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The synergistic effect of nitrogen and phosphorus starter fertilization sub-surface banded at sowing on the early vigor, grain yield and quality of maize.
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Abstract
[bookmark: _Hlk70933431]Maize grain yields and profitability are enhanced in temperate growing areas as a result of an early sowing. However, cool conditions may constrain the uptake of nitrogen (N) and phosphorus (P) by the root system during the early and more susceptible growth stages. The application of starter fertilizers near the plant roots could ensure better N and P availability and improve early vigor of the crop. The aim of this study has been to quantify the overall benefits of a localized starter fertilization with N or P, or their combination, on maize (early development, grain yield, grain quality and sanitary traits). 
[bookmark: _Hlk70835440]A 4-year field experiment was conducted in NW Italy during the 2013-17 growing seasons. The trial compared the sub-surface placement of N, P and NP in bands close to the maize seed furrows, as a starter fertilization strategy, with unfertilized controls on sandy silt loam (SSL), silt loam (SL) and silty clay loam (SCL) soils. These soils were placed side by side, and were characterized by low, high and medium N and plant-available P contents, respectively.
[bookmark: _Hlk70844711]The results showed that when N and P were applied together, the early vigor (plant height) and canopy development (NDVI values) of the maize were significantly enhanced, compared to both the controls and to the application of the single elements in all the soils. The positive growth responses to starter NP fertilization were combined with accelerated crop phenological development, so that anthesis occurred 2.4 to 3.1 days earlier. Thus, the grain yield was enhanced following the NP sub-surface placement (+7%, +15% and +11%, in SSL, SL and SCL, respectively), mainly due to an increase in the number of kernels per ear (+10%), while the grain moisture content was reduced, compared to the controls, in all the soils (-2.2%). The application of N or P alone did not consistently affect either the grain yield or the moisture content in any of the three soils. The starter fertilization strategy also affected both the qualitative and sanitary grain traits. NP and N both resulted in an increase in the grain hardness in the SL and SCL soils, but when P was applied alone, no significant effects were observed. The use of NP starter fertilization significantly reduced the ear injuries caused by European Corn Borer in all three soils (-44%), and reduced ear rot severity in the SSL and SL soils and the fumonisin content (-72%) in the SL and SCL soils, compared to the untreated controls. 
The synergistic effect of N and P applied as a sub-surface band at sowing had a consistent positive effect on the advancement of the flowering dates at different sites in different years, even in soils that have tested high to P or N. Thus, the application of NP starter fertilizer is a crop practice that should be considered in North Italy and for similar soils and environments.
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ABBREVIATIONS
ANOVA, analysis of variance; AUCDC, area under canopy development curve; CEC, cation-exchange capacity; DAP, diammonium phosphate; DAS, days after sowing; DM, dry matter; DON, deoxynivalenol; ECB, European Corn Borer; FBs, fumonisins B1 + B2; GDDs, growing degree days; GPC, Grain protein content; GS, growth stage; KSQ, kernels per square meter, N, nitrogen; NDVI, normalized difference vegetation index; P, phosphorus; REGWF, Ryan-Einot-Gabriel-Welsh F test; SCL, silty clay loam; SL, silt loam;  SSL, sandy silt loam; TKW, thousand kernels weight, TME, total milling energy; TW, test weight.

1. Introduction
Maize (Zea mays L.) is the most important commodity crop worldwide, in terms of production, and its use is increasing in all food sectors (particularly for gluten free foods), for feed, industrial (starch industry) and energetic purposes (Shiferaw et al., 2011). Although this cereal has a high energy producing efficiency for food and feeds, its cultivation could have a marked impact on agro-environments because of its high demands for water and nutrients. In addition to environmental sustainability, the rising costs of crop inputs (fuel, fertilizers, pesticides, water) have reduced the economic competitiveness of this crop in the most intensive cropping systems and have led to demands for a new crop cultivation approach focused on practices with the highest efficiency and return of investments (Fischer et al., 2014).
