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Abstract

:

Irrigated almond orchards in Spain are increasing in acreage, and it is pertinent to study the effect of deficit irrigation on the presence of pests, plant damage, and other arthropod communities. In an orchard examined from 2017 to 2020, arthropods and diseases were studied by visual sampling under two irrigation treatments (T1, control and T2, regulated deficit irrigation (RDI)). Univariate analysis showed no influence of irrigation on the aphid Hyalopterus amygdali (Blanchard) (Hemiptera: Aphididae) population and damage, but Tetranychus urticae Koch (Trombidiformes: Tetranychidae) damage on leaves was significantly less (50–60% reduction in damaged leaf area) in the T2 RDI treatment compared to the full irrigation T1 control in 2019 and 2020. Typhlocybinae (principal species Asymmetrasca decedens (Paoli) (Hemiptera: Cicadellidae)) population was also significantly lower under T2 RDI treatment. Chrysopidae and Phytoseiidae, important groups in the biological control of pests, were not affected by irrigation treatment. The most important diseases observed in the orchard were not, in general, affected by irrigation treatment. The multivariate principal response curves show significant differences between irrigation strategies in 2019 and 2020. In conclusion, irrigation schemes with restricted water use (such as T2 RDI) can help reduce the foliar damage of important pests and the abundance of other secondary pests in almond orchards.
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1. Introduction


Water used for crop irrigation faces shortages in the near future due to lower rainfall in the Mediterranean basin and increased evapotranspiration, according to the latest study published by the European Environmental Agency on climate change, impacts, and vulnerability in Europe [1].



Almond is considered a drought-tolerant species and its response to water scarcity has been defined in many studies under deficit irrigation, which minimizes loss of production and increases fruit quality [2,3,4,5]. This, together with the good prices for fruit and the good future prospects [6], stimulated a steady growth in the total almond crop area in Spain by 36.3% between 2014 and 2020 [7,8]. This increase occurred mainly in new plantations that substituted other, less profitable, crops in areas with irrigation rights [9], which means an increase in irrigated almond acreage of 152.7% (118,202 ha in 2020, around 25% in Andalucía; MAPA 2015, 2020). Furthermore, studies of efficient water use were also extended to other typical Mediterranean crops such as olives [10,11,12].



Recommended deficit irrigation (DI) for Spanish and Portuguese almonds varies between 1300–1500 and 6500 m3·ha−1 of water [3,4,13,14], depending on the limitations imposed in the irrigation schedule and the objectives of the study. Reduced irrigation has an effect on kernel production per ha (with less irrigation, there is less kernel production), but the efficiency of water use (in terms of kernel production (kg) per water (m3) used) is significantly improved [2,3,4,5,14]. Secondarily, deficit irrigation in almond has also led to studies on how it can affect the nutritional quality of the kernel, which generally find clear improvements in the nutritional and sensory qualities of kernels produced under such an irrigation regime [15,16,17,18].



Almond pests (and diseases) were little studied in Spain until this recent change in acreage and management, but new interest has led to studies on how they affect the crop in this new situation [19,20,21,22,23]. Briefly and focused in Andalucía, the main arthropod pests of almond orchards are aphids (mainly Hyalopterus amygdali (Blanchard)) and mites (especially Tetranychus urticae Koch, with other secondary species); other groups can have importance in some locations and moments, such as certain Hemiptera (Asymmetrasca decedens (Paoli), Monosteira unicostata (Mulsant and Rey), Parlatoria oleae (Colvée)), and sometimes Coleoptera (Capnodis tenebrionis (L.)) and Lepidoptera (Anarsia lineatella Zeller). The almond crop has a variety of pathogens that affect it, although the cultivated variety and management influence the severity of the damage. The most important diseases of the aerial part are fungi as Colletrotichum acutatum species complex, Monilinia laxa (Aderh. and Ruhland) Honey, Stigmina carpophila (Lév.) M.B. Ellis, Taphrina deformans (Berk.) Tul., and others, and in soil Phytophthora de Bary spp. and Verticillium dahliae Kleb. are the most important. In other areas where almonds are of particular importance, such as California (USA), studies on the main pests and diseases of the crop have been carried out for a long time [24,25,26].



Arthropod communities in plants (thus specific pests that affect crops) can be influenced by the water status of plants, which influences different physiological processes and nutritional quality, as many studies have revealed [27,28,29,30,31,32,33]. Therefore, a rational approach to sustainable use of water in different crops should include the effects on the most relevant biotic factors (pests and diseases) that affect the crops. The effects of deficit irrigation on arthropod populations and diseases are not usually considered in scientific production, but recent changes in crop management in Spain to more productive methods have promoted such studies in super-intensive olive [34,35] and irrigated almond [23,36] orchards.



The present study focused on how crop irrigation management can impact the presence and population of some arthropod pests and the damage they produce, as well as the effect on beneficial arthropods, in an almond orchard, and collaterally also the presence of the most important diseases observed during the study. Specifically, this study compared two irrigation regimes in an almond orchard over four years, providing a more complete view of their effects on the crop. The most important result obtained after this long-term study is that T2, with regulated deficit irrigation (RDI) treatment, produced a sensible reduction in damage inflicted by two-spotted spider mites and a smaller population of leafhoppers compared to T1, with more irrigation.




2. Materials and Methods


2.1. Experimental Design


The experiment was conducted in an orchard in Dos Hermanas (province of Sevilla, Spain), with coordinates 37°13.805′ N 5°54.823′ W. It has an area of 29,423 m2, and the experiment was carried out on 7968 m2. The orchard has 2 cultivated almond (Prunus dulcis (Mill) DA Webb) varieties, “Vairo” and “Guara”, planted in paired lines, with a tree spacing of 6 m × 8 m, and the research was carried out with the cultivar “Vairo”. The trees were 7 years old at the beginning of the experiment in 2017, which lasted until 2020 (a total of 4 years). The orchard was fertilized and controlled for pests, diseases, and weeds using the criteria of the owner and advisor technicians. The timing and products used in the 4 years are listed in Table A1 (Appendix A). Samplings were performed before the application schedule or several days after it to reduce contact with residues.



