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Abstract: Irrigation is the best strategy to reduce the adverse effects of water stress on almond trees
[Prunus dulcis (Mill) D.A. Web] and improve their productivity. However, in the current context
of climatic change, in which the amount of water available for irrigation is increasingly limited,
deficit irrigation (DI) strategies have become essential in the almond orchards of southern Europe.
Other practices, such as the foliar application of reflective compounds, are being implemented. A
three-year experiment (2019-2021) was set in a factorial design in which the effect of regulated deficit
irrigation and foliar kaolin spray was evaluated on physiological (predawn leaf water potential,
relative water content, leaf area, leaf gas exchange, and chlorophyll fluorescence) and agronomic
parameters (yield, yield components, and water use efficiency (WUE)). The treatments include full
irrigation (FI), which received 100% of ETc (crop evapotranspiration) during all irrigation seasons;
regulated deficit irrigation (RDI), which received 100% of ETc until the kernel-filling stage, reducing
the application to 35% ETc during the kernel-filling stage until harvest; and both irrigation regimes
combined with kaolin application and two cultivars, Constanti and Vairo. More negative water
potential values were observed in the RDI treatments compared to the FI treatments. There were no
significant differences in the stomatal conductance, photosynthetic rate, or transpiration rate between
treatments with RDI and FI, demonstrating the almond tree’s good adaptation to irrigation reduction
in the kernel-filling stage. The two cultivars had different responses in cumulative yield throughout
the three years of the trial. The cv. Constanti did not present significant differences between the FI
and RDI treatments, translating into improved WUE. In contrast, the cv. Vairo suffered a reduction
in accumulated performance in the RDI treatments with respect to the FI. The foliar application of
kaolin did not present differences in yield and very few in the physiological activity of the almond
trees. With the results obtained, we can suggest that under the conditions of our experiment, the
combination of RDI and the kaolin foliar application can help save irrigation water and produce
almonds more sustainably.

Keywords: water stress; climate change; foliar reflective film; water use efficiency

1. Introduction

The main causes that limit the productivity of the almond tree [Prunus dulcis (Mill)
D.A. Web] are radiative, thermal, and water stress in Mediterranean growing regions [1-3].
These regions are characterized by a temperate and humid climate in the winter and a hot
and dry climate in the summer [4]. Due to the alterations produced by climate change in
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the Mediterranean-type climate regions, the average annual precipitation tends to decrease,
and consequently, the availability of water for crops decreases [5-7]. In addition, a general
increase in average temperatures and an increase in the frequency of heat waves are
expected [8]. Using different climate projections, Freitas et al. [9] evaluated the effects
of climate change on almond cultivation in the north-eastern Portugal region, where
our experimental almond orchard was located. In this study, Freitas et al. [9] concluded
that an increase in temperatures is expected during spring, which can cause problems in
the flowering and fruit growth stages together with water limitation and an increase in
temperatures during summer. Fraga et al. [10] also demonstrated through projections that
there will be a significant decrease in annual precipitation in the northern Portugal region.
These adverse climatic conditions will cause an increase in water stress and may result in a
wide range of negative impacts, such as low flower-setting and fruit-setting, low leaf area,
limited photosynthesis, flower abortion, fruit abscission, and yield decline [6,11]. Drought
periods are influenced by the lack of water in the soil since part of the evaporation that
occurs into the atmosphere is limited by soil moisture. Thus, this deficit can be prolonged in
time and space, which could lead to the self-propagation of droughts [12,13]. The almond
tree, a plant well adapted to these agroclimatic conditions, survives, but profitability as
a crop is reduced or null [2,14]. Different studies, on a global scale, have reported that
the almond tree can increase its yield with the application of irrigation [15-17]. Miarnau
et al. [18] observed how the application of irrigation in different almond tree plantations
for more than ten years in the Iberian Peninsula increased yield, even doubling or tripling
the yield. In the rural areas of the interior of the Iberian Peninsula, agriculture is a crucial
economic, social, and cultural activity, contributing to these regions’ development [19]. To
reduce the disparity between the rural world and the big cities, it is necessary to look for
alternatives so that agriculture is an economically more profitable activity and consequently
more attractive to the population. The almond tree is a traditional crop in the countries of
the Mediterranean basin, mainly Spain and Portugal. It is in the Iberian Peninsula where
we can find great edapho-climatic potential for almond cultivation, as shown by the large
area it occupies. In 2020, Portugal had an area of 52,340 ha of almond trees and produced
31,610 tons of almonds (with shell); Spain had 718,540 ha and produced 416,950 tons [20].
Traditionally, the almond tree was grown on marginal land, where yields per hectare were
very low (150 kg of kernel/ha) compared to typical intensive orchards in the US and
Australia, where yields are much higher (approximately 1800 kg of kernel/ha) [21]. In the
last 15-20 years, due to the reasonable prices of almonds in international markets and the
low yields of other traditional crops in Mediterranean areas (cereals, olive trees, and vines),
farmers have opted for new and modern plantations with better productivities, thanks
to different factors. First, varietal innovation should be highlighted, with new hybrid
rootstocks and self-fertile and late-flowering varieties [22]. The second aspect has been the
evolution in cultivation techniques: new training and pruning systems, smaller plantation
frameworks, mechanization of harvesting, reducing the time of entry into production,
improving fertilization and pest and disease control, and above all, the implementation of
irrigation [2,14,23].

Although the almond tree is perfectly adapted to the conditions of the Iberian Penin-
sula [24], water stress is the factor most limiting its productivity [7,22]. In a large part of the
area in which the almond tree is grown, we have recorded that rainfall only covers the water
needs of the almond tree in the first months of its vegetative cycle [25] and that the water
available for irrigation is insufficient for all the almond orchards. For this reason, deficit
irrigation (DI) is one of the most commonly used strategies. It is based on reducing irriga-
tion below maximum crop evapotranspiration [15]. According to the period of reduction
and form of application, there are different types of reduced irrigation, such as regulated
deficit irrigation (RDI), sustained deficit irrigation (SDI), and partial root drying (PRD). RDI
consists of imposing water deficits, or even completely stopping irrigation, during specific
phenological stages, which are less sensitive to water stress without affecting the crop yield
or economic benefits, and supplying full irrigation in critical phenological periods [26].
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The objective of SDI is to provide irrigation water throughout the entire growing season
in uniform form, promoting the water stress of the plant by not completely replenishing
the root zone during irrigation [27,28]. Finally, PRD is a technique where half of the root
system is exposed to drought and the remaining half is irrigated. Frequently, the roots on
the wet/dry sides are rotated. The theory is that while the roots of the humid side keep
the plant in favorable water conditions, the root’s dry side induces root chemical signals,
mainly ABA (abscisic acid) formation. This hormone is responsible for reducing stomatal
conductance [11,21,22,29]. Currently, there is a greater commitment to the implementation
of the RDI strategy in almond trees since it does not cause such a marked depletion of water
reserves in the soil as seems to occur in the use of SDI [17,30], and in economic terms, it
seems to have greater profitability [31]. In the region where our study is located, northern
Portugal, there are some previous studies on the application of SDI techniques in almond
orchards [32,33], but knowledge on the application of RDI techniques is limited.

Many scientific works study the response of deficit irrigation to different physiological
and agronomic parameters in almond trees [26-28,33-35]. Even so, there are still many
discrepancies and different conclusions between all the works. For example, when RDI was
applied during the kernel-filling period, some authors concluded that there was a reduction
in the kernel yield [30,36]. Meanwhile, other studies found no significant yield reductions
for RDI treatments in the same phenological stage [32,34]. These different conclusions
between DI studies can be explained by all the factors that can affect whether a DI strategy
applied to almond trees has a positive result. For example, Gutiérrez-Gordillo et al. [37]
carried out a study to determine the response of three almond tree cultivars (Guara, Marta,
and Lauranne) to two SDI treatments (75% and 65% of the ETc) compared to full irrigation
(100% of the ETc). These authors observed that cvs. Lauranne and Marta did not reflect
yield losses, while cv. Guara suffered a slight decrease when SDI treatments were applied.
Thus, we can see how the cultivar already has an important influence on the positive effect
of the DI strategy applied.

