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Abstract

:

Nitrogen plays a vital role in plants’ biochemical and physiological functions, and it contributes significantly to increasing plant yield and fruit quality. Plants that efficiently absorb and utilize nitrogen enhance the efficiency of fertilizers, reducing their input costs and preventing ecosystem damage. Thus, an adequate nitrogen supply can significantly improve plant growth, fruit quality, and nutritional value. This research focused on evaluating the plant vegetative and productive performance and fruit quality of three short-day strawberry genotypes (“Cristina”, “Romina”, and “Sibilla”) that were fertilized with different amounts of nitrogen, in a crop that was protected under a plastic tunnel. The trial was conducted during two cultivation cycles. The nitrogen rates were 113, 90, and 68 kg/ha for the first year, and 118, 97, and 76 kg/ha for the second. Reduced nitrogen inputs did not significantly affect plant height, indicating that decreased nutritional intake does not harm plant development. The fruit sugar content value remained stable across all nitrogen supplies, as did the fruit titratable acidity. The cultivars maintained a medium fruit firmness at a 60% nitrogen supply, and the Chroma index was not affected. This study found that reducing nitrogen inputs did not have a significant negative impact on the three tested cultivars, making them suitable for cultivation with reduced nitrogen inputs to reduce the environmental impact and save growers’ inputs.
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1. Introduction


The vegetative, productive, and qualitative parameters of strawberry plants are influenced by their nutritional status [1,2]. Adequate levels of nitrogen (N), phosphorus (P), and potassium (K) are essential for proper plant growth and development [3,4]. The amount of fertilizer applied for strawberry cultivation in Italy is mainly based on farmers’ experience and sensitivity, and there is often an abuse of some nutrients. Plants that are efficient in absorbing and utilizing nutrients greatly enhance the efficiency of applied fertilizers, reducing input costs and preventing losses of nutrients to the ecosystems [5,6]. Therefore, studies on the vegetative, productive, and qualitative plant responses to different nutrient inputs are necessary to achieve the correct supply of nutrients. It is important to define the amount of nutrients to obtain the maximum performance of the plant, along with a low environmental impact. Nitrogen (N) is an essential nutrient that plays a vital role in the biochemical and physiological functions of plants, increasing plant yield and fruit quality [7,8,9,10]. The plant genotype, phenological stages, harvesting season, and administered doses determine the amount of nitrogen required by the plant during its cultivation cycle [8,11]. Agehara and Nunes showed that nitrogen fertilization increased the total production and earliness in strawberries grown under tropical conditions, thus avoiding the application of pre-planting nitrogen [12]. Furthermore, Cvelbar Weber et al. pointed out that different amounts of nitrogen swayed strawberry plant growth, yield, and fruit quality [13]. These studies confirmed the role of appropriate rates of nitrogen on strawberry plant yield and quality, depending on the cultivation conditions. Previous studies [14,15,16,17] explained that nitrogen fertilization influences floral initiation and the number of shoots and inflorescences of strawberry plants. According to [18], excessive nitrogen doses inhibit floral induction. On the contrary, runner production is stimulated by nitrogen availability [19]. At the same time, fruit development is accelerated, delaying ripeness, lowering yields, and increasing both fruit acidity and water content [20,21]. Strawberry plants can manifest typical symptoms of nitrogen deficiency such as undersized fruits and yellowish-green foliage with stunted growth and runner numbers [19]. Overall, strawberry cultivation systems need well-defined management of nitrogen and water application to avoid nitrogen loss in the soil and reduce water loss.



Based on these considerations, this study aimed to investigate the effect of different nitrogen regimes on the vegetative, productive, and qualitative responses of three strawberry cultivars grown with a standard early spring cultivation cycle in an open field that was protected under a plastic tunnel.




2. Materials and Methods


2.1. Field Trial


The trial for the identification of strawberry cultivars with reduced nitrogen uptake was conducted for two cycles of cultivation (2016/2017–2017/2018) on short-day cultivars. The experimental trials took place at the ASSAM (Agenzia Servizi al Settore Agroalimentare delle Marche) experimental farm in Petritoli, Marche region, (Italy) (43°04′01.56″ N; 13°41′19.22″ E). The soil was composed of 24% clay, 34% sand, and 42% silt at a pH value of 8.14.




2.2. Plant Material


The single-cropping cultivars studied during the two cultivation cycles (2016/2017 and 2017/2018) were “Romina”, “Sibilla”, and “Cristina”. The plant material comprised “cold stored plant”, category A+ [22]. In the first year, planting took place on 28 July 2016 in an open field; it was covered with a plastic tunnel on 24 February 2017, and fruits were harvested in spring 2017. The same experiment was run for another cycle (2017/2018) with similar planting (26 July 2017) and coverage (21 February 2018) dates. The plant material was provided by Coviro Soc. Cons. a.r.l. (Cervia, Italy).



Plants were placed in 3 different rows, each 54 m in length, each row corresponding to a different nitrogen supply (N100, N80, N60). The experimental design was realized according to the split-plot model, with 3 different levels of nitrogen supply (main plots) and 3 cultivars (sub-plots). Two lysimeters were installed at each of the three rows with different nitrogen treatments. Lysimeters were positioned in the soil between two plants, at different depths (15 cm and 35 cm). These depths corresponded to the area of roots exploration and below. Lysimeters were used to sample soil circulating solutions; then, these samples were analyzed through ion chromatography to detect anionic and cationic species.



The second-year experiment was established on a different plot within the same farm (rotation).




2.3. Nitrogen Fertilization Amounts


The total nitrogen application during the two years of trials (from August to June in both years) was maintained to be as homogeneous as possible (Table 1). Nutrient equilibrium was obtained with 10-52-10 (N-P-K) (Peters Professional Plant Starter, ICL Italia Treviso srl, Treviso, Italy) from August until March, and 20-20-20 (N-P-K) (Peters Professional Allrounder, ICL Italia Treviso srl, Treviso, Italy) from April to June. The total amounts of N fertilization for the N100 trial followed the recommendation for the Marche Region (Delibera 786 of 10/07/2017), while N80 and N60 correspond to reductions of 20% and 40%, respectively. The irrigation system consisted of a dripping hose Aqua-Traxx® FlowControl™ (Toro Ag, Fiano Romano, Italy), with 20 cm spacings between drippers, 16 mm in diameter, and an individual emitter flow rate of 1.01 l/h at 0.7 bar (flow rate per meter of 5.05 l/h/m at 0.7 bar).