The statistical design used complete randomized blocks with 4 blocks and 2 irrigation treatments. Each experimental plot had 12 trees (4 rows with 3 trees in each row), with the 2 central trees in each plot used for sampling purposes (corresponding to the “Vairo” trees). A repetition of each irrigation treatment was randomly assigned within each block, making 4 repetitions of each irrigation treatment for the whole experiment.



This study focused on two irrigation strategies: T1, irrigation control, and T2, regulated deficit irrigation (RDI). The control plots received irrigation to avoid any water stress in the trees and to meet their evapotranspiration (ETc) needs. With RDI, the use of water was decreased during a specific growing state of the trees: water stress was applied during kernel filling (phase II), and the full irrigated conditions were maintained for the rest of the season (phase I, which ran from full bloom until the beginning of kernel filling, and phase III, the postharvest period). The RDI plots were irrigated according to this strategy, but limited to the water resources allowed by the Guadalquivir River Water Authority (Confederación Hidrográfica del Guadalquivir); this resulted in a 78% reduction in the total amount of water used for irrigation compared to the control treatment. The irrigation parameters for each treatment can be found in Table A2 and Table A3 (Appendix B), and in more detail in Martín-Palomo et al. [14]. The average annual water irrigation provided in each treatment during the 4 years of this study was T1 = 594.0 ± 117.7 mm and T2 = 130.5 ± 18.1 mm.




2.2. Sampling Procedure


The sampling period was from March to September/October in each year of the study, except in 2020, when sampling started in mid-May when COVID-19 pandemic lockdown restrictions were relaxed. Sampling was performed biweekly, with 18 dates in 2017, 18 in 2018, 13 in 2019, and 14 in 2020.



The 2 central trees of each plot were scouted and 2 shoots (each around 6 cm, with 3–4 leaves) in each cardinal direction per tree (16 branches per plot were observed on each sampling date) were randomly selected in each sampling date; for statistical analysis, the mean of each cardinal direction was used, which means 4 values per plot, 16 per treatment, and 32 on each sampling date. The same procedure was followed for fruits when they were formed until harvest.



Visual sampling was carried out in different ways (Table 1): presence/absence of arthropods and diseases; presence/absence of symptoms of damage by feeding of some arthropods, and in some cases estimated leaf area damage (with an ordinal scale: 0, no damage; 1, 1–20% of surface damaged; 2, 21–50% of surface damaged; 3, >50% of surface damaged); and direct count of certain arthropods. Two diseases were easily detected on leaves and had an important presence: Stigmina carpophila (Lév.) M.B. Ellis (shothole blight, SB) and Polystigma amygdalinum P.F. Cannon (red leaf blotch, RLB).



Arthropod samples were taken to the laboratory to confirm or elucidate the species. The specimens were separated following different generic taxonomic guides [37,38] and specific works [20,39]. Several species were determined with the help of experts only in particular cases when they were important in relation to the crop. Samples of the most relevant specimens are kept in the laboratory collection.




2.3. Data Analysis


Repeated-measures ANOVA was used to analyze how the different observed variables were individually affected by irrigation treatment with the analysis of time-series abundance data. SPSS (v15.0 for Windows) was used to test whether irrigation treatment (between-subject effect, with two treatments), time (within-subject effect), and interaction of time and irrigation treatment were significant in the response variables for each year of the study. GLM analysis was also performed, pooling data from the 3 or 4 years for each response variable (using similar types of data) with treatment (fixed factor), year (random factor), and interaction treatment × year to test whether a general pattern was present. Data transformations [40] appear in Table 1.



A multivariate principal response curve (PRC) was used for synthesis and global observation of the possible effects of the treatments under study each year when multiple variables were concerned. This method was used in agricultural entomology [34,41,42,43] with the same objective of analyzing and interpreting the effect of treatment on a complex of observed variables (taxon or other).



In PRC, the community response under study is represented by a canonical coefficient, which measures the response to abundance by a designated control, expressed as deviations from a control community over time. The treatment designated as the control is represented by a horizontal line, which serves as a reference to assess its relationship with the other treatment [44]. PRC analysis generates a species weight (or weights of higher taxonomic groups and observations in our case), plotted on the right vertical axis; weights are used to indicate which ones follow the plotted community pattern, but only weights higher than |0.4–0.5| are considered significant [44]. A visual interpretation of the PRC graphs can be found in Auber et al. [45].



Quantitative tests to determine whether a PRC diagram displays significant variance due to treatment were performed in R (v3.6.3) with the package “vegan” (v2.5-2), which uses a Monte Carlo procedure to generate up to 999 permutations. Count data were transformed with log (x + 1), and presence/absence and leaf damage data were transformed with arcsin (√p) prior to the application of PRC.





3. Results and Discussion


Control of pests, diseases, and weeds was carried out following basically the criteria of the owner and technicians, and the authors did not interfere with them, although in some moments certain changes in the timing and products were suggested to coordinate our sampling schedule with the normal activity in the orchard. Although the effect of the pesticides could interfere with arthropods and diseases, they were applied throughout the orchard at the same time, and the only differential factor was the water used in the two irrigation treatments.



Four years of studying the effect of deficit irrigation in an almond orchard give a general idea (as shown in the PRC results) that the effect on arthropods and diseases was not clear at the beginning of the study, and, as happened in a similar study carried out in a super-intensive olive orchard [34], there was a progressive effect over subsequent years.



PRC showed a pattern in which a general effect of the irrigation treatment was not observed in the first two years of the study (2017 and 2018), either in population as density (p = 0.323 and p = 0.413, respectively, Figure 1a,b), population as proportion (p = 0.893 and p = 0.348, respectively, Figure 2a,b), or damage (p = 0.457 and p = 0.106, respectively, Figure 3a,b). In the third year (2019), PRC showed a significant effect of irrigation treatment on damage (p = 0.011; Figure 3c), especially due to the activity of Tetranychus urticae Koch (Trombidiformes: Tetranychidae), and population (as proportion) was almost significant (p = 0.05; Figure 2c). However, in the fourth year of the study (2020), the three PRCs showed a significant effect of irrigation treatment on population density (p = 0.001; Figure 1d), the population as a proportion (p = 0.001; Figure 2d), and damage (p = 0.001; Figure 3d), with particular importance of T. urticae, with higher population density and damage in treatment T1, as shown by its weight on the right vertical axis, which is always opposite to the canonical value of treatment T2. Other populations also had high weight values, especially in 2019 (Stigmina, whose weight is opposite to T2, indicating more presence in T1; Figure 2c) and 2020 (Polystigma, Typhlocibinae; Figure 2d), indicating an effect of irrigation treatment on their populations.