Early sowing is essential in temperate growing areas in order to maximize the maize grain yields and profitability (Lauer et al. 1999). Late sowing tends to result in a lower grain yield due to the grain filling phase coinciding with a falling temperature and radiation levels and, consequently, a decline in kernel weight (Tsimba et al., 2013). Early sowing is recommended in dry areas or where there are crop irrigation limitations, in order to allow the roots to develop to a depth before the soil water reserves become limited. Moreover, the sowing time may also play a significant role in reducing injury due to European Corn Borer (Ostrinia nubilalis Hüber; ECB) and fungal ear rot development (Blandino et al., 2009a). The quality benefits of maize with low mycotoxin concentrations are an important additional effect of an early sowing date (Blandino et al., 2009b).
However, in temperate growing areas, early sowing exposes a plant to more challenging conditions during the germination and leaf emergence stages, as a result of the lower temperatures coupled with more consistent and frequent rainfall. These conditions result in a high risk of pre- or post-emergence damping-off, insect injuries to the seedlings and weed competition (Miedema 1982). The delay in maize development caused by these stressful conditions reduces the benefits of an early sowing, which are primarily associated with a shorter time to anthesis and a grain yield increase (Van Roekel and Coulter, 2011; Blandino et al., 2017a).    
Although maize breeding has delivered an increase in the tolerance to low temperatures in modern hybrids (Rodríguez et al., 2007; Peter et al., 2009), the occurrence of stress symptoms such as leaf redness may be detected during cool springs, as a result of colder soils, which slow mineralization processes and limit the uptake of nutrients by the root system (Niehues et al., 2004; Imran et al., 2013). Although many agricultural soils contain large amounts of total nitrogen (N) and phosphorus (P), often in excess ofthe plant requirements, the proportion of N and P available for plant uptake, particularly in the early vegetative stages, may be inadequate to satisfy the needs of a crop (Nkebiwe et al., 2016; Ohm et al., 2017). 
Nitrogen is one of the key nutrients required to achieve the potential productivity of maize, and N availability will affectaffects both grain yield and quality (Miao et al., 2007). An excess application of N fertilizer to a crop, particularly in the low uptake growth stages, increases the risk of N losses to the environment through leaching, surface runoff, denitrification and ammonia volatilization, thereby resulting in a waste of resources and pollution (Ma et al., 2019). The amount and timing of N applications, the soil permeability, and the quantity of rainfall can all affect N losses through leaching (Fageria and Baligar, 2005). Therefore, the nutrient supply needs to be synchronized with the plant uptake. Thus, in production situations in coarse-textured soils under medium-high rainfall regimes, the adoption of strategies designed to reduce the N amount applied before sowing, by maintaining a localized sub-surface application in bands close to seed furrows, can decrease the risk of N leaching (Sitthaphanit et al., 2009). Moreover, there are limits to how much N can be applied as a fertilizer banded close to seeds, due to the adverse effects on seed germination and young plants, as a result of a high salt concentration.
[bookmark: _Hlk70849903]Phosphorus may be the main growth-limiting factor during the early stages of development of a crop (Grant et al., 2001) and this can occur in maize, especially after an early sowing. or under cool or dry conditions (Schröder et al., 2015). Grant et al. (2001) highlighted the importance of supplying an adequate amount of available P during the early part of the growth season in order to avoid a P-deficiency. In order to optimize the P availability in a crop in rows, especially in the early growth stages, P fertilizers can be applied by placing it in the seeding zone as a starter fertilizer (Mallarino et al., 2011). Such application strategies meet the early plant demand by providing nutrients that are characterized by low solubility and a lack of mobility in close proximity to the small and developing root system. Bermudez and Mallarino (2002) recorded a high maize yield response to a starter fertilization on soils with a low P status. However, as a result of the concern about low soil P availability, high-fixing soil capacities, and a low use efficiency of P fertilizers (around 10-15%), farmers often apply excess amounts of mineral P fertilizers, thereby causing P accumulation in the soil (Withers et al., 2001; Zhu et al., 2018). This may increase the risk of P transfer to waters through leaching and runoff, and may consequently lead to freshwater eutrophication (Borda et al., 2011). Therefore, the need for additional P fertilizer applications to soils that have tested high to P availability is questionable (Schröder et al., 2015).
