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Abstract

:

Potato is often produced by adopting high nitrogen (N) external inputs to maximize its yield, although the possible agronomic and qualitative benefits of a N over-fertilization to the crop are scarcely demonstrated. Therefore, our aim was to determine, over two years, the effect of three N fertilization rates (0, 140 and 280 kg ha−1, referred to as N0, N140 and N280) simultaneously on the crop physiology, yield components, N use efficiency and tuber chemical composition of cv. Bellini. Throughout the field monitoring, our data highlighted that N140 provided an improvement of the crop physiology, as expressed in terms of leaf photosynthesis rate and Soil Plant Analysis Development (SPAD) readings, than the other N fertilization rates. In addition, regardless of year and as compared to N0 and N280, the supply of 140 kg N ha−1 also ensured the highest yield and an intermediate value of the nitrogen use efficiency (59.1 t ha−1 and 37.1 kg tuber dry weight kg N−1, respectively), together with nutritionally relevant tuber qualitative traits, i.e. high levels of dry matter, starch (by an enzymatic/spectrophotometric method), total polyphenols (by Folin-Ciocalteu assay) and ascorbic acid [by high-performance liquid chromatography (HPLC) analysis], and a low nitrate amount (by an ion-selective electrode method) (16.6%, 634-3.31-0.61 and 0.93 g kg−1 of dry matter, respectively). Therefore, although a certain interaction between N fertilization rate and year was observed, our findings demonstrated that a conventional N fertilization rate (280 kg ha−1) is unnecessary from both agronomic and qualitative standpoints. This is of considerable importance in the perspective to both limit environmental pollution and improve growers’ profits by limiting N external inputs to potato crops.
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1. Introduction


The efforts of modern agriculture are primarily focused on reducing the environmental impact of crop-management practices, while ensuring both high and stable yields and high produce quality. In this way, the balance of nitrogen (N) supply by fertilization is fundamental for establishing sustainable farming systems, given its role as both an environmental pollutant [1] and an essential plant macronutrient to promote crop quantitative and qualitative performances [2]. Sufficient N availability has a positive effect on plant growth and development, being involved in protein and chloroplast structure; while an excessive N supply leads to an over-emphasis on vegetative growth and a detrimental effect of root or fruit development [3]. Therefore, the efficient use of N is fundamental with respect to potential impacts on both environmental safety and crop performance.



Since Mediterranean soils are often characterized by low organic matter and thus low N reserves [4], growers often adopt irrational N fertilization programs in order to maximize the productivity of several crops, including potato (Solanum tuberosum L.) [5]. This is the most important non-grain food in the world, resulting fourth in terms of production quantity [6]. In the Mediterranean Basin, potato cultivation occupies an area of about 1 Mha producing ~31 Mt of tubers [6]. Compared with Northern European countries, tuber yields in the Mediterranean area are low. This is because the environmental (most importantly water availability and temperature) and agro-economic conditions are less favourable than those in the Northern European countries where most of the cultivars have been developed [7]. In southern Italy (Sicily, Campania and Apulia), as in other Mediterranean coastal areas, such as North African countries, Cyprus and Turkey, the potato crop is not grown in the usual main cycle (spring–summer), owing to the high temperatures and considerable demand for irrigation water, but is mostly cropped in a winter–spring cycle (planting from November to January and harvesting from March to early June) with the aim of obtaining an early product [8,9,10]. This is highly appreciated for its specific qualitative traits [11,12] and so profitably exported to northern European countries for fresh consumption [13]. In addition, early potato tubers are also increasingly serving as feedstock for industrial products [14,15]. This makes early potato production even more attractive in the Mediterranean Basin. However, the potential yield is never fully obtained in natural productive systems since biotic and abiotic factors may negatively affect plant growth and tuber development [16]. This growing season cycle is often characterized by a relatively low temperature, a short photoperiod and limited solar radiation, which are conditions with an appreciable effect on plant growth, substantially modifying the morphological and phenological characteristics of the plants (for example, most potato cultivars do not flower) compared to those cultivated in the spring–summer cycle [17]. Apart from the cultivar choice, crop protection and irrigation, an important agronomic measure for improving early potato production is represented by an adequate nutrient management [16]. Particularly, due to the high nutritional requirements during vegetative growth and tuber bulking, as well as to meet the quality standards demanded by both the fresh vegetable market and processing industry, early potato growers typically rely heavily on the use of inorganic fertilizers to maximize their incomes. Potato is known to have a relatively low N uptake efficiency ranging between 50% and 60% [18], due to its shallow root system which is less efficient in taking up N than other crops like wheat, maize or sugar beet [19]. Therefore, it needs adequate levels of N for a fast plant cycle and plant growth rate [8], in order to promote both earliness and high-profitable yields [13]. Indeed, N has positive effect on both the number of emerging leaves and the rate of leaf expansion and, hence, on the canopy development of the plant [20] and on the photosynthesis efficiency by increasing the intercepted radiation [21,22]. This has a decisive impact on dry matter partitioning to the tubers, tuber bulking and, of course, on tuber yield [23]. By contrast, N over-fertilization may promote an excessive stolon and leaf growth at the expense of tuber development/maturity and quality [24]. Fertilizers are generally used inefficiently by the crop, also due to large N losses through seepage or percolation, particularly when conventional irrigation methods, e.g. furrows or sprinklers, are used [25]. Hence, in the latest years the improvement of N use efficiency for the potato crop is a priority for researchers [19,26,27]. Several N fertilization rates have been suggested as optimal for potato production; in some European countries and the USA the recommended N fertilization rates vary from 70 to 330 kg ha−1, and the most economically efficient rates from 147 to 201 kg ha−1 [24]. Nevertheless, literature still lacks on comprehensive studies including several aspects, from physiology to yield and quality responses of potato crop in relation to N fertilization. In addition, despite some works dealing with main potato crop response to N fertilization [10,16,20,21,24,28], no attempts have been focused on defining the effects of different N fertilization rates on both the crop physiology, yield and tuber chemical composition of early potato. Indeed, the environmental conditions associated with early potato production substantially modify the morphology and phenology of the crop, and thus the tubers are essentially immature and so differ qualitatively from those produced in the main crop cycle [11]. As a result, little of the literature describing the characteristics of main crop potatoes can be used to make inferences regarding early potato cultivation. Taking into account all these considerations, in the present research we have investigated whether it is possible to reduce the N fertilization rate, while keeping yield reduction to a minimum and having positive effects on certain tuber qualitative traits. In this respect, this study represents the first comprehensive approach to detect simultaneously agronomic and qualitative performances of this crop under different N fertilization rates. Since the annual weather variations have also a considerable influence over these traits, the experiments were replicated over two years in a major potato production area in the Mediterranean Basin.




