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Abstract

:

The need to diversify agricultural production has fostered the cultivation of several crops under environmental conditions atypical to their origin, justifying the extreme importance of studies on the agricultural management of crops in semiarid regions. In this context, this study aimed to evaluate the effects of irrigation depth and potassium doses on fig quality under semiarid conditions. The experiment was conducted in a 4 × 4 split-split-plot design, in randomized block design, with three replicates. The plots corresponded to four irrigation levels (50%, 75%, 100%, and 125% ETc), the subplots consisted of four potassium doses (0, 60, 120, and 240 g K2O plant−1), and the sub-subplot corresponded to the crop years (2018/19 and 2019/20). Results showed that water deficit reduced fig productivity, and the irrigation levels equal to or greater than 100% ETc performed cumulatively throughout the growing cycles. Therefore, irrigation depths from 85.19% to 95.16% ETc are recommended for greater water-use efficiency and fruit quality. Furthermore, potassium fertilization mitigated water stress in fig plants, allowing for reduced irrigation levels, especially in the second year, without compromising fruit traits.
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1. Introduction


The cultivation of figs (Ficus carica L.) in semiarid conditions is highly favorable. The high temperature and low relative humidity in the semiarid region reduce the incidence of fungal diseases, in addition to improving the organoleptic characteristics of the fruits [1]. However, the region suffers from water scarcity, and difficult-to-manage water resources face increased water demand [2]. Water deficit is one of the main factors that limit plant growth by reducing cell turgor and extension [3]. In addition, the growth rate and crop yield are negatively affected due to impaired photosynthesis and enzymatic activity and the excessive production of reactive oxygen species (ROS) [4,5].



In ‘Abboudi’ and ‘Gizy’ fig cultivars, irrigation below 100% ETc caused a water deficit that significantly reduced the plant morphometric and physiological traits [6]. In ‘Roxo-de-Valinhos’ cultivars, irrigation at 100% ETc increased production and improved the morphological characteristics of fruits during the rainy period [7]. In this sense, the irrigation must supply the plant’s physiological demand, because in conditions of water stress, the fig tree can suffer from severe stress [8,9], impairing nutrient absorption and causing physiological [4,10], productive, and qualitative damage to the plant [7,11,12].



Potassium (K) plays a key role in vegetative growth [13], production, and fruit quality [14,15]. Furthermore, in sufficient quantity in plants, K is an important mitigant of the deleterious effects of water stress due to its contribution to the prevention of oxidative stress, osmotic regulation, protein synthesis, and photosynthesis [16,17]. However, under water deficit conditions, K uptake is reduced, drastically reducing photosynthesis and productivity, causing leaf senescence and increasing the synthesis of reactive oxygen species (ROS) responsible for oxidative stress [18,19].



Thus, finding a balance between the ideal irrigation blade and potassium doses that mitigate the deleterious effects on plants and increases fruit productivity and quality under semiarid conditions is a key factor for efficient production. Controlling biotic and abiotic stress and accurately estimating water demand are essential for the sustainable management of water resources in fig trees. Therefore, the objective was to evaluate the effects of irrigation levels and potassium doses on the production and quality of fig fruits cultivated in semiarid climatic conditions.




2. Materials and Methods


2.1. Characterization of the Experimental Area


The experiment was carried out in the municipality of Mossoró, in the west region of the state of Rio Grande do Norte, Brazil (5°11′15″ S, 37°20′39″ W, 18 m above the sea level, flat relief). The climate of the region is ‘BShw’ according to the Köppen classification [20], with a 673.9 mm average annual rainfall and a 27.4 °C average annual temperature, featuring two well-defined seasons: dry and hot summer (from June to January) and dry winter (from February to May).



During the experiment, temperature, minimum and maximum air relative humidity (Figure 1A,B), solar radiation and rainfall (Figure 1C), and average wind speed (Figure 1D) were collected from the automatic weather station (EMA) of UFERSA.




2.2. Cultivation Conditions


Fig plants from the ‘Roxo de Valinhos’ cultivar, 5 years old and spaced 2.0 m × 1.5 m apart, were evaluated during two production cycles: the first from September 2018 to February 2019 and the second from August 2019 to February 2020. The plants were pruned on 25 September 2018 in the first cycle (18/19) and on August 10, 2019 in the second (19/20). The productive branches were pruned to 5 cm long, leaving two to five vegetative buds. At 15 days after pruning, the budding branches were thinned so that the plants remained with only ten productive branches each. During the first 30 days, all plants received the same irrigation depth (100% ETc) with the aim of inducing sprouts to develop equally. Afterwards, the plants received the different irrigation depths as treatments.



