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Abstract: To optimize irrigation, agronomists need to modulate crop water productivity (CWP)
throughout phenology. We compared regulated deficit irrigation (RDI) and sustained deficit irrigation
(SDI) in chickpea (Cicer arietinum L. var. Blanoro), expecting RDI during vegetative growth (VG) to
enhance CWP, as opposed to flowering (F) and pod-filling (PF) stages. The effects of RDI and SDI
on grain yield, plant height, weight, grain caliber, pods and grains per plant, harvest index, and
CWP, were tested through a complete randomized block experiment during the years 2020 and 2021,
comparing full irrigation (FI, ETec = 100%), SDI (SDIy5, ETc = 75% during all stages), and six RDI
treatments varying in ETc% across phenology: VGsg, VGys, Fsg, F75, PF5g, and PFy5. VG5 had higher
CWP while minimizing impacts on productivity. During 2020, the plants were taller (0.44 £ 4.4 m),
and increased in harvest index (0.47 £ 0.06), and CWP (0.90 £ 0.2 kg m3) (p < 0.05), while in 2021,
plants were heavier (11.4 & 2.8 g) and increased in caliber (46.1 £ 3.0 grains); grain yield did not differ
between the years (p > 0.05), reaching 861.8 (2020) and 944.7 kg ha~! (2021). Our results highlight the
relevance of maintaining 100% ETc during flowering, and the maintenance of RDI at 75% ETc during
vegetative growth.

Keywords: chickpea; crop evapotranspiration; grain quality; grain yield; phenology; regulated/
sustained deficit irrigation

1. Introduction

Owing to human-induced climatic changes, an increase in the recurrence and intensity
of droughts in several areas of the world is forecasted [1-3]. This complex situation turns
even more pressing for arid and semiarid regions of the world, which may have been
already experiencing abnormal droughts [4]. Globally, agriculture uses 70% of the available
freshwater, and coupled with population growth and food demands, this implies a potential
increase in agricultural production by 70% for the year 2050 [5]. Therefore, agriculture
urgently needs the implementation of water-saving irrigation strategies to improve crop
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water productivity (CWP), which is defined as the ratio of crop yield to water consumed by
the plant [6,7].

Deficit irrigation is the deliberate manipulation of irrigation in which water volumes
are applied below the plant’s water optimal requirements [8]; its implementation can
increase CWP without providing additional water and is especially useful when the value
of harvest is low, but the value of water is high [9]. Deficit irrigation consists of differ-
ent schemes, such as regulated deficit irrigation (RDI) and sustained deficit irrigation
(SDI) [10-12]. RDI is a scheduling method that consists of the variable application of crop
irrigation in specific stages of plant development, usually focusing on water volumes that
are under the optimal plant growth requirements for specific phenological stages [12,13].
In contrast, SDI applies below-optimal water volumes during each irrigation event for the
complete crop cycle [14]. RDI and SDI have become efficient irrigation practices to optimize
the CWP of different crops, such as vegetables and fruit trees [15,16].

Given the short life cycles of pulses, and their importance to global food security,
it is critical to quantify the relevance of RDI and SDI to promote increases in their CWP.
Successful applications of RDI and SDI in pulses, such as common bean (Phaseolus vulgaris
L.) [17] and pea (Pisum sativum L.) [18], have led to enhanced CWP. However, for chickpea
(Cicer arietinum, L.), the third most intensively established legume globally, few reports
have tested the advantage of applying RDI and SDI irrigation strategies [19-21]. Studies
suggest that RDI can induce significant differences in biomass yield. In chickpeas, induced
drought stress at a level of 50% of crop evapotranspiration (ETc) during the vegetative
period produced higher yields (6.5 t ha~!) than under full irrigation (4.9 t ha~!) [19,20].
Effects were the highest during the vegetative period compared with the flowering and
grain-filling stages. However, it is critical to determine whether a 50% reduction or other
reductions in ETc may further enhance CWP and other productivity-related variables
during the vegetative period. In contrast, non-stress conditions during the flowering and
pod-filling stages allow plants to increase their photosynthetic rate and carbon translocation
to reproductive organs, thus increasing productivity [19,20]. Water stress applied at the
mid-vegetative and pod-filling stages mitigates the reductions in plant yield, and in other
productivity and yield variables [21].

In order to optimize RDI and SDI strategies in chickpeas and other crops, the local
environmental conditions under which RDI and SDI can be implemented should be char-
acterized [10-13]. Therefore, testing RDI and SDI under different schemes of irrigation
volumes and methodologies is critical to expand their applicability and implementation in
the field. Because CWP varies considerably due to genotype and environment, RDI and
SDI strategies require precise knowledge of the response of crops to drought stress, thus
allowing the improvement of rational management decisions [14,22,23]. When applied in
combination, SDI schemes could inform growers about safe quantities to under-irrigate a
crop, and at the same time, RDI could shed light on the correct timing (phenology stage) of
when a deficit should be imposed [13].