2. Materials and Methods


2.1. Field Experimental Design, Plant Material and Management Practices


The experiment spread over two years (2014 and 2015) at a commercial farm located on the coastal plain of Siracusa (37°01′ N, 15°12′ E, 30 m above sea level). The soil, moderately deep, is classified as calcixerollic xerochrepts type [29], with pH 7.7 and a soil composition of 48% sand (2–0.02 mm), 18% silt (0.02–0.002 mm), 34% clay (<0.002 mm), 6% limestone, 1.8% organic matter, 0.2% total nitrogen, 28 mg kg−1 of available P2O5 and 180 mg kg−1 of exchangeable K2O. The soil characteristics may be considered strongly representative of the potato cultivation area in Sicily [30,31]. A layer, 0.25 m thick (from −0.05 to −0.30 m), where about 90% of active potato roots were located, was considered for the soil analysis. Soil minerals analyses were obtained according to procedures approved by the Italian Society of Soil Science [32], whereas the remaining analyses were carried out using widely employed and adopted methods in Italy [33].



Disease-free, non-pre-sprouted “seed” tubers of cv. Bellini, from a single seed lot, were manually planted on 18 January 2014 and 25 January 2015. This cultivar was recently introduced for conventional production of early potato in the Mediterranean Basin, where it has shown a good adaptation to the pedoclimatic conditions. It has yellow skin and pulp, and is a B cooking type (i.e., multi-purpose cooking) according to the EAPR (European Association for Potato Research) cooking-type scale.



In this experiment three nitrogen fertilization rates were compared: 0 (as control), 140 and 280 kg N ha−1, hereafter referred to as N0, N140 and N280, respectively. In particular, N280 represents the conventional N fertilization rate commonly adopted by Sicilian producers for enhancing yields; while N140 was formulated on the basis of the N uptake by potato crop with target yields of 40–50 t ha−1 [34], the available soil N during the growing season (equal to 70 kg ha−1; see Section 2.4) and N fertilization efficiency (equal to 90%, due to the modality of N fertilization).



A randomized complete-block design with four replicates was adopted. Each plot size was 4.2 × 4.2 m, with 84 plants and consisted of six rows. Whole tubers were planted at 0.3 m intervals in rows 0.70 m apart, corresponding to a planting density of 4.76 plants m−2. The two external rows and two plants on each row-end were used as border to minimize contamination from adjacent nitrogen treatments. The two middle rows per plot were harvested to assess the yield. N was soil-applied incorporated by mineral source (ammonium nitrate, at 26% of N) and the total amount was split in 2 applications (10 and 40 d after transplant). Besides the different nitrogen fertilization rates, prior to planting, all plots received the same base fertilization consisting of 80 kg P2O5 ha−1 and 140 kg K2O ha−1 as mineral superphosphate (19% of P2O5) and potassium sulphate (50% of K2O), respectively. The experimental field had been cultivated in a potato-lettuce(fennel)-carrot rotation for almost 20 years, as commonly used in the cultivation area. Obviously, in both years, the previous crop was carrot (fertilized with 120 kg N ha−1), and the area used for our experiments was different to avoid cumulative effects of nitrogen fertilizer treatments over years. Drip irrigation was provided once the accumulated daily evaporation rate (derived from measurements of an unscreened class A-Pan evaporimeter) had reached about 30 mm. Over the crop cycle 220 (2014) and 160 mm (2015) irrigation water were provided. Five (2014) and four (2015) irrigation applications were performed. Weed and pest control followed standard commercial practice.




2.2. Crop Physiology


The physiological measurements were made from the youngest fully expanded leaf (usually the 3rd or 4th leaf from the apex). They were determined at 80, 90, 111 and 119 days after planting (DAP) in 2014 and at 89, 107, 116 and 123 DAP in 2015. At each time point, measurements per each N fertilization rate were taken in duplicate on the same leaves of five plants per plot, previously marked for the purpose. Leaf Soil Plant Analysis Development (SPAD) readings were performed using a portable absorbance-based chlorophyll meter (SPAD-502 model, Konica Minolta, Sakai, Osaka, Japan). The measurements were conducted between 10:00 and 12:00 h (local solar time). The SPAD readings provide an indication of crop greenness and N requirements, while having a strong and non-linear correlation with chlorophyll foliar content in potato [35]. Photosynthesis rate was measured by a LI-6200 closed gas-exchange system (LI-Cor Inc., Lincoln, NE, USA) using a 250 cm3 chamber in the closed circuit mode. Instantaneous gas-exchange measurements were made in the morning (at 10:00 and 12:00), closely matching the respective growth chamber CO2 conditions, under clear sunny meteorological conditions. Days on which photosynthesis rate was measured were typically clear sunny days characterized by a Photosynthetically Active Radiation (PAR) ≤1800 mmol photons m−2 s−1. Air temperatures varied only slightly during each measuring hour, but ranged between 19 and 28 °C during the period of measurements.




2.3. Crop Yield and Its Components


In both years, for the determination of yield and its components, tubers (from each plot and replicate) were harvested manually when about 70% of haulms were fully desiccated (i.e., at 125 and 130 DAP in 2014 and 2015, respectively), and the number and weight of both marketable and unmarketable tubers per plant were determined. Tubers which were greened, misshapen or displayed pathological damage were classed as unmarketable, as well as those with weight lower than 20 g. This allowed the calculation of the number of tubers per plant (NTP), mean tuber weight (MTW) and marketable yield (MY). The yield of unmarketable tubers was very low (below 1.0%) and hence excluded from the data.




2.4. Nitrogen Crop Uptake and Nitrogen Efficiency Indices


For the determination of crop N uptake (CNU), only the N in tubers was considered under the assumption that contents in roots were negligible and contents in the aboveground shoot mass had been mostly translocated before dieback of the haulm [36]. Nitrogen concentration was determined by the Kjeldahl method, using fresh tubers collected at harvest, which were oven-dried and finely ground through a mill (IKA, Labortechnick, Staufen, Germany) with a 1.0 mm sieve.



