-1) Total Small  Deformed  Bolting (kg m™3)
Growing Season (GS)
2017 479b 415b 183.0b 13.3 3.0b 0.8b 95a 28.15a
2018 8.27 a 721a 317.6 a 13.0 83a 1.7a 3.0b 2442b
LSD 0.22 0.29 7.04 2.6 1.7 0.9 22 1.20
Irrigation Strategies (IS)
T1 6.92 a 6.14a 262.2a 11.7 4.4 1.3 6.1 24.85 bc
T2 6.60 ab 5.82 ab 251.4 abed 115 41 1.7 58 25.58 bc
T3 6.80 a 5.99 ab 256.3 ab 12.5 4.7 0.8 7.1 26.43 be
T4 6.86 a 591 ab 254.2 abc 13.6 5.6 1.8 6.3 27.07b
T5 6.01 c 5.10c 2411 cd 14.9 8.4 1.7 4.8 24.49 ¢
T6 6.17 ¢ 524c 238.8d 154 6.5 1.0 7.9 25.88 be
T7 6.36 bc 5.58 bc 2479 bed 12.5 5.9 0.8 59 29.70 a
LSD 0.41 0.53 13.17 49 32 1.7 4.0 2.25
ANOVA (df) % sum of squares
GS (1) 91.6. ** 86.8 ** 96.0 ** 0.1ns 46.8 ** 11.7* 52.5 ** 35.6 **
IS (6) 3.3 ** 4.9 ** 1.3* 139ns 133 ns 8.7 ns 4.2ns 26.7 **
GS*IS (6) 2.6 ** 33* 1.0* 8.1ns 6.9 ns 3.6ns 42ns 129 ns
Residuals (28) 2.5 5.0 1.8 779 33.0 759 39.0 24.7
Standard deviation 0.3 0.6 11.1 4.1 2.7 1.5 34 1.9

df: degrees of freedom. Mean values followed by different lower-case letters in each column indicate significant
differences at p < 0.05 using the LSD test. ** (*), indicate significant differences at p < 0.01 (p < 0.05). ns, indicates no
significant differences.

3.4. Yield, Irrigation Water Use Efficiency and Yield Response Factor

The GS had an important impact on yield (representing 92% and 87% of the sum of squares of
yield and MY, respectively, Table 5). The MY losses corresponding to the most restricted strategies
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at the vegetative growth (on average, 17% for T5) and bulbing (15% for T6) stages were greater than
those obtained when the restriction was applied at the bulb ripening (9% for T7) stage. Yields and
MY obtained in 2017 were lower than those in 2018 (p < 0.05), not differing between IS. In 2018, lower
yields and MY were obtained with 50% IWR reduction, when it was applied both in the vegetative
growth (T5) and bulbing stages (T6; Table 3). The MY accounted (on average) for 87% of the yield;
this MY proportion was not affected by the GS, IS, or their interaction (data of non-marketable yield
shown in Table 5). The growing season had a greater influence on average bulb weight (ABW; 96% of
the sum of squares) than IS (1.3%) and their interaction (1%); the bulbs obtained in 2017 were heavier
than those in 2018, with no IS differences. However, in 2018, ABW was reduced with the water deficit
(p £ 0.05), and this phenomenon occurred to a greater extent with the severe deficit (Table 3). In 2017,
there was a higher (p < 0.01) incidence of bolting bulbs, and a lower number of small bulbs (p < 0.01)
and bulbs with shape defects (p < 0.05) than in 2018.

IWUE was affected by GS and by IS (p < 0.01; Table 5), with the highest values obtained in 2017,
which corresponded to the lowest IWR. For IS, the highest average value (p < 0.05) was obtained with
the severe water shortage at the bulb ripening stage (29.7 kg m~>; T7) and was also related to the lowest
IWA (127 mm for 2017 and 262 mm for 2018). The lowest IWUE value was obtained with the severe
water shortage at the vegetative growth stage (24.5 kg m~2; T5), as a consequence of the lowest MY
obtained with this strategy (5.1 kg m~2).