2.4. Analyzed Parameters


2.4.1. Water Analysis


The soil circulating solution available to the plants was sampled and then analyzed in terms of electrical conductivity and ion concentration.



Solution sampling. The solution samples were picked up at two different soil depths (15 cm and 35 cm), through lysimeters previously placed. The EC (electrical conductivity) of the circulating solution samples was measured using a WTW 340 conductivity meter (Xylem Water Solutions Italia S.r.l., Lainate, Italy). The conductivity is used to measure the ionic concentration and activity of the solution.



The last analysis was conducted through ion chromatography or IC, an analytical technique for selective ion separation and determination. It adopted ion exchange chromatography, with a reversible exchange between the single ions in the stationary phase and the ions with the same charge in the mobile phase [23]. The analysis of chloride, bromides, nitrate, and sulfate was realized using an ion chromatographer Dionex ICS1000 (Thermo Fisher, Waltham, MA, USA) connected to a laptop.




2.4.2. Vegetative Parameters


The vegetative parameters recorded for evaluation of the effects of the applied N treatments were n° branch crowns/plants, n° inflorescences/plant, n° of leaves/plants, and plant height. The plant height was measured with a ruler and expressed in cm. Measurements were made for 8 plants in each subplot included in the three main plots (treatment). Each subplot was replicated 3 times for each cultivar. The values obtained in two years for the single-cropping cultivars (2017–2018) were averaged.




2.4.3. Productive Parameters


The main productive parameters were evaluated for the different nitrogen regimes: commercial production and average fruit weight (AFW). The commercial production of each cultivar was expressed as average plant production (the plot production for each harvest was divided by the number of plants present in the plot). Then, these values were summarized for all harvests until the end of the season. Starting from the third harvest, twenty uniform fruits in terms of size and ripeness degree were collected from each plot for three consecutive harvests for the qualitative analyses. The methods used were described by Capocasa et al. [24].




2.4.4. Qualitative Parameters


The main qualitative parameters were evaluated for the different nitrogen regimes: sugar content, titratable acidity (TA), fruit color: L* (luminescence), a* (red tone), and b* (yellow tone), Chroma index, and firmness, in accordance with Marcellini et al. [25]. For each thesis (genotype/treatment) and at each harvest, we assessed the Chroma index and firmness of 10 selected fruits. We utilized a Minolta romameter CR 400 (Konica Minolta, Tokyo, Japan) to evaluate the external color of the fresh fruits, measuring two points on opposite sides of each fruit and recording CIELAB values (L*, a*, b*). The Chroma index was then determined based on the a and b values.



Subsequently, we used a penetrometer (Penetrometer 327, Effegì, Ravenna, Italy) with a 6 mm star probe to measure the firmness of the same fruits. Then, the samples were frozen at −18 °C until evaluations of the total soluble solids (TSS) and titratable acidity (TA) were conducted. The TSS measurements were conducted using a digital refractometer (PR-101, ATAGO, Tokyo, Japan), while the TA was determined through acid–base titration. To calculate the TA, we measured the milliequivalents (mEQ) of 0.1 N NaOH solution per 100 g of fresh weight (FW), using bromothymol blue as a pH indicator.





2.5. Statistical Analysis


The results for the strawberry fruit vegetative, productive, and qualitative parameters are presented as mean ± standard deviation (SD) for each cultivar/nitrogen treatment. A two-way analysis of variance was used for the short-day cultivars to test for differences among the cultivation years, cultivars, fertilization amounts, and corresponding interactions. Statistically significant means differences were determined with Fisher’s (least significant difference, LSD) test (p ≤ 0.05). The statistical processing was carried out using STATISTICA software (Stasoft, Tulsa, OK, USA).





3. Results and Discussion


3.1. Water Analysis


The suitability of water for a specific purpose depends on the types and amounts of dissolved salts. Some of the dissolved salts or other constituents may be useful for crops, such as NO3 [26]. The most important characteristics that determine the quality of irrigation water are the pH; the total concentration of soluble salts, assessed through the EC; the sodium adsorption ratio (SAR), described as the relative proportion of Na to other cations such as Ca and Mg; the concentration of B and other elements that may be toxic to plants; the residual sodium carbonate (RSC), described as the difference between the sum of the carbonates and bicarbonates concentrations and the sum of the Ca and Mg concentrations; and the content of anions such as chloride, sulfate, and nitrate [27].



The trends of the ionic concentrations, specifically cations (Ca, Mg, Na, K, Na + K) and anions (SO4, NO3 HCO3 + CO3) in the soil circulating solution for the treatment N100, at a depth of 15 cm, are shown in Figure 1A. From the second week of March toward April and May, it is possible to find a light increase in the ionic concentrations due to fertigation. The more evident trend is for calcium and nitrate: the calcium ranges from 5.1 meq/L to 13.2 meq/L, with a monthly average of 7.4 meq/L in March, 11.5 meq/L in April, and 12.16 meq/L in May. The nitrates range from 1.94 meq/L to 12.04 meq/L, with a monthly average of 1.94 meq/L in March, 9.88 meq/L in April, and 9.46 meq/L in May. These trends may be related to the phases of plant development: a stronger uptake of these elements from the plants occurs in March, while this is stable in the following months. The sharp peaks appearing in the graphic are due to a long lag time between treatments. This is clear in the nitrate levels on the 10th and 20th of April of 11.96 and 7.10 meq/L, respectively. The same trend was registered between the 26th of April and the 5th of May, with 13.29 and 6.88 meq/L of nitrates, respectively. The concentrations of the other elements appear to be quite linear during the trial. The trends in ionic concentrations of the soil-circulating solution for the same trial, but at a depth of 35 cm, showed results like those obtained at 15 cm, but with lower amplitudes (results not shown).