Farmers could apply starter fertilizers in bands close to maize seed furrows, thereby creating an area with a high concentration of nutrients near the plant roots, to ensure sufficient availability of N and P during the early growth stages. The response of maize to a starter fertilization is influenced by the seasonal conditions and soil texture (Wortmann et al., 2006; Kaiser et al., 2016), and such an application is more profitable for late maturity hybrids and early sowing times (Kaiser et al., 2016). Although several studies have evaluated the benefits of NP-based starter fertilization on early maize development (Osborne, 2005; Jing et al., 2010; Jing et al., 2012; Ma et al., 2013; Ma et al., 2015; Kaiser et al., 2016), only a few have considered the relative benefits of the use of either single nutrients (N or P alone) or their combination in any detail. The advantage of applying a starter fertilizer containing either N or P, or both of these elements together, needs to be studied in soils with different textures and contents of these macronutrients, while taking into account their interaction with weather conditions in different growing seasons. Only a few field studies have been able to compare starter fertilizer effects in different soil types with contrasting physical and chemical properties under the same environmental conditions. If this work is conducted, it is typically carried out in a greenhouse, focusing on the early development stages (Kaiser and Rubin, 2013). In order to conduct a more complete evaluation of the benefits of starter N and P applications, there needs to be full growing season assessments of this application strategy. These studies need to consider the effects of such strategies on the phenological development, biomass and yield production of the crop and also any potential quality and sanitary effects associated with earlier crop development. Thus, the objective of the present study has been to quantify the overall benefits of localized starter fertilization with P or N, and their combination in the field, in soils with different physical and chemical properties located in the same environment. 

2. Material and methods
2.1 Experimental site and treatments
The study was conducted at the University of Turin experimental station over four growing seasons (2014, 2015, 2016 and 2017). The site is located in the Po plain in the North-West of Italy at Carmagnola (44° 53’ N, 7° 41’ E; elevation 245 m), in an area where maize has traditionally been cultivated. The daily temperatures and precipitation were measured at a meteorological station in the experimental station. 
The study was carried out on 3 large adjoining plots, each measuring 15 × 150 m and consisting of different types of soil, as far as the texture, and the physical and chemical properties are concerned:
· a sandy silt loam (SSL) soil (Typic Udifluvents, according to the USDA classification), which is the native soil of the experimental farm, and has a medium-low cation-exchange capacity (C.E.C.) and low N and plant-available P contents;
· a silt loam (SL) soil (Typic Dystrochrepts), which was transferred from the Riva presso Chieri site (44° 59’ N, 7° 52’ E), and has a medium C.E.C., a low N content and a high plant-available P content;
· a silty clay loam (SCL) soil (Typic Hapludalfs), which was transferred from the Sale site (44° 58’ N, 8° 48’ E), and has a high C.E.C, a medium N content and a medium P availability.
The SL and SCL soils were transferred in 1992 and they were placed to a depth of 0.60 m above the native soil. The soils were sampled at a depth of 0.30 m each growing season, using Eijkelkamp cylindrical augers just before crop sowing, and were analyzed for total N (using a CHN elemental analyzer, Flash EA 1112, Thermoquest) and available P (Olsen et al., 1954), according to MIPAF (2000). A 0-60 cm sample was collected from each soil and analyzed for the main physical and chemical parameters, as reported in Table 1. 
Three different sub-surface starter fertilizers, placed in bands close to the maize seed furrows, were compared in each soil and for each growing season with untreated controls, without any starter fertilization:
· N fertilization, 27 kg N ha-1 was applied as ammonium nitrate (27% N w/w);
· P fertilization, 69 kg P2O5 ha-1 was applied as triple superphosphate (46% P2O5 w/w);
· NP fertilization, 27 kg N ha-1 and 69 kg P2O5 ha-1 were applied as diammonium phosphate (DAP, 18 and 46% for N and P2O5, respectively w/w).
DAP is the starter fertilizer that is usually adopted in Northern Italy for banding at sowing. The treatments were assigned to experimental units in each soil using a completely randomised block design with four replicates. Each plot consisted of 4 rows 0.75 m apart, separated by two untreated buffer rows on either side; the plot length and the alleys between the plots were 12 and 1 m, respectively.