The efficiency of N was calculated in terms of NUE (Nitrogen Use Efficiency), NUtE (Nitrogen Utilization -Efficiency) and NUpE (Nitrogen Uptake Efficiency). Firstly, available soil nitrogen was calculated as the sum of mineral N (NO3-N and NH4-N) in the 0–0.40 m soil layer at sowing, plus the N released through mineralization during the growing season, and the N supplied through fertilization [37]. The initial mineral nitrogen content of the soil profile (0–0.40 m) was set at 1.2% of total N, determined by the Kjeldahl method. N soil mineralization per month was calculated according to Gariglio et al. [38], from total N content corrected by an N mineralization factor as a function of soil temperature. On the basis of this procedure and considering the losses for volatilization, leaching and microbial mineralization [39], the quantity of available mineral nitrogen in the soil (NA) for the crop cycle was equal to about 70 kg ha−1 in both years. This N availability was similar to that recently reported by Ierna and Mauromicale [18], in field experiments carried out in the same cultivation area.



Therefore, the following indices were calculated:



NUE [expressed as kg tuber dry matter content (DM) kg N] = marketable dry tuber yield/NA



NUpE (expressed as kg N kgN−1) = CNU/NA



NUtE (expressed as kg tuber DM kg N−1) = marketable dry tuber yield/CNU



Fertilizer use efficiency (FUE) was also calculated by using the following formula:



FUE (expressed as kg kg−1) = [yield of fertilized plot (kg) − yield of unfertilized plot (kg)]/N fertilizer rate applied (kg)




2.5. Tuber Chemical Composition


A total of 24 samples (2 years × 3 N fertilization rates × 4 replicates) were analyzed per each chemical determination. Each sample consisted of 15 marketable tubers, which were washed with tap water, dried with tissue paper, diced and immediately blended using a domestic food processor at 0 °C (Kenwood Multipro, Milan, Italy). Finally, per each replicate an amount (500 g) of the resulting slurry was freeze-dried (Christ freeze drier, Osterode am Harz, Germany) and stored at −20 °C until analysis of ascorbic acid, total polyphenols, antioxidant activity, starch and simple sugars, while the remaining portion was oven-dried at 65 °C (Binder, Milan, Italy), until a constant weight was reached, in order to determine the DM. Then, the dehydrated material was used for the determination of total protein and nitrate.



Kits for the enzymatic and spectrophotometric determination of total starch and simple sugars were obtained from Megazyme International Ireland Ldt. (Bray, Co. Wicklow, Ireland), as well as sugars standards. 5-O-caffeoylquinic acid (used as standard for the determination of total polyphenols content) was obtained from Extrasynthese (Lyon, France). All the other reagents and solvents adopted were purchased from Sigma-Aldrich (Milan, Italy) and were of analytical or high-performance liquid chromatography (HPLC) grade. Bidistilled water was used throughout this research.



Total protein content was determined according to Snyder and Desborough [40], reading the absorbance at 595 nm with a Shimadzu 1601 ultraviolet (UV)-visible spectrometer (Shimadzu Corp., Tokyo, Japan).



For analysis of simple sugars (glucose, fructose and sucrose), sample preparation was carried out following the protocol described in Megazyme Assay Kit K-SUFRG [41], while total starch determination was performed according to the protocol described in Megazyme Total Starch Assay Kit AA/AMG [41].



The ascorbic acid determination was carried out by HPLC as described by Lombardo et al. [42].



Total polyphenols content was quantified spectrophotometrically as reported by Lombardo et al. [12]; using the same extracts, the antioxidant activity was evaluated and expressed as percentage inhibition of DPPH (2,2-diphenyl-1picrylhydrazyl) [43], obtained by the following equation: [AC0–AS30/AC0] × 100, where AC0 is the absorbance of a blank control at the beginning of the assay and AS30 the sample absorbance after 30 min.



Nitrate content determination was performed using an ion selective electrode method [44].



Excepted for DM and antioxidant activity, reported as %, all the other chemical traits were expressed as g kg−1 of DM.




2.6. Statistical Analysis


Given the normality of distributions (Shapiro and Wilks test) [45] and the homogeneity of variances (Levene’s test) [46], the data were generally subjected to a two-way analysis of variance (ANOVA), based on a factorial combination of three N fertilization rates × two years, By contrast, for the data of photosynthesis rate and SPAD readings ANOVA was performed separately per year (since the considered measurement times did not intercept the same phenological phases in both years) and was based on a factorial combination of three N fertilization rates × four measurement times. Means were separated by a least significant difference (LSD) test, when the F-test was significant. For DM and antioxidant activity, the % values were subjected to Bliss transformation prior to analysis and then to ANOVA; however, untransformed data (thus expressed as %) for these traits were reported and discussed. All calculations and analyses were performed using CoStat® version 6.003 (CoHort Software, Monterey, CA, USA).




2.7. Weather Conditions


Meteorological data were monitored during each growing season (from January to May) in the years of study by a meteorological station (Mod. Multirecorder 2.40; EGT, Florence, Italy) sited within 250 m of the experimental field. The total rainfall during 2014 (January–May) was below average (68 mm versus a long-term mean of 179 mm), while the mean minimum temperature was significantly higher as compared to the long-term period (12.5 versus 9.8 °C) (Table 1). Total rain recorded (160 mm) in 2015 did not substantially differed from the long-term climate, experiencing about 92 mm more rain than in the first year. In both 2014 and 2015, the mean daily minimum temperature was higher than long-term average. By contrast, mean daily maximum temperature was slightly below that recorded in the long-term period (17.3 versus 18.8 °C) in 2015 (Table 1).





