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Abstract

:

Nutritional status improvement is a surrogate approach to overcoming undesirable soil conditions. This study was performed in sandy clay loam soil that was characterized by certain undesirable parameters (ECe = 6.4 vs. 7.2 dS m−1, CaCO3 = 8.8 vs. 9.2%, and pH = 7.78 vs. 7.89) on olive (Olea europaea, Arbequina cv.) in the 2020 and 2021 seasons to investigate the influence of two highly soluble phosphorus fertilizers, mono-ammonium phosphate (MAP) and urea phosphate (UP). The treatments included 0.336, 0.445, and 0.555 kg tree−1 for MAP1, MAP2, and MAP3 and 0.465, 0.616, and 0.770 kg tree−1 for UP1, UP2, and UP3, respectively, in comparison to granular calcium super-phosphate (GCSP) at the recommended rate (0.272 kg P2O5 equal 1.75 kg tree−1). This experiment was established according to a randomized complete block design. Generally, our results indicated that both MAP and UP applications surpassed GCSP for all studied parameters except leaf copper uptake in the 2021 season. Moreover, among the HSPFs applied, it was found that applying the maximum levels gave the best results. However, MAP3 gave the maximum values for shoot length, SPAD reading, and dry fruit matter. Moreover, UP3 produced the best results for the leaf area, olive tree yield, total olive yield, total fresh weight, flesh weight (FlW), fruit length (FrL), and leaf Fe content in both seasons.
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1. Introduction


Abiotic stresses (ABSs), including salinity, calcification, and high soil pH, are major constraints affecting the agricultural sector in many parts of the world. However, calcareous soils are characterized by high calcium carbonate (CaCO3) content, which, in turn, affects soil properties—for example, causing a low cation exchange capacity (CEC), high pH, and decreased availability of most essential nutrients, in addition to low content of soil organic matter (SOM) and loss of nutrients through deep percolation, causing a nutritional imbalance among different nutrients [1,2]. According to [3], most calcareous soils exist in arid and semi-arid regions and cover more than 30% of the Earth’s surface. Thus, soil salinity is no less important than calcareous soil; however, approximately 4 × 104 ha becomes unsuitable for cultivation every year owing to salinization [4]. Based on reports published by specialized agencies of the United Nations, it was revealed that approximately half of the irrigated area is either salinized or has the possibility of developing salinity in the future. Soil salinity occurs owing to soluble salt accumulation in the root zone, resulting in abnormal plant growth and development, which, in turn, affects productivity. Generally, saline soil is identified by the electrical conductivity (ECe) of the saturated soil paste in the root zone exceeding 4 dsm−1 at 25 °C and an exchangeable sodium percentage (ESP) ≥ 15% [5]. The total cultivated area in arid and semi-arid regions is estimated at around 831 million ha across the world, and it is expected that more than 50% of arable land will be saline by 2050 [6,7]. Given the aforementioned information, this issue requires more attention and further efforts among researchers to overcome these undesirable characteristics that hinder nutrient uptake, causing the abnormal growth and development of plants, which, in turn, influences crop productivity.



Balanced fertilization is the best agronomic practice for soil management in plants under stressed conditions. Among the essential macronutrients, phosphorus (P) is one of the most important, along with nitrogen (N) and potassium (K), as it is considered the most influential for root development and thus increases the plant’s ability to absorb water and nutrients from the soil. Moreover, it has a crucial role in several metabolic processes, including protein synthesis, cell division and elongation, respiration, the consumption of energy-rich compounds (adenosine tri-, di-, and monophosphate, ATP, ADP, and AMP), the photosynthesis process and nutrients’ movement within plants [8,9,10]. Furthermore, P is an essential integrated element of nucleic acids and phospholipids and plays a central role in sugar assimilation [11,12]. Besides these vital roles, P plays a fundamental role in phosphoprotein and fat metabolism, sulfur metabolism, biological oxidation, and several other metabolisms dependent on the application of P [13]; however, both saline and calcareous soils suffer from the unavailability of P and other micronutrients as a result of high pH, in addition to chemical reactions that affect these nutrients, whether by loss or fixation, due to the reaction of P anions with calcium (Ca) and magnesium (Mg) to form insoluble phosphate complex compounds with limited solubility, besides decreasing the organic matter below the critical level [14,15,16]. Generally speaking, P is absorbed in the form of H2PO4− and HPO4−− through root hairs and root tips; although the total amount of P may be high, the majority is often restricted [17], in addition to the loss of P from the soil due to its negative charge. However, more than 80% of added P converts into an unavailable form due to its fixation and adsorption processes [18,19]. As is well known, either a deficiency or excess of P in the soil can negatively affect plant performance. P causes stunted plants and root diameter decrease [20,21], as well as disturbances to chlorophyll pigment production and the accumulation of anthocyanins, resulting in purple discoloration [22,23,24]. On the other hand, the overapplication of P at levels that exceed crop demands could increase P losses to the subsurface and groundwater [9] and decrease the absorption of zinc (Zn), manganese (Mn), copper (Cu), and iron (Fe); consequently, the symptoms of their deficiency appear on the crop, which, in turn, affects the productivity [25].



Recently, attention has turned towards applying highly soluble phosphorus fertilizers (HSPF) including mono-ammonium phosphate (MAP), urea phosphate (UP), and mono-potassium phosphate (MKP) as an alternative surrogate to overcome the fixing and retaining of phosphate ions. Both MAP and UP are acidic phosphorus fertilizers that markedly enhance phosphorus use efficiency (PUE) by lowering soil pH in saline and calcareous soils with high pH values. However, a decreasing pH enhances micronutrients’ availability, thus improving the solubility of calcium and preventing its association with P [26,27]. UP is an amino-structured complex and a highly acidic fertilizer produced by the reaction of phosphoric acid (H3PO4) with urea CO(NH2)2, and its chemical structure is H3PO4.CO(NH2)2 [28,29]. Moreover, MAP is an acidic fertilizer, but is manufactured via the reaction of H3PO4 with ammonia (NH3), and its chemical structure is NH4H2PO4. Despite the little information available about HSPF, its positive influences were an important factor for the generalization of its application instead of traditional fertilizers such as calcium super-phosphate. The authors of [30] reported that spraying P in different forms, such as MAP, UP, and MKP, increased nitrogen and potassium accumulation. Similarly, the results of [31] indicated that applying MAP, UP, and MKP as foliar treatment improved the flowering, fruit set, yield, and oil content of picual and kalamata cultivars. These results were confirmed by [32,33], which stated that the increases obtained with N and P application could be due to increases in hermaphrodite flowers, thus improving the flowering set, fruiting, fruit quality, and yield. Some studies [34,35] stated that MAP application was the best treatment to improve P availability compared with traditional P fertilizers such as calcium super-phosphate. These results have been confirmed by [36,37]; however, they indicated that the application of MAP improved the chemical constituents and productivity of potatoes.



By 2018, olive (Olea europaea L.) cultivation had reached approximately 11 million ha throughout the world, with more than 90% concentrated in Mediterranean countries [38]. Olive trees are cultivated to produce oil and table olives. In Egypt, olive cultivation is considered among the most important commercial cultivation practices, and it ranks fourth in Africa after citrus, mango, and table grapes [39]. Egypt is responsible for more than 13% of the world’s production; however, the total cultivation area reached 101,326 ha, with total production reaching 874,748 tons, in 2017, according to the Ministry of Agriculture. However, the majority is cultivated in newly reclaimed lands; most of these lands are sandy soils that suffer from some negative characteristics. P fertilization is one of the most important factors in its annual growth cycle; however, P is essential to enhance flower formation, cell division and elongation, the development of new growth tissues, and the photosynthesis process and root growth, which in turn increase the productivity [40,41]. However, P is the most important basic nutrient determining the oil yield and its components; moreover, the quality parameters of oil can be altered due to the influence of P on phospholipid formation. Despite all the positive effects of P fertilizer, some previous studies indicated that P did not cause any increases in the yield or its attributes [42,43]. Under these ABSs, some types of phosphorus fertilizers, such as mono-ammonium phosphate (MAP) and urea phosphate (UP), are applied instead of calcium super-phosphate (CSP), whereas both MAP and UP may be more effective and easier to apply via fertigation and foliar spray.