Although deficit irrigation is the most widely used option to combat water stress
in almond trees, there are other strategies that do not involve water consumption and
that have been studied in recent years. For example, the foliar application of reflective
substances reduces the negative effects of excess radiation in the summer months [38].
There are some studies, mainly on crops in the Mediterranean area, such as the vine (Vitis
vinifera L.) [39,40], the olive tree (Olea europaea L.) [41,42], the walnut (Juglans regia L.) [43],
the hazelnut tree (Corylus avellana L.) [44], and the almond tree [43,45,46], that examine
the effects of the application of reflective substances on physiological and agronomic
parameters and the quality characteristics of the products. Several substances have been
evaluated, such as kaolin, pinolene, and silicon [39,41,47], but the most commonly used
is kaolin.

Kaolin (Al,Si;O5(OH),) is a white mineral that is chemically inert, non-abrasive, non-
toxic, and easily dispersible in water [48]. Kaolin began to be used as a foliar application
on crops to prevent and control pests and diseases [38,49]. Kaolin is easily soluble in water,
and when it is applied as a foliar spray on the leaf’s surface, the water evaporates, leaving
a white protective film [50]. The mineral particles that form this film on the leaves partially
generate light reflection, including ultraviolet radiation (UV), infrared radiation (IR), and
photosynthetically active radiation (PAR) [40,51]. This reflection reduces the temperature
of the leaf and consequently the loss of water through transpiration, improving the plant’s
water status [40,52].

The conventionally dominant global agricultural system needs innovative approaches
to shift towards more sustainable, equitable, and healthy agricultural systems. This work
was motivated by the lack of data on the combined effect of controlled deficit irrigation and
foliar application of kaolin on the physiological response and yield of almond trees under
the agroclimatic conditions of Northern Portugal. In addition, we also intend to evaluate
the interactions produced by DI and kaolin foliar application in the different parameters
studied. The findings from this study can help establish new combined strategies of deficit
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irrigation and foliar application of kaolin, which could mean a significant saving of water
in relation to full irrigation to optimize yield. This would have multiple advantages, such
as reducing the cost associated with irrigation and increasing the irrigation area using the
same amount of water, thus improving the benefits for the farmer. In addition, DI can
help reduce high vigor and excessive shoot growth, reducing pruning costs. Finally, one
of the most critical aspects is reducing the consumption of irrigation water, which helps
reduce the negative impact on the environment. The present work complements the results
shown by Barreales et al. [53], which analyzed and compared some quality parameters of
the almonds obtained in this experiment: morphological characteristics (weight, length,
width, etc.), color properties, nutritional value (carbohydrates, fat, proteins, and ash), and
chemical parameters (free sugars and fatty acid profiles).

2. Materials and Methods
2.1. Site Description and Plant Material

The study was conducted in a commercial almond orchard in Alfandega Da Fé, Portu-
gal (41°20'37"” N; 6°56'32" W; 555 m a. s. 1.) during 2019, 2020, and 2021. The climate of this
area is typically Mediterranean, a warm temperate climate with dry and hot summers and
winters with moderate temperatures and changeable, rainy weather [54]. Meteorological
variables were monitored by an automatic weather station (CR800, Campbell Scientific,
Logan, Utah) positioned at the experimental site. The meteorological conditions have been
measured during the three years of the experiment and are reported in Table 1. From the
weather data, reference evapotranspiration (ETy), following the FAO Penman-Monteith
method [55], and vapor pressure deficit (VPD) were calculated.

Table 1. Monthly average values of weather parameters registered during three years of experiment.

Tmin Tmax Tavg Wind Speed Radiation ET, VPD  Precipitation

Year Month RHavg

Q) Q) Q) (km/h) (MJ/m?) (mm) (kPa) (mm)
2019 January 0.9 9.7 4.8 80.9 4.82 216.71 23.35 0.26 38.4
February 3.3 15.1 8.5 67.4 4.76 326.95 45.72 0.58 14.4
March 5.2 17.8 10.9 58.9 5.39 560.01 87.54 0.79 37.0
April 6.6 17.1 11.3 69.8 441 479.62 82.24 0.67 74.4
May 9.9 24.5 17.0 50.7 5.37 814.20 154.18 1.35 4.2
June 12.1 25.7 18.3 57.0 4.04 679.31 136.42 1.36 27.2
July 16.7 31.9 23.5 51.9 4.07 792.37 172.16 2.05 26.6
August 15.7 30.5 22.8 53.1 3.88 708.41 147.36 1.81 30.0
September 13.3 27.3 19.6 56.2 4.56 559.10 114.57 1.46 14.8
October 10.1 21.0 15.0 72.6 2.90 329.57 57.59 0.77 76.0
November 6.7 129 9.5 82.0 5.82 139.87 30.00 0.29 115.0
December 3.9 10.6 7.0 86.6 5.42 133.91 21.75 0.20 218.6
Total 676.4
2020 January 2.6 9.2 5.5 85.2 5.02 139.28 24.20 0.21 71.0
February 6.6 13.5 10.2 82.6 5.19 272.29 35.05 0.35 22
March 5.6 16.7 10.8 68.7 5.03 414.57 50.36 0.61 46.2
April 8.4 18.2 12.6 77.1 2.75 374.41 37.18 0.55 97.6
May 12.2 26.1 18.7 60.4 3.29 653.60 140.18 1.32 20.0
June 12.6 27.3 19.8 549 3.85 692.10 148.79 1.50 3.2
July 18.4 35.5 26.7 40.0 3.48 795.16 188.92 2.77 10.6
August 155 30.7 22.7 51.7 3.00 654.68 149.25 1.98 34.0
September 13.6 27.6 20.1 53.0 3.27 495.51 107.49 1.60 28.4
October 8.3 19.1 13.3 70.5 3.86 316.08 47.76 0.71 125.8
November 77 149 10.8 82.9 3.59 159.93 26.65 0.33 132.8
December 3.7 10.5 7.1 82.1 4.52 132.63 21.11 0.24 71.2

Total 643.0
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Table 1. Cont.

Tmin T max T av: Wind Speed Radiation ET, VPD Precipitation

Year Month €0 e (oC)g RHavg (km/ﬁ) (MJ/m?) (mm) (kPa) (n}:m)
2021 January 1.6 8.8 48 81.5 4.69 169.14 22.77 0.23 36.8
February 6.0 154 10.5 82.1 2.33 219.45 32.05 041 95.0

March 4.1 20.1 11.9 64.4 2.68 535.79 75.20 0.84 1.0

April 8.3 221 14.7 64.8 247 562.42 93.25 0.96 68.0

May 9.2 244 16.6 57.7 3.15 682.40 124.23 1.24 134

June 13.0 29.5 20.9 56.5 2.74 722.58 142.72 1.74 67.0

July 14.7 304 224 50.3 3.45 769.21 157.44 1.90 3.2

August 15.5 32.6 234 48.4 3.09 697.63 144.41 2.20 0.0
September 13.6 255 18.8 67.3 1.99 443.42 80.33 1.13 92.0
October 8.3 19.5 15.3 69.5 1.15 351.22 46.32 0.71 24.8
November 3.2 11.2 7.8 774 2.34 246.84 22.56 0.28 26.4
December 6.1 12.6 8.4 83.4 4.06 124.33 20.79 0.23 107.0
Total 534.6

T min—minimum air temperature; T max—maximum air temperature; T avg—average air temperature; RHavg—
average relative humidity; Radiation—accumulated solar radiation; ETp—reference evapotranspiration; VPD—
air-vapor-pressure deficit.