The particular study of arthropods and diseases showed a differential response to irrigation treatment, hence the final perception of the effect of deficit irrigation. The most representative groups are described below.



The most important variables observed over four years are shown in Table 2 and Table A4 (Appendix C). Aphid Hyalopterus amygdali (Blanchard) (Hemiptera: Aphididae) was one of the most important pests present in the orchard in the studied period. Its population was not statistically different between irrigation treatments in any year or taking all years together (p = 0.707; Table 2), and the damage observed was only significant in 2019 (p < 0.01; Table 2). The H. amygdali population and the damage it caused were not affected by the irrigation treatment in the three years during which this species was observed in this study. The irrigation treatment started in mid-March with the blossom stage, and the population normally had its peak in May, when deficit irrigation (in T2) was starting. The small difference in water used in both treatments (and thus the little stress produced) at the beginning of the season may explain the similar populations and damage observed in both treatments [30].



Tetranychus urticae was present during the four years, but its population was not influenced much by irrigation treatment: only in 2020, the population was significantly higher in T1 than in T2 (p < 0.01; Table 2), and taking the density counts of the three years (2018–2020) together, there were no differences between treatments (p = 0.297; Table 2). However, the same was not the case for the damage observed in leaves: in three out of the four years (2018, 2019, and 2020; Table 2), there was a significant effect of the irrigation treatment, with a reduction in T. urticae damage in T2 compared with T1. Furthermore, although taking the four years together there was no significant effect of treatment (p = 0.075; Table 2), the treatment × year interaction was significant (p < 0.01; Table 2), indicating that in some years (that is, in 2019 and 2020) there were significant differences between irrigation treatments. More statistical results are presented in Table A4 (Appendix C).



The population of the two-spotted spider mite T. urticae was not (in general) affected by irrigation treatment, except in 2020 (Table 2, Figure 4), but the damage on leaves was different (Table 2, Figure 5): In 2019 there was low leaf surface damage, corresponding to low mite populations, but in 2018 and 2020 the damage was much more evident and substantial, reflecting that T. urticae is one of the most important pests in almond crops in Spain [20,46]. In some ways, this agrees with Hodson and Lampinen [47], who found that the Tetranychus pacificus McGregor population or damage increased with high water availability on leaves and decreased with intermediate water stress in different almond cultivars in California. Prgomet et al. [13] also observed that almond leaves with RDI treatment had less water availability compared to full irrigation treatment, although no mite interaction was studied.



The Tetranychus urticae population was not clearly different between irrigation treatments from 2017 to 2019 (Figure 4a–c and Table 2) as mentioned above, and only in 2020, there were clear (and significant) differences between the treatments, with a higher population peak in T1 than in T2 (Figure 4d and Table 2). There was great variability in the densities reached in 2018–2020 (Figure 4b–d), from peaks of around 1 individual per shoot in 2019 (Figure 4c) to nearly 20 individuals per shoot in 2018 (Figure 4b). In 2017 and 2020 (Figure 4b,d) there was a significant effect of the sampling date (Table 2), showing that T. urticae increased its population from mid-June or later. Signs of damage on leaves produced by T. urticae also varied between years, from very low levels in 2017 (Figure 5a) to rather high levels in 2020 (Figure 5d), when nearly 55% of the leaf area was affected in irrigation treatment T1. Leaf damage was clearly observed in 2018, 2019, and 2020 (Figure 5b–d), showing significantly higher damage in T1 than in T2 over the three years (Table 2). Damage was more evident at the end of the sampling period (September), especially in 2019 and 2020 (Figure 5c,d), coinciding with the beginning of leaf abscission, reaching, in general, a 50–60% reduction in leaf damage in T2 compared with T1.



Other authors have studied the effect of irrigation on almond mite populations, such as Goldhammer et al. [2], who found no differences in T. urticae populations using different water doses (from 580 to 860 mm) and timing. However, it must be noted that they evaluated T. urticae in April–June (soon to develop mite populations) and their lowest irrigation treatment used an annual average of 580 mm (a 33% reduction compared with their highest treatment), similar to the highest irrigation treatment in this study. Youngman and Barnes [48] reported a more severe attack of spider mites on water-stressed almond trees, but it was not repeated in the second year. Using herbaceous plants, English-Loeb [27,49] observed an effect of irrigation treatment on a T. urticae population: the mites were more abundant in well-watered and severely stressed plants, and least abundant in slightly to moderately stressed plants, with a non-monotonic effect of water stress on their population, an effect about which Hodson and Lampinen [47] discussed. Studies conducted in soybean [50] showed no significant differences in spider mite populations in moisture-unstressed and stressed plants, but reductions in photosynthetic rate by spider mites were greater in the former. Studies have indicated that a moderate water stress level can save protein production, increasing other components that can play a role in the defense against phytophagous [33]. Other authors [28] have reported that during water-deficit stress, foliar nitrogen concentrations can increase in stressed plants, providing a valuable increase in nutritional quality for herbivores, but this can be counteracted by a reduction in water potential and water content, which can reduce herbivore feeding, especially those with piercing-sucking mouthparts.



The lower damage observed by T. urticae in the T2-RDI treatment may have consequences in the next season, because in the post-harvest period (see Table A2 and Table A3), irrigation resumed to almost normal levels, and trees with less damage (especially in the leaves by spider mites) could store more nutrients to use for better blooming and sprouting in the next season [51].