3. Results and Discussion


3.1. Physiological Traits


According to ANOVA results (Table 2) and regardless of the specific yearly trend, at each measurement time leaves from N0 plots displayed a lower photosynthetic rate than those from the N fertilized plots (i.e., N140 and N280) (Figure 1). This can be related to the decisive impact of N fertilization on the canopy development of the plant [20], as here expressed by the influence of N fertilization rate on the level of aboveground dry biomass (Table 3). Indeed, this was higher in the N fertilized plots than in N0 ones (Table 4). The differences in terms of photosynthetic rate between N140 and N280 plots were not significant across all the measurement times (Figure 1). It is likely that this depended on the increased stomatal resistance in the N280 plants, resulting from their higher evapotraspirative demand due to their higher aboveground dry biomass. A similar trend was highlighted for SPAD values, a non-destructive and instant indicator of potato plant N status [22]. Indeed, at each measurement time, in both 2014 and 2015 N0 plants had the lowest SPAD values than those fertilized. Nevertheless throughout the field monitoring, no statistical differences were observed between N140 and N280 in terms of SPAD readings (Figure 1). This indicates that N140 may represent a threshold over that early potato does not benefit from higher N fertilization rate (N280) in terms of SPAD readings improvement.



For both the physiological traits under study, it was evident a different annual trend (Figure 1). In 2014 the photosynthesis rate significantly declined from 80 to 119 DAP by an extent between 37.0 (N280) and 38.5% (N0). By contrast in 2015, with increasing plant age, photosynthesis rate exhibited a bell-shaped curve (Figure 1), increasing up to a complete canopy developing (116 DAP) and declining thereafter (123 DAP). Reason for the different trend of photosynthesis rate in the two years primarily is that the considered measurement times did not intercept the same crop phenological phases in both years. Indeed, due to the highest mean temperatures during the initial months (late January and February) in 2014, potato plants emerged 10 days early than in 2015 (data not shown), and therefore potato leaves had a presumable fully photosynthetic capacity earlier in 2014. This may explain why potato plants recorded a high photosynthesis rate early (at 80 DAP) in 2014, while similar values (equal to about 28 μmol CO2 m−2 s−1) were reached later in 2015 (between 107 and 116 DAP). The different annual trend of photosynthesis rate may be also related to the PAR values registered at each measurement time, since a strongly and positive correlation between these parameters was highlighted in both 2014 and 2015 (respectively, r = 0.94 and 0.99, p < 0.01).



The SPAD readings showed a similar trend to that of the photosynthesis rate recorded in the same year (Figure 1). According to literature data [22,47], in 2014 the SPAD values decreased linearly and significantly with plant age, with a more marked reduction for the fertilized plots than unfertilized ones (17% vs. 13%) from 80 to 119 DAP (Figure 1). This could be related to N remobilization from the oldest to the youngest leaves [47]. By contrast, this decreasing tendency of SPAD values across the field monitoring was less evident in 2015 (Figure 1). Indeed, SPAD readings time-course is also largely dependent on many external factors, among which weather conditions and light intensity are important [48]. The effect of meteorological conditions experienced in 2014, characterized by higher mean temperatures throughout the monitoring period, caused higher SPAD values at 80 DAP (46.2 SPAD units, on the average of N fertilization rates) than those reported by Mauromicale et al. [22]. Indeed, air temperature together with solar radiation is the main external factor affecting physiological processes, among which foliar chlorophyll concentration. As a consequence, in 2015 early potato plants reached a similar SPAD values only at 107 DAP.



Finally, based on our results and regardless of the yearly trend, a conventional N fertilization rate (N280), commonly adopted in the Mediterranean Basin, was not associated to an improvement of both photosynthesis rate and SPAD value in the early potato crop.




3.2. Aboveground Dry Biomass and Yield Components


Aboveground dry biomass and yield components were all influenced by the N fertilization rate, while ‘N fertilization rate × year’ interaction was significant only for MY and MTW (Table 3).



Regardless of year, as highlighted in a work carried out by Fontes et al. [24], N0 plots reported the lowest MYs (45.8 t ha−1) than the N fertilized ones (55.0 t ha−1, on average) (Table 4).



On the basis of our results on MY, N140 represented the best treatment. However, the reasonable values reached under N0 (abundantly above the Italian mean yield equal to 27.7 t ha−1, according to data provided by FAO) [6] may be ascribed to the residual soil fertility (about 70 kg ha−1 in both years) of the studied cultivation area, where every year conspicuous amounts of N fertilizers were applied to vegetable crops. On the contrary, we demonstrated as an over-fertilization to the early potato is not necessary, since N280 either decreased (in 2014) or maintained stable (in 2015) the MY as compared to N140 (Figure 2). In researches carried out in similar Mediterranean environments [13,49], potato yields increased with increasing nitrogen rate up to 120 kg ha−1, but did not change further with higher N fertilization rates. In particular, the high MY (66.3 t ha−1) achieved by N140 plots in 2014 is attributable to the highest MTW reported (Figure 2). Indeed, several researchers [35,50] have highlighted as sufficient N fertilizer amounts reduced the small size tuber fraction. In addition, N140 showed an intermediate canopy development (here expressed by the level of ADB) between N0 and N280, which was able to ensure acceptable values of photosynthesis rate and therefore high MYs (Table 4). By contrast, the higher ADB observed for N280 plots may explain the lowest MY values recorded (Table 4), since tuberization can even be suppressed or delayed by high N supply in favour of higher shoot growth [51]. This may have reduced the carbohydrate translocation in the tubers, as demonstrated by the lower MTW under N280 in both years.



Regardless of N fertilization rate, the MY reduction from 2014 to 2015 is attributable to the decrease of the MTW (Figure 2). Indeed, the correlation analysis between MY and MTW showed a very strong correlation (R2 = 0.98 ***), while that between MY and NTP was not significant (R2 = 0.06). This observed year-to-year variation in MY could be attributable to the meteorological conditions experienced throughout the field trials (Table 1). Basically, as compared to the long-term period, the more favourable mean air temperatures experienced in 2014 may have improved crop productivity by sustaining the increase in MTW (Figure 2); by contrast, the NTP was unaffected by seasonal conditions. Indeed, according to De la Morena et al. [52], N has the greatest impact on the average tuber weight rather than the other components of potato yields.