Considering separately the different stages when water restrictions were applied, the MY (kg m~2)
increased linearly (p < 0.01) with increasing IWA (mm), following these equations: vegetative growth:
MY = 0.57 + 0.022*IWA (r = 0.98; p < 0.01); bulbing: MY = 1.11 + 0.020*IWA (r = 0.95; p < 0.01);
and bulb ripening: MY = 1.03 + 0.022*IWA (r = 0.97; p < 0.01). IWUE decreased linearly with
increasing IWA, following the equations corresponding to vegetative growth, bulbing, and bulb
ripening: IWUE = 27.89 — 0.013*IWA (r = —-0.55; p < 0.01); IWUE = 31.79 — 0.026*IWA (r = -0.71;
p <0.01); and IWUE = 32.81 — 0.025*IWA (r = —0641; p < 0.01).

For Ky, three fitted linear regression equations (p < 0.01 and r > 0.91) were obtained, considering
the two GS together, with one for each stage of irrigation restriction. The obtained Ky values were 1.66,
1.75, and 0.75 for the vegetative growth, bulbing, and bulb ripening stages, respectively.

3.5. Onion Bulb Quality Traits

The bulb size (diameter and height) was affected by the GS, IS, and their interaction (p < 0.01;
Table 6). In general, the bulbs produced in 2017 were shorter and narrower than those produced in
2018. The interaction shows that the shortest bulbs in 2017 corresponded to T4 and T6, while in 2018,
these were obtained with T5 (Table 7). The bulb shapes were influenced by the GS (p < 0.01) and the
GS-IS interaction (p < 0.05; Table 6), in the sense that the bulbs obtained in 2018 were flatter than those
in 2017, with the most elongated bulbs being those obtained with T6 in both years and with T4 in 2018
(Table 7).

The dry matter content and SSC were only affected by GS (p < 0.01), corresponding to the higher
values in 2018, while the firmness was not affected (p > 0.05) by any factor. In contrast, acidity was
affected, in addition to the GS, by IS and by their interaction. The bulbs obtained in 2018 were,
in general, more acidic than those obtained in 2017.

As a consequence of the respective values of SSC and acidity, the MI was affected by GS (p < 0.01)
and by IS (p < 0.01), corresponding the highest values to 2018, and in relation to IS, MI increased with
water deficit, particularly when severe water restriction was applied at the bulb ripening stage (T7).



Agronomy 2019, 9, 521

12 0of 19

Table 6. Effects of the growing season and the irrigation strategy on bulb characteristics: size (diameter
(D) and height (H), shape (D/H)); dry matter content (DMC); firmness; soluble solid content (SSC);
acidity; and maturity index (MI).

DMC

Firmness

SSC

Acidity

D(mm)  H(mm)  D/H ) N CBriv (%) MI
Growing Season
(GS)
2017 744 b 71.1b 1.05b 6.2b 27.4 520b 0.076 b 68.9b
2018 88.7 a 72.1a 1.23a 82a 27.6 749 a 0.091 a 83.5a
LSD 1.1 1.2 0.02 0.52 2.0 0.39 0.004 6.0
Irrigation Strategies
1s)
T1 839a 73.0a 1.15 72 28.1 6.37 0.094 a 67.4 ¢
T2 81.1b 719 ab 1.13 7.0 26.4 6.30 0.085b 74.4 be
T3 82.2 ab 72.4 ab 1.14 79 27.9 6.55 0.089 ab 72.9 be
T4 82.4 ab 72.6 ab 1.13 6.7 26.4 6.25 0.082 bc 75.5 abc
T5 79.0 ¢ 69.3 ¢ 1.15 7.3 27.5 6.17 0.082 bc 75.0 be
T6 80.7 bc 70.4 bc 1.15 7.0 27.0 6.22 0.076 ¢ 81.6 ab
17 81.6b 71.5 ab 1.14 7.3 29.2 6.55 0.077 ¢ 86.6 a
LSD 2.1 2.2 0.04 1.0 3.8 0.72 0.007 11.3
ANOVA (df) % sum of squares
GS (1) 89.4 ** 4.0ns 8?,;4 59.8 ** 0.1ns 81.8 ** 44.0 ** 32.8 **
IS (6) 3.5** 222% 0.4 ns 7.6 ns 10.7 ns 1.3 ns 25.5 ** 20.1*
GS*IS (6) 3.3** 40.2 ** 4.2% 6.6 ns 4.7 ns 1.6 ns 12.2* 9.6 ns
Residuals (28) 3.8 33.6 7.1 26.0 84.5 15.4 18.3 375
Standard deviation 1.8 1.8 0.0 0.8 3.2 0.6 0.0 9.6