Other secondary pests were present in the orchard, such as Typhlocybinae (with principal species Asymmetrasca decedens (Paoli) (Hemiptera, Cicadellidae)). In the four years, there were significant differences between irrigation treatments, with a greater presence (2017) or population (2018–2020) in T1, the more irrigated treatment, than in T2 (p = 0.013 and p < 0.01, respectively; Table 2). Taking the three years 2018 to 2020 together, there was no significant evidence of the effect of irrigation treatment (p = 0.082; Table 2), but the treatment × year interaction was significant (p < 0.01; Table 2) in 2018 and 2020. Only in 2017, this group caused damage, with significantly more damage in treatment T1 than in treatment T2 (not shown).



The presence of Typhlocybinae was constant during the four years of sampling, although always with low populations (no more than 0.35 individuals per shoot; Figure 6), and almost no damage was observed on leaves and shoots most of the time. The presence of this group was more noticeable from the end of May to July, and the differences in population between the two irrigation treatments were more important in 2018 and 2020 (Figure 6b,d), with a significantly higher population in T1 than in T2. Leafhoppers (Typhlocybinae) presented a small population in the orchard, but under T2, with less irrigation, had a significantly smaller population in each of the four years of study. This may be related to better resource availability in T1, and equally to the less suitable environment in less irrigated treatment, as suggested by Sconiers and Eubanks [28] about arthropods with piercing-sucking mouthparts. Several leafhoppers are known for their ability to transmit diseases in different crops [52], and if their population can be maintained at lower levels, then this can be considered a positive effect.



Regarding Lepidoptera (principal species was Phyllonorycter cerasicolella (Herrich-Schäffer) (Lepidoptera: Gracillariidae)), there were no differences in the three years individually or together (p = 0.621; Table 2). The same was the case with several species or groups relevant only in one year, such as Monosteira unicostata (Mulsant and Rey) (Hemiptera: Tingidae) in 2017 (p = 0.509; Table 2) and Coccidae (principal species Hemiberlesia rapax (Comstock) (Hemiptera: Diaspididae)) in 2019 (p = 0.108; Table 2). More statistical results are presented in Table A4 (Appendix C).



Two groups of natural enemies were consistently observed during the sampling period. Chrysopidae (order Neuroptera, with no species identified) was the most regularly observed in the orchard during the four years of the study; the population was similar in both irrigation treatments in three years, and taken together there was no effect of the irrigation treatment (p = 0.175; Table 2). Chrysopidae are among the most important predator groups in many crops and are also relevant in nut crops such as almonds [20,53], and in olives, no effect of irrigation treatment was observed on their population [34]. Phytoseiidae (most frequent species was Euseius stipulatus (Athias-Henriot) (Mesostigmata: Phytoseiidae)) was the second predator group to appear, periodically observed on leaves (mainly in May to June), and there was no effect of irrigation treatment on its population in the four years or when the years were analyzed together (p = 0.316; Table 2). More statistical results are presented in Table A4 (Appendix C).



Chrysopidae are generalist predators that can prey on a wide range of arthropods (small larvae/nymphs, their eggs, etc.), but were not observed preying on T. urticae, probably because of the heavy web produced by the mite, nor in general on any other pest observed in the study. Regarding phytoseids, E. stipulatus does not prey on mites that produce a lot of webs, as happens with T. urticae. Additionally, this phytoseid appears at the end of spring, for a short period of time, earlier than the mite, and feeds on small arthropods and secretion of the leaves. Although the presence of predators could influence the population of some arthropods, we do not think that their presence altered the effect that differential irrigation exerted on pest population or damage, as in T. urticae in 2020 (Figure 4d). These predators were present in both irrigation treatments, but the different water applied in each irrigation treatment was the definite factor that could affect arthropods.



The category “other arthropods” includes arthropod groups (mainly Coleoptera, Thysanoptera, Hymenoptera, Heteroptera and Araneae) of little quantitative or qualitative importance in the orchard, and in the four years there was no effect of irrigation treatment on their population, or when the four years were analyzed together (p = 0.319; Table 2). More statistical results are presented in Table A4 (Appendix C).



Symptoms of several diseases were observed in the orchard during the sampling period. The most frequent in the four years was S. carpophila (SB), but in three years there was no effect of irrigation treatment on its presence in the leaves, and no effect when the four years were taken together (p = 0.420; Table 2), although the treatment × year interaction was significant (p < 0.01; Table 2), namely in 2019. Polystigma amygdalinum (RLB) was less frequent, only clearly detected in 2019 (Table 2), without an effect of irrigation treatment on its presence, and 2020 (p < 0.01; Table 2), when T2 had more effect than T1, but taking both years together, the effect of treatment was not significant (p = 0.128; Table 2). More statistical results are presented in Table A4 (Appendix C).



Stigmina carpophila was the most remarkable disease in the orchard, with a constant presence during the four-year sampling period, reaching a large presence in some years (such as in 2018, with a peak of 80% of shoots with symptoms; Figure 7b). Only in 2019, there was a significant difference between irrigation treatments (Figure 7c and Table 2), with more symptoms in T1, with more irrigation, than in T2.



The two diseases most frequently observed in the orchard, S. carpophila (SB) and P. amygdalinum (RLB), did not present clear evidence of the effect of the irrigation treatment on their occurrence. S. carpophila, P. amygdalinum, and other diseases are common in almond crops [20,46], especially when the crop is managed in an intensive way, but the cultivar “Vairo” is not particularly affected by these two diseases, especially RLB [23,54].



The interest of deficit irrigation and its interaction with tree physiology and pests and diseases impact is also present in other parts of the world: Smith et al. [55] have studied the positive effect that a combination of RDI and early harvest has on several pests and diseases in California almonds, thus improving the long-term sustainability of the crop and IPM programs.




4. Conclusions


The conclusions obtained in this research are based on one orchard, but for a long period of four seasons, from 2017 to 2020. The main interest of this work is that the regulated deficit irrigation (RDI) treatment, T2, as applied in this study, produced a sensible reduction in damage to trees inflicted by T. urticae than the more irrigated treatment, T1. The positive effect of T2-RDI was also observed in the form of a smaller leafhopper population compared to T1. Furthermore, the irrigation treatments applied in this study did not have a differential effect on two groups of natural enemies (Chrysopidae, Phytoseiidae) or on the diseases observed in the orchard. Regulated deficit irrigation strategies help to reduce water use in crops, which in the case of almonds, implies better efficiency of the water used to obtain the harvest, and in addition to having a positive effect on reducing the presence and damage of several pests, also helps to regulate the vigor of the plants and, therefore, helps in different cultivation operations, such as pruning.
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Table A1. Treatments against pests and diseases in the four years of the study.