Considering the ion concentration in the soil-circulating solution for the N80 treatment at a depth of 15 cm (Figure 1B), a decrease in overall concentration values compared to N100 is evident. In particular, the lower amounts start from March. The values of the calcium and nitrate concentrations remain the most relevant. Ca ranges from 5.41 to 11.71 meq/L, with a monthly average of 5.94 meq/L in March, 9.54 meq/L in April, and 8.68 meq/L in May. Nitrates range from 0.95 to 7.74 meq/L, with a monthly average of 1.87 meq/L in March, 6.08 meq/L in April, and 4.16 meq/L in May. There are also similar sharp peaks, but of a smaller entity, with those obtained at N100, corresponding to the 10th and 20th of April (6.28 and 5.86 meq/L) and the 26th of April and 5th of May (7.74 and 4.16 meq/L). The concentrations of the other elements appear to be quite linear during the trial, with fewer variations in comparison to trial N100.



The analyzed soil-circulating solution for the N60 (at 15 cm of depth) thesis shows slightly lower ionic concentrations and a more linear trend in comparison to N80 (Figure 1C). Calcium ranges from 5.62 to 9.38 meq/L, with a monthly average of 5.82 meq/L in March, 7.53 meq/L in April, and 9.30 meq/L in May. Nitrates range from 1.09 to 4.85 meq/L, with a monthly average of 1.49 meq/L in March, 4.54 meq/L in April, and 6.83 meq/L in May. The range in concentrations of the remaining elements is almost linear.



The NO3 concentrations available in trials N100, N80, and N60 at different soil depths (15 cm/35 cm) are reported in Figure 2. Figure 2A shows that the NO3 concentration in the soil solution analyzed at 15 cm of depth is higher than that at 35 cm in the N100 trial; there is a generally positive trend for the NO3 concentrations at both depths during the months of the trial. The inflection points related to the 20th of April and the 5th of May should be due to a wide timing interval that separates two successive fertigations.



At the same depth (15 cm), the N80 and N100 theses show a halving of the nitrogen concentration (Figure 1B); the reason can be attributed to the lower nitrogen supply at N80, according to the trial; moreover, the maximum reduction in NO3 availability can be detected in N60 (Figure 1C). Comparing the three theses, a reduction can be noticed in the NO3 availability from thesis N100 to N60 for both depths. Furthermore, a drop of −31% can be observed for the nitrate value (mg/L NO3) from N100 to N80 (15 cm), and a decrease of 44% from N100 to N60 (15 cm) (Table 2). The same trend is observed between N100 and N60, but to a smaller extent, in the 35 cm experiment.



Strawberries negatively respond to salt stress in terms of growth and yield, so it is a salinity-sensitive species [28]. The hydric stress, due to the electrical conductivity (ECs) of the saturated soil extract, is a factor that contributes to reducing the number of leaves, the leaf area, the shoot dry weight, the number of crowns, the yield, and the fresh weight of the fruit [29,30]. In the study of Barroso and Alvarez [31], the leaves of strawberry cultivars did not develop symptoms of toxicity for EC values lower than 2000 μS/cm. In the study of HA-Joon et al. [32], the optimal EC value was detected at 1000 μS/cm instead of 2000 μS/cm; the compared parameters were fruit length, diameter, weight, and plant yield. Moreover, the dry branch crowns and dry roots in the 1000 μS/cm experiment were heavier than those in the 2000 μS/cm experiment.



In our study, the electrical conductivity of the water during April and May 2017 at 15 cm of depth showed higher values for the three nitrogen trials. These results agree with the nutrient concentration explained above. In N100 and N80, the maximum registered value is 1400 μS/cm (Figure 3A,B), while in N60 this value is lower, slightly exceeding 1000 μS/cm (Figure 3C). The trends are similar, but to a lesser extent, for the water sampled at 35 cm of soil depth.




3.2. Vegetative Parameters


The vegetative crops’ growth is dependent on the organic matter, which enhances both the soil’s microbiological and biochemical activities [33]. Nevertheless, the soil organic matter content hides the effect of mineral nitrogen intake, the principal macro-element for the growth of plants [34]. This study took place in soil that was poor in both nitrogen concentration (0.90 g/kg) and organic matter (11.9 g/kg) so that the fertilization practices were not masked by the soil properties. Given an overview of the studied vegetative parameters (Table 3), it is evident that that year of cultivation (a) resulted as an impacting factor influencing the branch crowns, plant height, and leaf number. Cultivar (b) was decisive for the branch crowns and plant height. Treatment (c) seemed to have a single key role in the branch crown number. Furthermore, it is remarkable that the interaction (a) × (b) impacted all of the vegetative features. The interaction (a) × (c) showed a significant incidence for the branch crowns. The interaction (a) × (b) × (c) seemed to have an insignificant impact on the studied parameters, as well as interaction (b) × (c). Considering the majority of the studied parameters, each cultivar responded similarly to every treatment.



The plant height, branch crown number, and inflorescence number did not exhibit statistically significant differences among the treatments (Table 4 and Table 5). A possible reason could be that all of the plants followed a standard fertilization plan from September until March and reduced nitrogen treatments during spring when the plants had already a developed vegetative structure. It is conceivable that a reduction in the fertilizer administered in September may have resulted in different vegetative features between cultivars managed under different treatments. A previous study [17] demonstrated the crucial importance of fertilization timing for short-day (SD) strawberry plants. It is demonstrated that, under controlled photoperiod conditions conducted in a phytotron, feeding SD strawberry plants one week from the beginning of the SD period could double the number of flowers compared to plants treated two weeks before the start of SD conditions [17].



Among the vegetative parameters, the only significant result seemed to be the “Sibilla”’s leaf number (Table 4). The “Sibilla” cultivar treated with 60% nitrogen administration showed a significant foliage decrease (26.2 ± 5.6 leaves at N100 and 23.6 ± 4.3 leaves at N60) in contrast with the other two tested plant cultivars, which did not show any significant differences among the treatments. Medeiros et al. [35] observed the same feature of the “Sibilla” cultivar in the “Oso Grande” cultivar, namely a great increase in terms of the leaves number with increasing nitrogen intake.