After production pruning, each plant was fertilized with 200 g of phosphorus and 160 g of nitrogen, split into three applications. Monoammonium phosphate (10% N, 46% P2O5) was used as phosphorus source, while urea (46% N) was used as nitrogen source. In both production cycles, fertilizers were applied under the canopy of the trees and incorporated superficially into the soil with the aid of a shovel [21]. In addition, 10 kg of organic compost with previously determined chemical characteristics was applied, as recommended by [12] (Table 1).




2.3. Experimental Design


The experimental design used was randomized blocks in a split-plot arrangement, with three blocks and two plants per experimental unit. The plots corresponded to the irrigation levels: 50, 75, 100, and 125% crop evapotranspiration (ETc). The potassium doses were applied in the subplots: 0, 60, 120, and 240 g plant−1. At last, the sub-subplot corresponded to the crop years (2018/19 and 2019/20). Potassium chloride (60% K2O) was used as the potassium source, being split into three applications every 20 days. The application and incorporation were performed according to [21].



The application of the irrigation levels was performed through an automatic microsprinkler irrigation system, using emitters with an average flow rate of 31 L h−1, determined in the experiment, based on the estimation of the crop evapotranspiration (ETc). Due to low rainfall, irrigation was applied daily. The ETc and the reference evapotranspiration (ETo) were estimated by the standard FAO Penman–Monteith method [22]. The same irrigation blades were applied to the same plants in the two cultivation cycles. Due to the long drought period in the region, the crop management, such as pruning and soil water storage replacement, was performed again.



The estimation of the crop coefficients (Kc) by the FAO method (Allen et al., 1998) used the basal crop coefficients (Kcb) of each plant growth stage. Stage I—sprouting/initiation of new leaves; Stage II—start of effective full cover/inflorescence development; Stage III—effective full cover/beginning of fruit harvest; stage IV—end of harvest. The irrigation time was then calculated for the treatment with 100% ETc, using the 94.5% irrigation efficiency determined in the field and a 2% leaching fraction, with plants spaced 2 m × 1.5 m apart (Table 2). Irrigation efficiency was calculated according to [23], considering it equal to the average of the application uniformity coefficient (AUC), Christiansen’s uniformity coefficient (CUC), and statistical uniformity coefficient (SUE), which were tested using some microsprinklers in each irrigation level. The leaching fraction was only considered for this experiment, considering other research carried out in the region.




2.4. Characteristics Evaluated


Fruits were harvested three times a week when they reached the physiological maturation stage (Stage III) suitable for in natura consumption [1]. Fruit weight was measured on a digital analytical scale (±0.01 g). The number of marketable fruits (MF) and yield of marketable fruits (MY) (t ha−1) were quantified. When the production of fruits intended for commercialization drastically reduced, turning the harvest economically unfeasible, the remaining green fruits (destined for the industry) were harvested and counted to determine the number of green fruits (IF). In addition, the total number of fruits (TF) and total yield (green and ripe fruits) were determined as t ha−1. Marketable fruits (mature stage) are destined for fresh consumption (mature stage), while green fruits are intended for industry, for instance, to produce figs in syrup (green and semimature stages).



Irrigation water-use efficiency—IWUE (t ha−1 mm) and water-use efficiency—WUE (t ha−1 mm) were calculated according to [24,25]:


  I W U E =       E   y       I   r       ∗ 100  



(1)






  W U E =       E   y       E   T c       ∗ 100  



(2)




where Ey is the economical yield (t ha−1), Ir is the amount of applied irrigation water (mm), and ETc is the evapotranspiration (mm). However, in our calculation, total yield was used for Ey.




2.5. Fruit Quality


To evaluate fruit quality, only the mature fruits intended for trade (in natura) were collected. Ten fruits were evaluated per plant to determine the average fruit length (FL), fruit diameter (FD), and fruit mass (FM), totaling twenty fruits per plot. The fruits were measured with a digital caliper (±0.01 mm). The average fruit mass was determined with an analytical balance, and the results were expressed in grams (±0.01 g).