df: degrees of freedom (112 for D, H, and D/H). SD: standard deviation. Mean values followed by different
lower-case letters in each column indicate significant differences at p < 0.05 using the LSD test. ** (*), indicate
significant differences at p < 0.01 (p < 0.05). ns, indicates no significant difference.

Table 7. Growing season-irrigation strategy interaction for bulb characteristics: size (diameter (D) and
height (H), shape (D/H)), acidity, and gross revenue (GR).

D H 1ee (0 GR
(mm) (mm) D/H Acidity (%) (€ ha-1)
2017
T1 74.7 e 719b 1.037d 0.080 ¢ 8914 e
T2 74.7 e 72.4b 1.033d 0.070 cd 8998 e
T3 74.6 e 71.7b 1.043 cd 0.077 cd 8817 e
T4 742 e 69.2 cd 1.073 cd 0.080 cd 8718 e
T5 742 e 71.6b 1.037 d 0.090 bc 8669 e
T6 746 e 69.0 cd 1.083 ¢ 0.080 cd 8256 e
T7 741 e 71.7b 1.033 d 0.076 cd 8659 e
2018
T1 93.1a 74.2 ab 1.253 a 0.113 a 16882 a
T2 87.6 bc 71.4 bc 1.227 ab 0.077 cd 15443 b
T3 89.8b 73.0b 1.230 ab 0.093 b 16323 ab
T4 90.6 b 76.0 a 1.193b 0.087 bc 16084 ab
T5 83.8d 67.1cd 1.253 a 0.097 b 12732 cd
T6 86.8 ¢ 719b 1.207 b 0.070 cd 13761 cd
T7 89.1 be 71.3 bc 1.250 ab 0.077 cd 14772 be
LSD 2.5 25 0.044 0.013 1316

Mean values followed by different lower-case letters in each column indicate significant differences at p < 0.05 using

the LSD test.
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3.6. Crop Profitability

The gross revenue and the economic value of water were affected by GS and IS (p < 0.01; Table 8).
The gross revenue was also affected by the GS-IS interaction (p < 0.05) and, as observed for many
factors, in 2017, there were no differences between the different IS, which were in all cases lower than
those obtained in 2018 (Table 7). Applying 50% of the IWR reduced gross revenue in relation to T1 in
2018, particularly when it was applied at the vegetative growth (T5) and at the bulbing (T6) stages.
Regarding the economic value of water, lower values were obtained in 2018 than in 2017, and the
highest value was obtained with the severe water restriction applied at the bulbing (17), while the
lowest values corresponded to the severe reduction at vegetative growth (T5).

Table 8. Effects of the growing season and the irrigation strategy on the gross revenue (GR) and water
economic value (WEV).

GR (€ha™1) WEV (€ m~3)
Growing Season (GS)
2017 8719 b 591a
2018 15,142 a 5.13b
LSD 599 0.25
Irrigation Strategies (IS)
T1 12,898 a 5.22 bc
T2 12,220 ab 5.37 be
T3 12,570 ab 5.55 be
T4 12,401 ab 5.68b
T5 10,701 ¢ 5.14 ¢
T6 11,008 ¢ 5.43 bc
T7 11,716 be 6.24 a
LSD 1121 0.47
ANOVA (df) % sum of squares
GS (1) 86.8 ** 35.5**
IS (6) 4.9 ** 26.8 **
GS*IS (6) 33% 129 ns
Residuals (28) 5.0 24.8
Standard deviation 948 04

df: degrees of freedom. Mean values followed by different lower-case letters in each column indicate significant
differences at p < 0.05 using the LSD test. ** (*), indicate significant differences at p < 0.01 (p < 0.05). ns, indicates no
significant differences.