3.3. Crop Nitrogen Uptake and N Efficiency Indices


It is particularly crucial to estimate both crop N uptake and N efficiency indices for potato crop, considering that it has a shallow and slow-growing root system with possible repercussions for nutrients uptake. On the whole, our results on CNU were comparable with those reported by Darwish et al. [48] obtained also in the Mediterranean environment. Here, as expected, CNU was higher in the N fertilized plots (148 kg ha−1, on average) than in N0 (113 kg ha−1) (Table 4), but the magnitude of the effect of N fertilization rate was year-dependent. Indeed, in 2014 CNU was highest under N140, while in 2015 under N280 (Table 5). The highest CNU reported for the N140 plots may also explain the highest MYs observed (Figure 2). In general, CNU decreased from 2014 to 2015 (Table 5). Indeed, N uptake is favored when irrigation or soil humidity is close to 100% of maximum evapotranspiration [53], but high rainfall (as experienced in 2015) may lead to significantly higher N leaching losses [54].



Accordingly, the three N efficiency indices studied (NUE, NUpE, NUtE) tended to decline with increasing N fertilization rates (Table 4), but the extent of the impairment was year-dependent (Table 5) as also reported by Xu et al. [55] and Meise et al. [35]. The low NUE values of potato, as compared to other crops, can be related to its shallow rooting system that leads to a restricted uptake and, thus, use of N [56]. In addition, the water regime can significantly affect the NUE [16]. This may explain the general decrease of NUE from 2014 to 2015, since the higher rainfall in 2015 may have promoted nitrate leaching out of the rooting zone. NUE depends on two processes: the uptake efficiency (NUpE, the ability to remove N from the soil) and the utilization efficiency (NUtE, the ability to use the absorbed N to produce yield) [36]. Indeed, our results on NUE were strongly correlated with those of NUpE (r2 = 0.99 ***) and NUtE (r2 = 0.89 ***). Therefore, the lowest NUE values under N280 may be associated with the reduced N uptake ability and the lowered transport/redistribution of nutrients, resulting in lower yields than N140. Also Tyler et al. [57] and Zvomuya et al. [58] revealed decreasing values of both NUpE and NUtE with growing N fertilization amounts.



From an agronomic fertilizer use efficiency standpoint, N140 was most efficient than N280 in both years (125.7 vs. 9.6 kg kg−1 in 2014 and 64.3 vs. 25.7 kg kg−1 in 2015). Since agronomic fertilizer FUE is defined as the increase in yield of the harvested portion of the crop per unit of fertilizer applied, our results suggest that applying N fertilizer in high amounts (N280) might have resulted in more N losses. In 2014 the wider difference, in terms of FUE, between N140 and N280 is directly correlated to the trend of yield and its components (particularly, MTW) as compared to 2015.




3.4. Tuber Chemical Traits


The results about the effects of N fertilization rate on the chemical parameters of early potato tubers were reported in Table 4 and Table 6.



Overall, the tuber chemical traits, except for the total protein and soluble sugars content, was significantly affected by ‘N fertilization rate x year’ interaction. Firstly, N fertilization rate influenced the tuber DM level, one of the most important traits of potato tubers in the context of domestic cooking and industrial processing quality [59]. In both years the DM for N280 did not differ significantly from that shown for N140 (Table 6). Indeed, nitrogen is essential for potato canopy growth, but its over-supply could delay maturity and thus may reduce DM and starch levels [16]. In addition, a higher N fertilization rate results in tubers with immature skin prone to bruising and susceptibility to shatter bruise [60]. The range in DM (<20%) here observed was consistent with previous results reported in literature [41], making our samples more suitable for processing into boiled and frozen products according to the classification given by Cacace et al. [61]. A variation in the DM values over the two years was also observed and it can be ascribed to the meteorological conditions (temperature and rainfall). In particular, the cooler temperatures experienced in 2015 may be responsible for a longer time necessary for the interception of global solar radiation flux density and conversion of intercepted radiation into DM [62].



Sugars make a major contribution to the overall tuber DM, mostly deposited in the form of starch. This was found markedly affected by the ‘N fertilization rate x year’ interaction (Table 6). In both years, it was decreased by the conventional fertilization rate (N280) (592 and 569 g kg−1 of DM in 2014 and 2015, respectively), confirming the trend here reported for the tuber DM level. By contrast, tubers grown under N140 had comparable starch levels compared to those unfertilized (N0). A previous study reported an inverse relationship between nitrogen fertilization rate and levels of DM and starch [63]. This is in agreement with the “carbon/nitrogen balance” theory [64], which proposes that when N availability limits plant growth the metabolism shifts towards carbon rich compounds, such as starch. Potato tubers also contain considerable amount of soluble sugars, mainly sucrose, glucose and fructose, which have impact on their processing [59]. In particular, high amounts of sucrose (a non-reducing sugar), glucose and fructose (reducing sugars) in potato tubers are undesired for processing at high temperatures because reducing sugars are precursors of the Maillard reaction and sucrose is the main source of reducing sugars during its enzyme-catalyzed hydrolysis [65]. In this study, sucrose was the most and fructose the least abundant (Table 4). Their level, similar to the data reported by Lombardo et al. [41], was significantly influenced only by the N fertilization rate. This result is consistent with the above-cited “carbon/nitrogen balance” theory [64], since potato tubers grown under limited N availability (N0 in the present study) accumulated more soluble sugars than those grown under N140 and N280 (Table 4).



Although potato tubers are commonly regarded as a source of sugars, they also contain a good level of protein that can vary due to several pre-harvest factors [66]. In this study, this qualitative parameter was strongly influenced by the N fertilization rate and, as expected, it was significantly higher in the tubers grown under N280 (100 g kg−1 DM) than in those grown under N140 and N0 (86 and 82 g kg−1 DM, respectively; Table 4). Indeed, according to Wang et al. [67], a low fertilization supply decreased tuber nitrogenous compounds due to the dilution effect caused by higher DM accumulation.



The conventional N fertilization rate (N280), commonly adopted in the Mediterranean Basin for potato cultivation, also markedly enhanced the nitrate level in the early potato tubers (Table 4 and Table 6). The higher nitrate level experienced in 2014 are in agreement with Sadej and Namiotko [68]. Indeed, both the higher temperatures and lower total rainfall in 2014 may have favoured the uptake of nitrates by plants. Although nitrate content is less crucial for tuber quality than DM level, it may impair food safety due to possible hazard to human health driven by the increasing volume of potato tubers consumption [69]. Therefore, also due to the lack of threshold limits in European Union (EU) legislation, some countries have already introduced inland regulations limiting nitrate content in commercialized potato tubers. As an instance, in Germany (the most important market for the exported Mediterranean early potato) only tubers with less than 200 mg kg−1 of fresh weight are accepted. Here, no value exceeded such threshold limit since the maximum level of tuber nitrate content was 1.15 g kg−1 DM under N280, with a DM of 16.3%, which corresponds to 189 mg kg−1 of fresh weight. However, the optimized fertilization rate (140 kg N ha−1) is preferable with a perspective of a lower nitrate level in the tubers (0.93 g kg−1 DM, on average of years) combined with an acceptable productive yield and a minor environmental pollution.