Color space and fruit firmness were determined using ten fruits per plot. Peel color was determined with a Chroma Meter–400/410 colorimeter (Minolta Corp., Osaka, Japan), by performing one reading on each side of the fruit. The lightness (L*), saturation (C), and hue angle (°hue) were also evaluated. Fruit firmness was determined using a digital texture analyzer manufactured by Stable MicroSystems®, model TA.XTExpress/TA.XT2icon, equipped with a 5 mm diameter probe. Two readings were performed on each side of the fruit, and the results were expressed in newtons (N).



Twelve fruits were evaluated per plot to determine the fruit physicochemical characteristics. The soluble solids (SS) were determined directly in the homogenized pulp juice using a digital refractometer (model PR–100, Palette, Atago Co., Ltd., Tokyo, Japan), with the results expressed in °Brix [26].



The titratable acidity (TA) was determined by volumetric titration using 1 g of pulp transferred to a 125 mL Erlenmeyer flask with 50 mL of water. Subsequently, titration was performed with a previously standardized NaOH 0.1 M solution until pH reached 8.1, with the results expressed in g 100 g−1 pulp of citric acid [26]. The SS/TA ratio was determined by relating the values of soluble solids and titratable acidity.



The potential of hydrogen (pH) was estimated using a potentiometer with automatic temperature adjustment (Model mPA-210 Tecnal®, Ourinhos, Brazil), previously calibrated with buffer solutions at pH 7.0 and pH 4.0 [26]. The data were expressed in actual pH values.



Vitamin C was estimated by titration with Tilman’s solution (DCPIP-2,6-dichlorophenol-indophenol at 0.02%), using 1 g of sample diluted in a 100 mL volumetric flask with 0.5% oxalic acid, according to the methodology proposed by [27], with the results expressed in mg of ascorbic acid 100 g−1 pulp.




2.6. Statistical Analysis


The data obtained were subjected to the Shapiro–Wilk normality test and the test of homogeneity of variances according to Bartlett, and, if within the standards for normality and homogeneity, they were subjected to analysis of variance by the F-test (p = 0.05). The quantitative data were subjected to regression analysis, while the qualitative data were subjected to the least-significant difference test (LSD) (p = 0.05). All analyses were performed using the statistical software R, version. 4.0.2 [28].





3. Results


3.1. Climatic Influence


The maximum and minimum temperatures and humidity showed small variations during the crop growth period. The greatest discrepancies between climatic data in the period close to the same developmental stages were observed at 121 and 122 DAP, with differences of 4.31 °C and 4.83 °C from 2018/19 to 2019/20 (Figure 1A,B).



The solar radiation values showed greater reductions in the winter months, given the increase in cloudiness during this period. The most significant reductions were recorded in the first cycle (18/19) (Figure 1B). The total monthly rainfall values were higher in the first cycle, with 35.31, 57.40, and 33.53 mm from December 2018 to February 2019 (Figure 1B). The average wind speed observed during the fruit production period did not damage the fruits. A reduction in the wind speed was observed precisely when the fruits were under development and maturation, with a more significant reduction in the first cycle (18/19) (Figure 1D).



During the production period, the first crop year (18/19) showed lower average and total values for crop evapotranspiration (ETc—Stages I and IV) and reference evapotranspiration (ETo—Stages III and IV) compared to the second crop season (19/20) (Figure 2A,B). The climatic effects influenced the irrigation levels (Li) applied, and although the second crop year (19/20) had higher Li values applied, the first crop year (18/19) showed higher average values, with stage III constituting the period with the highest water requirement by the plants (Table 2).




3.2. Production and Water Efficiency


The marketable yield (MY), the total yield (TY), the number of marketable fruits (MF), and the total number of fruits (TF) were influenced by the irrigation levels applied (Li) in the two crop years (18/19 and 19/20) (p < 0.001). As for the number of green fruits (GF) per plant, this variable was only influenced by the Li applied (p < 0.01). There was no significant effect for potassium doses (p > 0.05).



For the MY (Figure 3A) and TY (Figure 3B), the first crop year (18/19) showed linear increases with the increase in the Li, reaching yield values of 17.53 and 33.52 t ha−1 at 125% ETc, respectively. In the second year (19/20), the highest mean values for MY and TY (7.99 and 15.85 t ha−1) were obtained at the Li of 95.16% and 102% ETc, respectively (Figure 3A,B). Among the Li values, there was a significant difference only at 125% ETc, for which the first year (18/19) resulted in an MY value 75.01% higher than the second year (19/20) (p < 0.001).