The main objective of this research was to evaluate the potential performance of two types of highly soluble phosphorus fertilizers, namely MAP and UP, with low pH (<7.0), due to the nature of Egyptian soils with high soil pH. To do so, three levels of P2O5—0.205, 0.272, and 0.339 tree−1—were applied with both fertilizers in a comparative study with one level (0.272 P2O5 tree−1) of granular calcium super-phosphate (GCSP), with a high pH (>7.0), in an attempt to improve the nutrient uptake of olive trees (Arbequina cv.) grown under multi-stress conditions, which in turn affects the growth and productivity characteristics.




2. Materials and Methods


2.1. Study Location, Weather Conditions, and Plant Materials


This study was accomplished through the Egyptian–Spanish Project in Kawm Ushim district (29°55′ N; 30°88′ E), located on Cairo–Fayoum Desert Road, Egypt, during the seasons of 2020 and 2021. It was performed on olive (Olea europaea L. Arbequina cv.) trees grown on sandy clay loam soil to investigate the influence of two types of highly soluble phosphorus fertilizers, mono-ammonium phosphate (MAP) and urea phosphate (UP), which were applied five times, in comparison with granular calcium superphosphate (GCSP) with chemical structure Ca(H2PO4)2 as a control treatment.



The trees were around 15 years old, propagated by leaf cutting, and planted at a distance of 5 × 8 m2 from one another under a drip irrigation system, and the selected trees were visually free from diseases. The arbequina olive cultivar was chosen for its characteristics of self-pollination, an abundant yield, and a strong ability to resist drought and high temperatures. Accordingly, it is considered the most suitable for the Mediterranean countries; its olives are distributed as food products or used to produce oils rich in antioxidants. All horticultural practices, including irrigation and weed, pest, and disease control, were applied according to the recommendations of the Egyptian Ministry of Agriculture and Soil Reclamation. The selected trees were as uniform in shape and size as possible, and similar in vigor and growth. The weather data of the study region are presented in Table 1.




2.2. Treatment and Experimental Design


According to technical bulletin No. 2 of 2016, issued by the General Administration of Agriculture, the recommended fertilization program for olive trees aged over 6 years is 394, 500, 810, and 400 g of N, P2O5, K2O, and MgO, respectively. Both experiments included three levels of P, namely 0.205, 0.272, and 0.339, which were calculated as P2O5% from two highly soluble phosphorus fertilizers (HSPFs) (MAP at total MAP1= 0.336, MAP2= 0.445, and MAP3 = 0.555 kg tree−1 in five equal doses at rate 67.2, 89.0, and 111.0 g tree−1) and (UP at rate UP1 = 0.465, UP2 = 0.616, and UP3 = 0.770 kg tree−1 in five equal doses at rate 93.0, 123.2, and 154.0 g tree−1) in comparison with the recommended level of P2O5 (0.272) at GCSP, 1.75 kg tree−1.



The experimental plots were colonized and identified by the three levels of MAP and three levels of UP in addition to one level of GCSP, which were allocated in 7 treatments, and each treatment was repeated five times in the middle of March, April, May, June, and July in both growing seasons as a soil application in four plots, as described in Table 2. Each treatment consisted of three trees.



Both fertilizers applied, MAP and UP, were purchased from the ICL and SQM companies via their distributors in Egypt. Meanwhile, GCSP was produced by the Suez company that produces fertilizers in Egypt. The field experiment was established according to a randomized complete block design (RCBD). The chemical analysis of the applied PFs in this study is shown in Table 3.




2.3. Soil sampling and Determination


Soil samples were randomly taken from the surface layer at a depth of 0–25 cm, before the application of treatments, and transferred to the Soil, Water, and Plant Analysis Laboratory (SWPAL) at the Faculty of Agriculture and Natural Resources, Aswan University, to determine some soil chemical and physical properties (Table 4) Particle size distribution was evaluated using the hydrometer method [44], soil pH was measured in soil paste using a pH meter [45], electrical conductivity (EC) was measured in soil paste extract using an EC meter, and calcium carbonate content (CaCO3%) was determined using a calcimeter, as described by [46].



In addition, soil organic matter (SOM) was determined according to the Walkley–Black method [47]. Regarding the determination of soluble ions, the soluble cations, sodium (Na+), potassium (K+), calcium (Ca++), and magnesium (Mg++) were extracted with 1N NH4AC; however, Na+ and K+ were determined with a flame photometer [48], whereas Ca++ and Mg++ were measured with the EDTA titration method. Soluble anions, carbonate (CO3−−), bicarbonate (HCO3−), chloride (Cl−), and sulfate (SO4−−) were determined with the titration method [45]. Nitrogen (N), phosphorus (P), and potassium (K) extracted were determined by the modified micro Kjeldahl method, as in [49,50,51], respectively.



Some available micronutrients, including iron (Fe), manganese (Mn), zinc (Zn), and copper (Cu), were extracted with DTPA [52] and determined using inductively coupled plasma–optical emission spectrometry (ICP-EOS, PerkinElmer OPTIMA 2001 DV, Norwalk, CT, USA), as described in [53].




2.4. Physiological and Growth Parameters


Twenty shoots at one year old were randomly selected on each side of the ten olive orchard trees in mid-September (after growth cycle) and spotted for every replicate to measure some attributes, including shoot length (ShL), which was measured in cm; number of leaves per shoot (NLSh); average number of leaves per meter and leaf area (LA, cm²) of the third and fourth leaves from the top of new spring shoots, which were estimated using a digital planimeter device (Planx 7 Tamaya). Relative chlorophyll content (SPAD) was determined using a SPAD-502 m device (Minolta, Osaka, Japan).




2.5. Leaf Nutrient Measurements


Leaf samples were collected from the twenty selected shoots from ten trees, washed with distilled water, oven-dried at 70 °C for 72 h, and crushed to determine N, P, K, Ca, Mg, and Na according to the method described in [50]. Micronutrients (Fe, Mn, Zn, and Cu) were determined using inductively coupled plasma–optical emission spectrometry (ICP-EOS, PerkinElmer OPTIMA 2001 DV, Norwalk, CT, USA) as described in [53].




2.6. Total Olive Yield (kg tree−1)


In mid-October (harvesting time) in 2020 and 2021, the average yield was recorded (in kg tree−1) for each tree under each treatment, and the total olive yield (TOY) per hectare was calculated based on the number of trees in a hectare.




2.7. Fruits’ Physical and Chemical Characteristics


Samples of 100 fruits from each treated tree were randomly picked in both seasons, and we examined shoots from each replicate to study their physical and chemical characteristics, namely fruit length (FrL, cm), fruit diameter (FrD, cm), fruit shape index (LD), flesh weight (FlW), fruit weight (TFrW, g), and flesh/fruit ratio, according to [54]. Fruit oil percentage as a dry weight was determined according to [55] by extracting the oil from the dried flesh samples using a Soxhlet fat extraction apparatus and petroleum ether of (60–80 °C) boiling point as a solvent, and the percentage of oil was determined on a dry weight basis. Regarding the determination of dry weight and moisture content (%), a sample of 50 fruits was dried at 70 °C in an electric oven until a constant weight was reached. The average dry weight was determined and the percentage of moisture per fruit was calculated.