The starter fertilizers were placed at a distance of 5 cm from the side of the seed furrows using a calibrated granular dispenser applied to the planter (Monosem NG, Largeasse, France) at a depth of 10 cm from the soil surface. Studies were carried out each year on the commercial dent corn hybrid Pioneer P1543 (FAO maturity class 600; 130 days relative to maturity, Corteva Agriscience, Cremona, Italy), which is characterized by interesting kernel traits for the dry milling food supply chain (Blandino et al., 2013). The previous crop was maize each year. Mechanical sowing was carried out at the end of March – beginning of April, according to the recommended sowing time of the growing area, after a 0.3 m deep fall ploughing, followed by a suitable disk harrowing for each type of soil.
All the seeds were treated with a fludioxonil and metalaxil-m fungicide (Celest XL®, Syngenta Crop Protection S.p.A., Milan, Italy). Soil insect injuries were minimized by applying a tefluthrin non-systemic granular insecticide at sowing to the seed furrows (Force® 0.5%, Syngenta Crop Protection S.p.A.). Weed control was achieved by use of the pre-emergence herbicides mesotrione (0.15 kg AI ha-1) S-metolachlor (1.25 kg AI ha-1) and terbuthylazine (0.75 kg AI ha-1) (Lumax®, Syngenta Crop Protection S.p.A., Milan, Italy). No foliar insecticide was applied during maize ripening to control European Corn Borer (ECB) or Western Corn Rootworm (Diabrotica virgifera virgifera LeConte). 
Irrigation was carried out using overhead sprinklers, according to the conventional farm management system in use in the experimental area, to avoid any drought stress until physiological maturity (GS87). Before sowing, 100 kg ha-1 of K2O was applied (as potassium chloride, 60% K2O w/w), with no other N or P fertilizers applied except for the starter in bands close to the seed furrows. A total of 250 kg ha-1 of N (as urea, 46% N w/w) was applied at GS17 to all the soils and fertilization treatments as side-dressing fertilization.
The sowing and harvest dates, as well as the N side-dressing fertilization, are reported in Table 2 for each year.

2.2. Canopy development from the leaf to the tasseling growth stages 
A hand-held optical sensing device, GreenSeekerTM® (Trimble©, Sunnyvale, California, the USA), was used to measure the normalized difference vegetation index (NDVI) during the vegetative stages. The instrument was held approximately 60 cm above each single maize row, and its effective spatial resolution was 0.75 m × the full length of the plot (12 m). This assessment was performed approximately every 7 days, in the two middle rows of each plot, starting from the three-leaf stage (GS13) and continuing until tassel emergence (GS55).
The NDVI measurement helped to quantify the development of the crop canopy throughout the season, since low values refer to bare soil, while high values are proportional to the maize biomass (Capo et al., 2020). The Area Under Canopy Development Curve (AUCDC) was calculated during the vegetative stage for each treatment, starting from the NDVI measurement for each observation date and using the following formula:

where R is the NDVI value, t is the time of observation and n is the number of observations.
The plant growth rate was calculated as the average daily NDVI increase during the vegetative period, from the 4-leaf emergence stage to the middle of stem elongation. 
The plant height was recorded at approximately the 7-leaf stage (GS17) and at stem elongation (GS33, approximately 3 detectable nodes) by measuring 20 consecutive randomly selected plants within the central two rows of each plot. Plant height was measured in centimeters from the ground level up to the collar of the tallest fully developed leaf (GS17), or from the ground level up to the tallest detectable node (GS33). 
The number of days from sowing until the day when > 50% of the plants in the two central rows of each plot had reached the beginning of anthesis (GS62) was recorded. This parameter was expressed as days after sowing (DAS).

2.3. Grain yield and yield parameters
Ears were collected by hand at harvest maturity from 4.5 m2 in the two central rows of each plot to quantify the grain yield and to obtain a representative sample. The harvesting was performed on the same day for all the starter fertilizer treatments and soils, when the grain moisture content was between 23 and 30%, according to the conventional harvesting in the growing areas.
The collected ears from each plot were counted in order to record the density per square meter of the fully developed ears. The number of kernel rows and the number of kernels per row were also counted on 7 of these randomly selected and de-husked ears, and the theoretical amount of kernels per square meter (KSQ) was then calculated by multiplying the average number of kernels per ear by the number of ears m-2 (Testa et al., 2016).