Table A1. Treatments against pests and diseases in the four years of the study.





	
Date

	
Product Used

	
Used against






	
31 January 2017

	
Copper oxichloride 52%

	
Diseases




	
Paraffinic oil 83%

	
Eggs and immature arthropods




	
16–17 February 2017

	
Thiophanate-methyl 70%

	
Diseases




	
1–2 March 2017

	
Boscalid 26.7% + Pyraclostrobin 6.7%

	
Diseases




	
18–21 March 2017

	
Boscalid 26.7% + Pyraclostrobin 6.7%

	
Diseases




	
4–6 April 2017

	
Metconazol 9%

	
Diseases




	
Mancozeb 75%




	
Deltamethrin 2.5%

	
Aphids




	
26 April 2017

	
Azoxystrobin 25%

	
Diseases




	
16–17 May 2017

	
Fluopyram 20% + Tebuconazole 20%

	
Diseases




	
Tau-fluvalinate 24%

	
Aphids, leafhoppers




	
9–11 June 2017

	
Copper oxichloride 52%

	
Diseases




	
Tau-fluvalinate 24%

	
Two-spotted spider mite




	
Hexythiazox 10%




	
Abamectin 1.8 %




	
19 August 2017

	
Thiram 50%

	
Diseases




	
9 September 2017

	
Imidacloprid 20%

	
Two-spotted spider mite, Monosteira, Capnodis (beetles)




	
Dimethoate 40%




	
7 March 2018

	
Fenbuconazole 2.5 %

	
Diseases




	
20 March 2018

	
Tebuconazole 50 % + Trifloxystrobin 25 %

	
Diseases




	
5 April 2018

	
Fluxapyroxad 7.5 % + Pyraclostrobin 15 %

	
Diseases




	
Deltamethrin 2.5%

	
Aphids




	
12 May 2018

	
Fluopyram 20% + Tebuconazole 20%

	
Diseases




	
Imidacloprid 20%

	
Aphids, leafhoppers, Monosteira, Capnodis (beetles)




	
9 July 2018

	
Deltamethrin 2.5%

	
Lepidoptera, leafhoppers




	
21 July 2018

	
Imidacloprid 20%

	
Aphids, leafhoppers, Monosteira, Capnodis (beetles)




	
4 September 2018

	
Thiacloprid 48 %

	
Lepidoptera




	
Deltamethrin 2.5%

	
Lepidoptera, leafhoppers




	
Fenpyroximate 5.12 %

	
Two-spotted spider mite




	
Mancozeb 75%

	
Diseases




	
5 October 2018

	
Acetamiprid 20 %

	
Leafhoppers




	
14 February 2019

	
Thiophanate-methyl 70%

	
Diseases




	
Copper oxichloride 52%




	
15–17 March 2019

	
Boscalid 26.7% + Pyraclostrobin 6.7%

	
Diseases




	
4 April 2019

	
Mancozeb 75%

	
Diseases




	
Trifloxystrobin 50%




	
Deltamethrin 2.5%

	
Aphids




	
12–13 April 2019

	
Folpet 40 %

	
Diseases




	
Thiophanate-methyl 70%




	
27 April 2019

	
Boscalid 26.7% + Pyraclostrobin 6.7%)

	
Diseases




	
20–21 June 2019

	
Copper oxichloride 52%

	
Diseases




	
Tau-fluvalinate 24%

	
Two-spotted spider mite, Monosteira, leafhoppers




	
3–5 March 2020

	
Metconazole 9 %

	
Diseases




	
Boscalid 26.7% + Pyraclostrobin 6.7%




	
17–18 March 2020

	
Tebuconazole 25 %

	
Diseases




	
Trifloxystrobin 50%




	
Deltamethrin 2.5%

	
Aphids




	
Acetamiprid 20 %




	
7 April 2020

	
Thiophanate-methyl 70%

	
Diseases




	
22 April 2020

	
Difenoconazole 4% + Isopyrazam 10%

	
Diseases




	
10 May 2020

	
Difenoconazole 25 %

	
Diseases




	
Azoxystrobin 20 % + Cyproconazole 8 %




	
Copper oxichloride 52%




	
Mancozeb 75%




	
20 May 2020

	
Dodine 40 %

	
Diseases




	
Mancozeb 75%




	
Deltamethrin 2.5%

	
Aphids, leafhoppers




	
1 June 2020

	
Captan 47.5 %

	
Diseases




	
Deltamethrin 2.5%

	
Leafhoppers




	
17 June 2020

	
Mancozeb 75%

	
Diseases




	
Tau-fluvalinate 24%

	
Mites, leafhoppers, lepidoptera




	
Fenpyroximate 5.12 %




	
26 August 2020

	
Copper oxichloride 52%

	
Diseases




	
Deltamethrin 2.5%

	
Leafhoppers, lepidoptera




	
Acetamiprid 20 %










Appendix B


The trees were irrigated with a line of drip emitters (3.8 L·h−1) separated by 0.4 m. Irrigation scheduling was performed daily with a remote programming device (Ciclon, C-146 v 3.53, Maher, Almeria, Spain). This device controls each plot in the experimental orchard. Data from the previous day were used to change the current scheduling. Then, irrigation was changed daily and the water applied in RDI treatments was estimated according to the maximum daily shrinkage (MDS) of the trunk and stem water potential (SWP). Daily irrigation was based on the estimated maximum daily ETc (3 mm) when a difference of more than 30% of the threshold was measured and was reduced to 1.5 mm and 0.75 mm when the differences were between 20–30% and 10–20%, respectively. If the differences were less than 10% or the measured value indicated a better-than-expected water status, the trees were not irrigated. Irrigation was measured in each plot with a water meter at the beginning of the measured tree line.