2.8. Statistical Analysis


Analysis of variance (ANOVA) and Duncan’s test were performed on three replicates for nutrient determinations and five replicates for physiological and growth parameters and yield and its attributes using the InfoStat statistical package, version 2011 (InfoStat Microsoft) [56]; here, the replicate was considered the random variable, whereas the treatment was the fixed variable. The standard of error (±SE) was calculated for each treatment. A stepwise regression test was performed to identify the extent of the relationships between the olive tree yield (OTY, kg) and olive oil content (OOC, %) with the nutrients, growth, physiological parameters, and yield attributes under multi-abiotic stresses.





3. Results


3.1. Leaf Nutrient Contents


As presented in Table 5, we found that the application of 0.770 kg tree−1 of urea phosphate (UP3) was the superior treatment; it recorded the highest values (0.23 and 1.67%) for phosphorus (LPU) and calcium uptake (LCaU), respectively, in the 2020 season, and (0.72%) for leaf potassium uptake (LKU) in the 2021 season. Moreover, the trees fertilized by UP with 0.616 (UP2) and 0.465 kg tree−1 (UP1) displayed the maximum leaf magnesium uptake (LMgU) in the first season and leaf sodium uptake (LNaU) in the second season, respectively. On the other hand, the influence of the applied MAP was no less important than that of UP, whereas the trees treated with 0.336 kg tree−1 of MAP (MAP1) produced the greatest values (2.92 and 0.72%) for LNU and LKU in the first growing season, as well as 0.26 for LPU and 1.19% for LMgU in the second season, whereas applying UP at 0.465 kg (UP1) and MAP at 0.445 kg tree−1 (MAP2) gave the best values (2.27 and 1.48%) for LNU and LCaU, respectively, in the second season. It can be seen in Table 5 that the percentage increases of the greatest and lowest values were 66.91 vs. 149.58 for N, 76.92 vs. 85.71 for P, 18.03 vs. 22.03 for K, 96.47 vs. 74.00 for Ca, 72.50 vs. 41.67 for Mg, and 85.37 vs. 103.03 for Na in the two growing seasons, respectively.



The obtained data listed in Table 5 showed that the application of two different HSPFs, MAP and UP, irrespective of their applied levels, appreciably outperformed the traditional phosphorus fertilizer, GCSP, in improving the olive leaf nutrient content.



The results of the ANOVA indicated that all treatments had significant effects (at p ≤ 0.01) on the LNU, LPU, LMgU, and LNaU in both seasons; in addition, LKU in the first season and LCaU in the second season experienced significant effects, whereas there was a significant impact (at p ≤ 0.05) on LKU in 2020 and no significant influence on LCaU in 2021.



The influence of MAP and UP application on leaf micronutrient content in the 2020 and 2021 seasons are illustrated in Table 6. However, the highest values (234.42 vs. 239.00) for leaf iron uptake (LFeU) in both seasons and (22.00 mgkg−1) for leaf manganese uptake (LMnU) in the first season were recorded with the application of UP3, whereas the highest values (28.42 vs. 4.02 mgkg−1) of LMnU and leaf copper uptake (LCuU) were achieved via UP1.



Concerning MAP impacts, our results showed that MAP1 gave the maximum values (49.86 vs. 49.36 mgkg−1) for leaf zinc uptake (LZnU) in the 2020 and 2021 seasons, respectively. Moreover, LCuU recorded the greatest values (3.50 mgkg−1) in trees treated with MAP3. In contrast, dissimilar data were obtained regarding the lowest values. The UP2 treatment was the least effective, as it recorded the lowest values (169.51 mgkg−1) for LFeU in the first season and (24.49 vs. 28.99 mgkg−1) for LCuC in the two growing seasons, respectively. Meanwhile, the lowest LFeU was obtained with UP1. Similar data were observed for LMnU and LCuU, however, with the lowest values (21.09 vs. 2.50 mgkg−1) in fertilized trees with GCSP in the second season, whereas MAP3 was the least effective on LMnU in the first season, which reached 15.92 mgkg−1. Based on the comparison between the highest and lowest values, the percentages of increase reached 44.48 vs. 41.24% for Fe, 38.19 vs. 34.76 for Mn, 103.59 vs. 70.27% for Zn, and 109.58 vs. 60.80% for Cu in the 2020 and 2021 seasons, respectively.



The general trend of the data presented in Table 6 indicated that UP application was slightly more beneficial than MAP. Analysis of variance showed that the treatments had a significant influence (at p ≤ 0.01) on all studied micronutrient uptake in both seasons.




3.2. Physiological and Growth Attributes


The results pertaining to the influence of both phosphorus fertilizers applied, namely MAP and UP, in comparison with GCSP as a soil application on some physiological and growth parameters of olive trees grown under multi-abiotic stresses in the 2020 and 2021 seasons are graphically illustrated in Figure 1, Figure 2, Figure 3 and Figure 4. The obtained results indicated marked improvements for all studied physiological and growth parameters in both seasons; however, the highest values for shoot length (ShL) and leaf area (LA) were obtained via the applying of UP3 treatment in the two growing seasons.



Meanwhile, olive trees fertilized with 0.555 kg tree−1 of MAP (MAP3) showed the highest number of leaves (in area unit m2) and SPAD reading in both seasons, whereas the values reached 136.77 vs. 145.31 and 82.76 vs. 82.58 for both aforementioned attributes in the two growing seasons. On the other hand, we noted that the minimum values for all aforementioned parameters, with the exception of LA in the second season, were recorded in trees fertilized with the recommended level of GCSP (1.75 kg tree−1) in both seasons, whereas the lowest values of LA in the first season were recorded with MAP2 treatment. According to the comparison between the maximum and minimum values, the percentages of increase reached 22.37 vs. 51.19 for ShL, 27.17 vs. 19.54 for NLf, 14.18 vs. 11.64 for SPAD reading, and 16.43 vs. 13.47 for LA in the first and second seasons, respectively. The results of the ANOVA indicated that all treatments had significant effects (at p ≤ 0.01) for all aforementioned parameters except ShL in both seasons. However, there were significant (at p ≤ 0.05) and non-significant impacts for ShL in the 2020 and 2021 seasons, respectively.




3.3. Olive Fruit Quality


The results presented in Table 7 indicated that the olive trees fertilized with UP3 gave the maximum values (1.63 vs. 1.65 g) for total fruit weight (TFrW) and (1.32 vs. 1.31 g) for flesh weight (FlW) in the 2020 and 2021 seasons, respectively. Dissimilar results were obtained for seed weight (SeW), where the trees fertilized with GCSP gave the best values (0.29 g) in the first season, and trees treated with MAP1 and UP1 in the second season, since both of them gave the same value (0.30 g). As shown in Table 7, based on the obtained values for TFrW, SeW, and FlW, we found that the maximum values (81.26 vs. 4.35 and 81.32 vs. 4.36) for both fruit flesh weight (FrFlW%) and flesh/pit ratio (FPR), respectively, were achieved by applying UP3 in the growing season of 2020 and MAP1 in the growing season of 2021.



Despite the improvements achieved with MAP and UP, MAP2 treatment was the least influential on the TFrW in both seasons, with values of 1.63 vs. 1.65 g, and on FlW, recording 1.05 in the first season. Meanwhile, UP2 treatment had the weakest influence on SeW, FrFlW%, and FPR, recording values of 0.44, 70.75, and 2.43 in the first season. Accordingly, the lowest values (1.10, 73.35, and 2.77) for FlW, FrFlW, and FPR, respectively, were obtained in trees fertilized with GCSP in the second season. The obtained data indicated that the increment rates were 19.85 vs. 10.74 for TFrW, 25.71 vs. 19.09 for FlW, 14.86 vs. 10.87% for FrFlW, and 79.01 vs. 57.40% for FPR. Meanwhile, the rate of decline reached 34.09 vs. 25% for SeW in the two growing seasons, respectively. Analysis of variance indicated that the treatments had a significant impact (at P ≤ 0.01) on all studied attributes.