Potato tubers are, due to their consumption rate, one of the major sources of antioxidant compounds in the human diet. The early potato tubers contain high levels of ascorbic acid and polyphenols [11,28]. The ascorbic acid is an inhibitor of enzymatic browning, therefore its presence helps to reduce some post-harvest qualitative losses [70,71]; while the polyphenols are associated with a range of health-promoting properties [72]. Here, ascorbic acid and total polyphenol amounts were both influenced by ‘N fertilization rate × year’ interaction (Table 6). In particular, it is apparent from our results that in both years the conventional N fertilization rate (280 kg N ha−1) had a negative effect on the level of ascorbic acid (Table 6). A major amount of the soil N available to the crop may likely stimulate leaf growth, and thereby enhance the photosynthetic rate and the production of the sugars needed for ascorbic acid synthesis [11], but at the same time the increased plant foliage to high N fertilization rates may reduce the light intensity and accumulation of ascorbic acid in plant shaded parts [73]. Hence, the choice of the N fertilization rate may have a significant effect on the balance between these two phenomena, i.e., leaf growth and shading, and thereby on the ascorbic acid synthesis and accumulation in potato tubers. In this regard, N140 seems to be the right compromise with the aim of obtaining tubers with high health-promoting properties, since the conventional N fertilization rate (N280) increased the concentration of nitrates and simultaneously decreased that of ascorbic acid (Table 6). The differences among the studied N fertilization rates on the ascorbic acid accumulation was particularly notable in 2015 (Table 6), probably due to the higher rainfall level and lowest minima air temperatures experienced (Table 1).



The content of total polyphenols was also evaluated in the present study (Table 4 and Table 6). Consistently with the results obtained for the ascorbic acid, in both 2014 and 2015 N0 tubers showed the highest total polyphenol amounts compared to those of N140 and N280. Our results are in agreement with Lachman et al. [74], which report an increase in the total polyphenols content under low N supply or deficiency due to the increased activity of phenylalanine ammonia lyase (PAL), the key-enzyme for their biosynthesis. With respect to human health, increasing the total polyphenol content through the proper choice of N fertilization rate could be of importance in diets which are dominated by potatoes. Also for the total polyphenols content, the differences among the tested N fertilization rates were notably evident in 2015 as a response to the meteorological conditions during the field trials. In particular, this may be due to the higher level of precipitation experienced in 2015 (Table 1), as total polyphenol content is known to be enhanced by high humidity [75]. Finally, the N fertilization rate also affected the antioxidant activity of early potato tubers (Table 4 and Table 6). This parameter tended to be higher in N0 tubers grown than in N140 and N280 ones, confirming the trend observed for both ascorbic acid and total polyphenol levels. However, it is noteworthy that N140 tubers displayed a higher antioxidant activity than N280 ones (58.3% vs. 54.4%, on average of years). In addition, all the N fertilization rates under study harboured greater antioxidant activity in 2015, as a response to the abiotic stresses induced by meteorological conditions. This was also corroborated by the larger difference between N0 and N280, as highlighted for the total polyphenols content (Table 4 and Table 6).





4. Conclusions


Recently, agronomic research has increasingly been directed at finding management practices that maximize crop production and enhance product quality, while minimizing the environmental impact. This is particularly true for the potato, a crop that requires significant external inputs during both vegetative growth and tuber bulking, to meet the yield and qualitative standard levels demanded by either the fresh market or processing industry. Hence, potato growers often tend to use huge amounts of inorganic (especially nitrogenous) fertilizers to maximize their incomes. In this sense, for the first time, this study provided comprehensive data on both agronomic, N use efficiency and tuber qualitative traits of the early crop potato under different N fertilization rates with the aim to investigate whether it is possible to reduce the N fertilization rate without implications on the aforementioned characteristics. In particular, we highlighted that an optimal N fertilization rate (140 kg ha−1, based on soil nitrogen balance, crop rotation and potato requirements) may ensure a high yield and a limited reduction of N use efficiency, combined with important nutritional traits of the tubers, e.g., a high level of dry matter, starch, total polyphenols and ascorbic acid, and a low nitrate amount, as compared to the unfertilized and over-fertilized plots. These results may have positive repercussions for potato cultivation, allowing farmers to increase their incomes through better tuber quality and lower production costs. In addition, our findings are relevant in the perspective to limit environmental pollution by reducing the N fertilization rate to the early potato crop, since growers often adopt N over-fertilization (280 kg ha−1 or more) without a scientifically supported basis. Taking into account that the experimental field-trials were carried in a typical potato cultivation area in Sicily (soil characteristics, climate, crop rotation and management), which is also representative of the potato cultivation in the Mediterranean basin, we reasonably considered the fertilization rate of 140 kg N ha−1 as a recommendable target dose in similar soils, with a N availability equal to ~70 kg ha−1. Future research studies are, however, necessary to assess the behavior of other cultivars, as well as to deepen insights into the possible interaction of N fertilization with other agronomic practices (e.g., irrigation) in terms of yield, N use efficiency and tuber quality performances of early potato crop.
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Figure 1. Photosynthesis rate and SPAD readings of early potato leaves as affected by ‘N fertilization rate x measurement data’ interaction. Different letters within each measurement time (expressed as day after planting, DAP) indicate statistically significant differences among the N fertilization rates (least significant difference (LSD) test, p < 0.05). 
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Figure 2. Marketable yield (MY) and mean tuber weight (MTW) of early potato as affected by ‘N fertilization rate x year’ interaction. Data are mean ± standard deviation of four individual plots (n = 4). Different letters within each parameter indicate statistically significant differences (LSD test, p < 0.05). 
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Table 1. Rainfall, mean minima and maxima temperatures during the ‘early’ potato growing season in the years of study as compared to the long-term period (1977–2006).
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Month