The first crop year (18/19) linearly influenced the MF, resulting, with the water deficit, in the lowest values. In the second year (19/20), for the same variable, the highest mean (61.60 fruits) was obtained at the Li of 94.89% ETc (Figure 3C). On the other hand, there was a greater number of green fruits (GF) (91.50 fruits) at the Li of 98.42% ETc (Figure 3D). For the TF, in the first and second years (18/19), the highest total numbers of fruits (169.69 and 162.69 fruits) were obtained at the Li of 125% and 95.13% ETc, respectively (Figure 3E).



The irrigation levels influenced the water-use efficiency (WUE) and the irrigation water-use efficiency (IWUE) in the two crop years (p < 0.05). In the first year (18/19), the highest values for WUE (2.14 t ha−1 mm) and IWUE (1.88 t ha−1 mm) were obtained at the Li of 125% ETc, resulting in the highest fig yields (Figure 4A,B).



There was a quadratic regression response in the second year (19/20), with means of 16 ton ha−1 mm for the WUE at the Li of 88.54% ETc and 0.99 ton ha−1 mm for the IWUE at the Li of 86.96% ETc. For the WUE, the first crop year obtained a 42.60% efficiency compared to the second year at the Li of 75% ETc (p < 0.05), and 78.04% at the Li of 125% ETc (p < 0.001).



Among the irrigation levels, there was a 21.02% yield reduction for the Li of 75% and 125% ETc, and only 2.75% for the Li of 75% and 100% ETc. The Li of 50% and 100% ETc were not influenced between crop years (p > 0.05) (Figure 4A). For the IWUE, there was a difference only for the Li of 125% ETc, with the first crop year (18/19) being 76.17% superior to the second (19/20) (p < 0.001) (Figure 4B).




3.3. Fruit Physical Characteristics


Fruit length (FL) was influenced by the Li and potassium doses in the two production years (p < 0.001). In the first year (18/19), the plants without potassium fertilization (0 g K plant−1) and those fertilized with 60 and 120 g K plant−1 presented average fruit length (FL) values of 42.99, 42.19, and 41.70 mm at the Li of 104%, 104.55%, and 97.88% ETc, respectively (Figure 5A). In the second year (19/20), the plants fertilized with 60 and 120 g K plant−1 presented average FL values of 40.40 and 40.02 mm at the Li of 85.19% and 98.70% ETc, respectively. However, the regression response was negative in the plants without potassium (0 g K plant−1), with a decrease occurring in the FL with the increase in the Li up to 92.07% ETc, with an average of 35.35 mm (Figure 5B).



There was an 18.51% reduction in the Li (19.36 mm) from the first to the second year with the application of 60 g K plant−1, with a 6.02% loss in FL (1.78 mm). When 120 g K plant−1 was applied, there was only a 0.83% increase in the Li (0.81 mm) in the second year (19/20), with a 4.02% reduction in the FL (1.67 mm). For the plants fertilized with 240 g K plant−1, there was a growing linear behavior with the increase in the irrigation levels applied in the first (18/19) and second crop years (19/20) (Figure 5A,B).



The irrigation levels influenced the fruit mass (FM) (p > 0.01) and the potassium doses in the two crop years (p < 0.05). There were linear increases in FM with the increase in the Li values up to 125% ETc (Figure 5C). For the potassium doses, the fruits from the first year (18/19) were larger than those produced in the second year (p < 0.05), but there was no significant reduction between them, thus being statistically equal. The second year, however (19/20), provided the highest average fruit mass (42.35 g) at the dose of 107.93 g K plant−1, after which the FM was reduced at higher K doses (Figure 5D).



For the variables related to the color space of fruits, the irrigation levels influenced fruit lightness (L*) in the second year (19/20), presenting the lowest mean value for this variable (29.14 L*) at the Li of 82.87 ETc% (Figure 6A). The hue angle (°Hue) obtained the highest means in the fruits of the plants subjected to the highest water deficit, possibly characterizing fruits at an earlier maturation stage, closer to a green-yellowish color (Figure 6B).



Fruit firmness (FF) was influenced by the irrigation levels and potassium doses in the two production years (p < 0.01). In the first year (18/19), the Li increase in the plants fertilized with 60 g K plant−1 caused a significant reduction in FF (2.08 N) up to the Li of 105% ETc, with further increases in FF occurring at higher Li values. In the plants without potassium (0 g K plant−1), the firmest fruits (4.52 N) were obtained at the Li of 75.34% ETc, with reductions occurring in FF at lower Li values (water deficit), as well as at higher Li values up to 97.50% ETc, which resulted in the lowest result for FF (4.22 N). There were increases in FF at higher Li values (Figure 7A).