Prunus dulcis (Mill.) D.A. Webb cv. Constanti and Vairo grafted onto GF-677 rootstock
were planted in 2014. Trees were trained in the open vase, and the pruning consisted
of three or four instances of first-year scaffold formation, followed by subsequent years
of maintenance pruning to preserve form and balance on the canopy tree. The almond
spacing was 6 X 5 m (333 almond trees/ha), and the two cultivars, Constanti and Vairo,
were planted interspersed in four lines each. The drip-irrigated system consisted of one
pipeline with emitters of 3.8 L h~! with 1.0 m of distance between them and five emitters
per tree. The orchard was managed according to the grower’s commercial cultural practices.
The soil was managed with a natural cover mowed once a year in mid-May, with tree rows
maintained with a glyphosate-based herbicide.

2.2. Experimental Design

The experiment was a completely randomized block design with two replications of
seven almond trees each. In total, 14 trees were assessed for each treatment. The treatments
consisted of two amounts of irrigation and foliar kaolin applications. Thus, four treatments
per cultivar were studied in total (Table 2):

- FL full irrigation treatment, which received 100% of the crop evapotranspiration (ETc)
during the entire irrigation period.

- FI-Kaolin: the same amount of irrigation as FI with kaolin applied.

- RDIL the irrigation was 100% of the ETc until the kernel-filling period, then 35% ETc
irrigation until the harvest (100/35).

- RDI-Kaolin: the same amount of irrigation as RDI with kaolin applied.

Table 2. Treatments implemented in the three years of trials.

Treatment Cultivar Irrigation Regime Kaolin
FIC Constanti FI No
FIC + K Constanti FI Yes
RDIC Constanti RDI No
RDIC + K Constanti RDI Yes
FIV Vairo FI No
FIV + K Vairo FI Yes
RDIV Vairo RDI No
RDIV + K Vairo RDI Yes

C—Constanti cultivar; V—Vairo cultivar; K—kaolin; FI—full irrigation treatment; RDI—regulated deficit irrigation
treatment
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The kaolin was applied at a dose rate of 2 L/tree of aqueous kaolin suspension (4%)
(BAS 24000 F, SURROUND®—95%). The kaolin was applied at the beginning of the kernel-
filling phase, coinciding with the change in regulated deficit irrigation in corresponding
treatments. Dates of first and last irrigation, kaolin application, reducing irrigation to 35%
of ETc, and total water applied for the two irrigation treatments are indicated in Table 3.

Table 3. Dates of first and last irrigation, kaolin foliar application, reducing irrigation to 35% ETc,
and total water applied for the two irrigation treatments.

c . Irrigation Dates Kaolin Wa(;el; ﬁsﬂl;ed P Petf ET
rowing Application—Reducing ann N 0
Season First Last Irrigation . RDI (mm) (mm) (mm)
Irrigation Irrigation
2019 3 June 26 August 8 July 2189.9 1287.8 676.4 265.8 952.1
2020 23 June 3 September 20 July 2142.2 1254.1 643.0 318 869.9
2021 7 June 6 September 14 July 2458.3 1433.6 534.6 240 863.9

FI—full irrigation treatment; RDI—regulated deficit irrigation treatment; Pann—annual precipitation; Peff—
effective precipitation; ETo—reference evapotranspiration

The weekly volume of irrigation water to be applied was calculated each week ac-
cording to the previous week’s total ETc and effective precipitation using the following
equation:

RDI = (K x ETc — Peff)/Er

Peff is the effective precipitation; Er is the irrigation efficiency of the irrigation system
(0.95). The K value represents the fraction of the ETc for the different irrigation regimes
(1.0 for FI and 0.35 for RDI). ETc was estimated using the FAO Penman-Monteith equation
for reference evapotranspiration (ETy) and a crop coefficient (Kc) of 0.9 for the mid-season
stage [55]. Effective precipitation was calculated according to the United States Department
of Agriculture’s (USDA) soil conservation (S.C.) method. Data from the growing season
were used to calculate the effective precipitation from March 1 to October 31. The meteoro-
logical data were obtained from an automatic weather station (CR800, Campbell Scientific,
Logan, Utah) near the almond orchard (Table 3).

The irrigation frequency was three days a week, and the irrigation time was adjusted
to the amount of water applied at each irrigation. Thus, for each experimental year and
irrigation treatment, the number of irrigation events was 37, 28, and 39 in 2019, 2020, and
2021, respectively.

2.3. Water Status and Leaf Area

Tree water status was assessed through the determination of predawn leaf water
potential (Yprwp) with a pressure chamber (Soil Moisture Equipment Corp., Sta. Barbara,
CA, USA) at 3-week intervals from the end of May until the harvest [56]. The measurements
were made on a leaf of each tree and six trees per treatment. The leaves were mature,
without damage. The ¥Ypd was measured to assess the start of irrigation and control the
water stress level in the different treatments.

The leaf’s relative water content (RWC) was determined in ten leaves on two dates
according to the expression of [57]: RWC [%] = (FW — DW)/(TW — DW) x 100. The leaves
were collected in the intermediate zone of the adult shoot and immediately placed into
refrigerated, airtight containers. Once in the laboratory, all parameters of the expression
were determined: FW is the fresh weight (g), DW is the dry weight (g) after the leaves
were dried at 70 °C to a constant weight, and TW is the fresh weight at full turgor (g)
after immersion of leaf petioles in distilled water for 24 h at 4 °C in the dark. Leaf area
(LA) was recorded using a portable scanner (CanoScan LIDE110) and image analysis
(Image J, U.S. National Institutes of Health, Bethesda, Maryland, USA). Other water status
indexes were calculated following the methodology and expressions of [58]: relative water
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content (RWC = (FM — DM)/(TM — DM) x100; %), succulence (S = (FM — DM)/LA; mg
H,0/cm?), water saturation deficit (WSD = (TM — FM)/(TM — DM) x 100; %), and water
content at saturation (WCS = (TM — FM)/DM; g H,O/g DM).

2.4. Physiological Measurements

Leaf gas exchange was measured with an infrared gas analyzer (LCA-4, Analytical
Development Co., Hoddesdon, England). Measurements were carried out on DOY 213
and DOY 241 in 2019 and DOY 220 and DOY 253 in 2020 between 11 a.m. and 1 p.m. Net
photosynthesis (Pn), stomatal conductance (gs), and transpiration rate (E) were estimated
according to von Caemmerer and Farquhar [59]. In addition, intrinsic water use efficiency
(i(WUE = A/gs) was calculated.

Also, chlorophyll fluorescence and transient fluorescence were measured with a hand-
held portable fluorometer (model OS-30p+) (Opti-Sciences Chlorophyll Fluorometer, Hud-
son, USA). The OJIP test provides origin (O) fluorescence at 20 ps, fluorescence at 2 ms
(J), fluorescence at 30 ms (I), and maximum fluorescence, or Fm (P). The fluorometer uses
a pulse-modulated detection system to allow for various tests, with a high capability
for detecting and measuring plant stress types that affect photosystem II (PSII). These
measurements were carried out on the same days and at the same time as the leaf gas
exchange measurements on ten sun-exposed, healthy, clean, and mature leaves per treat-
ment. The leaves were dark-adapted with clips for 35 min before measurements, according
to Rodrigues [60]. The following variables were determined: Fm, F0, and Fv are, respec-
tively, maximum, minimum, and variable fluorescence from dark-adapted leaves, and the
relations are Fv/Fm = (Fm — F0)/Fm and Fv/F0 = (Fm — F0)/FO0.