	
2014

	
2015

	
Long-Term Period




	

	
Rainfall (mm)

	
Min. Air Temp. (°C)

	
Max. Air Temp. (°C)

	
Rainfall (mm)

	
Min. Air Temp. (°C)

	
Max. Air Temp. (°C)

	
Rainfall (mm)

	
Min. Air Temp. (°C)

	
Max. Air Temp. (°C)






	
January

	
21

	
11.1

	
16.5

	
46

	
8.8

	
15.2

	
65

	
7.1

	
15.4




	
February

	
23

	
11.0

	
16.9

	
73

	
8.5

	
13.7

	
38

	
7.6

	
16.2




	
March

	
15

	
10.7

	
16.6

	
31

	
9.5

	
16.1

	
25

	
8.8

	
17.7




	
April

	
8

	
13.2

	
19.7

	
0

	
13.4

	
18.7

	
31

	
10.9

	
20.2




	
May

	
1

	
16.4

	
22.0

	
10

	
15.3

	
22.8

	
20

	
14.4

	
24.3




	
Total/mean

	
68

	
12.5

	
18.3

	
160

	
11.4

	
17.3

	
179

	
9.8

	
18.8
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Table 2. Summary of statistical significance from analysis of variance for photosynthesis rate and Soil Plant Analysis Development (SPAD) readings.






Table 2. Summary of statistical significance from analysis of variance for photosynthesis rate and Soil Plant Analysis Development (SPAD) readings.





	

	

	
Source of Variation




	
Variable

	
Year

	
Nitrogen Fertilization Rate (N)

	
Measurement Time (M)

	
(N) × (M)






	
Photosynthesis Rate

	
2014

	
***

	
***

	
*




	

	

	
***

	
***

	
*




	
SPAD Readings

	
2015

	
***

	
***

	
***




	

	

	
***

	
***

	
**








*, ** and *** indicate significant at p < 0.05, 0.01 and 0.001, respectively. For both years, degrees of freedom were equal to 2–3 and 6 for (N), (M) and (N) × (M) interaction, respectively.
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Table 3. Summary of statistical significance from analysis of variance for the aboveground dry biomass, yield components, N efficiency indices and tuber chemical characteristics.
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Source of Variation




	
Variable a

	
Nitrogen fertilization Rate (N)

	
Year (Y)

	
(N) × (Y)






	
ADB

	
*

	
**

	
NS




	
MY

	
***

	
**

	
*




	
MTW

	
***

	
***

	
***




	
NTP

	
**

	
NS

	
NS




	
CNU

	
***

	
***

	
**




	
NUE

	
***

	
**

	
*




	
NUpE

	
***

	
***

	
***




	
NUtE

	
NS

	
***

	
**




	
FUE

	
***

	
**

	
***




	
DM

	
**

	
NS

	
*




	
Starch

	
***

	
***

	
*




	
Sucrose

	
***

	
**

	
NS




	
Glucose

	
**

	
NS

	
NS




	
Fructose

	
**

	
NS

	
NS




	
Total protein

	
***

	
NS

	
NS




	
Total polyphenols

	
***

	
***

	
*




	
Nitrate

	
***

	
***

	
*




	
Ascorbic acid

	
***

	
**

	
***




	
Antioxidant activity

	
***

	
***

	
**








*, ** and *** indicate significant at p < 0.05, 0.01 and 0.001, respectively; NS = not significant. Degrees of freedom were equal to: 1 for (Y); 2 for both (N) and (N) × (Y) interaction. a ADB: Aboveground Dry Biomass; MY: Marketable Yield; MTW: Mean Tuber Weight; NTP: Number of Tubers Plant−1; CNU: Crop Nitrogen Uptake; NUE: Nitrogen Use Efficiency; NUtE: Nitrogen Utilization Efficiency; NUpE: Nitrogen Uptake Efficiency; FUE: Fertilizer Use Efficiency; DM: Dry Matter.
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Table 4. Aboveground dry biomass, yield components, N efficiency indices and tuber chemical characteristics of “early” potato as affected by the main effects. Different letters between years or among N fertilization rates within the same row show significant differences (LSD test, p < 0.05).






Table 4. Aboveground dry biomass, yield components, N efficiency indices and tuber chemical characteristics of “early” potato as affected by the main effects. Different letters between years or among N fertilization rates within the same row show significant differences (LSD test, p < 0.05).





	

	
Year

	
N Fertilization Rate




	
Variable

	
2014

	
2015

	
N0

	
N140

	
N280






	
ADB (t ha−1 DM)

	
1.02 ± 0.02 a

	
0.85 ± 0.04 b

	
0.78 ± 0.02 c

	
0.99 ± 0.03 b

	
1.10 ± 0.03 a




	
MY (t ha−1) a

	
55.5 ± 1.2 a

	
48.3 ± 2.0 b

	
45.8 ± 1.0 c

	
59.1 ± 1.3 a

	
50.8 ± 2.0 b




	
MTW (g)

	
127 ± 4 a

	
111 ± 6 b

	
108 ± 4 b

	
137 ± 4 a

	
112 ± 5 b




	
NTP (no. plant−1)

	
9.7 ± 0.3 a

	
9.6 ± 0.2 a

	
9.4 ± 0.3 b

	
9.6 ± 0.2 b

	
10.1 ± 0.4 a




	
CNU (kg ha−1)

	
145 ± 5 a

	
128 ± 3 b

	
113 ± 4 b

	
147 ± 4 a

	
148 ± 5 a




	
NUE (kg tuber DW kg N−1)

	
66.0 ± 1.0 a

	
56.6 ± 1.3 b

	
113.3 ± 0.9 a

	
46.8 ± 0.4 b

	
23.8 ± 1.0 c




	
NUpE (kg N kg N−1)

	
0.98 ± 0.08 a

	
0.85 ± 0.036 b

	
1.61 ± 0.09 a

	
0.70 ± 0.08 b

	
0.42 ± 0.04 c




	
NUtE (kg tuber DW kg N−1)

	
64.4 ± 0.7 a

	
64.3 ± 0.6 a

	
70.3 ± 0.8 a

	
66.6 ± 0.6 a

	
56.2 ± 0.7 b




	
FUE (kg kg−1)