We evaluated the effects of deficit irrigation on grain yield, plant height and weight,
grain caliber, the number of pods and grains per plant, the harvest index, and CWP under
different schemes of RDI and SDI in the Blanoro variety of chickpea at Baja California Sur
in north-west Mexico; this state has the lowest average annual rain in Mexico (190 mm
as the mean of the last 36 years), and climatic records indicate a persistent reduction
in rain volumes for the last decades due to regional climate change [24-27]. Our main
hypothesis was that RDI during vegetative growth would allow the maximization of CWP,
and, secondarily, that flowering, and pod filling would demand full irrigation to avoid
abortion and the under-growth of grains. In conjunction, our results intend to provide
guidance to establish and improve schemes of RDI for chickpeas and other pulses growing
in the semiarid regions of the world.
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2. Materials and Methods
2.1. Experimental Site Condition
Two experiments were conducted during two consecutive years (2020 and 2021) at
the National Institute for Forestry, Agriculture and Livestock Research (INIFAP), Todos
Santos Experimental Station, Baja California Sur, México (at 110°09’ latitude N and 23°25'
longitude W, and at 150 m above sea level (Figure 1)). The climate in this area is arid and
hot, with a mean rainfall and temperature of 168.6 mm and 24.6 °C, with 60% of annual
rainfall occurring during the summer season [28,29]. During the period of time in which
the experiments were conducted, the temperature ranged from 10.55 to 32.34 °C, with a
relative humidity between 51.89 and 67.99% (Table 1).
115° 105° 95°
United States of America
30°
30" 3
INIFAP’s Todos Santos
Experimental Station,
Baja California Sur,
México
20°
W -
Flomeions: Guatemala
115° 105° 95° e
Figure 1. Todos Santos Experimental Station location (blue dot).
Table 1. Meteorological parameters for the growing seasons (monthly average for every variable) in
the Todos Santos Experimental Station location, Baja California Sur, Mexico.
Meteorological Year 2020 Year 2021
Parameter January February March April January February March April
Tmean * 18.82 19.06 20.46 18.85 17.78 18.28 19.23 2226
Tmax * 27.81 27.57 29.49 28.08 27.50 27.83 29.43 3234
Tmin * 10.83 10.55 11.90 10.94 10.62 10.63 10.48 12.73
Wind speed * 1.81 234 1.79 1.36 2,01 1.76 235 0.44
Rainfall events 1.00 2.00 0.00 0.00 1.00 0.00 0.00 0.00
Rainfall 3.00 30.00 0.00 0.00 36.00 0.00 0.00 0.00
magnitude
RHmean ~ 62.00 64.30 61.52 67.99 59.10 61.51 51.89 48.32
RHmax ~ 84.30 88.83 86.85 90.17 82.08 86.89 82.62 82.42
RHmin ~ 37.84 39.77 36.77 40.40 33.82 3499 24.27 20.00

*°C,T: kmh~1, ¥: Days a month™!,8: mm, ~: %. Tmean = average temperature. Tmax = maximum temperature.
Tmin = minimum temperature. RHmean = relative humidity (mean). RHmax = relative humidity (maximum).
RHmin = relative humidity (minimum).

Both experiments were established on December 31 of each year, under drip-tape irri-
gation conditions in loamy sand soil with a pH equal to 8.08, and an electrical conductivity
0f0.33dSm~1, with 11.7, 47.6, and 157 mg l<g’1 of NOj3, P,0s5, and K, respectively (Table 2).

The soil was low in organic matter content (0.91%) with a dry bulk density of 1.52 g cm~3,
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a field capacity of 11.5%, and a permanent wilting point of 6.84%. Irrigation water was
pumped from groundwater (the volume and quality of which is in Table 2).

Table 2. Soil and irrigation water properties at the Todos Santos Experimental Station, Baja California
Sur, Mexico.

Soil Property * Irrigation Water Properties
Texture Loamy sand Salinity (dSm™1) 1.07
Salinity (dSm~1) 0.33 pH 7.62
pH 8.08 N-NOj3 (mg kg™1) 10.9
Field capacity (%) 11.50 K (mg kg~ 1) 0.39
Wilting point (%) 6.84 Ca (mgkg™!) 88.6
Bulk density (g cm~3) 1.52 Mg (mg kg™1) 36.1
Organic matter (%) 091 Na (mg kg~ 1) 78.2
Nitrogen NO3 (mg kg™1) 11.70 SAR 1.92
Phosphorus-Bray (mg kgfl) 47.60 Classification of C2651

irrigation water
Potassium (mg kg_l) 157.00

*: corresponding 0-30 cm soil profile. SAR: Sodium adsorption ratio.

2.2. Experimental Plot Establishment

The Blanoro variety of chickpea used in this study was cultivated following the local
management guidelines for this crop [30]. We deployed a drip tape irrigation system with
a drip tape caliber of 8000 p, with droppers every 0.20 m for each meter of tape and a
flux of 4.98 1 min~! for each meter of tape at an operating pressure of 8 psi. Seeds were
sown one inch below the soil surface at a density of 14 seeds m~! in every row, utilizing
a double-row plantation. The space between rows was 0.40 m at each bed. Fertilization
doses were 90-30-0 and were applied in four parts, 15-30-0, 15-0-0, 30-0-0, and 30-0-0, at
17, 25, 34, and 51 days after sowing, respectively. The fertilizers used were urea (46-0-0)
and monoammonium phosphate (11-52-0). Heliothis virescens and Liriomyza sativae, the
main pests present on the site, were controlled through the aspersion of abamectin and
cyantraniliprole, at 500 and 150 mL ha~?, respectively, dissolved in 270 L of water. Weeding
was done manually from emergence until harvest in both cycles.

2.3. Treatments Description and Experimental Design

A completely randomized block design testing eight irrigation treatments with four
replications (Figure 2) was implemented, full irrigation (FL, ETc = 100%), sustained deficit
irrigation (SDI7s5, ETc = 75% during vegetative growth (VG), flowering (F), and pod-filling
(PF), and six combinations of regulated deficit irrigation (RDI) varying across phenology,
VGsg (ETc = 50%), VG5 (ETc = 75%), F5¢ (ETc = 50%), F75 (ETc = 75%), PFsq (ETc = 50),
and PF75 (ETc = 75), were established each year (Table 3). The experimental treatment
units consisted of three 4 m long planting beds spaced 1.6 m apart (an area of 19.2 m?).
A one-meter-wide corridor separated contiguous treatments inside each block. For the
duration of each stage of development, we calculated the growing degree days (GDD)
through the formula GDD = ((Tmax + Tmin)/2) — Tb, where Tmax and Tmin are the daily
maxima and minimum temperature, and Tb is the base temperature (5 °C) [31].
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Figure 2. Experimental design for testing RDI and SDI on the Blanoro variety of Chickpea during
years 2020 and 2021 in Todos Santos, Baja California Sur, Mexico. Treatment acronym in Table 3.