2.5. Yield and Yield Components

Harvest occurred on 4 September 2019, 10 September 2020, and 26 September 2021.
Each of the 14 trees monitored per treatment was collected separately, following the details
of Garcia-Tejero et al. [61]. The collected almonds were processed manually to remove
the hulls and leaves. After that, cleaned almonds were left to air-dry and weighed once
a humidity content of about 5-6% was reached. The following yield and all yield com-
pounds were calculated with this moisture percentage. Later in the laboratory, 100 al-
monds were used for each treatment to calculate nut and kernel weights using a pre-
cision balance (RADWAG, AS 220.R2, Poland) with a reading accuracy of 0.0001 and
expressed in grams. The kernel yield per hectare was calculated using the equation:
kernel yield (kg ha~!) = kernel yield per tree (kg tree™!) x tree density (n° tree ha™1).

Water use efficiency (WUE) was calculated as the ratio between kernel yield per hectare
and the amount of water applied (effective precipitation and irrigation) during the growing
season of the crop. From the phenology states recorded during the experiment, the growing
season was considered from 1 March to 31 October.

2.6. Statistical Analysis

The statistical analysis was carried out using Statgraphics Centurion version XVI
(Stat point Technologies INC., Warrenton, VA, USA). Data were evaluated by a three-way
analysis of variance (three-way ANOVA), and significant interactions between the tested
factors (irrigation, foliar application of kaolin, and cultivar) were observed. Therefore, all
the means for each treatment were compared separately using Tukey’s honestly significant
difference (HSD) test (p = 0.05).

3. Results
3.1. Climate Conditions, Irrigation, and Plant Water Status

The climatic conditions in the three years of the experiment (2019, 2020, and 2021) are
shown in Table 1. In general, the three years of study had similar climatic conditions. The
year 2021 presented a lower total precipitation (534 mm) than the other two experimental
years (676 mm in 2019 and 643 mm in 2020). The effective precipitation in 2019, 2020, and
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2021 was 265, 318, and 240 mm, respectively. The low amount of effective precipitation
during the almond growing season in 2021 translated into an increase in the total amount
of irrigation water applied that year (Table 3). The amounts of water used for treatments FI
and RD], respectively, were 2189.9 and 1287.8 m> ha~! in 2019, 2141.2 and 1254.1 m® ha~!
in 2020, and 2458.3 and 1433.6 m> ha~! in 2021 (Table 3). Thus, the RDI of the 100/35 treat-
ments represented a water saving of 41.19% in 2019, 41.46% in 2020, and 41.68% in 2021
compared to FI treatments.

Figure 1 shows the results obtained from the measurements of ¥pryp for two different
dates in each experimental year. The first measurement was made two to three weeks
after the foliar application of kaolin and the reduction in irrigation to 35% of the ETc in
the RDI treatments (during the kernel-filling period). In all DOYs, except for DOY 253 in
2020, deficit irrigation showed significant differences between treatments. Kaolin never
presented significant differences, while in contrast, the cultivar did present significance
on some measurement days. Regarding the values achieved for the different treatments,
as expected, we found the most negative ones in deficit irrigation treatments; throughout
the three years of the study, the RDI treatments values varied between —1.73 MPa and
—0.75 MPa, while the FI treatments values were from —1.21 MPa to —0.52 MPa.

3.2. Leaf Morphological Characteristics

Table 4 shows the results obtained during 2020 and 2021 for the different leaf mor-
phological parameters studied: leaf area (LA), leaf mass per area (LMA), density of the
leaf tissue (D), relative water content (RWC), succulence (S), water content at saturation
(WCS), and water saturation deficit (WSD). All the parameters evaluated showed significant
differences on some of the measurement dates.

The relative leaf water content (RWC) varied significantly on all the measurement
dates over the two years. Results for the measurement of the DOY 220 in 2020 showed no
clear trend between the different factors studied. However, for DOY 253, it was observed
that cv. Vairo presented higher RWC values than cv. Constanti, except for the V100/35K
treatment. For 2021, the DOY 224 results showed significant differences but without a clear
trend, while for DOY 242, it was observed that the RWC of the treatments for cv. Vairo
presented higher values than the treatments for cv. Constanti.

Regarding the leaf area, for 2020, only the DOY 253 measurements showed significant
differences. These differences were observed between the two cultivars: cv. Vairo presented
a greater leaf area, with values between 22.42 and 24.74 cm?, than cv. Constanti, with values
between 17.13 and 21.06 cm?. In 2021, it was also only the last measurement (DOY 242) that
presented significant differences but with a different trend. All treatments for cv. Constanti,
except C100, had lower LA values than cv. Vairo. Within the treatments for cv. Vairo, a
not-significant reduction in LA was observed in the two RDI treatments with respect to the
FI treatments. The foliar application of kaolin did not cause significant effects in any of the
measurements. Succulence was another parameter that presented significant differences
in the two years’ measurements. The cv. Vairo showed significantly higher values of leaf
succulence than the cv. Constanti in all measurements.
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Figure 1. Mean values of predawn leaf water potential (Yprwp) during two temporal dates in deficit
irrigation and kaolin foliar application treatments during three-year monitoring: (A) 2019, (B) 2020,
and (C) 2021. A three-way ANOVA analysis was performed to evaluate the effects of irrigation (I),
kaolin (K), and cultivar (C) and their interactions. Vertical bars represent the standard error for each
point. DOY, day of the year. Different letters indicate significant differences (p < 0.05). Asterisks
represent significant levels p: ***' p < 0.001, *' p < 0.05.
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Table 4. Leaf area (LA), leaf mass per area (LMA), density of the leaf tissue (D), relative water content (RWC), succulence (S), water content at saturation (WCS), and
water saturation deficit (WSD) of all treatment almonds (n = 10) in 2020 and 2021.

Year DOY Treatment Factorial Analysis
FIC FIC + K RDIC RDIC+K  FIV FIV + K RDIV RDIV+K 1 K C IxK IxC KxC IxKxC
LA (cm?) 2149 £375 1993 +411 1940 +326 19704677 1993+315 2030+193 20824303 2052+510 07186 07275 07580 07238 03109  0.6944 04545
IMA (g/m?) 19620 936 = 1330 Joe.t6 = 11706 % 11824 & 12288+ s 03088 09933 00016 03297 0685 08908 04263
D (g/kg) b B0 Togaan orRE 1383 T T o 00503 06618 00000 07165 06213 01782 03458
po  RWC(%) 86244166 88774238 85364127 86364185 §8354196 90054276 87354143 S8I24145 00 o0 00000 01192 08185 04971 07017
s I:ilzg) H0 13724069 14194065 1435160 12784243 16664158 1670153 1648+ 114 17084447 (e oo o000 04183 05329 02880 01191
WSD (%) 13766166 11234238 14644127 13644185 11654196 gg5.p76a 12654143 11884145 (o0 oo 00000 01192 08185 04971 07017
;‘f%(ﬁ[)Hzo g21£002 1640030 (22F004 QL0035 021E002 640040 GIOEFO0Z Q19002 0045 00000 00412 00637 09485 00958 07469
2020 LA (@) 20064342 19974255 17134251 19474349 24744356 23154283 2914228 2424295 (00 ooa0 00000 00345 02931 02839 02168
LMA (g/m?)  oae0E 12287,% e+ = g 130795 12905E 12900,% 01171 02822 00887 01400 00186 03305  0.1400
D (g/kg) T 392,98 = 1062t st = 1E0E 128005" ATt 20028 ¢~ 0.1465 00087 00000 00736 04446 01114 00958
%3 RWC(%) 78434474 77404527 78714208 77114204 B1914210 8343410 82424307 78264245 (lo0c oosel 00000 00296 01026 09946 0.0734
5 r:?zg) H,0 13264140 12134093 13824105 1256+057 15734083 15444150 15304063 15114049  (oa 00 00000 09710 00467 00304 07945
WSD (%) 20574474 2604527 21294208 22894204 18094210 16574410 17584307 2174248 1000 0061 00000 00296 01026 09946  0.0734
WES(gH0  030£007  029£008 0274008 030003 027003 554 gg7a  025£004 334 003c 01535 01424 00360 00016 00220 04551 01220

g ' DM)
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Table 4. Cont.