3.3. Productive Parameters


In considering the productive parameters (Table 6) year (a), cultivar (b), treatment (c), and interaction (a) × (b) generally exhibited a great impact on the average fruit weight (AFW) and commercial production. The interaction (a) × (c) seemed to influence the AFW, as well as the interaction (a) × (b) × (c). Interaction (b) × (c) did not manifest any correlation with any of the productive parameters. The evaluation of the productive parameters did not highlight any great change among the different treatments.



More specifically, the average fruit weight values did not show significant differences among the three nitrogen treatments (Table 7). Similar results but at lower nitrogen doses (60, 40, 20 kg N/ha) were obtained in the trial conducted by Cvelbar Weber et al. [13]. Regardless of the nitrogen supplied to the plants, “Cristina” exhibited a higher average fruit weight than “Romina” (of about 13–15 g) and “Sibilla” (about 10–13 g).



The statistical analysis confirmed an insignificant difference in the commercial production among the different nitrogen supplies (Table 7). Similar findings were already observed in the studies from Darnell and Stutte, Cantliffe et al., and D’Anna et al. [36,37,38], which indicated that plant growth and yield may not be reduced by the volume of the administrated NO3−, but by the capacity to reduce and assimilate the NO3. This capacity could be inhibited by the lack of reductants, like NADH and NADPH, or the deficiency of skeleton carbohydrates needed for the assimilation. In our study, the commercial production originating from plants with the lowest dose of nitrogen showed a slight downward trend of −7% compared to N100. In the N100 trial, “Cristina” appeared to be commercially more productive, followed by “Sibilla”, and then “Romina”. This tendency was maintained for all of the nitrogen trials, although the reduction in this element provided no significant decrease in production for all three cultivars. In other studies, the effect of higher rates of N fertilization on marketable yield was clear, with a significant increase with respect to the lower doses [12,39,40].



In general, from the productive point of view, the results of our study showed that there was not a negative effect of nitrogen reduction on plant yield, and this outcome could be read as an indication of the need to better test the nitrogen requirements of the different cultivars in different conditions, in order to reduce the environmental impact that can be derived from the excessive use of nitrogen.




3.4. Qualitative Parameters


In evaluating all of the studied qualitative parameters, year (a) seemed to affect the sugar content, firmness, brightness, and redness of the fruit of the three tested cultivars. Among the factors, cultivar (b) showed the greatest influence in terms of the fruit sugar content, titratable acidity, firmness, brightness *L, redness *a, yellowness *b, and the Chroma index. The combination of (a) × (b) greatly influenced the fruit sugar content, firmness, brightness *L, redness *a, yellowness *b, and the Chroma index. The impacts of treatment (c) and the interactions (a) × (c), (b) × (c), and (a) × (b) × (c) were not relevant to the studied parameters (Table S1).



According to our results, genotype was the principal factor affecting the sugar content and titratable acidity of strawberry fruit (Table 8), and this outcome is in line with those other previous studies [41,42,43,44]. In particular, the fruits of “Romina” and “Sibilla” revealed the highest sugar content in all of the nitrogen trials (Table 8). The fruit sugar content and titratable acidity did not show significant differences among treatments for these cultivars, as registered by Sedri and Farami [45]. However, these results contrast with other studies [38,39,40,46], which pointed out the correlation between lower doses of nitrogen supply and higher fruit soluble solids content.



The fruits’ firmness did not seem to be influenced by the administration of nitrogen (Table 9). The “Sibilla” fruits showed the hardest texture, followed by “Romina” and “Cristina” in all the nitrogen trials. These results were in contrast with the studies conducted by D’Anna et al., Asghari et al., and Cardenosa et al. [38,40,47], which found a higher fruit consistency when reducing the administration of nitrogen. According to Van der Boon [48], the excess nitrogen could cause an irregular ripening of fruits, resulting in soft consistency and poor taste. An excessive nitrogen presence in the fruits corresponds to a calcium reduction, which decreases the texture and consequently, the shelf life of the product, considering that calcium is an intermolecular binding agent that is responsible for the pectin–protein complexes of the middle lamella [13]. Therefore, a decrease in nitrogen administration should determine a better quality of fruit firmness.



In the present study, changing the nitrogen doses in all of the treatments did not sway the Chroma index (Table 9). The only difference was found in comparing the studied cultivars: “Sibilla” had the darkest fruits, followed by “Romina”, and then “Cristina”. On the contrary, the study conducted by Yoshida et al. [49] exhibited a correlation between anthocyanin synthesis and nitrogen fertilization. Lack of nitrogen during the fertilization treatment seemed to lower the anthocyanins accumulation in fruit. Anthocyanins accumulate in the inner strawberry flesh over the course of the late stage of fruit development, and improper fertilization may reduce the biosynthesis of these molecules.





4. Conclusions


The objective of this study was to verify any changes in the vegetative, productive, and qualitative responses of short-day cultivars under different nitrogen supplies. The purpose of this project was to achieve a positive tradeoff between good plant performance and a low environmental impact. The most interesting results obtained can be disclosed and applied by growers working in open field conditions in a crop protected under a plastic tunnel, in soil conditions with low organic matter and total N levels. Analyzing these results, it seemed that a decrease in nutritional intake, from about 115 kg/ha (N100) to about 70 kg/ha (N60) of nitrogen, did not negatively affect plant development. Total production is one of the main productive parameters. No significant difference was noticed for this parameter among short-day cultivars with lower nitrogen rates. In general, the average fruit weight was not affected by nitrogen reduction. Regarding the qualitative parameters, the sugar content value remained stable in fruits from the short-day cultivars for all nitrogen supply levels. In each N treatment, all the cultivars maintained high values of fruit titratable and acidity and kept a medium fruit firmness at a 60% nitrogen supply (N60). The Chroma index was not influenced by different nitrogen amounts.



From these data, it is clear that there is not a marked negative impact of nitrogen reduction on the three tested cultivars for any of the analyzed parameters. There are some differences in the response of the tested cultivars to nitrogen reduction for the vegetative, productive, and qualitative parameters but, in general, all of them are suitable for cultivation with a reduced input of nitrogen, reducing the environmental impact and saving inputs from growers.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/horticulturae9111165/s1, Table S1: Two-way analysis of variance (ANOVA) for the qualitative parameters.