Table 3. Deficit irrigation treatments applied to chickpeas for two consecutive years (2020 and 2021)
in Todos Santos, Baja California Sur, Mexico.

Treatments Treatments Description
G VG F PF S
FI 100% ETc 100% ETc 100% ETc
VGsg 50% ETc 100% ETc 100% ETc
VG75 Irrigation for 75% ETc 100% ETc 100% ETc No irrieati
F50 germination 100% ETc 50% ETc 100% ETc o llrrtiga IOE
Fys for all 100% ETc 75% ETc 100% ETc apphiedina
PFs, treatments 100% ETe 100% ETe 50% ETe treatments
PFy5 100% ETc 100% ETc 75% ETc
SDI75 75% ETc 75% ETc 75% ETc
Stage 0-10 days 10-33 days 33-56 days SSIES?;S 8111_ 2;9131%?575
duration 149 GDD 149-506 GDD  506-811GDD GDD GDD

Germination (G), vegetative growth (VG), flowering (F), and pod-filling (PF), and senescence stages.
RDI = regulated deficit irrigation. ETc = crop evapotranspiration. FI = full irrigation application of 100% ETc
during VG, E, and PF. SDI5 = sustained deficit irrigation applying 75% of ETc during VG, F, and PE. VG5p = RDI
applying irrigation equivalent to 50% of ETc in VG. VGy5 = RDI applying irrigation equivalent to 75% of ETc in
VG. F5p = RDI applying irrigation equivalent to 50% of ETc in F. F75 = RDI applying irrigation equivalent to 75% of
ETc in E. PF5 = RDI applying irrigation equivalent to 50% of ETc in PE. PF75 = RDI applying irrigation equivalent
to 50% of ETc in PE. GDD = growing degree days.
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2.4. Irrigation Scheduling and System

To promote seed germination, irrigation was applied continually until the space
that spanned between the drip tape to where the seeds were located was fully wetted
(0.20 m). After this initial period, the irrigation water requirement (IWR) between the two
consecutives irrigation events was determined using the equation IWR = (ETc — Pe)/Ef,
where ETc is the crop evapotranspiration (mm), and Pe is the effective precipitation (mm),
which was determined using a Hellman pluviometer with a collection area of 400 cm?; this
pluviometer incorporates an 880 cm? inner aluminum collector vessel. Ef is the irrigation
efficiency with a considered value of 0.85 [20]. The ETc was calculated from the potential
evapotranspiration (ETo) and crop coefficient (Kc) with values of 0.3, 0.75, and 0.22 for
the VG, F, and PF stages for the first year and 0.43, 1.05, and 0.31, for the same stages,
respectively, for the second year. Figure 3 shows the meteorological records for both years.
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Figure 3. Relative humidity (RH; %), ten-day reference evapotranspiration (ETo; mm), precipitation (P;
mm), average temperature (T; °C), and maximum (Tmax; °C) and minimum (Tmin; °C) temperatures
during two consecutive years of evaluation.

ETo was calculated using the ETo Calculator software [32] from meteorological data
obtained from local measurements (HOBO datalogger MX2301A, Bourne, MA, USA).
Instruments were installed aside our experimental plot and programmed to record the
minimum, maximum, and mean daily values of temperature and relative humidity. In
addition, the daily mean wind speed, and total hours of sunlight during each experimental
season were accessed from reports published on the Meteoblue website [33]. Irrigation
was applied, on average, every seven days. Table 4 shows the irrigation accumulated for
every treatment by growth stage in both years. In the first experimental year, two rain
events occurred on January 1 (3 mm) and February 3 (VG stage) (30 mm). During the
second experimental year, one rain event occurred on January 29 (36 mm) during the VG
stage (Figure 3).
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Table 4. Deficit irrigation treatments and total irrigation by growth stage applied to chickpeas during
two consecutive years of experiments (2020 and 2021) at Todos Santos, Baja California Sur, Mexico.

Treatment Irrigation Accumulated (m® ha—1) by Growth Stage and Total

Treatments Tota} % with
G VG F PF S Irrigation R
espect to FI
Volume
Year 2020

FI 273.86 % 39322 % 244.6 95.10 0.0 1006.78 100
VGsg 273.86 346.61 244.6 95.10 0.0 960.17 95.3
VGys 273.86 369.91 244.6 95.10 0.0 983.41 97.6

Fsp 273.86 393.22 122.30 95.10 0.0 884.48 87.8

Fys5 273.86 393.22 183.45 95.10 0.0 945.63 93.9
PF5g 273.86 393.22 244.60 47.55 0.0 959.23 95.2
PFs5 273.86 393.22 244.60 71.32 0.0 983.00 97.6
SDI5 273.86 369.91 183.45 71.32 0.0 897.84 89.1

Year 2021

FI 514.04 457.76 1 353.31 172.43 0.0 1497.54 100
VGsg 514.04 408.87 353.31 172.43 0.0 1448.65 96.7
VGys 514.04 433.31 353.31 172.43 0.0 1473.09 98.3