4. Discussion

The effective precipitation measured during 2017 was 2.6 times higher than that in 2018, and
the ET,, during 2017 was 1.7 times lower than that recorded in 2018, as shown in Figure 1. Overall,
it can be stated that for the different parameters that were analysed, when the interaction result was
significant, it was because the important rainfall registered in 2017 led to no differences between the IS
values, contrary to that obtained in 2018, whose differences coincided with the average values, unless
otherwise indicated. The IWA during 2017 (167 mm for T1) was approximately 50% lower than that
applied during 2018 (331 mm for T1). These volumes are similar to those applied to onions by Martin
de Santa Olalla et al. [52] and Zheng et al. [28]. Doorenbos and Kassam [48] and Pérez-Ortold and
Knox [29] reported that the irrigation water requirements of onions ranged between 350 and 550 mm
in the United Kingdom, which was the lowest threshold of the same order as the water requirements
in 2018.

The VSWC varied between the GS, with higher values in 2017 (on average, 92.0% FC) than in 2018
(on average, 86.4% FC), which might be related to the higher precipitation levels and to the lower ET.
during 2017. The stomatal closure responds earlier to soil water content than to leaf turgor [14] and is
different depending on the plant species [53]. The initial plant response to the reduction of water in
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the soil is stomatal closure, directly affecting the plant water status (RWC and MSI) and reducing the
assimilation of CO,, as will be discussed later [14,54].

At the beginning of plant growth (establishment stage), both the RWC and MSI were unaffected by
the IS, given that all the plants were equally irrigated with water volumes applied that were greater than
IWR to ensure adequate plant establishment. These similar values show that all the plants presented
a similar water status when the differential irrigation period started. At the end of the vegetative
growth stage, both indexes were affected by the GS, IS, and their interaction, which was a consequence
of the different rainfall amounts and the corresponding VSWC during the two seasons. In general,
it can be stated that the lower values for the RWC and MSI in each stage corresponded to the water
restriction applied in the respective stage, with lower values observed for the most severe restriction.
It is noteworthy that, in general, when the MSI value has been reduced in one stage, it is not recovered
in the rest of the crop cycle. The RWC and MSI values obtained are in accordance with those reported
by Semida et al. [24]. On the basis of that study, the RWC and MSI obtained for the deficit irrigation
strategies in the present experiments could be related to the lower soil moisture and climate conditions.
The leaf water status (and the subsequent plant response) depends on the water deficit in terms of
its intensity, duration, and the growth stage when it is applied [16]. In accordance with Gonzélez
and Gonzalez-Vilar [55], an initial reduction in the leaf RWC (100%-90%) induces stomatal closure,
reducing cellular growth; lower values of RWC (90%-80%) induce changes in the tissue composition
and changes in the relative rates of photosynthesis and respiration; while a greater decrease in RWC
(below 80%) causes changes in metabolism, leading to the cessation of photosynthesis, to an increase
of respiration, and to the accumulation of abscisic acid. On the basis of these considerations, the
obtained values of the RWC ranging between 74.9% and 83.9% could be induced by changes in the
relative rates of photosynthesis and respiration, until photosynthesis ceased, and could be related to
abscisic acid accumulation, leading to negative effects on biomass production. Water restriction had
a negative effect on onion plant biomass (fresh and dry weight of the leaves and bulbs) that was, in
general, more pronounced when it was applied during vegetative growth than when applied at the
bulb ripening stage. A similar trend was observed for plant height and number of leaves per plant,
although the differences were not significant. Zheng et al. [28] reported that water restriction during
the onion vegetative growth stage had an irreversible effect from which the plant cannot recover, and
led to lower plant height and to lower leaf and bulb biomass. These authors also observed a reduction
in bulb dry weight under water restriction at the vegetative growth and bulbing stages.

The HI was not affected by the IS, which agrees with the results reported for many other crops,
as yield is often directly related to plant biomass [56]. Under moderate water stress, water deficits lead
to reduced biomass production owing to the reduction in canopy size and, in that case, dry matter
partitioning is usually not affected, and the HI is maintained in many crops [10], as occurred in this
study. These results imply that the RDI did not alter the partitioning of assimilates between onion
plant parts.