Author Contributions


Conceptualization: F.C. and B.M.; methodology: F.C. and M.M. (Micol Marcellini); software: F.C., M.M. (Micol Marcellini) and D.R.; validation: F.C., L.M. and B.M.; formal analysis: M.M. (Micol Marcellini), F.B., V.P., M.M. (Mirco Marcellini) and D.R.; investigation: F.C., M.M. (Micol Marcellini), L.M. and D.R.; resources: F.C. and B.M.; data curation: M.M. (Micol Marcellini), F.C. and D.R.; writing—original draft preparation: M.M. (Micol Marcellini) and D.R.; writing—review and editing: B.M. and L.M.; visualization: M.M. (Micol Marcellini), F.C. and D.R.; supervision: F.C. and B.M.; project administration: F.C.; funding acquisition: B.M. and F.C. All authors have read and agreed to the published version of the manuscript.




Funding


This project received funding from the GOODBERRY project supported by the European Union’s Horizon 2020 research and innovation program under grant agreement No. 679303.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yavari, S.; Eshghi, S.; Tafazoli, E.; Karimian, N. Mineral elements uptake and growth of strawberry as influenced by organic substrates. J. Plant Nutr. 2009, 32, 1498–1512. [Google Scholar] [CrossRef]

	



Maathuis, F.J.; Diatloff, E. Roles and functions of plant mineral nutrients. In Plant Mineral Nutrients; Humana Press: Totowa, NJ, USA, 2013; pp. 1–21. [Google Scholar]

	



Boyce, B.R.; Matlock, D.L. Strawberry nutrition. In Temperate to Tropical Fruit Nutrition; Childers, F., Ed.; Rutgers—The State University: New Brunswick, NJ, USA, 1996; pp. 518–548. [Google Scholar]

	



Yousefi, S.; Eshghi, S.; Jamali, B. Evaluation of yield, biochemical characteristics and nutrient composition of ‘Camarosa’ strawberry in response to different K/N ratios. J. Berry Res. 2023, 13, 95–106. [Google Scholar] [CrossRef]

	



Tagliavini, M.; Baldi, E.; Nestby, R.; Raynal-Lacroix, C.; Lieten, P.; Salo, T. Uptake and Partitioning of Major Nutrients by Strawberry Plants. Acta Hortic. 2004, 649, 197–200. [Google Scholar] [CrossRef]

	



Baligar, V.C.; Fageria, N.K. Agronomy and physiology of tropical cover crops. J. Plant Nutr. 2007, 30, 1287–1339. [Google Scholar] [CrossRef]

	



Saadati, S.; Moallemi, N.; Mortazavi, S.M.H.; Seyyednejad, S.M. Effects of zinc and boron foliar application on soluble carbohydrate and oil contents of three olive cultivars during fruit ripening. Sci. Hortic. 2014, 164, 30–34. [Google Scholar] [CrossRef]

	



Leghari, S.J.; Wahocho, N.A.; Laghari, G.M.; Hafeez Laghari, A.; Mustafa Bhabhan, G.; Hussain Talpur, K.; Bhutto, T.A.; Wahocho, S.A.; Lashari, A.A. Role of nitrogen for plant growth and development: A review. Adv. Environ. Biol. 2016, 10, 209–219. [Google Scholar] [CrossRef]

	



Muhammad, S.; Sanden, B.L.; Saa, S.; Lampinen, B.D.; Smart, D.R.; Shackel, K.A.; Dejong, T.; Brown, P.H. Optimization of nitrogen and potassium nutrition to improve yield and yield parameters of irrigated almond (Prunus dulcis (Mill.) DA webb). Sci. Hortic. 2018, 228, 204–212. [Google Scholar] [CrossRef]

	



Khalil, N.H.; Hammoodi, J.K. Effect of nitrogen, potassium and calcium in strawberry fruit quality. Int. J. Agric. Stat. 2021, 16, 1967–1972. Available online: https://connectjournals.com/03899.2020.16.1967 (accessed on 14 July 2023).

	



Santos, B.M.; Chandler, C.K. Influence of nitrogen fertilization rates on the performance of Strawberry cultivars. Int. J. Fruit Sci. 2009, 9, 126–135. [Google Scholar] [CrossRef]

	



Agehara, S.; Nunes, M.C.D.N. Season and nitrogen fertilization effects on yield and physicochemical attributes of strawberry under subtropical climate conditions. Agronomy 2021, 11, 1391. [Google Scholar] [CrossRef]

	



Cvelbar Weber, N.; Koron, D.; Jakopič, J.; Veberič, R.; Hudina, M.; Baša Česnik, H. Influence of Nitrogen, Calcium and Nano-Fertilizer on Strawberry (Fragaria× ananassa Duch.) Fruit Inner and Outer Quality. Agronomy 2021, 11, 997. [Google Scholar] [CrossRef]

	



Abbott, A.J. Growth of the Strawberry Plant in Relation to Nitrogen and Phosphorus Nutrition. J. Hortic. Sci. 1968, 43, 491–504. [Google Scholar] [CrossRef]

	



Breen, P.J.; Martin, L.M. Vegetative and reproductive growth responses of three strawberry cultivars to nitrogen. J. Am. Soc. Hortic. Sci. 1981, 106, 266–272. [Google Scholar] [CrossRef]

	



Guttridge, C.G. Fragaria× ananassa. In Handbook of Flowering; Halvey, A.H., Ed.; CRC Press: Boca Raton, FL, USA, 1985; Volume 3, pp. 16–33. [Google Scholar]

	



Sønsteby, A.; Opstad, N.; Myrheim, U.; Heide, O.M. Interaction of short day and timing of nitrogen fertilization on growth and flowering of ‘Korona’ strawberry (Fragaria× ananassa Duch.). Sci. Hortic. 2009, 123, 204–209. [Google Scholar] [CrossRef]

	