Fso 514.04 457.76 176.65 172.43 0.0 1320.88 88.2

Fys5 514.04 457.76 265.25 172.43 0.0 1409.21 94.1
PFs 514.04 457.76 353.31 86.21 0.0 1411.32 94.2
PF75 514.04 457.76 353.31 129.38 0.0 1454.49 97.1
SDI75 514.04 433.31 265.25 129.38 0.0 1341.98 89.6
Stage 0-10 days 10-33 days 33-56 days Sgif}ﬁ?gls 811 1_ ;;i%;gs

duration 149 GDD 149-506 GDD  506-811GDD GDD GDD

Germination (G), vegetative growth (VG), flowering (F), pod-filling (PF), and senescence stages. RDI = regulated
deficit irrigation. ETc = crop evapotranspiration. FI = full irrigation application of 100% ETc during VG, E, and PE.
SDIy5 = sustained deficit irrigation applying 75% of ETc during VG, F, and PE. VGsy = RDI applying irrigation
equivalent to 50% of ETc in VG. VGy5 = RDI applying irrigation equivalent to 75% of ETc in VG. F5p = RDI applying
irrigation equivalent to 50% of ETc in E. F75 = RDI applying irrigation equivalent to 75% of ETc in F. PF5p = RDI
applying irrigation equivalent to 50% of ETc in PE. PF75 = RDI applying irrigation equivalent to 50% of ETc in PE.
GDD = growing degree days. ¥: treatment s water volume considering 3 (30 m® ha~!) and 30 mm (300 m® ha~!)
of rain, on 1 January and 3 February 2020, respectively. *: treatment "s water volume considering 36 mm of rain
(360 m3 ha~') on 20 January 2021.

2.5. Response Variables

Response variables (Table 5) were measured in the harvest stage (physiological matu-
rity), which occurred 112 days (1655 growing degree days) after planting. Plant height (H)
was determined inside the central bed (4.8 m?). Subsequently, the total number of plants
in this area was hand harvested and stored in paper bags to obtain dry mass sampling
through shade-drying in the lab. Later, a sub-sample of ten plants was randomly selected
from each treatment to determine the average plant dry weight (PDW), pods per plant (PP),
and grains per plant (GP). Sub-sample data plus the remaining content in each treatment s
paper bag was utilized for grain yield (GY), in kg m~2, and to obtain the sample total dry
weight as biological yield (BY) in kg m~2; subsequently, GY was converted to kg ha~!. GY
in kg m~2 divided by the biological yield was utilized to estimate the harvest index (HI).
For each treatment, the grain caliber (Cal) was determined as the number of grains in 30 g.
Finally, CWP was calculated as the total grain yield for each treatment divided by the total
quantity of water used in the whole crop life cycle.
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Table 5. Response variables of chickpea deficit irrigation experiments during two consecutive years
(2020 and 2021) at Todos Santos, Baja California Sur, Mexico.

Variable Symbol Unit Mean Value £+ SD
Grain yield GY kgha™! 903.33 £ 196.09
Grain caliber Cal grainsin30 g 47.69 £ 3.38
Plant height H M 0.40 4 0.02
Plant dry weight PDW g plant ! 13.18 +1.94
Number of pods per PP ) 796 1+ 1.23
plant
Number of grains per cP ; 9.18 + 1.65
plant
Harvest index HI - 0.44 £0.04
Crop water CWP kg m > 0.78 + 0.17
productivity

SD = Standard deviation.

2.6. Data Analysis

The following model for the analysis of variance (ANOVA) was employed:
Yix = 1+ Yi + Tj + B + YTy + YBgjk + Ej), where Y is the response variable mea-
sured on the j experimental unit (plot), p is the overall mean, Y; is the effect of the ;th year,
T; is the effects of the jth treatment, B; is the effect of the block within the jth year, YTj;
is the interaction of the jth level of Y with the jth level of T, and E;) is the experimental
error. Statistical analyses were conducted with the procedure ANOVA in version 9.3 of the
SAS software, [34]. We applied the Fisher least significance difference test (LSD) at the 5%
alpha threshold for the detection of a significant trend. The description and classification of
treatments were also executed in the SAS 9.3 software, with a principal component (PROC
PRINCOM) and cluster analysis (PROC CLUSTER) with the AVERAGE method as the
grouping criteria.

3. Results
3.1. Inter-Year Variability and Treatment Effect on Our Experimental Data

Grain caliber, plant height, dry weight, harvest index, and CWP differed (p < 0.01)
between experimental years (Table S1). A higher Kc was factored into the estimate of
the ETc in the second year, leading to an increase in grain caliber, plant height, and dry
weight, but reducing the harvest index and CWP (Table S2). The experimental treatments
influenced all variables (p < 0.01, Table S1). Plant height interaction between years and
treatments varied, but no other variable did (p < 0.01, Table S1).

3.2. Grain Yield and Quality

The highest grain yield was obtained in the treatments FI, VGy5, F75, and PFys
(Figure 4A), with no statistical differences among them (p > 0.05, LSD). A restriction
in irrigation equal to 75 ETc (VGys) did not limit the grain yield with respect to pod-filling
and flowering treatments (PFy5 and Fys, respectively) (Table 6), although the water deficit
did limit productivity by 11.5 and 15.1%, respectively, in the latter treatments. Grain caliber
was highest at PF5y with 52.7 grains in 30 g (Figure 4B). The rest of the treatments showed
no differences in grain caliber (p > 0.05, LSD), ranging between 46.0 to 48.7 grains at 30 g.
Notably, water deficit during both flowering and pod filling affected grain caliber (Table 6),
but a strong restriction of irrigation in the pod filling stage (PF5) had the greatest impact
on grain caliber.
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Figure 4. (A) Grain yield and (B) caliber (grains 30 g~ ') of chickpea grown using different irrigation
treatments in Todos Santos, Baja California Sur, Mexico. Vegetative growth (VG), flowering (F), and
pod-filling (PF) stages. RDI = regulated deficit irrigation. FI = full irrigation application of 100% ETc
during VG, F, and PF. SDI5 = sustained deficit irrigation applying 75% of ETc during VG, F, and
PE. VG5 = RDI applying irrigation equivalent to 50% of ETc in VG. VG75 = RDI applying irrigation
equivalent to 75% of ETc in VG. F5g = RDI applying irrigation equivalent to 50% of ETc in F. Fy5 = RDI
applying irrigation equivalent to 75% of ETc in F. PF5y = RDI applying irrigation equivalent to 50%
of ETc in PE. PF;5 = RDI applying irrigation equivalent to 50% of ETc in PF. 2°d; different letters
among treatments indicate significant difference (p < 0.05, LSD). More intense blue color in box plot
indicates higher total irrigation volume, and more intense red color in box plot indicates lower total
irrigation volume.