It is clear from Table 7 that UP3 and MAP3 led to appreciable improvements in fruit length (FrL) and fruit diameter (FrD), which in turn impacted the fruit shape index (LD). Our obtained results showed that the trees fertilized with UP3 achieved the highest values (15.11 vs. 16.08 mm) for FrL in both seasons, with 12.86 mm for FrD in the second season. Meanwhile, the greatest value (12.14 mm) for FrD was produced in trees treated with MAP3 in the first season. Based on the obtained values for FrL and FrD, the highest values (1.24 vs. 1.29) for LD were determined as a result of applying UP3 and MAP3 in the two growing seasons, respectively. On the contrary, trees fertilized with the MAP2 treatment yielded the minimum values of 13.17 vs. 13.79 mm for FrL and 11.28 vs. 11.47 mm for FrD in the 2020 and 2021 seasons, respectively. Meanwhile, the lowest values of 1.14 vs. 1.17 for LD were produced via UP2 treatment in both seasons, respectively. The obtained results in Table 7 show that the percentages of increase were 14.73 vs. 16.61, 7.62 vs. 12.12, and 8.77 vs. 10.26 for FrL, FrD, and LD in the growing seasons of 2020 and 2021, respectively. As displayed in Table 7, some parameters related to the flesh and seeds of olive fruits were significantly improved due to the application of the phosphorus fertilizers (MAP and UP) in comparison with GCSP. In our investigation, UP3 was the superior treatment for these fruit quality parameters. Although the improvements in the studied attributes were slight, the statistical analysis indicated that all treatments had significant effects (at p ≤ 0.01) on all studied parameters in the 2020 and 2021 seasons, respectively. Meanwhile, LD had a significant influence (at p ≤ 0.05) in the growing season of 2020.




3.4. Table and Oil Olive Yield


The impacts of different levels of MAP and UP in comparison with GCSP on fruit dry matter (FrDrM%), total olive yield (TOY, tree−1, and ha−1), and olive oil content (OOC, %) in the 2020 and 2021 seasons are presented in Table 8. The UP application was more effective compared with MAP treatment. The trees fertilized with UP3 produced the maximum total yield values, (42.67 vs. 42.83kg tree−1), and (10.75 vs. 10.79 ton ha−1), in the 2020 and 2021 seasons. Moreover, it was the best treatment for FrDrM% and OOC% in the second season, which reached 31.39 and 42.71%, respectively. Meanwhile, the trees treated with MAP3 recorded the highest values (32.99%) for FrDr% and (41.18%) for OOC in the first season, respectively.



Regarding the lowest values, the general trends indicated that the olive trees fertilized with GCSP recorded the minimum values (38.67 vs. 37.67 kg) for OTY and (35.92 vs. 35.45%) for OOC% in both seasons, respectively, as well as (29.22%) for FrDrM in the second season. In addition, the minimum values (9.66 vs. 9.41 ton ha−1) for TOY in the 2020 and 2021 seasons, respectively, and (29.22%) for FrDrM% in the second season were produced using 0.445 kg tree−1 (MAP2). The overall trends of our study showed that the trees fertilized with either MAP or UP outperformed their counterparts fertilized with GCSP.



As presented in Table 8, the percentage increases amounted to 12.90 vs. 7.43% for FrDrM%, 10.34 vs. 13.70% for OTY, 11.28 vs. 14.67% for TOY, and 14.64 vs. 20.48% for OOC in the growing seasons of 2020 and 2021, respectively. The results obtained from the statistical analysis revealed significant differences (at p ≤ 0.01) between treatments for all studied parameters in the first and second seasons, respectively.




3.5. Regression and Stepwise Analysis


The results obtained from the stepwise regression, shown in Table 9, indicate the relationship of the olive tree yield (OTY, kg) and olive oil content (OOC, %) with the leaf nutrient content, growth parameters, and yield attributes under multi-abiotic stresses in the 2020 and 2021 growing seasons. In both seasons, these factors made highly significant contributions to the OTY and OOC. In our results, the adjusted R2 values were 0.637 and 0.840 (r = 0.821 and 0.934) for OTY and 0.909 and 0.388 (r = 0.960 and 0.647) for OOC in the two seasons, respectively. The fitted equation then obtained demonstrated that the variation in OTY was explained by the variation in attributes such as FrL and LNC in 2020 and FrL, FrDrM%, FrFlW, and LD in 2021. Meanwhile, FrL, FrDrM%, and LMgC in 2020 and FrL in 2021 contributed to the OOC variation.





4. Discussion


This manuscript describes work that was carried out under multi-abiotic stresses through the application of two highly soluble phosphorus fertilizers (HSPFs) differing in their content of nitrogen (N%) and phosphorus (P2O5%), namely, MAP and UP, compared with GCSP as one of the most widely used phosphate fertilizers in Egypt, in an attempt to overcome the problem of P fixation and the unavailability of micronutrients under some abiotic stresses in olive trees (Oleaeuropaea L. arbequina cv.). As shown in Table 4, the tested soil suffered from more than one undesirable property, such as CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89, in the two growing seasons of 2020 and 2021, respectively, which hindered the optimal growth of the olive trees. All these undesirable characteristics combined to negatively affect the absorption of nutrients and thus lead to different physiological and growth attributes, which in turn affect the table and olive oil yield and its components. Generally speaking, the obtained results revealed that the applied HSPFs, either MAP or UP, irrespective of their applied levels, significantly affected all studied nutrients. Our obtained data indicated that LPU, LFeU, and LMnU in both seasons; LNU, LCaU, and LMgU in the first season; and LKU in the second season were significantly increased with the UP application, irrespective of the use level. Additionally, LKU and LNaU in the 2020 season, in addition to LNU, LCaU, and LMgU in the 2021 season and LZnU in both growing seasons, were obtained in plants fertilized with MAP, regardless of the applied levels. In this context, the influences of MAP and UP were somewhat similar in terms of the availability of nutrients compared with GCSP. Furthermore, the remarkable superiority of the application of UP over MAP was demonstrated. These results may be attributed to the improved effects of MAP and UP in reducing soil pH; however, the mean pH values of MAP and UP were 4.5 and 1.8, in comparison with GCSP, whose pH was 7.5, as presented in Table 3. This pH value can improve the availability of nutrients and make them more soluble for uptake by olive tree roots. Very recently, some results were reported by [57]; they mentioned the positive impact of phosphoric acid (H3PO4) in reducing soil pH. The obtained results are in accordance with the results of [58,59,60]. In this regard, similar results reported that the simulative influence of MAP and UP may be due to their vital role in reducing soil pH, which in turn markedly influences nutrient availability and plays a fundamental role in fixing atmospheric nitrogen, which is beneficial to enhancing LNU [61,62]. The notable declines in LNU, as shown in the MAP1, MAP3, and UP1 treatments, could be due to the translocation of N from leaves to fruit during the pollination stage. As shown in Table 3, irrespective of the applied level, applying ammonium sulfate with GCSP under a high soil pH encouraged the occurrence of mineralization in both 2020 and 2021. Then, the ammonium (NH4+) ions were converted into nitrate (NO3−) ions, which were lost by leaching; this could be due to the negative charge and increased water requirements, regardless of the nature of the dry climate. Although these results are not in agreement with the findings of [63,64], in which decreases in LNU were proposed to be due to the translocation of N to form young shoots, these results were in accordance with those obtained by [63,65]. They were not in line with [64], especially regarding LNU, wherein the recorded lower values may be due to the high CaCO3 content in the tested soil, in addition to the prevalent climatic conditions related to the ARH and AP, as presented in Table 1. In other words, both MAP and UP enhanced the root hair system, thus increasing the absorption efficiency of roots in the growing olive trees. These results were further explained based on the soil’s chemical and physical properties; HPO4−− and H2PO4− ions from both MAP and UP were absorbed quickly by root trees compared to GCSP. These ions were fixed in soil due to the high pH of dicalcium phosphate (CaHPO4) and tricalcium phosphate [Ca3(PO4)2], and their solubility was limited according to the following equation: Ca(H2PO4) + 2Ca+2 → Ca3(PO4)2 + 4H+. The precipitation of HPO4— on the surface of CaCO3 can be expressed by the following equation: Ca(H2PO4) + 2CaCO3 Ca3(PO4)2 + 2CO2 + 2H2O. Moreover, HPO4−− ions are fixed by an absorption reaction with Fe, Zn, and Mn. The only exception was that the highest LCuU was produced in plants treated with GCSP in the 2020 season. Similar results were reported by [66], who observed that using GCSP as a foliar application on eggplants in a high dose (2%) enhanced plant growth, which in turn affected nutrient uptake; alternatively, the result may have been due to an antagonistic effect between Cu and Fe, Mn, and Zn. In other words, the results could indicate that applying MAP or UP is better than applying GCSP, due to the fact that the presence of N and P in one chemical structure is better for the absorption of both nutrients compared to adding them individually with GCSP treatment. In summary, nutritional status is the basis upon which to evaluate physiological and growth parameters. It could be noticed that the maximum values were produced when applying the maximum level of the applied HSPF, irrespective of its type. However, the ShL values and SPAD readings were obtained with the MAP3 treatment in both seasons, in addition to the number of leaves per m2 (NLfm2) in the second season. Meanwhile, the maximum values of LA were produced in trees fertilized with UP3 in both seasons. These results also explain that the P reaction products differ from each other in their solubility. This confirms that the different sources of phosphate fertilizers are not equally effective, due to the presence of NH4+ ions in MAP and their conversion into NO3− ions. Similarly, the presence of amide groups (-NH2) in UP and their conversion into NH4+ ions and then into NO3− ions lead to a lowered soil pH in the rhizosphere zone [67]; in addition, the absorption of NO3− enhanced the dissolution of precipitated Ca-P compounds and P availability [68,69]. These results could be attributed to the vital role of MAP and UP in reducing soil pH and increasing the levels of available P, which, in turn, markedly affect several metabolic and physiological processes, such as protein synthesis [9] and phosphorprotein, fat, and sulfur metabolism [13]. In addition, it is an essential element in energy-rich compounds such as ATP, ADP, and AMP and in the photosynthesis process [8]; in turn, it significantly influences cell division and elongation. To confirm the role of soil pH in nutrient availability, some studies have been reported [70,71] regarding the influence of organic manure on reducing soil pH, which in turn positively impacted nutrient availability in Jerusalem artichoke plants. On the other hand, applying GCSP yielded the lowest values for all of the studied attributes. This is clear evidence of the difference in the solubility of H2PO4− and HPO4−− ions in the three studied phosphorus fertilizers, and thus their different behaviors in the soil. These results indicated that the P utilization from MAP and UP was higher than P in GCSP in the vegetative growth stage [72,73,74]. However, under high CaCO3 content conditions, the P in GCSP fertilizer converts from available to unavailable forms such as Ca2-P, Ca8-P, and Ca10-P.