All the collected ears were shelled using an mechanical sheller. The kernels from each plot were mixed thoroughly to obtain a uniform sample, and grain moisture was analyzed using a Dickey-John GAC2100 grain analyzer (Auburn, IL, the USA). The grain yields were adjusted to a 14% moisture content. A 5 kg sub-sample was then taken and dried at 60°C for 72 hours, in order to reduce the kernel moisture content to 10%, for the qualitative analyses. Two hundred dry kernels were randomly collected and weighed to assess the thousand kernel weight (TKW). 

2.4 Kernel quality traits
The test weight (TW) was determined on dry kernels by means of a Dickey-John GAC2000 grain analysis meter (Dickey-John Corp). The grain hardness was expressed as the total milling energy (TME), according to the procedure by Blandino et al. (2013) and conducted on grain at a 10% moisture content. A 20-g sample of kernels was ground, using a Culatti micro hammer mill (Labtech Essa®, Australia), fitted with a 2-mm aperture particle screen, at a speed of 2500 rpm when empty. The laboratory mill was equipped with a computerized data logging system to log the instantaneous electric power consumption during the milling test. The TME necessary to completely mill a 20-g kernel sample was determined from these data. This parameter was determined twice for each maize sample. The maize grains were ground using a ZM 200 Ultra Centrifugal Mill (Retsch GmbH, Haan, Germany), and the grain protein content (GPC; N x 6.00, on a dry matter basis, AACC 39-10) was determined according to AACC (2000).

2.5 Sanitary traits
A sub-sample of 20 ears was used to evaluate ECB and fungal ear rot severity at harvest, after removing the husk. ECB damage severity was calculated as the percentage of kernels per ear with injuries due to larval activity. A scale of 1 to 7 was used in which each numerical value corresponds to a percentage interval of the surface area of ear exhibiting visible kernel damage due to larval activity, according to the following schedule: 1 = no injuries, 2 = 1-5% of injuries, 3 = 6-10%; 4 = 11-20 %, 5 = 21-35%, 6 = 35-60%, 7 > 60% (Blandino et al., 2009c). Fungal ear rot severity was calculated as the percentage of kernels per ear with symptoms. A scale of 1 to 7 was used in which each numerical value corresponds to a percentage interval of the surface area of ear exhibiting visible symptoms of the disease, according to the following schedule: 1 = no symptoms, 2 = 1-3 % of symptoms, 3 = 4-10%; 4 = 11-25 %, 5 = 26-50%, 6 = 51-75%, 7 > 75% (Blandino et al. 2009c). The ECB damage severity and ear rot severity scores were converted to percentages of ears exhibiting symptoms and each score was replaced with the mid-point of the interval.
A 4 kg representative sample of grain from each plot was milled. A representative sub-sample of the milled material was analyzed for mycotoxin concentration. Fumonisin B1 and B2 (FBs) and deoxynivalenol (DON) contaminations were analyzed using the ELISA method, by means of direct competitive immunoassays (RIDASCREEN® Fumonisin and RIDASCREEN® DON, R-Biopharm, Darmstadt, Germany), in accordance with the manufacturer's instructions. Briefly, both mycotoxins were extracted for 15 min by mechanically shaking, at 100 rpm, (shaker model M102-OS, MOM Instruments, Milan, Italy) 20 g samples with 100 ml of methanol/distilled water, (70:30, v/v) for FBs and with distilled water for DON, respectively. After extraction and filtration through Whatman® n.1 filters, 50 µl of diluted filtrate was used for the ELISA test. The optical density was measured at 450 nm using an ELISA 96-well plate reader (Das srl, Rome, Italy), and all the standard and sample solutions were analyzed in duplicate wells. The limit of detection (LOD) of the analytical method was set at 250 µg kg-1 and 37 µg kg-1 for FBs and DON, respectively. 