3.3. Plant Growth

The FI, VGys5, and PF75 treatments had the largest effect on plant height (Figure 5A)
(p < 0.05, LSD); the rest of the treatments were not associated with a difference in plant
height. The VGsy, F59, and PF5( treatments produced shorter plant heights (between 9.4 and
11.7%, Table 7) than FI. The FI, VGs(, VGys5, and PF75 treatments were associated with the
highest plant dry weight values (Figure 5B), while the F5y and PF5j treatments produced
plants with less weight (between 22 and 23%; Table 7). The number of pods per plant and
grains per plant (Figure 5C,D) was higher in the VG5 treatment. Plant dry weight, pods
per plant, and grains per plant were most sensitive to the combined effect of the irrigation
restriction implemented during the critical stage; this is the application of the PFs5y and Fsg
treatments (Table 7).
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Table 6. Differences (%) in grain yield (GY) and caliber (Cal) among irrigation treatments.

Grain Yield
Treatments -
* kg ha-1 % with Respect to FI
VGys 1124.8 £ 264.3 101.8
FI 1104.3 £ 246.2 100.0
PF7s5 978.0 = 150.9 88.5
F7s 937.6 +265.0 84.9
SDIys5 817.3 £ 162.2 74.0
PFs 799.6 &+ 150.3 72.4
VGsg 776.5 +£221.2 70.3
Fso 688.2 £ 167.1 62.3
Grain caliber
* grain 30 g ! % with respect to FI

PFs 527 +6.7 113.0
Fso 48.7 £ 3.6 104.5
Fr7s 479+52 102.7
SDI 469 £2.1 100.6
VGys 46.7 £ 0.7 100.2
FI 46.6 +2.8 100.0
PF7s5 465+ 1.9 99.7
VGsg 46.0 £ 3.5 98.7

Vegetative growth (VG), flowering (F), and pod-filling (PF) stages. RDI = Regulated deficit irrigation. FI = full
irrigation application of 100% of ETc during VG, F, and PE. SDI5 = sustained deficit irrigation applying 75% of
ETc during VG, F, and PE. VG5 = RDI applying irrigation equivalent to 50% of ETc in VG. VGz5 = RDI applying
irrigation equivalent to 75% of ETc in VG. F5y = RDI applying irrigation equivalent to 50% of ETc in F. F75 = RDI
applying irrigation equivalent to 75% of ETc in F. PF5y = RDI applying irrigation equivalent to 50% of ETc in PE.
PF75 = RDI applying irrigation equivalent to 50% of ETc in PE. *: Mean + standard deviation.

Table 7. Differences (%) in plant height (H), plant dry weight (PDW), pods per plant (PP), and grains
per plant (GP) among irrigation treatments.

Plant Height Pods per Plant
Treatments Treatments
m* % with Respect to FI Pods * % with Respect to FI
FI 0.43 £ 0.04 100.0 VGrs 10.00 + 1.88 1212
PF7s5 0.43 £ 0.05 100.0 FI 8.25 +1.28 100.0
VGys 0.42 £ 0.06 97.6 PF75 8.17 + 1.35 99.0
Fys 0.40 + 0.03 93.0 Frs 8.10 + 1.68 98.1
SDIys 0.40 £ 0.02 93.0 SDI75 8.12 + 1.55 98.4
PFs 0.39 £ 0.05 90.6 VGs 790 £1.44 95.7
Fso 0.39 £ 0.05 90.6 PFsg 6.73 £ 1.66 81.5
VGsp 0.38 £ 0.02 88.3 Fso 6.45 + 0.84 78.1
Plant dry weight Grains per plant
Treatments Treatments
g* % with respect to FI grains * % with respect to FI
VGys 1541 +2.62 107.9 VGys 11.93 +£1.99 125.1
FI 14.27 +£2.95 100.0 FI 9.53 £ 1.73 100.0
PFys 13.66 4+ 2.94 95.7 PF75 9.71 £ 1.77 101.8
VGsp 13.48 +2.71 94.4 SDI75 9.16 £ 2.05 96.1
Frs 13.26 + 3.64 929 VGsg 9.31 £ 1.85 97.6
SDIz5 13.26 +2.30 929 Fys 8.75+£2.22 91.8
PF5 11.14 +3.84 78.0 PFsg 7.66 £ 2.27 80.3
Fso 10.99 4+ 2.20 77.0 Fso 7.37 + 1.54 77.3

Vegetative growth (VG), flowering (F), and pod-filling (PF) stages. RDI = regulated deficit irrigation. FI = full
irrigation application of 100% ETc during VG, F and PF. SDIy5 = sustained deficit irrigation applying 75% of ETc
during VG, F, and PE. VG5 = RDI applying irrigation equivalent to 50% of ETc in VG. VGy5 = RDI applying
irrigation equivalent to 75% of ETc in VG. F5y = RDI applying irrigation equivalent to 50% of ETc in F. F75 = RDI
applying irrigation equivalent to 75% of ETc in F. PF5y = RDI applying irrigation equivalent to 50% of ETc in PE.
PF75 = RDI applying irrigation equivalent to 50% of ETc in PF. *: Mean + standard deviation.