Yamasaki, A.; Yano, T. Effect of supplemental application of fertilizers on flower bud initiation and development of strawberry—Possible role of nitrogen. Acta Hortic. 2009, 842, 765–768. [Google Scholar] [CrossRef]

	



Trejo-Téllez, L.I.; Gómez-Merino, F.C. Nutrient management in strawberry: Effects on yield, quality and plant health. In Strawberries: Cultivation, Antioxidant Properties and Health Benefits; Malone, N., Ed.; Nova Science Publishers: Hauppauge, NY, USA, 2014; pp. 239–267. [Google Scholar]

	



Voth, V. Grapes and Berries: Part II—Strawberries. In Irrigation of Agricultural Lands; Hagan, R.M., Haise, H.R., Edminster, T.W., Eds.; American Society of Agronomy: Madison, WI, USA, 1967; pp. 734–737. [Google Scholar]

	



May, G.M.; Pritts, M.P. Phosphorus, Zinc, and Boron Influence Yield Components in Earliglow Strawberry. J. Am. Soc. Hortic. Sci. 1993, 118, 43–49. [Google Scholar] [CrossRef]

	



Lieten, P.; Evenhuis, B.; Baruzzi, G. Cold Storage of Strawberry Plants. Int. J. Fruit Sci. 2005, 5, 75–82. [Google Scholar] [CrossRef]

	



Liu, F.; Savic, S.; Jensen, C.R.; Shahnazari, A.; Jacobsen, S.E.; Stikic, R.; Andersen, M.N. Water relations and yield of lysimeter-grown strawberries under limited irrigation. Sci. Hortic. 2007, 111, 128–132. [Google Scholar] [CrossRef]

	



Capocasa, F.; Balducci, F.; Di Vittori, L.; Mazzoni, L.; Stewart, D.; Williams, S.; Hargreaves, R.; Bernardini, D.; Danesi, L.; Zhong, C.F.; et al. Romina and Cristina: Two new strawberry cultivars with high sensorial and nutritional values. Int. J. Fruit Sci. 2016, 16 (Suppl. S1), 207–219. [Google Scholar] [CrossRef]

	



Marcellini, M.; Raffaelli, D.; Mazzoni, L.; Pergolotti, V.; Balducci, F.; Armas Diaz, Y.; Mezzetti, B.; Capocasa, F. Effects of Different Irrigation Rates on Remontant Strawberry Cultivars Grown in Soil. Horticulturae 2023, 9, 1026. [Google Scholar] [CrossRef]

	



Roy, R.N.; Finck, A.; Blair, G.J.; Tandon, H.L.S. Plant Nutrition for Food Security. A Guide for Integrated Nutrient Management; Food and Agriculture Organization of the United Nations: Rome, Italy, 2006; p. 28. [Google Scholar]

	



Xu, P.; Feng, W.; Qian, H.; Zhang, Q. Hydrogeochemical Characterization and Irrigation Quality Assessment of Shallow Groundwater in the Central-Western Guanzhong Basin, China. Int. J. Environ. Res. Pub. Health 2019, 16, 1492. [Google Scholar] [CrossRef] [PubMed]

	



Karlidag, H.; Yildirim, E.; Turan, M. Salicylic acid ameliorates the adverse effect of salt stress on strawberry. Sci. Agric. 2009, 66, 180–187. [Google Scholar] [CrossRef]

	



Pirlak, L.; Eşitken, A. Salinity effects on growth, proline and ion accumulation in strawberry plants. Acta Agric. Scand. Sect. B-Soil Plant Sci. 2004, 54, 189–192. [Google Scholar] [CrossRef]

	



Awang, Y.B.; Atherton, J.G.; Taylor, A.J. Salinity effects on strawberry plants grown in rockwool. I. Growth and leaf water relations. J. Hortic. Sci. 2015, 70, 257–262. [Google Scholar] [CrossRef]

	



Barroso, M.M.; Alvarez, C.E. Toxicity symptoms and tolerance of strawberry to salinity in the irrigation water. Sci. Hortic. 1997, 71, 177–188. [Google Scholar] [CrossRef]

	



HA-Joon, J.; Mi Soon, B.; Sheng Shi, L.; Mi-Soon, J. Effect of Nutrient Solution Strength on pH of Drainage Solution and Root Activity of Strawberry ‘Sulhyang’ in Hydroponics. Hortic. Sci. Technol. 2011, 29, 23–28. [Google Scholar]

	



Bhattacharyya, P.; Chakrabarti, K.; Chakraborty, A. Effect of msw compost on microbiological and biochemical soil quality indicators. Compost Sci. Util. 2003, 11, 220–227. [Google Scholar] [CrossRef]

	



Kirschbaum, D.S.; Larson, K.D.; Weinbaum, S.A.; DeJong, T.M. Late-season nitrogen applications in high-latitude strawberry nurseries improve transplant production pattern in warm regions. Afr. J. Biotechnol. 2010, 9, 1001–1007. [Google Scholar] [CrossRef]

	



Medeiros, R.F.; Pereira, W.E.; Rodrigues RD, M.; Nascimento, R.D.; Suassuna, J.F.; Dantas, T.A. Crescimento e produção de morangueiro adubado com nitrogênio e fósforo. Rev. Bras. Eng. Agricola Ambient. 2015, 19, 865–870. [Google Scholar] [CrossRef]

	



Darnell, R.L.; Stutte, G.W. Nitrate concentration effects on NO3-N uptake and reduction, growth, and fruit yield in strawberry. J. Am. Soc. Hortic. Sci. 2001, 126, 560–563. [Google Scholar] [CrossRef]

	



Cantliffe, D.A.J.C.; Castellanos, J.A.Z.C.; Aranjpe, A.S.V.P. Yield and Quality of Greenhouse-grown Strawberries as Affected by Nitrogen Level in Coco Coir and Pine Bark Media. Proc. Fla. State Hortic. Soc. 2007, 120, 157–161. [Google Scholar]

	



D’Anna, F.; Caracciolo, G.; Moncada, A.; Parrinello, A.; Alessandro, R. Effects of different levels of nitrogen on production and quality of strawberries from fresh “plug plants”. Acta Hortic. 2012, 952, 309–315. [Google Scholar] [CrossRef]