The beneficial effects of P in MAP and UP, which, in turn, were reflected in the total olive yield and its attributes, are presented in Table 8; however, they could be a result of nutritional status improvement. These results are in agreement with the results of [58,61], who reported that absorbed N, P, and K act as cofactors to increase the total carbohydrates and their assimilation, which causes an increase in the assimilation products, which is consequently reflected in the studied yield attributes, such as TFrW, FlW, FrL, FrD, and FrDrM. In other words, these enhancements may be due to the improved impact of MAP and UP on the leaf K and Zn content [75,76,77,78]. Regarding the maximum OTY and TOY, it could be observed from our results that the maximum values of OTY and TOY were recorded for trees fertilized with the UP3 treatment, followed by the MAP3 treatment, in both seasons. It is evident that the TOY depends on the high level of the applied highly soluble phosphorus fertilizer. These results could be due to P and its synergistic effects on the translocation of different nutrients’ availability. Additionally, the increases in P application might cause improvements in the root system [79], consequently enabling plants to absorb more water and nutrients from the depths of the soil. Furthermore, the N present within the chemical structure of both MAP and UP played a cooperative role with P in enhancing the plant growth and the ability to increase flowering due to their direct influence on growth and on the promotion the chlorophyll formation [10]. These obtained results are in line with the previous results of [80,81].




5. Conclusions


Under saline calcareous alkaline soils, phosphorus and other micronutrients are fixed in unavailable forms. This work was conducted on olive (Olea europaea, Arbequina cv.) trees grown in sandy clay loam soil characterized by multiple undesirable properties (CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89) in the 2020 and 2021 seasons, respectively, under a drip irrigation system. Generally speaking, from our results, three main points could be concluded: (1) The application of highly soluble phosphorus fertilizers (HSPFs), mono-ammonium phosphate (MAP), and urea phosphate (UP), irrespective of the use level, was the most influential compared with granular calcium super-phosphate (GCSP) for all studied characteristics except leaf copper uptake. (2) Regardless of the applied level, plants subjected to the application of UP yielded superior results to their counterparts fertilized with MAP. (3) The application of the maximum level of either MAP (0.555 kg tree−1) or UP (0.770 kg tree−1) gave the best results for most of the studied traits. However, the trees fertilized with MAP3 gave the maximum values for shoot length, SPAD reading, and dry fruit matter. Meanwhile, the plants fertilized with UP3 produced the best results for the leaf area, olive tree yield, total olive yield, total fresh weight, flesh weight (FlW), fruit length (FrL), and leaf Fe content in both seasons. In short, the application of HSPFs under these conditions might be an alternative surrogate to improve nutrient efficiency and thus improve productivity.
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Figure 1. Influence of two phosphorus fertilizers; mono-ammonium phosphate (MAP) and urea-phosphate (UP) in comparison with granular calcium phosphate (GCSP) applied to shoot length (ShL, cm) of olive (arbequina cv.) trees grown in sandy loam clay soil under multi-abiotic stresses (CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89) during 2020 and 2021 seasons. GSCP applied represents 1.75 kg tree−1, MAP1, MAP2, and MAP3 represent MAP applied at 0.336, 0.445, and 0.555 kg tree−1, and UP1, UP2, and UP3 represent UP applied at 0.465, 0.616, and 0.770 kg tree−1. Bars in the same years with a different letter indicate significant differences between treatments at p ≤ 0.01. According to Duncan’s multiple range test, bars sharing the same letter in each column are not significantly different. 
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Figure 2. Influence of phosphorus fertilizers; mono-ammonium phosphate (MAP) and urea phosphate (UP) applied to number of leaves m−2 of olive (arbequina cv.) trees grown in sandy loam clay soil under multi-abiotic stresses (CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89) during 2020 and 2021 seasons. GSCP applied represents 1.75 kg tree−1, MAP1, MAP2, and MAP3 represent MAP applied at 0.336, 0.445, and 0.555 kg tree−1, and UP1, UP2, and UP3 represent UP applied at 0.465, 0.616, and 0.770 kg tree−1. Bars in the same years with a different letter indicate significant differences between treatments at p ≤ 0.01. According to Duncan’s multiple range test, bars sharing the same letter in each column are not significantly different. 
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Figure 3. Influence of phosphorus fertilizers; mono-ammonium phosphate (MAP and urea phosphate (UP) applied to SPAD reading of olive (arbequina cv.) trees grown in sandy loam clay soil under multi-abiotic stresses (CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89) during 2020 and 2021 seasons. GSCP applied represents 1.75 kg tree−1, MAP1, MAP2, and MAP3 represent MAP applied at 0.336, 0.445, and 0.555 kg tree−1, and UP1, UP2, and UP3 represent UP applied at 0.465, 0.616, and 0.770 kg tree−1. Bars in the same years with a different letter indicate significant differences between treatments at p ≤ 0.01. According to Duncan’s multiple range test, bars sharing the same letter in each column are not significantly different. 
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Figure 4. Influence of phosphorus fertilizers; mono-ammonium phosphate (MAP and urea phosphate (UP) applied to leaf area (LA, cm2) of olive (arbequina cv.) trees grown in sandy loam clay soil under multi-abiotic stresses (CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89) during 2020 and 2021 seasons. GSCP applied represents 1.75 kg tree−1, MAP1, MAP2, and MAP3 represent MAP applied at 0.336, 0.445, and 0.555 kg tree−1, and UP1, UP2, and UP3 represent UP applied at 0.465, respectively. 0.616 and 0.770 kg tree−1. Bars in the same years with a different letter indicate significant differences between treatments at p ≤ 0.01. According to Duncan’s multiple range test, bars sharing the same letter in each column are not significantly different. 
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Table 1. Average climate data for Kawm Ushim region (29°55′ N; 30°88′ E), Fayoum, Egypt in 2020 and 2021 growing seasons.
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Month