Agronomy 2023,13, 917

11 of 20

0.50

=
s
o

Plant height (m)
o
S

0.35

0.30

14

12

10

Pods per plant

[

>
o

b
a 2 - ab
-0 b
G B _'E b ab =
be e =
be o
c || 3 of 5
2 c C
E 5 125
e
& 2]
= 8 100 _—
7.5 —

c 16.0 D

o 14.0 a
s
- Q120 "
C
b b ; b bc
e b o
= 10.0 bed
cd © d cd
6.0
4.0
FI  SDIis VGso VGys Fso  Fis PFso PFis FI SDIss VGso VGss Fso Frs PFso PFis
Irrigation treatments Irrigation treatments

Figure 5. (A) Plant height, (B) plant dry weight, (C) pods per plant, and (D) grains per plant of
chickpea under different irrigation treatments at Todos Santos, Baja California Sur, Mexico. Vegetative
growth (VG), flowering (F), and pod-filling (PF) stages. RDI = regulated deficit irrigation. FI = full
irrigation application of 100% ETc during VG, E, and PF. SDI5 = sustained deficit irrigation applying
75% of ETc during VG, F, and PF. VGsg = RDI applying irrigation equivalent to 50% of ETc in VG. VG5
= RDI applying irrigation equivalent to 75% of ETc in VG. F5¢ = RDI applying irrigation equivalent
to 50% of ETc in F. F75 = RDI applying irrigation equivalent to 75% of ETc in F. PF5y = RDI applying
irrigation equivalent to 50% of ETc in PF. PF;5 = RDI applying irrigation equivalent to 50% of ETc
in PF. 2<d; different letters among treatments indicate statistical significance (p < 0.05, LSD). More
intense blue in box plot indicates higher total irrigation volume, and more intense red in box plot
indicates lower total irrigation volume.

3.4. Crop Productivity

A higher harvest index was found in the VGy5 and PF75 treatments (Figure 6A), while
the PF5g, F50, and Fy5 treatments were associated with lower harvest indexes (Table 8). CWP
was the highest in the VGys, FI, F75, and PFy5 treatments, while SDI7s, PF5, Fsg, and VGsg
showed the lowest values, and these did not differ in CWP (Figure 6B). The treatments
VGsy, F5, and PF5 limited the yield of the crop to a greater extent, even more than SDIs,
even though a sustained deficit irrigation treatment was applied throughout the whole
ontogeny of this crop (Table 8).
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Figure 6. (A) Harvest index and (B) crop water productivity of chickpeas under different irrigation
treatments in Todos Santos, Baja California Sur, Mexico. Vegetative growth (VG), flowering (F),
and pod-filling (PF) stages. RDI = regulated deficit irrigation. FI = full irrigation application of
100% ETc during VG, F, and PF. SDI5 = sustained deficit irrigation applying 75% of ETc during VG,
F, and PE. VG5 = RDI applying irrigation equivalent to 50% of ETc in VG. VGy5 = RDI applying
irrigation equivalent to 75% of ETc in VG. F5y = RDI applying irrigation equivalent to 50% of ETc in F.
F75 = RDI applying irrigation equivalent to 75% of ETc in F. PF5¢ = RDI applying irrigation equivalent
to 50% of ETc in PE. PF;5 = RDI applying irrigation equivalent to 50% of ETc in PE. 2°°d Different
letter among treatments indicates statistical significance (p < 0.05, LSD). More intense blue in box
plot indicates higher total irrigation volume, and more intense red in box plot indicates lower total
irrigation volume.

3.5. Multivariate Classification and Description for Irrigation Treatments

Data were summarized via principal component analysis (PCA) (Table 9). The first
two main components (PC1 and PC2) accounted for 84.38% of the total variance, PC1
accounting for 47.0% of the total variance. PC1 was defined as a component capturing the
variability of grain yield, plant traits, and accumulated irrigation, as shown by the high
positive correlation of PC1 with grain yield (r = 0.62), plant dry weight (r = 0.99), pods
per plant (r = 0.81), grains per plant (r = 0.77), total irrigation (r = 0.77), and its negative
correlation with grain caliber (r = —0.85). On the other hand, PC2 explained 37.4% of the
variance and was positively related to plant height, CWP, and harvest index.
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Table 8. Differences (%) in harvest index (HI) and crop water productivity (CWP) among irrigation treatments.

Harvest Index

Treatments -
% with Respect to FI
VGrys 0.50 £+ 0.07 116.2
PFy5 0.46 £+ 0.05 106.9
VGs 0.45 + 0.06 104.6
SDI5 0.45 £+ 0.07 104.6
FI 0.43 £ 0.03 100.0
F7s5 0.42 £+ 0.05 97.6
Fso 0.41 £ 0.06 95.3
PFsq 0.40 £ 0.03 93.0
Crop water productivity
*kg m3 % with respect to FI
VGys 0.95 +0.34 105.5
FI 0.90 £0.22 100.0
Frs 0.82 +£0.29 91.1
PF75 0.82 £0.19 91.1
SDI 0.74 £0.12 82.2
PFsgg 0.71 £0.23 78.0
VGs 0.65 +0.14 72.2
Fs5o 0.64 +£0.15 71.1

Vegetative growth (VG), flowering (F), and pod-filling (PF) stages. RDI = regulated deficit irrigation. FI = full
irrigation application of 100% ETc during VG, F and PF. SDIy5 = sustained deficit irrigation applying 75% of ETc
during VG, F, and PE. VG5 = RDI applying irrigation equivalent to 50% of ETc in VG. VGy5 = RDI applying
irrigation equivalent to 75% of ETc in VG. F5y = RDI applying irrigation equivalent to 50% of ETc in F. F75 = RDI
applying irrigation equivalent to 75% of ETc in F. PF5y = RDI applying irrigation equivalent to 50% of ETc in PE.
PF75 = RDI applying irrigation equivalent to 50% of ETc in PE. *: Mean + standard deviation.

Table 9. Pearson correlation coefficients relating response variables with the two main principal
components summarizing data of chickpea under different irrigation treatments, tested at Todos
Santos, Baja California Sur, Mexico.