Year DOY Treatment Factorial Analysis
FIC FIC + K RDIC RDIC+K  FIV FIV + K RDIV RDIV+K I K c IxK IxC KxC IxKxC
LA (cm?) 2010+7.15 1887+£599 20414575 1970388 2315+-312 23534335 21.03+307 1905+413 02052 04107 00764 06667 00740 09390 05007
LMA (g/m?)  BEi2E e E 79954988 7876:£650 12007 & s+ 1 i 00001 04697 00000 09838 00000 09779  0.6924
D (g/kg) b it TohE 0= s A+ L e 06413 01077 00000 04415 05509 00156  0.0658
e RWCCH 79454213 80424303 76234226 74324287 §239+304 BL824133 79154139 065137 oo ooge 00000 06942 00191 03624 0.0182
frf‘l?zg)Hzo 1400084 1354104 9oy 3660 gogr0eer 0 ELIS 16112067 1661103 1701159 55000 03185 00000 04207 00000 07140 03591
WSD (%) 20554213 19584303 23774226 25684287 17614304 18184133 20854139 19354137 oo ooce 00000 06942 00191 03624 00182
;‘f%%[f[zo 033+£003 31052 238E004 411005 03040047 03040032 0+002 035£007 5000 09020 00029 03637 04463 06757  0.1784
2021 LA () 19484621 1574179 14074207 14984316 22154356 21124312 1976213 1959%191 oot roe oot oo es 05830 0203
IMA (g/m?) g0 12788 1o638 =+ 11086 = 12721E 1260568 B 13855 % 08501 09553 00000 03872 00001 09397  0.2039
D (g/kg) L= S0 E o SE byt Fo07 = o a0 E 01577 02147 00000 01279 00255 01331 05022
22 RWC(H 82174154 B005+120 §099+267 BI52+741 86344230 §7324335 SASIE158  $56+250 100 gomn 00000 04325 02452 02790 03398
f I;rg;g) H,0 13064061 12654098 12294089 11534105 1605+084 15844135 16344065 16744080 (a0 ooy 00000 07417 00004 01121 02318
WSD (%) 17834154 19954120 19014267 18484741 1366230 12684335 15164158 1444250 (100 gorn 00000 04325 02452 02790 03398
;‘f%ﬁ)mo 023+£003  025£002  025£004  024£010 59410032 0194005° 0214002 0204003° 04262 07326 00002 07326 06006 03755 05694

In each row different lower case letters mean significant statistical differences at 5% significance level (p-value < 0.05), where “a” and “d” correspond to the lowest and highest values,
according to Tukey’s multiple range test.
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3.3. Physiological Measurements

The results of leaf gas exchange parameters (Figures 2 and 3) showed different trends
between the measurement dates. For example, in 2019, for DOY 213 (kernel-filling stage),
higher values of E were observed in the treatments for cv. Vairo (5.39 mmol m~2 s~ 1) with
respect to the treatments for cv. Constanti (4.66 mmol m~2 s~1). The same happened for
the gs, with mean values of 0.13 mmol m~2 s~! for cv. Constanti and 0.19 mmol m 2 s~!
for cv. Vairo. Regarding Pn, the deficit irrigation presented significant differences between
the two cultivars. The treatments with deficit irrigation for cv. Constanti presented values
of 13.94 mmol m~2 s, and the treatments with total irrigation were 18.92 mmol m 2 s~ 1.
For cv. Vairo, the RDI treatments showed mean Pn values of 14.18 mmol m~2 s~ 1, and the
FI treatments were 19.53 mmol m~2 s~ 1. Regarding iWUE, the significant differences were
due to cultivar type and kaolin. The kaolin significantly increased the values of iWUE in
cv. Vairo. The FIV treatment presented a value of 92.74 mmol m~2 s~1, and the FIV + K
increased to a value of 144.73 mmol m~2 s~!. Regarding the measurement during the
ripening stage of the fruit (DOY 241) in 2019, the differences between the treatments were
very slight.
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Figure 2. Gas exchange parameters, namely transpiration rate (A) (E, mmol m~2 s~1), stomatal

conductance (B) (gs, mmol m2s D), photosynthesis net (C) (PN, umol m~2 s~ 1), and intrinsic
water use efficiency (D) (iWUE, umol mol~1), in DOY 213 and 241 in 2019 for treatments subjected
to different irrigation regimes and kaolin foliar application. Values represent means £ SE (n = 8).
A three-way ANOVA analysis was performed to evaluate the effects of irrigation (I), kaolin (K),
and cultivar (C) and their interactions. Different lowercase letters represent significant differences
between treatments (p < 0.05). Asterisks represent significant levels p: *** p < 0.001, **" p < 0.01,
* p <0.05.
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Figure 3. Gas exchange parameters, namely transpiration rate (A) (E, mmol m~2 s~1), stomatal
conductance (B) (gs, mmol m2 s, photosynthesis net (C) (PN, pumol m~—2 s71), and intrinsic
water use efficiency (D) (iWUE, umol mol~1), in DOY 220 and 253 in 2020 for treatments subjected
to different irrigation regimes and kaolin foliar application. Values represent means =+ SE (n = 8).
A three-way ANOVA analysis was performed to evaluate the effects of irrigation (I), kaolin (K),
and cultivar (C) and their interactions. Different lowercase letters represent significant differences
between treatments (p < 0.05). Asterisks represent significant levels p: “** p < 0.001, **" p < 0.01,
*" p < 0.05.

In the measurements from 2020, the deficit irrigation presented considerable influence
on the parameters E and gs (Figure 3). For example, in the DOY 220 measurements, the
FI treatments presented a mean E value of 5.12 mmol m~2 s~ ! and the RDI treatments
had a value of 4.18 mmol m 2 s~!. For cv. Vairo, the trend was similar; the FI treatments
showed a mean value of 5.64 mmol m~2 s~1, and the RDI treatments had a value of
4.36 mmol m~2 s~ 1. Regarding the iWUE results, the RDI treatments showed higher values
than the FI treatments for both cultivars in 2020.

Figures 4-6 present parameters related to chlorophyll fluorescence. Significant differ-
ences were observed in the different measurement dates in the two years (2019 and 2020).
In 2019, the differences were due to irrigation and cultivation without presenting a consis-
tent trend. In 2020, although irrigation and cultivar were significant for some parameters,
the greatest differences were caused by applying kaolin. In the DOY 220 measurement,
the application of kaolin showed a clear trend for some parameters of chlorophyll in a
fluorescence analysis. A reduction in O, ], and p values was observed in all the control
treatments in which kaolin was not applied.
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Figure 4. (A) Fluorescence at 20 ms (O), (B) fluorescence at 2 ms (J), (C) fluorescence at 30 ms (I),
and (D) maximum fluorescence (P) in DOY 213 and 241 in 2019 for treatments subjected to different
irrigation regimes and kaolin foliar application. Values represent means + SE (n = 8). A three-way

ANOVA analysis was performed to evaluate the effects of irrigation (I), kaolin (K), and cultivar (C)

and their interactions. Different lowercase letters represent significant differences between treatments

(p < 0.05). Asterisks represent significant levels p: “***' p < 0.001, “**" p < 0.01.
P P gn p p p
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Figure 5. (A) Fluorescence at 20 ms (O), (B) fluorescence at 2 ms (J), (C) fluorescence at 30 ms (I),
and (D) maximum fluorescence (P) in DOY 220 and 253 in 2020 for treatments subjected to different
irrigation regimes and kaolin foliar application. Values represent means + SE (n = 8). A three-way
ANOVA analysis was performed to evaluate the effects of irrigation (I), kaolin (K), and cultivar (C)
and their interactions. Different lowercase letters represent significant differences between treatments
(p < 0.05). Asterisks represent significant levels p: “***' p < 0.001, ** p < 0.01, *' p < 0.05.
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Figure 6. Maximum potential quantum yield of PSII photochemistry (Fy /Fn) and variable fluores-
cence normalized to minimum fluorescence (Fy /Fy) in DOY 213 and 241 in 2019 (A,C) and DOY
220 and 253 in 2020 (B,D) for treatments subjected to different irrigation regimes and kaolin foliar
application. Values represent means + SE (n = 8). A three-way ANOVA analysis was performed
to evaluate the effects of irrigation (I), kaolin (K), and cultivar (C) and their interactions. Different
lowercase letters represent significant differences between treatments (p < 0.05). Asterisks represent
significant levels p: “***' p < 0.001, **' p < 0.01, *' p < 0.05.