	
AD

	
AN

	
ARH

	
AWS

	
AM-PEC-A

	
AP




	
(°C)

	
(%)

	
(ms−1)

	
(mmd−1)

	
(mm d−1)






	
January

	
25.04

	
2.94

	
61.81

	
2.44

	
3.43

	
0.08




	
February

	
26.74

	
3.87

	
60.63

	
2.35

	
4.32

	
0.96




	
March

	
32.58

	
5.00

	
55.56

	
2.81

	
5.04

	
0.46




	
April

	
37.45

	
7.48

	
45.13

	
3.26

	
5.58

	
0.04




	
May

	
43.86

	
13.89

	
35.22

	
3.54

	
6.87

	
0.00




	
June

	
41.92

	
16.84

	
35.60

	
3.78

	
7.56

	
0.00




	
July

	
42.15

	
19.68

	
37.03

	
3.42

	
6.88

	
0.00




	
August

	
41.32

	
20.83

	
38.84

	
3.30

	
6.78

	
0.00




	
September

	
42.32

	
18.84

	
45.35

	
3.64

	
8.64

	
0.00




	
October

	
37.30

	
15.52

	
50.85

	
3.25

	
6.61

	
0.02




	
November

	
30.47

	
10.22

	
58.60

	
2.36

	
4.63

	
0.28




	
December

	
25.22

	
5.75

	
61.72

	
2.30

	
3.49

	
0.15








AD °C = Average day temperature, AN °C = Average night temperature, ARH = average relative humidity, AWS = average wind speed, AM-PEC-A = average measured pan evaporation class A and AP = average precipitation. Source: https://power.larc.nasa.gov/index.php, accessed on 22 August 2022.
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Table 2. Details of the treatments applied in this study: phosphorus fertilizers applied, composition of treatments, replications, and application times on olive trees (Olea europaea L. arbequina cv.) in 2020 and 2021.
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Symbol

	
Phosphorus Fertilizer Applied

	
Composition Treatment (kg tree−1)

	
Replication

	
Applying Time






	
GCSP

	
Granular calcium super-phosphate

	
5.0 kg of AS + 1.75 kg GCSP + 1.5 kg K2SO4 + 0.4kg MgSO4.7H2O

	
These quantities are equally added five times in four plots

	
All treatments were performed five times in the middle of March, April, May, June, and July




	
MAP1

	
Mono-ammonium phosphate

	
4.81 kg of AS + 0.336 kg MAP + 1.5 kg K2SO4 + 0.4kg MgSO4.7H2O




	
MAP2

	
4.74 kg of AS + 0.445 kg MAP + 1.5 kg K2SO4 + 0.4kg MgSO4.7H2O




	
MAP3

	
4.67 kg of AS + 0.555 kg MAP + 1.5 kg K2SO4 + 0.4kg MgSO4.7H2O




	
UP1

	
Urea phosphate

	
4.60 kg of AS + 0.465 kg UP + 1.5 kg K2SO4 + 0.4kg MgSO4.7H2O




	
UP2

	
4.47 kg of AS + 0.616 UP + 1.5 kg K2SO4 + 0.4kg MgSO4.7H2O




	
UP3

	
4.34 kg of AS + 0.770 UP + 1.5 kg K2SO4 + 0.4kg MgSO4.7H2O








GSCP = granular calcium super-phosphate, Ca(H2PO4)2 ≈ 15.5%P2O5, MAP = mono-ammonium phosphate NH4H2PO4 ≈ 61%P2O5, UP = urea-phosphate H2N-C = NH2.H2PO4 44%P2O5, AS = ammonium sulfate (NH4)2SO4 ≈ 20.6%N.
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Table 3. Chemical analysis of phosphorus fertilizers applied in this study.
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	Properties
	GCSP
	MAP
	UP





	Chemical formula
	Ca(H2PO4)2
	NH4H2PO4
	CO(NH2)2.H3PO4



	pH (1% solution)
	7.5
	4.5
	1.8



	N (%)
	0.0
	12.00
	17.72



	P2O5 (%)
	15.5
	61.00
	44.00
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Table 4. Some soil chemical and physical properties.
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Soil Property

	
2020

	
2021






	
Particle size distribution (%)




	
Sand

	
47.32

	
48.49




	
Silt

	
19.56

	
20.20




	
Clay

	
33.12

	
31.31




	
Soil texture

	
Sandy clay loam

	
Sandy clay loam




	
pH (in soil paste)

	
7.78

	
7.89




	
ECe (dS m−1)

	
6.4

	
7.2




	
Organic matter (%)

	
0.63

	
0.52




	
CaCO3 (%)

	
8.8

	
9.2




	
Soluble ions (mmol L−1)




	
CO3−−

	
-

	
-




	
HCO3−

	
2.8

	
3.7




	
Cl−

	
53.4

	
55.3




	
SO4−−

	
19.3

	
21.1




	
Ca++

	
39.6

	
41.2




	
Mg++

	
7.8

	
8.4




	
Na+

	
22.4

	
24.3




	
K+

	
5.7

	
6.2




	
Macronutrients (mg kg−1)




	
Total N

	
414

	
640




	
Extractible P NaHCO3 pH = 8.5

	
4520

	
4830




	
Extractible K NH4OAC pH = 7.0

	
1337

	
1415




	
DTPA Extractible micronutrients (mg kg−1)




	
Fe

	
10.7

	
11.2




	
Mn

	
4.5

	
6.3




	
Zn

	
0.15

	
0.14




	
Cu

	
0.48

	
0.38
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Table 5. Influence of different levels of MAP and UP in a comparison with the recommended GCSP level on leaf macronutrient uptakes of olive (Olea europaea L. arbequina cv.) trees grown in sandy loam clay soil under multi-abiotic stresses (CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89) during 2020 and 2021 seasons.
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Treatment

	
LNU

	
LPU

	
LKU

	
LCaU

	
LMgU

	
LNaU




	
(%, in DM of Leaves)