Principal Components

Variables

PC1 PC2

Grain yield (GY) 0.62 ** 0.44

Caliber (Cal) —0.85 ** 0.02
Plant height (H) —0.46 0.81 **
Plant dry weight (PDW) 0.99 ** —0.06

Pods per plant (PP) 0.81 ** 0.47

Grains per plant (GP) 0.77 ** 0.56
Crop Water productivity (CWP) —0.19 0.91 **
Harvest index (HI) —0.02 0.89 **
Total irrigation (IR) 0.77 ** —0.56

Eigenvalue 4.22 3.36
Variance Eigenvalue, % 47.00 37.40
Accumulated variance, % 47.00 84.40

PC1 = First principal component, PC2 = Second principal component. **: highly significant (p < 0.01).

Figure 7A,B shows the distribution of the variables and treatments in the first two
principal components. Notably, the treatments evaluated in 2020 presented lower total
irrigation, which limited plant dry weight, grains per plant, pods per plant, grain caliber,
and grain yield in comparison with the treatments evaluated in 2021(Figure 7). Additionally,
the 2020 treatments were associated with greater plant height, CWP, and harvest index.
When integrating the information via cluster analyses across the years, VGys formed a
cluster on its own during 2020 (Figure 8A), but aggregated with FI during 2021 (Figure 8B).
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Figure 7. (A) Variable distribution and (B) irrigation treatments distribution across the two principal
components. Vegetative growth (VG), flowering (F), and pod-filling (PF) stages. RDI = regulated
deficit irrigation. FI = full irrigation application of 100% ETc during VG, F, and PF. SDI;5 = sustained
deficit irrigation applying 75% of ETc during VG, F, and PE. VG5 = RDI applying irrigation equivalent
to 50% of ETc in VG. VGy5 = RDI applying irrigation equivalent to 75% of ETc in VG. F5p = RDI
applying irrigation equivalent to 50% of ETc in F. Fy5 = RDI applying irrigation equivalent to 75% of
ETc in E. PF5p = RDI applying irrigation equivalent to 50% of ETc in PF. PF75 = RDI applying irrigation

equivalent to 50% of ETc in PE.
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Figure 8. Treatment cluster analysis in (A) experiment 2020 and (B) experiment 2021. Vegeta-
tive growth (VG), flowering (F), and pod-filling (PF) stages. RDI = regulated deficit irrigation.
FI = full irrigation application of 100% ETc during VG, F and PF. SDIy5 = sustained deficit irrigation
applying 75% of ETc during VG, F, and PF. VG5 = RDI applying irrigation equivalent to 50% of ETc
in VG. VG5 = RDI applying irrigation equivalent to 75% of ETc in VG. F5g = RDI applying irrigation
equivalent to 50% of ETc in F. F75 = RDI applying irrigation equivalent to 75% of ETc in F. PF5p = RDI
applying irrigation equivalent to 50% of ETc in PF. PFy5 = RDI applying irrigation equivalent to 50%
of ETc in PE.

4. Discussion

Our results agree with those of prior research on the regulated deficit irrigation (RDI) of
chickpeas. As with those studies, we recommend implementing RDI during the vegetative
growth stage, not during the flowering and pod filling stages, as it compromises crop
yield [19-21]. Our work provides additional insights into refining efficient practices of
RDI to maximize crop yield, as we have tested the effect of a high number of irrigation
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combinations over eight critical productivity-related variables. In accordance with our
main hypothesis, RDI during vegetative growth enhances CWP, but only when applying
irrigation equivalent to 75% of ETc. This level of 75% RDI appears to optimize CWP
without affecting productivity. In contrast, the application of SDI or RDI during the
flowering and pod-filling stages compromised grain yield viability and reduced CWP.
In conjunction, the potential for environmental, economic, and energetic savings can be
inferred from this study.

4.1. Across-Year Differences in Productivity, Growth and Grain Yield, and Quality

Because Kc varied by 25% across the years, the actual volume of water irrigated was
49% greater in the 2021 experimental year compared to that in the prior year. This difference
was a product of climate differences between the years. The increased water volume in
the year 2021 did not promote better grain yield, pods per plant, and grains per plant
values. In the growing season of 2021, there was a slight increase in temperature and
lower relative humidity, which increased ETc and vapor pressure deficits (Figure 3). This
meteorological condition occurred between 50 and 90 days after planting (coinciding with
the final flowering and pod-filling stages), thus reducing pollen production per flower in
2021, which, in turn, affected the percentage of germinated pollen, pod production, the
number of seeds per pod, and the final crop yield. Similar impacts of drought on pollen
production were found in other chickpea genotypes [35-37].

Our observed differences in grain caliber and plant dry weight between the years with
contrasting climate conditions were consistent with those found by other studies [21,38], as
minor restrictions in irrigation increased seed weight, and with this, increase the caliber
and dry weight of the plants at harvest. In contrast, plant heights appeared to respond
positively to low amounts of water restriction. However, plant height showed minimal
differences or even slightly higher heights for plants under deficit irrigation [21]. The
harvest index, the proportion of grain produced per total weight of the plant, also varied
between years. The harvest index was higher during 2020, implying a larger proportion of
grain weight over plant dry weight. The increase in the harvest index when the irrigation
water volumes were lower is concordant with previous research reporting that the water
deficit applied in reproductive stages increases the allocation of plant resources in the
reproductive organs, improving the productivity parameters in the crop [39]. Given that
the irrigation volume was lower by 49% in 2020 compared to 2021, and grain yield was not
different across years, CWP was higher in 2020. These results are consistent with those of
other studies in which chickpea crops were subject to lower total irrigation volume derived
from a deficit irrigation application, and even when the grain production per plant was not
optimal, CWP increased due to the application of a lower water volume [19].