3.4. Yield and Water Use Efficiency

The year 2020 showed the lowest yield, with an RDIV + K treatment value of 301 kg ha~!.
The year 2021 saw the highest yields, with an RDIC treatment value of 667 kg ha~!. In the
first year of the experiment, 2019, all the treatments of the cv. Vairo were more productive
than those of the cv. Constanti. Within the cv. Vairo, the treatments with RDI presented a
slight yield reduction but without significant differences. In 2020 and 2021, the treatments
with RDI for the cv. Vairo showed a significant decrease in yield compared to the rest of the
treatments. These yield variations in the three years of study impacted the accumulated
productivity for the three years. For cv. Vairo, the RDI treatments of RDIV (1372 kg ha~!)
and RDIV + K (1310 kg ha~!) presented a lower accumulated yield than the two FI treat-
ments, FIV (1699 kg ha~') and FIV + K (1629 kg ha!). In contrast, cv. Constanti did
not present significant differences between the RDI and control FI treatments. The foliar
application of kaolin did not show any significance in any of the cultivars.

The cv. Constanti presented a significantly lower percent kernel in all the years of
study than the cv. Vairo. In 2019, the C100/35 (26.32%) and RDIC + K (26.4%) treatments
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presented a better kernel percentage than the control treatments, FIC (25.51%) and FIC + K
(25.46%). In 2021, the RDI treatments for cv. Vairo (25.99% and 26.05% for RDIV and RDIV +
K, respectively) presented a reduction in percent kernel compared to the two FI treatments
(27.8% and 27.39% for FIV and FIV + K, respectively). The average value of the kernel
percent over the three years of the experiment only showed significant differences between
the two cultivars evaluated: the cv. Vairo presented a kernel percent of 27.2%, and the cv.
Constanti had an average kernel percent of 24.3%.

Water use efficiency (WUE) presented significant differences every year of the experi-
ment. In 2019, the RDI treatments for cv. Vairo (RDIV and RDIV + K) stood out with the
highest value, 0.14 kg m~3. In 2021, the treatments RDIC and RDIC + K presented the
highest values of the entire experiment, with 0.17 and 0.16 kg m~3, respectively. Finally, for
the mean values of the three years, a higher WUE was observed in the RDIC and RDIC + K
treatments (0.13 kg m~3) compared to the rest of the treatments. Kaolin foliar application
did not show significant differences.

4. Discussion

It is well known from the literature that edaphoclimatic conditions strongly influence
crop productivity [26,62]. To have a profitable almond orchard and, at the same time,
be environmentally sustainable, we need to apply some cultural techniques that allow
us to adapt to the local edaphoclimatic conditions [14,63]. This work was proposed to
evaluate the physiological and agronomic responses of applying two combined strategies
to reduce the negative effects of water and thermal stress on the almond tree and to assess
the behavior of two commercial almond cultivars under these strategies. After three years
of experimentation, we obtained interesting results that are presented and discussed below.

As can be interpreted in Table 1, throughout the vegetative cycle of the almond tree in
this region, the critical period of water stress was centered from June to September. This was
similar to what has been described by other authors in the regions of the Mediterranean
area [25,35]. In the early phenological stages of the development of the almond tree
(budding, flowering, fruit-setting, and growth), the rainfall was sufficient to maintain the
almond trees in conditions of water comfort. In general, every year, the precipitations are
reduced at the end of spring (May and June), as we can see in 2019 and 2020, with 31.4 mm
and 23.2 mm, respectively. During this period, with high temperatures and high solar
radiation, the ETj also increases. Therefore, the predawn leaf water potential measurements
in this period demonstrated water comfort (data not shown). Generally, almond water
stress in this region of northeastern Portugal starts to develop in June [9,32,33]. There are
exceptional years, such as 2021, where the rainfall at the beginning of June was high, but at
the same time, given the high Elc values due to high temperatures and high solar radiation,
the almond trees quickly consume the water available in the soil.

Different works on climatic change have shown how, in recent years, rainfall has
decreased and temperatures have increased, as well as heatwave events [5,6]. The projec-
tions for the Mediterranean regions of southern Europe show an increase in these negative
effects of climate change in the near future [64,65]. For this reason, it is increasingly impor-
tant to find new strategies to cope with crop water stress and, at the same time, improve
knowledge of the adaptation measures that are already being implemented.

The two cultivars showed different behavior regarding the effect of RDI on kernel
yield during the kernel-filling stage. The RDI did not cause a yield loss in the cv. Constanti
in any of the three years of study or in the accumulated production (Table 5). However, it
did produce a yield reduction in cv. Vairo. This reduction was not significant in the first
year of the study, but it was also observed in the second year and had an impact on the
accumulated productivity of the three years of study. As a result, a 19.5% reduction in
cumulative production was observed in the RDI treatments compared to the FI treatments
for cv. Vairo. In general, some authors did not find significant yield reductions when
they applied RDI treatments during the kernel-filling period, as in our study [35,66-70].
Controversially, other studies did find yield reductions when they applied RDI strategies
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during the kernel-filling stage [27,30,71,72]. These different conclusions between scientific
studies could be due to the different edaphoclimatic conditions of the regions where these
field experiments were carried out. There could also be slight deviations that were made in
the calculations of the irrigation water since, in general, the measurement is never carried
out directly from evapotranspiration [17] for estimates of the amount of water applied with
irrigation.

Some studies relate the reduction in irrigation water supply from DI techniques with a
reduction in vegetative growth and, therefore, a lower canopy of the almond trees [67,69,73].
A smaller volume of the almond tree crown impacts productivity over the years since it
reduces the productive organs per tree and the fruit load. As would be expected, the cause of
the reduction in vegetative growth could be related to the water stress imposed in DI. Still, it
must also be considered that this could be related to a reduction in the surface area of moist
soil in trees irrigated with RDL This translates into less nutrient availability to be absorbed
by the roots [74]. To counteract the reduction in vegetation due to RDI, some authors state
that the planting density could be increased [27]. It should be noted that this increase
in planting density also causes an increase in water needs per area. This discrepancy in
conclusions between works that applied RDI may be due to the different responses of the
plant material used in the experiments, both the rootstock and the cultivar. The rootstock is
a crucial factor because the depth and development reached by the roots will depend on it
and, thus, the best or worst use of the water stored in the soil [2]. Most studies on deficit
irrigation are carried out with almond trees on the GF677 rootstock [32-35,70-73] since it is
the most commonly used in recent years [14]. There are works with other rootstocks such
as GN15 ‘Garnem’ [75], Mayor [69,76,77], Nemaguard [78], and RootPac® series [79,80].
Thus, the rootstock is a factor to consider when evaluating the physiological and agronomic
effects of deficit irrigation. Alvarez et al. [79] compared the drought resistance of almond
trees of the cv. Soleta on RootPac® -20 rootstock and self-rooted almond trees, noting that
water stress did not produce differences in stomatal conductance, while the grafted trees
presented lower Pn than the self-rooted trees. Isaakidis et al. [81] evaluated the resistance
to water stress and the nutrient absorption capacity of eight different rootstocks grafted on
the same cultivar, Ferragnes, finding significant differences between them and highlighting
GN22 in terms of its better capacity to resist water stress.