	
2020 Season






	
GCSP

	
1.63d ± 0.03

	
0.13e ± 0.03

	
0.66bc ± 0.01

	
0.85b ± 0.20

	
0.47cd ± 0.01

	
0.41f ± 0.01




	
MAP1

	
1.36d ± 0.05

	
0.14f ± 0.06

	
0.72a ± 0.03

	
1.41ab ± 0.01

	
0.63b ± 0.01

	
0.45e ± 0.01




	
MAP2

	
2.04ab ± 0.03

	
0.17d ± 0.16

	
0.71ab ± 0.04

	
1.39ab ± 0.01

	
0.41e ± 0.01

	
0.66c ± 0.01




	
MAP3

	
1.53e ± 0.03

	
0.19c ± 0.12

	
0.70ab ± 0.02

	
1.18ab ± 0.01

	
0.52c ± 0.03

	
0.76a ± 0.01




	
UP1

	
2.27a ± 0.03

	
0.17d ± 0.03

	
0.61c ± 0.01

	
1.42ab ± 0.24

	
0.43de ± 0.03

	
0.73b ± 0.01




	
UP2

	
1.55e ± 0.03

	
0.21b ± 0.03

	
0.71ab ± 0.01

	
1.12ab ± 0.01

	
0.69a ± 0.01

	
0.56d ± 0.01




	
UP3

	
1.76c ± 0.04

	
0.23a ± 0.06

	
0.63c ± 0.01

	
1.67a ± 0.17

	
0.40e ± 0.01

	
0.64c ± 0.01




	
2021 season




	
GCSP

	
2.04d ± 0.09

	
0.14f ± 0.05

	
0.69b ± 0.04

	
0.74f ± 0.01

	
0.84f ± 0.02

	
0.39e ± 0.01




	
MAP1

	
2.66b ± 0.05

	
0.26b ± 0.06

	
0.64c ± 0.09

	
0.95e ± 0.01

	
1.19a ± 0.01

	
0.37f ± 0.01




	
MAP2

	
1.19e ± 0.06

	
0.21de ± 0.06

	
0.61c ± 0.09

	
1.48a ± 0.03

	
0.91e ± 0.01

	
0.47d ± 0.01




	
MAP3

	
2.97a ± 0.4

	
0.20e ± 0.09

	
0.65bc ± 0.07

	
0.96de ± 0.05

	
0.80g ± 0.01

	
0.62b ± 0.01




	
UP1

	
1.98b ± 0.07

	
0.22cd ± 0.12

	
0.71a ± 0.09

	
1.38b ± 0.01

	
1.06c ± 0.01

	
0.67a ± 0.01




	
UP2

	
2.23c ± 0.05

	
0.31a ± 0.08

	
0.71a ± 0.07

	
1.06c ± 0.01

	
1.13b ± 0.01

	
0.33g ± 0.01




	
UP3

	
2.55b ± 0.06

	
0.24bc ± 0.06

	
0.72a ± 0.06

	
1.03cd ± 0.02

	
0.94d ± 0.02

	
0.51c ± 0.02








Mean values (±SE) with different letters in each column are significant (at p ≤ 0.05). GCSP represents granular calcium super-phosphate applied at 1.75 kg tree−1, MAP = mono-ammonium phosphate, MAP1, MAP2, and MAP3 represent MAP applied at 0.336, 0.445, and 0.555 kg tree−1, UP = urea phosphate, UP1, UP2, and UP3 represent UP applied at 0.465, 0.616, and 0.770 kg tree−1, all treatments were applied as a soil application. According to Duncan’s multiple range test, Means sharing the same letter in each column are not significantly different.
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Table 6. Influence of different levels of MAP and UP in comparison with the recommended GCSP level on leaf micronutrient uptakes of olive (Olea europaea L. arbequina cv.) trees grown in sandy loam clay soil under multi-abiotic stresses (CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89) during 2020 and 2021 seasons.
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2020 Season




	
Treatment

	
LFeU

	
LMnU

	
LZnU

	
LCuU




	
Leaves (mgkg−1)






	
GCSP

	
195.00c ± 2.89

	
19.59cd ± 0.63

	
37.10b ± 0.62

	
6.33a ± 0.03




	
MAP1

	
168.84e ± 1.59

	
18.34d ± 0.72

	
49.86a ± 0.16

	
1.67d ± 0.07




	
MAP2

	
208.83b ± 2.17

	
20.42b–d ± 0.38

	
31.48c ± 0.25

	
2.34c ± 0.10




	
MAP3

	
177.42d ± 2.55

	
15.92e ± 0.58

	
31.78c ± 0.13

	
3.50b ± 0.02




	
UP1

	
162.25e ± 1.06

	
23.58a ± 0.77

	
30.81cd ± 0.43

	
3.42b ± 0.04




	
UP2

	
165.75e ± 2.02

	
21.17bc ± 0.82

	
24.49e ± 0.29

	
2.34c ± 0.02




	
UP3

	
234.42a ± 4.28

	
22.00ab ± 0.05

	
29.90d ± 0.68

	
3.34b ± 0.14




	
2021 season




	
GCSP

	
196.00c ± 1.44

	
21.09d ± 0.63

	
38.10b ± 0.53

	
2.50d ± 0.29




	
MAP1

	
184.34d ± 2.50

	
22.34d ± 0.77

	
49.36a ± 0.15

	
3.09b–d ± 0.24




	
MAP2

	
218.77b ± 2.08

	
25.77bc ± 0.82

	
34.48c ± 0.58

	
2.84cd ± 0.10




	
MAP3

	
188.92d ± 8.90

	
21.28d ± 0.34

	
34.78c ± 1.83

	
4.00a ± 0.29




	
UP1

	
176.50e ± 2.89

	
28.42a ± 0.72

	
32.81c ± 1.00

	
4.02a ± 0.24




	
UP2

	
169.509a ± 0.72

	
24.57c ± 0.67

	
28.99d ± 1.12

	
3.34a–c ± 0.67




	
UP3

	
239.42a ± 3.99

	
27.50ab ± 0.87

	
33.06c ± 0.42

	
3.67ab ± 0.10








Mean values (±SE) with different letters in each column are significant (at p ≤ 0.05). GCSP = granular calcium super phosphate, MAP = mono-ammonium phosphate, UP = urea phosphate, MAP1, MAP2, and MAP3 represent MAP applied as a soil application at 0.336, 0.445, and 0.555 kg tree−1, UP1, UP2, and UP3 represent UP applied as a soil application at 0.465, 0.616, and 0.770 kg tree−1, control represent GCSP applied as a soil application at 1.75 kg tree−1. According to Duncan’s multiple range test, Means sharing the same letter in each column are not significantly different.
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Table 7. Influence of different levels of MAP and UP in comparison with the recommended GCSP level on some fruit quality of olive (Olea europaea L. arbequina cv.) trees grown in sandy loam clay soil under multi-abiotic stresses (CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89) during 2020 and 2021 seasons.
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Treatment

	
TFrW

	
SeW

	
FlW

	
FrFlW

	
FPR

	
FrL

	
FrD

	
LD




	
(g)

	
(%)

	
(mm)

	