The SPAD was not affected by the different IS, indicating that deficit irrigation did not affect the
chlorophyll content in the leaves. The SPAD average values obtained during this study are slightly
higher than those reported by Leskovar et al. [30]. As the bulbing ratio is a common indicator of
starting bulb formation [27,38], and considering that there were no differences between IS for the
values presented, it can be concluded that plants for all the IS began to form bulbs normally on the
same dates, as the plants that were grown with full irrigation.

The yields obtained in the present study under full irrigation in 2018 were similar to those obtained
using drip irrigation by Martin de Santa Olalla et al. [33] (until 7.39 kg m~2) and Leskovar et al. [30]
(until 7.90 kg m~2). The important impact of the GS on yield was probably because of two factors:
the different climatic conditions registered in each GS (in 2018, there were higher temperatures and
higher radiation (2169 and 2317 MJ m~2 in 2017 and 2018, respectively) and lower rainfall), and to the
mildew incidence that took place in 2017 as a consequence of the great rainfall. The mildew incidence,
as reported in specialized literature [27,57], leads to an important reduction in yield.
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The results of this study indicated that the bulb yield (yield and MY) decreased more when severe
water shortage was applied at the vegetative growth (T5) and bulbing (T6) stages than when it was
applied at the bulb ripening stage (T7). Similar results were reported by Bekele and Tilahun [58] and
Zheng et al. [28], who observed limited effects of deficit irrigation on onion yield when applied at bulb
maturity when compared with the effects when the deficits were applied at the crop development
and bulb formation stages. Yield reductions were a consequence of both the lower ABW and the
higher percentage of small bulbs (although not significant) that were obtained with T5 and T6. This
observation agrees with the results reported for field experiments by Martin de Santa Olalla et al. [33]
and Zheng et al. [28], in that the water shortages applied during the growth and bulbification stages led
to higher percentages of small bulbs. Full irrigation led to the highest average bulb weight, decreasing
the ABW with the water reduction, in accordance with the results obtained by Kumar et al. [59] and
Dirirsa et al. [60].

In addition to genetic characteristics, for example, the cultivar used, the most important factors for
the induction of onion bolting are low temperatures (generally from 5 to 12 °C) at certain physiological
conditions of the plant (the number of leaves is generally considered as the best indicator [27]). It is
thus logical that bolting was influenced only by the GS and not by the IS, as the plants of all the IS
presented the same physiological conditions (at harvesting, there were no significant differences either
in height or in the number of leaves of the plants subjected to the different IS).

In addition to genotypes, soil types, and agronomic practices, climatic conditions play an important
role in IWUE values. The IWUE results are consistent with those reported by Kumar et al. [59] and
Patel and Rajput [61], in the sense that the higher IWUE values were obtained with the lower IWA.
Tolk and Howell [20] indicated that maximum IWUE usually occurs at an evapotranspiration level that
is generally less than the maximum evapotranspiration, thereby suggesting that irrigating to achieve
a maximum yield would not correspond to the most efficient use of irrigation water, as occurred in
this study. Bekele and Tilahun [58], in a study carried out in Ethiopia without rainfall during the
experimental period, stated that all deficit irrigation strategies increased the water use efficiency of
onions, from 6% when water stress was applied during vegetative growth to 13% when the IWA was
reduced to 75% of the optimum application throughout the growing season. Martin de Santa Olalla et
al. [33] obtained the highest IWUE using the following strategy: 80% ET during vegetative growth,
90% ET during bulbing, and 50% ET during bulb ripening.

For the different water restriction stages, the MY increased linearly with the IWA, with high
correlation coefficients (r > 0.95); therefore, reducing the water applied at any stage would decrease the
MY relative to full irrigation. Similar positive linear relationships were reported by Zheng et al. [28],
indicating that the IWA did not exceed the maximum crop water demands. Kumar et al. [59] presented
second-order relationships between yield and IWA, with negative quadratic effects, indicating that the
increase in onion yield was not proportional to the increment in IWA because the higher values of IWA
exceeded the maximum crop water demands. The negative linear relationships between IWUE and
IWA presented lower correlation coefficients (r > —0.55) owing to the important differences of IWR
between years, as a consequence of rainfall.