In the second year (19/20), the increase in the irrigation levels in the plants fertilized with 60 and 240 g K plant−1 caused reductions in FF up to the Li of 95.51% (2.82 N) and 92.50% (3.58 N), respectively, with further increases in FF occurring at higher Li values (Figure 7B). For the plants without potassium application (0 g plant−1), there was a growing linear response of FF with the increase in the Li (ETc%). This response can be associated with the organic fertilization provided to the plants in both cycles (18/19 and 19/20). For the plants fertilized with 120 g K plant−1, there were maximum increases in FF (4.36 N) by applying irrigation levels up to 103.75% ETc, with reductions in FF at higher Li values (Figure 7B).




3.4. Fruit Physicochemical Characteristics


The contents of soluble solids (SS), titratable acidity (TA), potential of hydrogen (pH), and ratio (SS/TA) of the fig fruits were influenced by the irrigation levels (Li) and potassium doses in both production years (p < 0.001). The fruit vitamin C content, in turn, was only influenced by the Li.



In the first year (18/19), the plants without fertilization (0 g plant−1) remained statistically equal, not being affected by water deficit or excess (p > 0.05). The SS content increased linearly with the increase in the Li (ETc%) in the plants fertilized with 60 g K plant−1. For the plants fertilized with 120 and 240 g K plant−1, the lowest SS contents were obtained with water deficit below the irrigation levels of 70.51% (10.69 °Brix) and 71.85% ETc (9.27 °Brix), while the highest SS contents were obtained with the increase in the Li up to 111.31% (14.42 °Brix) and 99.09% ETc (10.06 °Brix), respectively, with reductions in the SS contents at higher Li values (Figure 8A).



In the second year (19/20), the highest SS contents were obtained at the Li of 63.84% (16.69 °Brix), 69.70% (20.38 °Brix), and 63.54% (20.28 °Brix) in the plants without fertilization (0 g K plant−1) and in the plants fertilized with 60 and 120 g K plant−1, respectively. There was a reduction in the SS contents at lower Li values (water deficit) and at Li values up to 117.1% (11.39 °Brix), 124.75% (10.37 °Brix), and 118.30% ETc (11.25 °Brix) for the doses of 0, 60, and 120 g K plant−1, respectively. For the plants fertilized with 240 g K plant−1, the highest SS content was obtained at the Li of 101.91% ETc, with 16.70 °Brix (Figure 8B).



In the first year (18/19), the TA at the Li values of 88.24%, 66.88%, and 89.29% ETc resulted in 0.19, 0.22, and 0.18 g of citric acid in the fruits grown with 0, 60, and 120 g K plant−1, respectively. In the plants fertilized with 240 g K plant−1, there was a growing linear increase in the TA of fruits with the increase in the Li values (Figure 9A). In the second year (19/20), the lowest TA value (0.16 g of citric acid) was obtained at the Li of 88.64% ETc for the plants without potassium fertilization (0 g K plant−1) (Figure 9B). When applying 60 g K plant−1, the lowest values appeared between the Li of 33.33% ETc, which resulted in 0.49 g of citric acid, and the Li of 100% ETc, with 0.64 g of citric acid.



Fruit pH showed no significant effect of the irrigation levels for the plants fertilized with 60 g K plant−1 in both years (18/20 and 19/20). In the absence or at the maximum K dose (0 and 240 g K plant−1), the water deficit provided the highest fruit pH contents, with decreases in this variable (5.40 and 5.44) with the increase in the irrigation levels up to 100% and 90.91% ETc, respectively, further increasing at higher Li values (ETc%). The fruits of plants fertilized with 120 g K plant−1 obtained a pH 5.09 at the Li of 73.33% ETc. The reduction (water deficit) or increase in the irrigation levels up to 100% ETc decreased the fruit pH (5.00). There were, however, increases in the fruit pH at higher Li values (Figure 9C).



In the second year (19/20), the plants without fertilization (0 g K plant−1) showed the highest fruit pH value (4.80) at the Li of 92.76% ETc. The plants fertilized with 120 g K plant−1 showed the highest fruit pH (4.92) at the Li of 66.01% ETc, with a decrease occurring in this variable with the increase in water deficit and with the increase in the Li up to 117.32% ETc, which resulted in the lowest pH value (4.10) (Figure 9D). Fruit pH increased linearly with the increase in the Li (ETc%) in the plants fertilized with 240 g K plant−1 (Figure 9D).