	



Preciado-Rangel, P.; Troyo-Diéguez, E.; Valdez-Aguilar, L.A.; García-Hernández, J.L.; Luna-Ortega, J.G. Interactive Effects of the Potassium and Nitrogen Relationship on Yield and Quality of Strawberry Grown Under Soilless Conditions. Plants 2020, 9, 441. [Google Scholar] [CrossRef]

	



Asghari, M.; Ahmadi, F.; Hajitagilou, R. Mitigating the Adverse Effects of Deficit Fertigation on Strawberry Yield, Quality and Phytochemical Compounds by Salicylic Acid and Putrescine Treatments. J. Berry Res. 2021, 11, 119–132. [Google Scholar] [CrossRef]

	



Moing, A.; Renaud, C.; Gaudillère, M.; Raymond, P.; Roudeillac, P.; Denoyes-Rothan, B. Biochemical changes during fruit development of four strawberry cultivars. J. Am. Soc. Hortic. Sci. 2001, 126, 394–403. [Google Scholar] [CrossRef]

	



Kafkas, E.; Koşar, M.; Paydaş, S.; Kafkas, S.; Başer, K.H.C. Quality characteristics of strawberry genotypes at different maturation stages. Food Chem. 2007, 100, 1229–1236. [Google Scholar] [CrossRef]

	



Shim, J.; Cheon, K.; Oh, J.; Hwang, H.; Yoon, H.; Shon, G.; Kim, Z. Genetic analysis of soluble solid contents in strawberry (Fragaria× ananassa Duch) by a half-diallel cross. Korean J. Hortic. Sci. Technol. 2007, 25, 334–346. [Google Scholar]

	



Marciàs-Rodríguez, L.; Quero, E.; López, M.G. Carbohydrate differences in strawberry crowns and fruit (Fragaria× ananassa) during plant development. J. Agric. Food Chem. 2002, 50, 3317–3321. [Google Scholar] [CrossRef]

	



Sedri, M.H.; Karami, F. Evaluating Effect of Different Nitrogen Application Managements on Yield and Some Quality Traits of Strawberry. Iran. J. Soil Res. 2022, 36, 69–84. [Google Scholar] [CrossRef]

	



Lacertosa, G.; Lateana, V.; Montemurro, N.; Palazzo, D.; Vanadia, S. Soil fertility and plant nutritional status of strawberry in the Basilicata Region, Southern Italy. In Improved Crop Quality by Nutrient Management. Developments in Plant and Soil Sciences; Anac, D., Martin-Prevel, P., Eds.; Springer: Dordrecht, The Netherlands, 1999; pp. 159–162. [Google Scholar]

	



Cardeñosa, V.; Medrano, E.; Lorenzo, P.; Sánchez-Guerrero, M.C.; Cuevas, F.; Pradas, I.; Moreno-Rojas, J.M. Effects of salinity and nitrogen supply on the quality and health-related compounds of strawberry fruits (Fragaria× ananassa cv. Primoris). J. Sci. Food Agric. 2015, 95, 2924–2930. [Google Scholar] [CrossRef]

	



Van der Boon, J. Nitrogen fertilization of strawberry and soft fruit. Stikstof 1961, 7, 51–65. [Google Scholar]

	



Yoshida, Y.; Goto, T.; Hirai, M.; Masuda, M. Anthocyanin accumulation in strawberry fruits as affected by nitrogen nutrition. Acta Hortic. 2002, 567, 357–360. [Google Scholar] [CrossRef]








[image: Horticulturae 09 01165 g001] 





Figure 1. Ionic concentrations in the soil-circulating solution for the N100 (A), N80 (B), and N60 (C) treatments at a depth of 15 cm. 
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Figure 2. Evolution of NO3 amount in the soil solution analyzed at 15 and 35 cm depths for the N100 (A), N80 (B), and N60 (C) treatments, March–April–May 2017. 
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Figure 3. Water electrical conductivity was analyzed at 15 and 35 cm for the N100 (A), N80 (B), and N60 (C) treatments, March–April–May 2017. 
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Table 1. Nitrogen dose was applied to each treatment (N100, N80, N60) in both strawberry growing seasons (2016–2017 and 2017–2018).
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	YEAR
	N100 (kg/ha)
	N80 (kg/ha)
	N60 (kg/ha)





	1°
	113
	90
	68



	2°
	118
	97
	76










 





Table 2. Mean values (mg/L NO3) in N100, N80, and N60 (15–35 cm).
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Treatment

	
mg/L NO3




	
Depth

	
15 cm

	
35 cm






	
N100

	
384.33

	
189.59




	
N80

	
266.13

	
207.35




	
N60

	
167.69

	
147.81











 





Table 3. Two-way analysis of variance (ANOVA) for the vegetative parameters.
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	Parameter
	Branch Crowns
	Inflorescences

Number
	Plant Height
	Leaves Number





	Year (a)
	**
	NS
	**
	*



	Cv (b)
	**
	NS
	**
	NS



	Treatment (c)
	*
	NS
	NS
	NS



	Year × Cv (a) × (b)
	**
	**
	**
	**



	Year × Treatment (a) × (c)
	**
	NS
	NS
	NS



	Cv x Treatment (b) × (c)
	NS
	NS
	NS
	NS



	Year × Cv × Treatment (a) × (b) × (c)
	NS
	NS
	NS
	NS







** = significant interaction with p < 0.01; * = significant interaction for p < 0.05; NS = no significant interaction.













 





Table 4. Effects of nitrogen on plant height and leaf number in different strawberry cultivars.
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Cultivar

	
Plant Height (cm)

	
Leaves Number




	
Treatment

	
N100

	
N80

	
N60

	
N100

	
N80

	
N60






	
“Cristina”

	
33.3 ± 3.2 c

	
34.2 ± 3.5 c

	
33.3 ± 4.0 c

	
25.4 ± 5 ab

	
24.6 ± 4.0 ab

	
24 ± 6.1 ab




	
“Romina”

	
38.9 ± 2.9 ab

	
40.2 ± 3.0 a

	
40.2 ± 2.6 a

	
24.1 ± 7.1 ab

	
25.8 ± 6.2 ab

	
24.4 ± 6.2 ab




	
“Sibilla”

	
38.5 ± 7.6 ab

	
37.9 ± 5.9 b

	
38.3 ± 5.6 b

	
26.2 ± 5.6 a

	
25.1 ± 6.7 ab

	
23.6 ± 4.3 b




	
AVERAGE

	
36.9 ± 5.6 NS

	
37.4 ± 5 NS

	
37.3 ± 5.1 NS

	
9.7 ± 1.1 NS

	
9.6 ± 1 NS

	
9.7 ± 1.3 NS








Values with the same lower-case letter among treatments for the same parameter were not statistically different for Fisher’s LSD test (p < 0.05). Average values for each parameter with the same uppercase letter were not statistically different for Fisher’s LSD test (p < 0.05). NS = not significant. Values are expressed as means of two years (2017–2018) ± standard deviation (SD).