The different responses of different almond cultivars to deficit irrigation have been
evaluated in some works. For example, Gutiérrez-Gordillo et al. [75] assessed the effect of
RDI during the kernel-filling period when irrigation was reduced to 65% of ETc on three
cultivars: Guara, Marta, and Lauranne. These authors appreciated that the cv. Marta was
more sensitive to the water stress conditions imposed by the RDI than the cvs. Lauranne
and Guara. Gomes-Laranjo et al. [33] evaluated the physiological behavior of five almond
cultivars (Francoli, Ferragnes, Glorieta, Lauranne, and Masbovera) growing under non-
irrigated and irrigated conditions, noting that all cultivars responded with an increase in
photosynthesis under irrigated conditions compared to rainfed conditions. These authors
have also highlighted that when irrigation was applied, photosynthesis increased more
in Masbovera and Ferragnes cultivars than in Lauranne, Glorieta, and Francoli cultivars.
Fernandes de Oliveira et al. [3] made a comparison of the physiological activity and the
yield components between four cultivars, two autochthonous from Italy (Arrubia and
Cossu) and two commercial ones (Texas and Tuono). In this study, the cvs. Arrubia and
Texas presented an efficient control over transpiration, translating into a higher almond
yield than the cvs. Cossu and Tuono, which showed worse physiological adaptation to
water stress conditions. These studies showed the different adaptive responses of cultivars
to water stress conditions in the Mediterranean area in the summer. For these reasons, it is
crucial to carefully evaluate which cultivars and rootstocks will be used for planting almond
orchards in regions where the scarcity of irrigation water and high summer temperatures
are the limiting factors to achieving profitable and sustainable almond production.
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Table 5. Cumulative values for kernel yield and average values for percent kernel and water use
efficiency (WUE) for the irrigation and kaolin foliar application treatments during the three-year
monitoring period. Different letters have different significance levels according to a Tukey test

(p < 0.05).
Year Treatment Kernel Yield (kg ha—1)  Percent Kernel (%) WUE (kg m—3)
ANOVA Test
Irrigation (I) 0.0000 0.2719 0.0002
Kaolin (K) 0.2748 0.8063 0.4339
Cultivar (C) 0.2687 0.0000 0.2553
Ix K 0.4894 0.2040 0.7220
I[xC 0.0000 0.4191 0.0001
K x C 0.5346 0.0163 0.6437
IxKxC 0.5628 0.5204 0.5936
Tukey Multiple Range Test
FIC 469.03 + 59.47 @b 2551+ 1332 0.10 £0.012
FIC + K 410.83 + 63.752 2546 +1.77°2 0.08 £0.012
RDIC 458.70 + 61.79 ab 26.32 +1.60° 0.12 +£0.02b
RDIC + K 484.81 + 56.75 2P 26.40 £ 1.35P 0.12+0.01b
2019 FIV 611.04 + 95.38 d 2844 £280°¢ 0.13 £ 0.02 be
FIV + K 602.04 +76.96 4 2848 +1.97°¢ 0.12 £0.02b
RDIV 556.57 + 52.06 <d 28.24 +2.04°¢ 0.14 £0.01¢
RDIV + K 539.28 + 80.93 <d 28.36 + 1.49 ¢ 0.14 £0.02¢
p-value 0.0000 0.0000 0.0000
FIC 460.62 + 48.83 P 23.39 +£2.702 0.09 £0.01P
FIC + K 462.23 + 63.87 P 23.63 £2.282 0.09 £0.01b
RDIC 406.82 +41.01° 22.75+ 3222 0.09 +0.01b
RDIC + K 47538 + 61.86 P 23.14 £ 2,574 0.11 £0.01¢
2020 FIV 45265 + 69.95 P 26.19 + 1.90 bc 0.09 +0.01b
FIV + K 429.76 + 77.05 25.76 £3.30P 0.08 + 0.01 2
RDIV 318.35 + 61.53 2 2717 +3.15¢ 0.07 +0.012
RDIV + K 301.02 & 52.24 2 26.58 + 2.72 be 0.07 £0.012
p-value 0.0000 0.0000 0.0000
FIC 646.51 4+ 92.76 2405+ 1.722 0.13 £ 0.022
FIC + K 636.47 + 62.57 2394 + 3342 0.13 £0.012
RDIC 667.38 + 86.11 ¢ 2317 +2.17°2 0.17 £0.02b
RDIC + K 603.26 + 75.42 ¢ 24.00 +1.982 0.16 + 0.02P
2021 FIV 636.10 & 106.91 € 27.80 +£2.22¢ 0.13 £ 0.022
FIV + K 598.11 =+ 87.47 b¢ 2739+ 1.82¢ 0.12 £0.02°2
RDIV 497.19 + 89.60 2P 2599 +2.42°P 0.13 +0.022
RDIV + K 470.55 + 98.22 2 26.05 +2.50P 0.12 £0.032
p-value 0.0000 0.0000 0.0000
FIC 1576.16 + 126.31 <d 2431+1222 0.11 +0.012
FIC + K 1509.53 + 59.43 be 2434+ 1452 0.10 £0.002
RDIC 1532.90 4+ 109.94 ¢ 2408 +1.382 0.13 £ 0.01P
RDIC + K 1563.45 + 128.62 <d 2451 +1312 0.13 +£0.01b
Cumulative—Average  prv 1699.79 + 193.14 4 27.48 +1.47° 0.11 +0.012
FIV + K 1629.91 + 141.74 < 27.21 + 1.48° 0.11+0.012
RDIV 1372.11 + 131.89 2 27.13 £ 1.53P 01140012
RDIV + K 1310.85 + 118.012 27.00 +1.30° 0.11 +0.012
p-value 0.0000 0.0000 0.0000

Cumulative values for kernel yield; average values for percent kernel (%) and WUE (kg m~3). In each column
different lower case letters mean significant statistical differences at 5% significance level (p-value < 0.05), where
“a” and “d” correspond to the lowest and highest values, according to Tukey’s multiple range test.
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As already suggested by some studies, the morphological characteristics of the leaves
may show a better or worse adaptation to water stress conditions [3,43,74]. Thus, in our
study, the reduction in performance in the RDI treatment for cv. Vairo compared to cv.
Constanti may have an explanation based on the morphological characteristics of the leaves
of both cultivars. The cv. Constanti seems to be better adapted to dry summer conditions
than the cv. Vairo. Within the different forms of adaptation that an almond cultivar may
possess, specific morphological characteristics of the leaves favor resistance to drought
stress [58]. In our study, the two cultivars evaluated had different structural adaptations
of the leaves (Table 4). The cv. Constanti had a smaller leaf area (18.98 cm?) than the cv.
Vairo (21.54 cm?) when we calculated the average value of all the measurements. The
reduction in the foliar area has been described as an essential factor in avoiding water stress
in almond trees [58] and in other characteristic crops of the Mediterranean area, such as
olive trees [82]. Significant differences in RWC were observed between the treatments for
the different measurement dates, with cultivar and irrigation being significant. In our study,
regardless of the irrigation or kaolin treatment, cv. Vairo presented a higher RWC (84.32%)
than cv. Constanti (80.97%), which can be interpreted as a better adaptation of cv. Constanti
to water stress conditions. Some works suggest that a higher density of the leaf tissue
favors a better adaptation to water stress conditions since the higher density translates into
a more dry mass within the same area [83]. At the same time, the higher density of the
leaves causes greater mechanical resistance and reduces damage by desiccation, providing
a longer life expectancy for the leaf [84]. In our work, if we perform the average value of
all the treatments regardless of the irrigation treatment and the foliar kaolin application,
cv. Constanti presented a higher density (467.32 g/kg) than cv. Vairo (435.57 g/kg), which
could also suggest that the leaves of cv. Constanti are better adapted than cv. Vairo. Gispert
et al. [85] studied the physiological behavior of six almond cultivars (Glorieta, Francoli,
Masbovera, Guara, Ferragnes, and Lauranne) under water stress conditions. These authors
observed that the morphological leaf characteristics were genetically predetermined, but
they also suffered modifications due to environmental conditions. Their results showed
that the Masbovera leaves had good sensitivity to stomatal closure, and those of cv. Guara
presented a good cuticular insulator against water stress conditions.