The crop–water status was measured weekly using the midday stem water potential (ψ) and a pressure chamber (PMS Instrument Company, Albany, OR, USA) for two trees per plot in each irrigation treatment during the experiment (March to October in the four years of the study). A full description of the methodology is given in [14]. The irrigation plan followed in the treatments is provided in Table A2.
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Table A2. Irrigation doses and stress levels in irrigation treatments.






Table A2. Irrigation doses and stress levels in irrigation treatments.











	Treatment
	Phase
	Irrigation 1
	Threshold I





	1. Control
	
	100% Etc
	



	2. RDI
	I (full bloom to kernel filling)
	600 m3·ha−1
	ψ = −1.2 Mpa; signal MDS = 1



	
	II (kernel filling to harvest)
	100 m3·ha−1
	ψ = −2.0 Mpa; signal MDS = 2.75



	
	III (post-harvest hydration)
	300 m3·ha−1
	ψ = −1.2 Mpa; signal MDS = 1







1 Theorical amount of irrigation water to be received in treatment 2 (RDI) was around 1000 m3·ha−1 per year, but the final annual average of water used was 1305 m3·ha−1.











The water stress integral (Table A3) was calculated by Equation (A1) to describe the cumulative effect of deficit irrigation strategies in the irrigation period:


SI = |Σ(ψ − (−0.2)) × n|



(A1)




where SI is the stress integral, ψ is the average midday stem water potential for any interval, and n is the number of days in the interval.
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Table A3. Average water stress integral (SI, MPa × day) (± SE) in irrigation treatments in the four years of the study.






Table A3. Average water stress integral (SI, MPa × day) (± SE) in irrigation treatments in the four years of the study.













	Treatment
	Year
	Total
	Phase I

(until Fruit Filling)
	Phase II

(until Harvest)
	Phase III

(Post-Harvest Hydration)





	1. Control
	2017
	128.6 ± 6.3
	25.4 ± 1.6
	54.2 ± 3.5
	53.3 ± 3.9



	
	2018
	99.4 ± 7.4
	6.1 ±0.8
	53.4 ± 5.2
	39.9 ± 2.7



	
	2019
	67.2 ± 6.9
	7.5 ±1.4
	30.6 ± 2.8
	29.1 ± 3.0



	
	2020
	84.1 ± 14.3
	8.8 ± 2.6
	40.0 ± 5.9
	35.2 ± 6.6



	2. RDI
	2017
	207.8 ± 12.1
	31.7 ± 3.0
	94.9 ± 4.9
	86.3 ± 5.7



	
	2018
	148.7 ± 21.9
	7.9 ± 1.3
	83.8 ± 10.3
	57.0 ± 10.7



	
	2019
	206.1 ± 12.4
	14.8 ± 1.7
	110.7 ± 10.4
	80.6 ± 3.1



	
	2020
	174.5 ± 14.5
	18.6 ± 2.7
	90.8 ± 7.1
	65.1 ± 5.9







Phase II (from kernel filling to harvest) occurred in the following periods: day 151 to 221 (2017), day 168 to 245 (2018), day 135 to 225 (2019), day 149 to 224 (2020).












Appendix C


The between-subjects analysis of the repeated-measures ANOVA used the following factors: treatment (two levels of irrigation), block (four levels), and treatment × block. Table 2 and Table A3 only show the results of the treatment factor.



There were four sets of observations for each plot (one for each cardinal direction), so the total number of observations is 32 for each sampling date. They are distributed in the ANOVA as treatment, 1 d.f.; block, 3 d.f.; treatment × block, 3 d.f.; error, 24 d.f.; and intersection, 1 d.f.



The within-subjects analysis in the repeated-measures ANOVA was performed with the time factor (sampling date) and its interaction with the other between-subject factors (treatment, block, and treatment × block), but only the results of treatment × sampling date are presented in Table 2 and Table A3. First, we tested whether Mauchly’s sphericity test was significant. In most cases, the test was significant and the Greenhouse–Geisser degree of freedom correction was applied.



A GLM analysis of the years taken together is also in the table, although for some response variables (Tetranychus urticae population, Asymmetrasca decedens) the data used included only three of the four available years (2018 to 2020), to use similar population density data. The factors were treatment (fixed factor), year (random factor), and interaction treatment × year. Degrees of freedom are explained in a footnote to the table.
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Table A4. Statistics and degree of freedom of repeated-measures ANOVA in the four years of study showing F statistics of irrigation treatment (Tr) and interaction treatment × sampling date (Tr × SD) for the most important parameters registered.
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2017

	
2018

	
2019

	
2020

	
2017–2019




	

	
Tr

	
Tr × SD

	
Tr

	
Tr × SD

	
Tr

	
Tr × SD

	
Tr

	
Tr × SD

	
Tr

	
Year

	
Tr × Year






	
Hyalopterus amygdali

	

	

	

	

	

	

	

	

	

	

	




	
Population

	
0.219

	
2.224 (3.4, 81.8)

	
2.038

	
2.630 (4.0, 94.8)

	
1.869

	
0.658 (2.9,70.5)

	
- 2

	
-

	
0.187

	
10.20

	
1.713




	
Damage 1

	
Z = −0.061

	
-

	
Z = −1.016

	
-

	
Z = −2.690

	
-

	
- 2

	
-

	
Z = −1.870

	

	




	
Tetranychus urticae

	

	

	

	

	

	

	

	

	

	

	




	
Population

	
2.045

	
2.441 (6, 144)

	
0.842

	
1.379 (2.4, 58.2)

	
0.049

	
1.333 (2.7, 65.7)

	
51.4

	
21.03 (2.7, 65.0)

	
1.953

	
6.520

	
2.528




	
Damage

	
2.690

	
2.235 (4.1, 98,5)

	
7.370

	
10.710 (3.5, 83.9)

	
27.77

	
9.152 (3.5, 83.5)

	
170.3

	
41.23 (3.3, 78.7)

	
7.147

	
3.249

	
4.642




	
Asymmetrasca decedens

	
7.12

	
0.469 (5.1, 122.2)

	
28.58

	
4.105 (1.5, 37.2)

	
8.084

	
2.443 (3.4, 81.1)

	
26.7

	
4.60 (4.6, 109.4)

	
9.880

	
1.133

	
5.606




	
Phyllonorycter cerasicolella

	
- 3

	
-

	
0.138

	
1.298 (5, 120)

	
0.056

	
1.988 (9, 216)

	
1.07

	
0.738 (6.2, 148)

	
0.316

	
0.779

	
0.553




	
Monosteira unicostata

	
0.449

	
0.406 (3.4, 80.7)

	
- 3

	
-

	
-3

	
-

	
- 3

	
-

	

	

	




	
Hemiberlesia rapax

	
- 3

	
-

	
- 3

	
-

	
2.793

	
0.494 (4.5, 107.1)

	
- 3

	
-

	

	

	




	
Chrysopidae sp.