 





Table 5. Effects nitrogen on branch crowns number and inflorescences number in different strawberry cultivars.






Table 5. Effects nitrogen on branch crowns number and inflorescences number in different strawberry cultivars.





	
Cultivar

	
Branch Crowns Number

	
Inflorescences Number




	
Treatment

	
N100

	
N80

	
N60

	
N100

	
N80

	
N60






	
“Cristina”

	
4.1 ± 1.4 bc

	
4.2 ± 1.4 abc

	
3.6 ± 1.2 c

	
11.9 ± 3.5 ab

	
12.1 ± 3.2 a

	
11.3 ± 3.3 ab




	
“Romina”

	
4.8 ± 2 ab

	
4.9 ± 2.3 a

	
4.8 ± 2 ab

	
11.1 ± 2.8 ab

	
11.4 ± 2.9 ab

	
10.6 ± 3.4 b




	
“Sibilla”

	
4.8 ± 2.1 ab

	
4.6 ± 2.1 ab

	
4.4 ± 1.7 ab

	
11.3 ± 2.7 ab

	
10.9 ± 3 ab

	
11.8 ± 3.4 ab




	
AVERAGE

	
4.5 ± 1.9 NS

	
4.6 ± 2 NS

	
4.3 ± 1.8 NS

	
11.4 ± 3 NS

	
11.5 ± 3.1 NS

	
11.3 ± 3.4 NS








Values with the same lower-case letter among treatments for the same parameter were not statistically different for Fisher’s LSD test (p < 0.05). Average values for each parameter with the same uppercase letter were not statistically different for Fisher’s LSD test (p < 0.05). NS = not significant. Values are expressed as means of two years (2017–2018) ± standard deviation (SD).













 





Table 6. Two-way analysis of variance (ANOVA) for the productive parameters.
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	Parameter
	Average Fruit Weight
	Commercial Production





	Year (a)
	**
	**



	Cv (b)
	**
	**



	Treatment (c)
	**
	**



	Year × Cv (a) × (b)
	**
	**



	Year × Treatment (a) × (c)
	**
	NS



	Cv × Treatment (b) × (c)
	NS
	NS



	Year × Cv × Treatment (a) × (b) × (c)
	**
	NS







** = significant interaction with p < 0.01; NS = no significant interaction.













 





Table 7. Effects of nitrogen on commercial production and average fruit weight in different strawberry cultivars.
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Cultivar

	
Commercial Production (g/Plant)

	
Average Fruit Weight (g)




	
Treatment

	
N100

	
N80

	
N60

	
N100

	
N80

	
N60






	
“Cristina”

	
783.1 ± 114.9 a

	
744.9 ± 124.4 ab

	
710.5 ± 170.1 abc

	
32.4 ± 3.3 a

	
31.2 ± 3.9 a

	
33.4 ± 2.3 a




	
“Romina”

	
529.9 ± 95.1 de

	
533.7 ± 70.6 de

	
496.4 ± 60.1 e

	
18.8 ± 2.6 b

	
18.3 ± 2.9 b

	
18.3 ± 2.2 b




	
“Sibilla”

	
635.8 ± 51.2 bcd

	
609.6 ± 34.6 cd

	
600 ± 39.3 de

	
21.3 ± 2.3 b

	
21.4 ± 3.2 b

	
20.7 ± 2.1 b




	
AVERAGE

	
649.6 ± 136.9 NS

	
629.4 ± 120.2 NS

	
602.3 ± 134.6 NS

	
24.1 ± 6.6NS

	
23.7 ± 6.5 NS

	
24.1 ± 7.1 NS








Values with the same lowercase letter among treatments for the same parameter were not statistically different for Fisher’s LSD test (p < 0.05). Average values for each parameter with the same uppercase letter were not statistically different for Fisher’s LSD test (p < 0.05). NS = not significant. Values are expressed as means of two years (2017–2018) ± standard deviation (SD).













 





Table 8. Effects of nitrogen on sugar content and titratable acidity in different strawberry cultivars.
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Cultivar

	
Sugar Content (°Brix)

	
Titratable Acidity (meqNaOH/100 g Fruit Weight)




	
Treatment

	
N100

	
N80

	
N60

	
N100

	
N80

	
N60






	
“Cristina”

	
6.6 ± 0.5 c

	
6.4 ± 0.6 c

	
6.4 ± 0.5 c

	
10.9 ± 1abcd

	
10.4 ± 1 d

	
10.9 ± 1.7 abcd




	
“Romina”

	
7.6 ± 0.6 ab

	
7.2 ± 0.5 b

	
7.5 ± 0.7 ab

	
11.1 ± 0.8 abcd

	
10.6 ± 0.7 cd

	
10.6 ± 0.8 bcd




	
“Sibilla”

	
7.8 ± 0.8 a

	
7.9 ± 0.7 a

	
7.6 ± 1.1 ab

	
11.5 ± 1.4 a

	
11.4 ± 1.8 ab

	
11.3 ± 1.6 abc




	
AVERAGE

	
7.3 ± 0.9 NS

	
7.2 ± 0.8 NS

	
7.2 ± 0.9 NS

	
11.2 ± 1.1 NS

	
10.8 ± 1.3 NS

	
10.9 ± 1.4 NS








Values with the s