For SS/TA ratio in the first crop year (18/19), the water deficit resulted in higher SS/TA values for the fruits of the plants fertilized with 120 g K plant−1, reducing when the irrigation levels were increased up to 103.93%, which resulted in the lowest SS/TA ratio value (40.33) (Figure 10A).



In the second year (19/20), the highest SS/TA values (87.13 and 103.57) were obtained at the Li of 87.93% and 112.78% ETc for the plants fertilized with 0 and 240 g K plant−1, respectively (Figure 10B). The plants fertilized with 60 g K plant−1 showed the highest SS/TA values at the Li of 67.87% ETc (129.31), reducing the SS/TA values with increasing Li values up to 121.87% ETc, which resulted in the lowest value for the SS/TA ratio (26.99).



For the fruit vitamin C content, the first year (18/19) showed no statistical difference, with statistically equal means at the irrigation levels applied. For the second year (19/20), the highest vitamin C contents were obtained with plants subjected to a water deficit. The increase in the Li up to 105.93% ETc reduced the fruit vitamin C content (47.71 g mg of ascorbic acid 100 g−1 pulp), further increasing at higher Li values (Figure 10C).





4. Discussion


Solar radiation significantly influences plants during the production years, affecting the crop energy balance. The reflection of the incident solar radiation is associated with plant yield by photosynthesis, transpiration, flowering, and maturation. Daily observations regarding variations in soil moisture and water flow and climatic variation observations can provide essential elements to quantify the water balance components and estimate the actual crop evapotranspiration [29].



Under ideal management conditions, the plants did not show severe damages due to high temperatures for being a fruit species native to arid regions, featuring young leaves adapted to conditions of high radiation and temperature, and developing specific morphophysiological characteristics to withstand the tensions mentioned above [30]. However, under water deficit conditions (50% ETc), the crop entered a rest period, maintaining only its physiological conditions for survival.



Water deficit reduces plant growth and productivity, although it improves some fruit quality attributes, such as increased antioxidant and sugar content [31], as we observed in our study. Such reductions caused by water stress were greater when low K was available to plants, causing drastic leaf dropping and decreasing MY and TY and increasing the content of soluble sugars and vitamin C. Similar results were observed by [32] in Nicotiana rustica.



Plants respond differently depending on the stress level: under mild water stress or water stress of limited duration, ‘stress avoidance’ mechanisms are induced, including stomatal closure and increased root/shoot ratio [4]. Under severe stress or after a long-term stress, in contrast, ‘dehydration avoidance’ mechanisms, such as osmolytes accumulation and cell wall stiffening, are induced [6].



The low yield is directly correlated with the number of fruits. The higher the water deficit imposed on the plants, the lower the fruit quality and yield. The more water provided to the plants, the higher the WUE and IWUE values in the first year, although reducing in the second year (19/20), which confirms the sensitivity of the plants subjected to water deficiency and water excess.



Lower WUE values possibly occur when soil evapotranspiration is high compared to the crop evapotranspiration, therefore not supplying the plant with the proper water requirement of the crop [33]. When faced with severe water stress, plants reduce the leaf area, close their stomata, and undergo leaf senescence, resulting in phenological responses that save water, possibly for survival in later periods [34].



The results showed that both water deficit and water excess, in a cumulative manner, caused fruit length reduction and that the irrigation level estimated by the FAO method [22] was highly precise in determining the water requirement of the plant. This limitation in the final fruit size may be related to the photosynthetic limitations of the plant faced with water deficit, which could cause reductions in the absorption and translocation of assimilates to the fruits. The effect of water deficit on fruit reduction has also been observed for the fig crop [7], for an extra early peach cultivar [35], and for highbush blueberries [36].



Likewise, water excess in the soil causes anaerobic stress to the roots, a condition that suppresses root activity, reduces root growth, and decreases nutrient and water absorption due to low transpiration. However, the plants fertilized with 240 g K plant−1 showed a linear increase in fruit length at high irrigation levels. This linear behavior may be associated with the high K content in the soil solution, allowing absorption by mass flow, which may not have occurred at the lowest doses due to K depletion in the soil solution, with absorption occurring by diffusion instead [37]. The greater fruit mass obtained at the high K dose may be related to the effect of abiotic stress, considering that the climatic conditions of study are extreme, which may require an increased content of this nutrient.