	
0.476

	
1.805 (6.7, 161.2)

	
0.007

	
1.776 (13, 299)

	
0.272

	
0.992 (4.7, 113.5)

	
8.01

	
2.25 (7.3, 175.6)

	
2.996

	
13.593

	
0.649




	
Euseius stipulatus

	
0.079

	
2.137 (2.5, 60.4)

	
1.279

	
2.026 (3.9, 92.6)

	
3.548

	
1.053 (3.7, 89.2)

	
1.86

	
1.87 (5.5, 132.4)

	
1.420

	
39.793

	
1.533




	
Other arthropods

	
2.643

	
1.366 (8, 192)

	
0.683

	
0.618 (5.5, 131.2)

	
0.725

	
1.226 (4.9, 116.7)

	
3.59

	
1.21 (2.8, 66.7)

	
1.417

	
8.385

	
1.435




	
Stigmina carpophila

	
0.069

	
1.434 (7.8, 186.7)

	
2.996

	
1.886 (9.4, 226.5)

	
7.076

	
1.165 (12, 288)

	
1.50

	
1.52 (13, 312)

	
0.868

	
15.470

	
5.765




	
Polystigma amygdalinum

	
- 3

	
-

	
- 3

	
-

	
2.229

	
1.161 (7, 168)

	
21.3

	
1.14 (7.5, 181.1)

	
23.958

	
31.041

	
0.965








Degrees of freedom for F statistics of treatment (Tr) in separate years: 1, 24. Degrees of freedom for F statistics of treatment × sampling date (Tr × SD) are in brackets after applying the Greenhouse–Geisser’s degree of freedom correction. Degree of freedom for the F statistics in the four years together: Tr (1, nº years-1), Y (nº years-1, nº years-1), Tr x Y (nº years-1, >700). 1 Damage produced by Hyalopterus amygdali was analyzed with non-parametric Wilcoxon signed-rank test. 2 COVID-19 restrictions from 15 March to 15 May prevented adequate sampling of this insect. 3 Not present in the sampling period, or with such low presence that it was not included in the analysis.
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Figure 1. Principal response curves (PRCs) for the most important arthropod taxa whose population density was evaluated on almond shoots for (a) 2017, (b) 2018, (c) 2019, and (d) 2020. The p values denote the significance of treatment T2 (RDI), represented as a plotted line, relative to control treatment on all dates based on an F−type permutation test. Arthropod taxa are shown on the right vertical axis with their weights, which have the same scale as canonical coefficients on the left vertical axis. 
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Figure 2. Principal response curves (PRCs) of the most important arthropod taxa and diseases, whose presence were evaluated as the proportion of almond shoots (or fruits) occupied for (a) 2017, (b) 2018, (c) 2019, and (d) 2020. The p values denote the significance of treatment T2 (RDI), represented as a plotted line, relative to control treatment on all dates based on an F−type permutation test. Arthropod taxa and diseases are shown on the right vertical axis with their weights, which have the same scale as canonical coefficients on the left vertical axis. 
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Figure 3. Principal response curves (PRCs) of most important arthropod taxa showing any type of damage on almond shoots for (a) 2017, (b) 2018, (c) 2019, and (d) 2020. The p values denote significance of treatment T2 (RDI), represented as a plotted line, relative to control treatment on all dates based on an F−type permutation test. Arthropod taxa are shown on the right vertical axis with their weights, which have the same scale as canonical coefficients on the left vertical axis. 
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Figure 4. Seasonal patterns of Tetranychus urticae as (a) proportion of shoots occupied (2017) and (b–d) population density in shoots (2018, 2019, and 2020, respectively). Note the different y-scales. Solid line represents treatment T1 (Control) and dotted line represents treatment T2 (RDI). Vertical bars represent exact confidence interval of proportion (a) and standard error of the mean (b–d). 






Figure 4. Seasonal patterns of Tetranychus urticae as (a) proportion of shoots occupied (2017) and (b–d) population density in shoots (2018, 2019, and 2020, respectively). Note the different y-scales. Solid line represents treatment T1 (Control) and dotted line represents treatment T2 (RDI). Vertical bars represent exact confidence interval of proportion (a) and standard error of the mean (b–d).



[image: Agronomy 11 02486 g004]







[image: Agronomy 11 02486 g005 550] 





Figure 5. Seasonal patterns of Tetranychus urticae damage on leaves, measured as the proportion of leaf area with feeding symptoms for (a) 2017, (b) 2018, (c) 2019, and (d) 2020. Solid line represents treatment T1 (Control) and dotted line represents treatment T2 (RDI). Vertical bars represent standard error of the mean. 
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Figure 6. Seasonal patterns of leafhoppers (Typhlocybinae) in terms of (a) proportion of shoots occupied in 2017 and (b–d) population density on shoots in 2018, 2019 and 2020, respectively. Solid line represents treatment T1 (Control) and dotted line represents treatment T2 (RDI). Vertical bars represent exact confidence interval of (a) proportion and (b–d) standard error of the mean. 
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Figure 7. Seasonal patterns of Stigmina carpophila (shothole blight, SB) presence on leaves, measured as proportion of shoots with symptoms in (a) 2017, (b) 2018, (c) 2019 and (d) 2020. Solid line represents treatment T1 (Control), and dotted line represents treatment T2 (RDI). Vertical bars represent exact confidence intervals of proportions. 
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Table 1. Most important parameters registered for almond sampling in 2017–2020, with type of measure and transformation used in statistical analysis.
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2017