In this study, the Ky values were 1.66, 1.75, and 0.75 for the vegetative growth, bulbing, and bulb
ripening stages, respectively, and these values are consistent with those obtained by Dirirsa et al. [60].
If Ky is lower than 1, a crop can be considered to be tolerant to water deficits, while if it is greater than
1, this value indicates that the crop response is sensitive to water deficits [22,48]. The lower Ky seen
in the bulb ripening stage indicates that this is a less sensitive period for applying water restriction,
suggesting that, in the case of deficit irrigation application, the restriction should be applied during the
bulb ripening stage.

The RDI led to an important reduction in bulb size (diameter and height), particularly when
the severe water stress was applied during the vegetative growth (T5), in agreement with the ABW.
Similar reductions in the average bulb weight and size with water restrictions were observed by
Leskovar et al. [30], Zheng et al. [28], and Patel and Rajput [61] in India.
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The IS did not significantly affect bulb firmness or the SSC, in agreement with reports in the
literature [43,62]. The absence of differences between the IS for the bulb SSC could be related to the
fact that all bulbs had a similar dry matter content and, therefore, a similar soluble solids dilution.

Bulb acidity values were slightly lower than those reported by Rodriguez et al. [63], with higher
values obtained in bulbs subjected to full irrigation. As the SSC was not affected by the IS, and because,
for the determination of the MI, the acidity appears in the denominator, the trend of MI values is
practically the inverse of acidity. Reducing the IWA to 50% of the IWR at the bulbing stage (T6) at the
bulb ripening stage (T7) accelerated bulb maturation.

Considering the current climatic conditions in irrigated areas, particularly in dry regions, it is
of great importance to increase INUE and, in turn, the water economic value. Applying moderate
(T4) or severe (T7) deficit irrigation at the bulb ripening stage led to a low reduction in gross revenue
relative to full irrigation (4% and 9%, respectively), but these irrigation strategies led to an increase in
the water economic value (9% and 20%, respectively) relative to full irrigation. The moderate water
shortage at the vegetative growth (T2) and bulbing (T3) stages presumed a low reduction in gross
revenue (below 5%), but the water savings that they provided were small (below 8%). The greatest
reductions in gross revenue were obtained with severe water stress at the vegetative growth (T5) and
bulbing stages (T6) (17% and 15%, respectively), which seriously questioned the economic viability of
the crop. The average water economic values obtained in this research ranged from 5.14 € m~3 (T5) to
6.24 € m~3 (T7), and these values are similar to the ranges of those obtained for other horticultural
crops in the area, such as for chufa (Cyperus esculentus, L. var. sativus Boeck.; 4.08 € m~3, [64]) and
watermelon (6.14 € m~3, [25]), both in field conditions.

Overall, it can be stated that if water is not a limiting factor, irrigation to full requirements should
be applied. Nevertheless, if water is scarce, applying 50% of the IWR during the bulb ripening stage (17)
may lead to important water savings (approximately 22%), while decreasing the MY and, consequently,
the gross revenue, by 9%. An intermediate advised IS involves reducing the IWA during the bulb
ripening stage to 75% of the IWR (T4), which would slightly reduce the MY (4%), with water savings
of approximately 11%.

5. Conclusions

Field experiments were carried out in Spain under Mediterranean conditions to study the effects
of regulated deficit irrigation on the growth, plant water status, yield response, bulb quality, irrigation
water use efficiency, and crop profitability of the onion ‘Hamaemi’. Moderate water shortage (75% of
the IWR) at the vegetative growth and bulbing stages presumed a low reduction in gross revenue,
but with small water savings. Severe deficit irrigation (50% of the IWR) applied at the vegetative
growth and bulbing stages negatively affected the biomass production, water status, and marketable
yield. Reducing the water applied to 50% of the water requirements during the bulb ripening stage led
to important water savings and improved INUE when compared with full irrigation while reducing,
although not drastically, the marketable yield and, therefore, the gross revenue; thus, this strategy
can be recommended in cases of severe water shortage conditions. Reducing the irrigation water
applied to 75% of the water requirement during the bulb ripening stage resulted in a slight reduction
in yield, but with similar IWUE to that obtained with full irrigation; therefore, it could be considered
as a recommended strategy for onion production under mild water shortage.
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