4.2. Effects of RDI and SDI Treatments on Chickpea Grain Yield and Quality, Plant Growth,
and Productivity

The treatments that achieved higher grain yield were full irrigation or those that
applied regulated deficit irrigation considering crop evapotranspiration of 75% during
the vegetative growth (VGys), flowering (F75) or pod filling (PF7s5) stages; the latter three
treatments saved 24, 74, and 34 m® ha~! of water on average in the two years of evaluation
of (the average of the two growing seasons; Table 4). Oppositely, the lowest grain yield were
produced by treatments in the VGs, Fsp, and PFs5 stages (Table 6). The results of grain yield
under full irrigation and regulated deficit irrigation during vegetative growth are consistent
with those of other studies for the Desi chickpea, showing the best grain yield (6.7 tha~!)
under irrigation restriction at the vegetative stages (50% ETc), followed by full irrigation
treatment (4.9 t ha—!) [20] with irrigation volumes of 2300 m>® ha~! and 2750 m3 ha~!,
respectively. Further evidence indicates that the grain yield performance under regulated
deficit irrigation was reduced with respect to full irrigation, restricting grain yield by up to
38% [40]. In our study, grain yield from sustained deficit irrigation treatment was better
than for treatments in VGsg, F59, and PF5y due to the last ones experiencing a shorter
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period of stress but with more intensive irrigation restriction (50% of ETc in any crop
stage studied).

Grain caliber was only affected by regulated deficit irrigation applied at 50% of the
ETc in the pod-filling stage, which denotes once again the importance of not applying
this irrigation strategy at this stage of development (Table 6), otherwise a reduction in the
weight of the grains will be caused; this result agrees with that of previous findings [19]
but disagrees with that of another report [40] in which the application of a water deficit
during the reproductive phase, although at larger volumes than those used in our research,
increased the translocation of resources to the reproductive organs.

Plant height was of a larger value under full irrigation treatments, and under those of
regulated deficit irrigation applying 75% of the ETc in the vegetative growth and pod-filling
stages. The treatments that applied 50% of the ETc in the three stages evaluated significantly
reduced plant height (Table 7). Other studies found that height is mainly affected in the
vegetative growth stage (a reduction of 12.1%) with respect to the reproductive stages (a
decrease of 9.23%) [40]. In our study, plant height under treatments of regulated deficit
irrigation applying 50% of ETc during the vegetative growth and flowering stages dimin-
ished 11.7 and 9.4% respectively. As plant height is a function of the water availability in
any environment, and is associated with biomass, it is expectable that regulated deficit
irrigation applying 50% of ETc would reduce the investment in above-ground biomass [41].
Therefore, plant height and plant dry weight were higher under full irrigation and were
less affected under treatments with irrigation restriction in the vegetative growth (50 and
75% of ETc) stage, as well as in the pod filling stage applying 75% of ETc; likewise, more
restrictive irrigation was associated to reductions in plant height, as found elsewhere [42].

Pods per plant and grains per plant decreased as the water restriction increased (an
application of 50% of ETc) in the flowering and pod-filling stages (Table 7); this situation is
coincident with that found by other evaluations reporting a 3% decrease in the number of
pods and grains per plant [43]. The harvest index had less reductions under lower irrigation
restrictions, which is consistent with the results of other research [40,43], and regulated
deficit irrigation during the flowering stage or under substantial restrictions (50% of ETc)
in the pod-filling stage impacted pods per plant and grains per plant to a greater degree.
Finally, CWP was reduced due to the application of regulated deficit irrigation in the
flowering and pod-filling stages, because the biomass invested in reproductive structures
was diminished as water stress promotes abortion or low grain yield. At the same time, in
the case of regulated deficit irrigation during vegetative growth applying 50% of ETc also
impacted CWP (Table 8). Other studies show that applications of 50% of full irrigation in
the flowering stage in comparison to the pod filling stage generates significant reductions in
CWP, the prior being more sensitive than the latter; so, in our study, flowering is confirmed
as the most sensitive stage in which the application of regulated deficit irrigation impacts
CWP more [19].

4.3. Synthetic Analyses

The principal component analysis successfully summarized the contributions of each
of the variables with each component (Figure 7A), resulting in PC1 being associated with
grain yield, plant dry weight, pods per plant, grains per plant, and total irrigation, and in
PC1 being negatively associated with grain caliber. On the other hand, PC2 was positively
related to plant height, CWP, and harvest index. Thus, it was observed that the treatments
evaluated in 2020 were mainly associated with PC2, while the treatments evaluated in 2021
had stronger associations with PC1. Concerning the stages and levels of irrigation, in the
years 2020 and 2021, treatments that applied irrigation at 50% of ETc during the flowering
and pod-filling stages most affected the production of plants (Figure 7B). Another relevant
contribution was the clusters formed by the year (Figure 8A,B), where VG75 was segregated
as a relevant treatment with outstanding influence on both of the main components (PC1
and PC2). These results are coherent with recommendations that the vegetative growth
stage is the reference stage for applying regulated deficit irrigation strategies [20]. The
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reason is that regulated deficit irrigation modifies the patterns of allocation of the root and
above-ground biomass and reaffirms the previous recommendation of not stressing the
plant with this irrigation strategy during the flowering and pod-filling stages, thus enabling
the plant to optimize its photosynthesis and carbon translocation to its reproductive organs,
and increasing grain productivity [20].

5. Conclusions

In concordance with our hypothesis, regulated deficit irrigation (i.e., crop irrigation in
specific stages of plant development under the full requirement for optimal plant growth)
applied in the vegetative stages is the best means to improve CWP. But the application
of regulated deficit irrigation in the flowering and grain filling stages negatively impacts
CWP; it is affected even more if the level of the reduction of irrigation reaches 50% of the
crop evapotranspiration. This trend shows that the greater the restriction of irrigation, the
more significant the impact on grain yield derived from a lower number of capsules and
grains per plant. At the same time, CWP benefits from slight irrigation restrictions not
reaching 50% of the crop evapotranspiration (at any crop stage). We consider necessary
to assess other levels of Kc in the stages of cultivation, which will allow an exploration
of productive potential, refining the levels of 50 to 75% of ETc, seeking to increase grain
yield and CWP, which would allow for the optimization of the implementation of regulated
deficit irrigation schemes worldwide.
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