	
67.7 ± 1.3 a

	
45.0 ± 1.0 b

	
-

	
95.0 ± 1.6 a

	
17.7 ± 1.0 b




	
Dry matter (DM) (%)

	
16.8 ± 1.0 a

	
16.8 ± 0.9 a

	
17.2 ± 1.0 a

	
16.6 ± 0.5 b

	
16.4 ± 0.6 b




	
Starch (g kg−1 DM)

	
632 ± 8 a

	
604 ± 7 b

	
640 ± 8 a

	
634 ± 6 a

	
580 ± 6 b




	
Sucrose (g kg−1 DM)

	
11.7 ± 0.5 a

	
11.9 ± 0.6 a

	
13.1 ± 0.6 a

	
11.4 ± 0.4 b

	
11.0 ± 0.3 b




	
Glucose (g kg−1 DM)

	
6.1 ± 0.1 a

	
5.9 ± 0.3 a

	
6.7 ± 0.4 a

	
5.8 ± 0.2 b

	
5.6 ± 0.3 b




	
Fructose (g kg−1 DM)

	
2.0 ± 0.2 a

	
2.1 ± 0.3 a

	
2.4 ± 0.4 a

	
1.8 ± 0.1 b

	
1.9 ± 0.1 b




	
Total protein(g kg−1 DM)

	
89 ± 4 a

	
90 ± 3 a

	
82 ± 4 b

	
86 ± 4 b

	
100 ± 5 a




	
Total polyphenols (g kg−1 DM)

	
3.17 ± 0.07 b

	
3.83 ± 0.10 a

	
3.86 ± 0.09 a

	
3.31 ± 0.08 b

	
3.33 ± 0.07 b




	
Nitrate (g kg−1 DM)

	
1.03 ± 0.7 a

	
0.88 ± 0.09 b

	
0.86 ± 0.09 c

	
0.93 ± 0.06 b

	
1.08 ± 0.04 a




	
Ascorbic acid (g kg−1 DM)

	
0.60 ± 0.05 a

	
0.63 ± 0.05 a

	
0.71 ± 0.04 a

	
0.61 ± 0.07 b

	
0.52 ± 0.08 c




	
Antioxidant activity (%inhibition DPPH)

	
55.6 ± 1.2 b

	
61.1 ± 1.2 a

	
62.3 ± 1.2 a

	
58.3 ± 1.0 b

	
54.4 ± 1.3 c








Data are mean ± standard deviation, n = 12 and 8 for year and N fertilization rate, respectively.a See Table 3 for the list of acronyms.
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Table 5. CNU, NUE, NUpE, NUtE and FUE as affected by ‘N fertilization rate × year’ interaction. Different letters within each column indicate significant statistical differences (LSD test, p < 0.05).






Table 5. CNU, NUE, NUpE, NUtE and FUE as affected by ‘N fertilization rate × year’ interaction. Different letters within each column indicate significant statistical differences (LSD test, p < 0.05).














	Year
	N Fertilization Rate
	CNU (kg ha−1)
	NUE (kg Tuber DM kg N−1)
	NUpE (kg N kg N−1)
	NUtE (kg Tuber DM kg N−1)
	FUE (kg kg−1)





	2014
	N0
	120.5 ± 2.5 d
	122.1 ± 1.3 a
	1.72 ± 0.06 a
	70.9 ± 2.3 a
	-



	
	N140
	162.6 ± 3.0 a
	52.0 ± 1.8 c
	0.77 ± 0.08 c
	67.1 ± 2.0 b
	125.7 ± 2.0 a



	
	N280
	150.9 ± 4.0 b
	23.8 ± 1.0 e
	0.43 ± 0.05 e
	55.2 ± 1.9 d
	9.6 ± 0.3 d



	2015
	N0
	104.8 ± 2.9 e
	104.5 ± 1.8 b
	1.5084 ± 0.05 b
	69.7 ± 1.6 a
	-



	
	N140
	132.2 ± 3.0 c
	41.6 ± 1.5 d
	0.63 ± 0.05 d
	66.0 ± 2.5 b
	64.3 ± 1.2 b



	
	N280
	145.7 ± 2.2 bc
	23.8 ± 1.2 e
	0.42 ± 0.05 e
	57.1 ± 2.5 c
	25.7 ± 1.8 c







Data are mean ± standard deviation of 4 individual plots (n = 4).
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Table 6. Chemical composition of early potato tubers as affected by the interaction between year and nitrogen fertilization rate. Different letters within each column indicate statistically significant differences (LSD test, p < 0.05).






Table 6. Chemical composition of early potato tubers as affected by the interaction between year and nitrogen fertilization rate. Different letters within each column indicate statistically significant differences (LSD test, p < 0.05).















	Year
	N Fertilization Rate
	Dry Matter (DM) (%)
	Starch (g kg−1 DM)
	Nitrate (g kg−1 DM)
	Ascorbic Acid (g kg−1 DM)
	Total Polyphenols (g kg−1 DM)
	Antioxidant Activity (%inhibition DPPH)





	2014
	N0
	17.5 ± 1.0 a
	647 ± 4 ab
	0.94 ± 0.06 c
	0.67 ± 0.02 b
	3.42 ± 0.11 b
	58.2 ± 1.2 bc



	
	N140
	16.5 ± 1.5 cd
	657 ± 8 a
	1.01 ± 0.03 b
	0.58 ± 0.04 d
	3.04 ± 0.05 c
	55.9 ± 0.4 c



	
	N280
	16.3 ± 0.9 d
	592 ± 9 cd
	1.15 ± 0.09 a
	0.54 ± 0.06 e
	3.05 ± 0.08 c
	52.5 ± 0.8 d



	2015
	N0
	17.0 ± 0.5 b
	632 ± 5 b
	0.78 ± 0.06 e
	0.75 ± 0.04 a
	4.31 ± 0.20 a
	66.4 ± 0.7 a



	
	N140
	16.8 ± 0.7 bc
	612 ± 11 c
	0.85 ± 0.04 d
	0.64 ± 0.03 c
	3.58 ± 0.13 b
	60.7 ± 0.6 b



	
	N280
	16.6 ± 0.1 c
	569 ± 10 d
	1.02 ± 0.04 b
	0.49 ± 0.05 f
	3.61 ± 0.07 b
	56.3 ± 0.4 c







Data are mean ± standard deviation of four individual plots (n = 4).
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