	
2018 to 2020




	

	
Type of Measure

	
Transformation

	
Type of Measure

	
Transformation






	
Hyalopterus amygdali

	

	

	

	




	
Population

	
Scale (0–4), then continous value

	
Log (x + 1)

	
Scale (0–4), then continous value

	
Log (x + 1)




	
Damage

	
Scale (0–3)

	

	
Scale (0–3)

	




	
Tetranychus urticae

	

	

	

	




	
Population

	
Proportion of organs occupied

	
Arcsin √p

	
Population count

	
Log (x + 1)




	
Damage

	
Scale (0–3), then proportion of leaf area with damage

	
Arcsin √p

	
Scale (0–3), then proportion of leaf area with damage

	
Arcsin √p




	
Asymmetrasca decedens

	

	

	

	




	
Population

	
Proportion of organs occupied

	
Arcsin √p

	
Population count

	
Log (x + 1)




	
Damage

	
Proportion of organs with symptoms

	
Arcsin √p

	
Proportion of organs with symptoms

	
Arcsin √p




	
Phyllonorycter cerasicolella

	
Population count

	
√x

	
Population count

	
√x




	
Monosteira unicostata

	

	

	

	




	
Population

	
Proportion of organs occupied

	
Arcsin √p

	
Population count

	
Log (x + 1)




	
Damage

	
Scale (0–3), then proportion of leaf surface with damage

	
Arcsin √p

	
Scale (0–3), then proportion of leaf surface with damage

	
Arcsin √p




	
Hemiberlesia rapax

	
Proportion of organs occupied

	
Arcsin √p

	
Proportion of organs occupied

	
Arcsin √p




	
Chrysopidae sp.

	
Population count

	
√x

	
Population count

	
√x




	
Euseius stipulatus

	
Population count

	
√x

	
Population count

	
√x




	
Other arthropods

	
Population count

	
√x

	
Population count

	
√x




	
Stigmina carpophila

	
Proportion of organs occupied

	
Arcsin √p

	
Proportion of organs occupied

	
Arcsin √p




	
Polystigma amygdalinum

	
Proportion of organs occupied

	
Arcsin √p

	
Proportion of organs occupied

	
Arcsin √p
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Table 2. Significance (p) of treatment (Tr) and interaction treatment × sampling date (Tr × SD) for important parameters registered in almond sampling in 2017–2020.






Table 2. Significance (p) of treatment (Tr) and interaction treatment × sampling date (Tr × SD) for important parameters registered in almond sampling in 2017–2020.





	

	
2017

	
2018

	
2019

	
2020

	
2017–2020




	

	
Tr

	
Tr × SD

	
Tr

	
Tr × SD

	
Tr

	
Tr × SD

	
Tr

	
Tr × SD

	
Tr

	
Year

	
Tr × Year






	
Hyalopterus amygdali

	

	

	

	

	

	

	

	

	

	

	




	
Population

	
0.644

	
0.084

	
0.166

	
0.039 *

	
0.184

	
0.577

	
-2

	
-

	
0.707

	
0.089

	
0.181




	
Damage 1

	
0.952

	
-

	
0.309

	
-

	
<0.01 **

	
-

	
-2

	
-

	
0.062

	
-

	
-




	
Tetranychus urticae

	

	

	

	

	

	

	

	

	

	

	




	
Population

	
0.166

	
0.028 *

	
0.368

	
0.260

	
0.826

	
0.272

	
<0.01 **

	
<0.01 **

	
0.297

	
0.133

	
0.080




	
Damage

	
0.114

	
0.069

	
0.012 *

	
<0.01 **

	
<0.01 **

	
<0.01 **

	
<0.01 **

	
<0.01 **

	
0.075

	
0.180

	
<0.01 **




	
Asymmetrasca decedens

	
0.013 *

	
0.802

	
<0.01 **

	
0.034 *

	
<0.01 **

	
0.063

	
<0.01 **

	
<0.01 **

	
0.082

	
0.469

	
<0.01 **




	
Phyllonorycter cerasicolella

	
- 3

	
-

	
0.714

	
0.269

	
0.814

	
0.042 *

	
0.312

	
0.624

	
0.621

	
0.562

	
0.575




	
Monosteira unicostata

	
0.509

	
0.771

	
- 3

	
-

	
- 3

	
-

	
- 3

	
-

	

	

	




	
Hemiberlesia rapax

	
- 3

	
-

	
- 3

	
-

	
0.108

	
0.760

	
- 3

	
-

	

	

	




	
Chrysopidae sp.

	
0.497

	
0.093

	
0.932

	
0.046 *

	
0.606

	
0.423

	
<0.01 **

	
0.030 *

	
0.175

	
0.030 *

	
0.584




	
Euseius stipulatus

	
0.781

	
0.115

	
0.269

	
0.100

	
0.072

	
0.382

	
0.186

	
0.097

	
0.316

	
<0.01 **

	
0.205




	
Other arthropods

	
0.117

	
0.214

	
0.417

	
0.700

	
0.403

	
0.302

	
0.070

	
0.313

	
0.319

	
0.057

	
0.231




	
Stigmina carpophila

	
0.795

	
0.187

	
0.096

	
0.052

	
0.014 *

	
0.308

	
0.232

	
0.107

	
0.420

	
0.025 *

	
<0.01 **




	
Polystigma amygdalinum

	
- 3

	
-

	
- 3

	
-

	
0.146

	
0.328

	
<0.01 **

	
0.341

	
0.128

	
0.113

	
0.326








Repeated-measures ANOVA was used to analyze most of the data in each individual year. GLM analysis was used to analyze the years together, although for some response variables (Tetranychus urticae population, Asymmetrasca decedens) the data included only three available years (2018 to 2020) to use similar population density data. 1 Damage produced by Hyalopterus amygdali was analyzed with the non-parametric Wilcoxon signed-rank test. 2 COVID-19 restrictions from 15 March to 15 May prevented adequate sampling of this insect. 3 Not present in the sampling period, or with such low presence that it was not included in the analysis. * p < 0.05; and ** p < 0.01.
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