	
2020 Season






	
GCSP

	
1.47b ± 0.01

	
0.29c ± 0.01

	
1.18b ± 0.01

	
80.39ab ± 0.70

	
4.11ab ± 0.18

	
13.33cd ± 0.07

	
11.55cd ± 0.19

	
1.16cd ± 0.02




	
MAP1

	
1.52b ± 0.03

	
0.32bc ± 0.01

	
1.20b ± 0.03

	
78.99ab ± 0.75

	
3.77ab ± 0.17

	
14.24b ± 0.16

	
11.62b–d ± 0.19

	
1.23ab ± 0.01




	
MAP2

	
1.36c ± 0.01

	
0.31bc ± 0.02

	
1.05c ± 0.02

	
77.14b ± 0.93

	
3.40b ± 0.23

	
13.17d ± 0.06

	
11.28d ± 0.12

	
1.19a–d ± 0.01




	
MAP3

	
1.55b ± 0.06

	
0.35b ± 0.01

	
1.20b ± 0.06

	
77.47b ± 0.89

	
3.45b ± 0.17

	
15.02a ± 0.24

	
12.14a ± 0.18

	
1.21a–c ± 0.03




	
UP1

	
1.52b ± 0.02

	
0.32bc ± 0.04

	
1.20b ± 0.04

	
78.85ab ± 0.71

	
3.84ab ± 0.49

	
14.16b ± 0.08

	
11.91a–c ± 0.14

	
1.17b–d ± 0.02




	
UP2

	
1.52b ± 0.03

	
0.44a ± 0.02

	
1.07c ± 0.02

	
70.75c ± 0.85

	
2.43c ± 0.10

	
13.68c ± 0.18

	
12.00a–c ± 0.12

	
1.14d ± 0.01




	
UP3

	
1.63a ± 0.06

	
0.30bc ± 0.01

	
1.32a ± 0.01

	
81.26a ± 0.65

	
4.35a ± 0.19

	
15.11a ± 0.10

	
12.13ab ± 0.37

	
1.24a ± 0.03




	
2021 season




	
GCSP

	
1.50c ± 0.03

	
0.40a ± 0.01

	
1.10b ± 0.04

	
73.35d ± 0.82

	
2.77c ± 0.17

	
14.09d ± 0.06

	
11.90b–d ± 0.25

	
1.19bc ± 0.03




	
MAP1

	
1.61a ± 0.04

	
0.30d ± 0.01

	
1.31a ± 0.03

	
81.32a ± 0.29

	
4.36a ± 0.08

	
15.05bc ± 0.10

	
12.35a–c ± 0.18

	
1.22a–c ± 0.02




	
MAP2

	
1.49c ± 0.02

	
0.35bc ± 0.01

	
1.14b ± 0.06

	
76.40c ± 0.33

	
3.24bc ± 0.06

	
13.79d ± 0.06

	
11.47d ± 0.21

	
1.21a–c ± 0.03




	
MAP3

	
1.61a ± 0.03

	
0.36b ± 0.02

	
1.25a ± 0.03

	
77.73bc ± 0.56

	
3.50b ± 0.12

	
15.43b ± 0.15

	
12.20a–d ± 0.43

	
1.29a ± 0.05




	
UP1

	
1.53bc ± 0.01

	
0.30d ± 0.02

	
1.24a ± 0.03

	
80.63ab ± 0.87

	
4.24a ± 0.42

	
14.63c ± 0.16

	
11.62cd ± 0.27

	
1.26ab ± 0.02




	
UP2

	
1.58ab ± 0.01

	
0.33b–d ± 0.01

	
1.25a ± 0.02

	
79.01a–c ± 0.94

	
3.78ab ± 0.22

	
14.76c ± 0.31

	
12.58ab ± 0.17

	
1.17c ± 0.01




	
UP3

	
1.65a ± 0.01

	
0.32cd ± 0.01

	
1.31a ± 0.01

	
80.65ab ± 0.54

	
4.17a ± 0.01

	
16.08a ± 0.15

	
12.86a ± 0.33

	
1.25a–c ± 0.03








Mean values (±SE) with different letters in each column are significant (at p ≤ 0.05). GCSP represents granular calcium super-phosphate applied at 1.75 kg tree−1, MAP = mono-ammonium phosphate, MAP1, MAP2, and MAP3 represent MAP applied at 0.336, 0.445, and 0.555 kg tree−1, UP = urea phosphate, UP1, UP2, and UP3 represent UP applied at 0.465, 0.616, and 0.770 kg tree−1. TFrW = total fruit weight, SeW = seed weight, FlW = flesh weight, FrFlW = TFrW/FlW, FPR = flesh/pit ratio, FrL = fruit length, FrD = fruit diameter, and LD = fruit shape index. All treatments were applied as soil applications. According to Duncan’s multiple range test, Means sharing the same letter in each column are not significantly different.
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Table 8. Influence of different levels of MAP and UP in comparison with the recommended GCSP level on fresh matter %, total olive yield (both tree and ha), and olive oil content of olive (Olea europaea L. arbequina cv.) trees grown in sandy loam clay soil under multi-abiotic stresses (CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89) during 2020 and 2021 seasons.






Table 8. Influence of different levels of MAP and UP in comparison with the recommended GCSP level on fresh matter %, total olive yield (both tree and ha), and olive oil content of olive (Olea europaea L. arbequina cv.) trees grown in sandy loam clay soil under multi-abiotic stresses (CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89) during 2020 and 2021 seasons.





	
Treatment

	
FrDrM

	
OTY

	
TOY

	
OOC




	
(%)

	
(kg tree−1)

	
(ton ha−1)

	
(%, DM)




	
2020 Season






	
GCSP

	
29.84e ± 0.45

	
38.67b ± 0.67

	
9.74b ± 0.13

	
35.92d ± 0.24




	
MAP1

	
30.88d ± 0.85

	
39.33b ± 0.67

	
9.91b ± 0.14

	
37.43cd ± 0.36




	
MAP2

	
29.22e ± 0.38

	
38.33d ± 0.88

	
9.66b ± 0.14

	
36.15cd ± 0.31




	
MAP3

	
32.99a ± 0.26

	
42.33a ± 0.58

	
10.67a ± 0.12

	
41.18a ± 0.47




	
UP1

	
32.49ab ± 0.46

	
41.67a ± 0.67

	
10.50a ± 0.12

	
38.99b ± 0.50




	
UP2

	
31.98bc ± 0.57

	
39.00b ± 0.58

	
9.83b ± 0.13

	
37.46c ± 0.42




	
UP3

	
31.39cd ± 0.51

	
42.67a ± 0.58

	
10.75a ± 0.13

	
40.72a ± 0.28




	
2021 season




	
GCSP

	
29.22e ± 0.30

	
37.67d ± 0.67

	
9.49d ± 0.14

	
35.45d ± 0.62




	
MAP1

	
30.88de ± 0.11

	
38.33cd ± 0.58

	
9.66cd ± 0.11

	
36.01cd ± 0.22




	
MAP2

	
29.84de ± 0.27

	
37.33d ± 0.67

	
9.41d ± 0.11

	
37.96bc ± 0.44




	
MAP3

	
32.99cd ± 0.39

	
41.67a ± 0.33

	
10.50a ± 0.13

	
41.42a ± 0.26




	
UP1

	
32.49bc ± 0.70

	
39.33bc ± 0.67

	
9.91bc ± 0.14

	
37.10b–d ± 0.89




	
UP2

	
31.98ab ± 0.46

	
39.67b ± 0.58

	
10.00b ± 0.14

	
38.87b ± 0.26




	
UP3

	
31.39a ± 0.26

	
42.83a ± 0.33

	
10.79a ± 0.14

	
42.71a ± 0.23








Mean values (±SE) with different letters in each column are significant (at p ≤ 0.05). GCSP represent granular calcium super-phosphate applied at 1.75 kg tree−1, MAP = mono-ammonium phosphate, MAP1, MAP2, and MAP3 represent MAP applied at 0.336, 0.445, and 0.555 kg tree−1, UP = urea phosphate, UP1, UP2, and UP3 represent UP applied at 0.465, 0.616, and 0.770 kg tree−1, all treatments were applied as a soil application. According to Duncan’s multiple range test, Means sharing the same letter in each column are not significantly different.
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Table 9. Proportional contribution in predicting olive tree yield (TOY, kg) and olive oil content (OOC, %) using stepwise multiple linear regression for multi-stressed olive trees fertilized by mono-ammonium phosphate (MAP) and urea phosphate (UP) in three levels in comparison with the recommended granular calcium super phosphate (GCSP) level in 2020 and 2021 seasons.






Table 9. Proportional contribution in predicting olive tree yield (TOY, kg) and olive oil content (OOC, %) using stepwise multiple linear regression for multi-stressed olive trees fertilized by mono-ammonium phosphate (MAP) and urea phosphate (UP) in three levels in comparison with the recommended granular calcium super phosphate (GCSP) level in 2020 and 2021 seasons.





	
r

	
R2

	
Adjusted R2

	
SEE

	
Significance

	
Fitted Equation






	
2020 season




	
0.821

	
0.673

	
0.637

	
1.192

	
***

	
OTY = 8.008+2.172FrL + 16.209LNC




	
0.960

	
0.922

	
0.909

	
0.626

	
***

	
OOC = −8.245 + 2.237FrL + 0.443FrDrM% + 2.906LMgC




	
2021 season




	
0.934

	
0.872

	
0.840

	
0.810

	
***

	
OTY = 0.298 + 1.838FrL + 0.642FrDrM% − 0.203FrFlW + 8.541LD




	
0.647

	
0.419

	
0.388

	
2.197

	
***

	
OOC = 3.758 + 2.343FrL
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