The plants subjected to the highest water deficit condition (50% ETc) showed a considerable delay in fruit harvest: almost 30 days in the first crop year (18/19) and 20 days of difference in the second (19/20). Fruit harvest becomes a problem for the fig crop under water deficit (50% ETc): although all harvest aspects were analyzed, the fruits produced by plants subjected to water stress showed a dull green color (higher hue angle value), which was confirmed by the fruit color analysis (L* and h°), and may indicate a semimature maturation stage, considering that water stress strongly influences the fruit maturation process [38]. Moderate stress usually acts by providing improvements in fruit maturation, as noted in the results, while severe water stress (50% ETc) acts by delaying the process.



Although the plants fertilized with potassium presented reduced FF with the increase in the irrigation levels, satisfactory firmness values were still verified in the fruits, especially in the second year. Similar results with expressive responses only in the second year were reported by [39].



The reduction in the SS concentration in the fruits of plants under excessive irrigation levels (125% ETc) may be related to a dilution effect [36,40]. On the other hand, there was no effect of the irrigation levels on the SS, TA, SS/TA ratio, and firmness of fig fruits from cultivars subjected to irrigation deficit regulated at 50 and 100% ETc [41]. The increase in SS in the plants subjected to water deficit may be caused by an active osmotic adjustment in the fruits, which favors the increase in the content of solutes [39].



What may explain the high vitamin C content in the second cycle (19/20) is the effect of aerobic metabolism in plants on the generation of reactive oxygen species (ROS). The overproduction of ROS may be a response to water stress (drought), and plants regulate the expression of antioxidant enzymes to maintain ROS homeostasis, ensuring uninterrupted metabolism [5]. Antioxidants possess greater potential according to their ability to provide bioactive substances that neutralize ROS and remaining free radicals by oxidative stress [42,43,44]. When there is an excessive production of ROS under stress conditions, there is also membrane, DNA, and protein damage, in addition to lipid peroxidation [45], with the production of small hydrocarbon fragments, which may react with thiobarbituric acid to form colored products called TBARS [46].




5. Conclusions


Considering what was observed, water deficit significantly reduces the production characteristics of plants, as well as irrigation water levels equal to or greater than 100% ETc applied cumulatively throughout the years of cultivation. Thus, irrigation water levels between 85.19% and 95.16% ETc are the most recommended to obtain greater water efficiency for the crop and produce quality fruits. It was observed that a higher water deficit leads to increases in the SS and vitamin C contents in the fruits. Potassium influenced the reduction in water stress in the fig plants, providing reductions in the irrigation levels applied, especially in the second year, without compromising the fruit properties. The dose of 107.93 g K plant−1 provides fruits with a higher average mass.
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Figure 1. Climatic data collected during the experimental period (from 2018/2019 to 2019/2020). Temperature and relative humidity (18/19—(A); 19/20—(B)), global solar radiation and rainfall (C), and average wind speed (D) under semiarid conditions. Stage I—sprouting/initiation of new leaves; Stage II—start of effective full cover/inflorescence development; Stage III—effective full cover/beginning of fruit harvest; Stage IV—end of harvest. 
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Figure 2. Standard crop evapotranspiration (A) (ETc 100% mm day−1) and reference evapotranspiration (B) (ETo 100% mm day−1) in the days after pruning, under semiarid climatic conditions, in the 2018/2019 and 2019/2020 crop years. Stage I—sprouting/initiation of new leaves; Stage II—start of effective full cover/inflorescence development; Stage III—effective full cover/beginning of fruit harvest; stage IV—end of harvest. 
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Figure 3. Marketable yield (A) and total yield (B)—ton ha−1, and number of marketable fruits (C), green fruits (D), and total fruits (E) of fig plants grown under semiarid climatic conditions in the 2018/2019 and 2019/2020 crop years. * Significant (p < 0.05); ** (p < 0.01); *** (p < 0.001). 
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Figure 4. Water-use efficiency (WUE) (A) and irrigation water-use efficiency (IWUE) (B) of fig plants grown under semiarid climatic conditions in the 2018/2019 and 2019/2020 crop years. * Significant (p < 0.05); ** (p < 0.01); *** (p < 0.001). 
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Figure 5. Fruit length ((A)—18/19 and (B)—19/20) and average fruit mass as a function of irrigation levels—Li (C) and potassium doses (D) in fig plants grown under semiarid climatic conditions in the 2018/2019 and 2019/2020 crop years. ns Not significant (p > 0.05); * Significant (p < 0.05); ** (p < 0.01); *** (p < 0.001). 
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Figure 6. Lightness (L*) (A) and hue angle (°Hue) (B) of fruits as a function of the irrigation levels in fig plants grown under semiarid climatic conditions in the 2018/2019 and 2019/2020 crop years. ns Not significant (p > 0.05); *** (p < 0.001). 
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Figure 7. Firmness of fig fruits produced in the 2018/2019 (A) and 2019/2020 (B) crop years as a function of irrigation levels and potassium doses under semiarid conditions in the 2018/2019 and 2019/2020 crop years. * Significant (p < 0.05); ** Significant (p < 0.01); *** Significant (p < 0.001); ns Not significant (p > 0.05). 
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Figure 8. Soluble solids of fig fruits produced in the 2018/2019 (A) and 2019/2020 (B) production cycles as a function of irrigation levels and potassium doses under semiarid conditions in the 2018/2019 and 2019/2020 crop years. ** Significant (p < 0.01); *** Significant (p < 0.001); ns Not significant (p > 0.05). 
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Figure 9. Titratable acidity of fig fruits in the 2018/2019 (A) and 2019/2020 (B) crop cycles, and pH of fig fruits in the 2018/2019 (C) and 2019/2020 (D) crop cycles as a function of irrigation levels and potassium doses under semiarid conditions in the 2018/2019 and 2019/2020 crop years. * Significant (p < 0.05); ** Significant (p < 0.01); *** Significant (p < 0.001); ns Not significant (p > 0.05). 
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Figure 10. SS/TA ratio ((A)—2018/2019; (B)—2019/2020) and vitamin C (C) of fig fruits as a function of irrigation levels under semiarid conditions. * Significant (p < 0.05); ** Significant (p < 0.01); *** Significant (p < 0.001); ns Not significant (p > 0.05). Means of 2 crop years (2018/2019 and 2019/2020). 
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Table 1. Analysis of the organic source used in fertilizing plants.
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Samples