Regarding the results of ¥Yprwp (Figure 1), if we perform an average of all ¥prywp mea-
surements regardless of the cultivar and the foliar kaolin application, we obtain significant
differences between the treatments with a value of —0.87 MPa for the FI treatment and
—1.11 MPa for the RDI treatment. When we carefully analyzed each measurement date,
the irrigation was significant for all of them except for DOY 253 in 2020 (Figure 1), but
with close ¥prwp values between the FI and RDI treatments and without showing a very
negative trend in the RDI treatments. This suggests that the reduction in irrigation water of
up to 35% of the ETc during the kernel-filling stage did not drastically reduce the values
of Yprwp with respect to the FI treatments. Thus, the theory put forward by other studies
could be demonstrated [32,35,73], in which almond trees during the kernel-filling phase
are less sensitive to water deficits because almond trees at this stage have low evaporative
demand. However, other studies showed more markedly significant differences in water
potential between RDI treatments. For example, Gutierrez-Gordillo et al. [75] found signif-
icant differences in water potential measurements during the kernel-filling phase for an
RDI treatment with 65% ETc compared to an FI for three different cultivars (Marta, Guara,
and Lauranne).

There are different mechanisms by which plants in Mediterranean regions regulate
their physiology to minimize the negative effects of water stress [38,86,87]. One way the
almond tree regulates its water consumption is through stomata regulation [87]. This is
reflected in the measurement of some gas exchange parameters, such as gs and E [88]. In
contrast, plants have other biochemical regulation mechanisms that do not involve stomata
regulation [86]. In our experiment, E was unaffected by the irrigation reduction in the
RDI treatments during 2019 (Figure 2). However, in the measurements carried out in 2020,
significant differences were observed for both cultivars between the RDI and FI treatments
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(Figure 3). This same trend from 2020 was also seen in the values of gs. In comparison, the
Pn was not significantly reduced in the measurements of the same days, which indicates
good stomatal control of the two cultivars. So, although the amount of water available
to the almond trees in the RDI treatments is less than in the FI treatments, the stomatal
conductance allows them to maintain acceptable levels of Pn. This behavior has been
observed in other works with almond trees [32,35] and olive trees [83]. Different deficit
irrigation strategies have also been implemented on other fruit trees of the prunus genus
with satisfactory results. For example, Houghton et al. [89] applied deficit irrigation to
sweet cherry (Prunus avium L.), demonstrating that deficit irrigation is an effective strategy
to improve the water status of sweet cherry trees and save water in these orchards. Hajlaoui
et al. [90] reported that deficit irrigation on different cultivars of plum (Prunus salicina L.)
slightly reduced yield but improved some fruit quality parameters, such as total soluble
solid content and firmness, compared to full irrigation trees.

Kaolin has more and more uses in agriculture, particularly in the almond tree crop.
Initially, it was used to combat and prevent some almond pests and diseases [91,92] but
was subsequently used to reduce the negative effects of water stress and high tempera-
tures [43,45,46]. In our study, the foliar application of kaolin did not present significant
results regarding yield, percent kernel, or WUE. Gharaghani et al. [93] conducted a study on
applying kaolin to almond trees under SDI treatment, observing that the yield improved in
the two years of study. Brito et al. [42] carried out an experiment with the foliar application
of kaolin on olive trees (cv. Cobrangosa) that were irrigated under SDI, observing a positive
synergistic effect between SDI and kaolin on the physiological activity of the trees, their
yield, and improving some quality oil parameters. Regarding the physiological activity, in
general, our results did not reveal the same significant alterations due to the effect of kaolin
in either of the two cultivars. We could only highlight how kaolin improved the iWUE
values in the DOY 213 measurements in 2019. This may be due to the reflection effect of
excess radiation caused by kaolin, which leads to a reduction in the temperature of the
leaf and a better iWUE [43]. This iWUE improvement through kaolin was also observed in
other research works on the grapevine (Vitis vinifera L.) [39,40]. Rosati et al. [43] did not
find significant effects of the application of kaolin on the physiological activity of almond
trees with low irrigation and a moderate level of water stress or on trees with a low level
of water stress. In general, some studies on kaolin support the theory that its benefits on
photosynthetic capacity occur when plants are under moderate or severe water stress and
cannot take advantage of all the radiation that reaches the leaves [93-96]. At the same time,
it has been observed that when the leaves are in optimal hydration status, kaolin decreases
stomatal conductance and the photosynthetic rate [97,98]. This may occur due to the low
intensity of radiation that reaches the photosynthetic system of the leaf due to the kaolin
film on it [99]. With the reflection capacity of kaolin, a priori, a negative effect is produced,
which is the reduction in photosynthetically active radiation (PAR) by the photosynthetic
system of the leaf. Some studies, such as Rosati et al. [43] and Glenn [51], have shown
that this effect is counteracted by the redistribution of radiation within the most shaded
leaves inside the tree. Thus, Rosati et al. [43] studied the absorption and distribution of
light in walnut trees (Juglans regia) and almond trees (Prunus dulcis) with and without foliar
application of kaolin, demonstrating that there is a reduction of approximately 20% of the
PAR at the level of the leaves fully exposed to the sun and that there is a redistribution due
to the reflection caused by the kaolin towards the leaves inside the canopy. Rosati et al. [43]
concluded that with the application of kaolin, the net photosynthesis rate in the entire tree
increased by 9%.

Finally, we have to highlight that Barreales et al. [53], in the physical-chemical analysis
of the almonds produced during the three years of the present experiment, reported that
the combination of regulated deficit irrigation and the kaolin application did not present
a negative influence on the morphological and color characteristics of the almonds. In
fact, the chemical and nutritional compositions were not affected by applying these two
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water stress mitigation strategies, and some parameters even presented positive effects. For
example, the synthesis of linoleic acid was increased by the foliar application of kaolin.

5. Conclusions

The almond tree is a typical crop of the Mediterranean area that can improve its prof-
itability with irrigation. Within multiple irrigation techniques, some have been developed
to reduce water consumption in recent years. For example, deficit irrigation could be
the solution to improving yield with a limited amount of irrigation water. In our work,
we verified how the reduction in irrigation during the filling-kernel stage affected the
accumulated yield in different ways during the three years of study of the two almond
cultivars. While the cv. Constanti did not suffer significant losses in yield, the cv. Vairo
had a small yield drop. This shows the importance of selecting suitable cultivars and,
at the same time, adapting the implemented irrigation strategy. Interestingly, the foliar
application of kaolin showed no effect on the yield of the almond trees. Although some
studies describe synergistic effects between DI techniques and the application of kaolin in
reducing water stress, in general, the physiological activity of almond trees under RDI and
kaolin application was not affected. Thus, according to the results obtained in our study,
for cv. Constanti, it is possible to save 1000 m® ha~! year~! of irrigation water without
having reductions in production through RDI. Also, in cv. Vairo, irrigation water can be
saved while still obtaining yields very close to those obtained by FI.
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