	
pH

	
EC

	
OM

	
P

	
K+

	
Na+

	
Ca2+

	
Mg2+

	
Al3+

	
(H + Al)

	
SB

	
CTC

	
V

	
PET




	

	
(Substrate)

	
dS m−1

	
g kg−1

	
Mg dm3

	
cmolc dm3

	
%






	
Organic compost

	
7.24

	
3.26

	
38.17

	
522.275

	
433.61

	
3716.9

	
0

	
0

	
0

	
0

	
17.28

	
17.28

	
100

	
93.58








Electric conductivity (EC); organic matter (OM); phosphorus (P); potassium (K+); sodium (Na+) extractor mehlich-1; calcium (Ca2+); magnesium (Mg2+); aluminum (Al3+) extraidos com KCl 1 mol L−1; potential acidity (H + Al); sum of bases (SB); cationic exchange capacity (CTC); base saturation (V); percentage of exchangeable sodium (PET).
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Table 2. Irrigation level applied—Li (mm) and crop coefficient—Kc in each growth stage and for each crop year (2018/2019 and 2019/2020).
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Years/

	
Li

(ETc%)

	
Stage/Total Days *




	
Stage I

25/33

	
Stage II

35/59

	
Stage III

68/63

	
Stage IV

20/23

	
Total

mm

	
Average

mm Day−1






	
18/19

	
50

	
23.96

	
71.55

	
224.03

	
52.58

	
372.12

	
2.51




	
19/20

	
33.37

	
101.34

	
188

	
67.72

	
390.43

	
2.19




	
18/19

	
75

	
35.95

	
107.32

	
336.05

	
78.87

	
558.19

	
3.77




	
19/20

	
50.06

	
152.01

	
282

	
101.58

	
585.65

	
3.29




	
18/19

	
100

	
47.93

	
143.09

	
448.06

	
105.16

	
744.24

	
5.02




	
19/20

	
66.74

	
202.68

	
376.01

	
135.44

	
780.87

	
4.39




	
18/19

	
125

	
59.91

	
178.86

	
560.08

	
131.45

	
930.298

	
6.28




	
19/20

	
83.43

	
253.34

	
470.01

	
169.31

	
976.09

	
5.48




	
Kc 18/19

	
0.73

	
0.89

	
1.00

	
0.67

	
----------------------------




	
Kc 19/20

	
0.75

	
0.88

	
1.03

	
0.99








* Total days at each stage (18–19/19–20).
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