2.8. Statistics
The Kolmogorov–Smirnov normality test and the Levene test were carried out to verify the normal distribution and homogeneity of variances. Analysis of the variance (ANOVA) was performed for early vigor parameters, date of flowering, grain moisture, grain yield and kernel qualitative traits such as  ECB and ear rot severity and mycotoxin content, with the starter fertilization and the year as independent factors. ANOVA was carried out separately for each compared soil. Multiple comparison tests were performed, according to the Ryan-Einot-Gabriel-Welsh F (REGWF) test, on the treatment means. Statistical data analysis was carried out with the SPSS software package, version 24.0.


3. Results 
3.1 Weather conditions
The four growing seasons showed different meteorological trends, as far as both rainfall and temperature (expressed as growing degree days, GDDs) are concerned (Table 2). The 2014 year had the highest rainfall, in particular during flowering (July), and it was characterized by cooler weather and the lowest GDDs during all the ripening stages. This led to harvest taking place at the end of September in 2014. Conversely, the 2015, 2016 and 2017 years had drier and warmer conditions during ripening and, as a result, the harvest was carried out at the beginning of September. July was the driest and warmest month in 2015, while rainfall was more evenly distributed in the other months. The coolest conditions in the spring months were observed in 2016, with a high amount of rainfall in May, while the temperatures were high and little rainfall was observed from flowering onwards. As far as the meteorological trend in the 50 days after sowing is concerned, the GDD were higher in 2015, as a result of a later sowing time. In this period, the temperatures in 2014 were similar to those in 2016 and 2017, but there was less rainfall.

3.2. Early vigor 
[bookmark: _Hlk70860417]The starter fertilization banded at sowing affected plant development during the vegetative stages. The NDVI development of the respective fertilization treatments in the different soils is shown in Figure 1, considering the 2017 experiment as a representative example of the NDVI curve for the other considered years. Since the plant density was not different between treatments, lower NDVI values were related to a low plant development (vigor). It is possible to observe, from the reported curves, that maize growth in all the soils was faster with NP starter fertilization, with banded applications of only N or P resulted in an intermediate effect. The maize growth rate during the vegetative stage, expressed as the daily NDVI increase, was on average 0.0120, 0.0123, 0,0133 and 0.0145 NDVI d-1, considering all the soils and years, for the controls, N, P and NP starter fertilization, respectively (data not shown).
Differences in plant vigor were progressively detected by means of the NDVI index in each soil and for each growing season, from the three leaf stage (GS13) to tassel emergence (GS55), and was expressed by means of the AUCDC index (Table 3). The starter NP fertilization at sowing resulted in a significant (P <0.001) increase in AUCDC in all the soils, compared to the untreated controls or to the sub-surface banded fertilization with only N or P (Table 3). The NP fertilization on average increased this vegetative index by 19%, 20% and 18% in the SSL, SL and SCL soils, respectively, compared to the controls. N starter fertilization had a significantly higher AUCDC than the controls in the SL (+7%) and SCL (+8%) soils, while a significant benefit was reported for P banded application at sowing (+7%) for the SSL soil. Furthermore, a significant fertilization × year interaction was reported for all the soils. The NP treatment significantly increased the AUCDC for all the conditions (soils × years), compared to the untreated controls, with the only exception being the experiment carried out in the SCL soil in the 2014 growing season (data not shown). No significant increase in this vegetative index was observed for the N or P treatments in 2014, compared to the controls. Conversely, the banded P application led to a significant increase in AUCDC in the SSL soil (2015, 2016 and 2017) and in SL (2015), while the N starter fertilization alone resulted in an early crop development in SL (2015 and 2016), SSL (2017) and SCL (2016).
The plant development results, summarized by the AUCDC index for all the vegetative growth stages, were consistent with the height of the plants measured at GS17 and GS33. Compared to the control, NP fertilization significantly increased the plant height at the leaf emergence stage by 28%, 39% and 55% in the SSL, SL and SCL soils, respectively. The NP treatment led to an increase in plant height at the stem elongation stage of 91%, 63% and 68% in the SSL, SL and SCL soils, respectively. P-based starter fertilization only resulted in a greater plant height than the control for both of the considered GSs in SSL, while sub-surface banded N fertilizer alone significantly increased plant vigor in both the SL and SCL soils.
The interaction between starter fertilization and year was never significant for the plant height parameter in the SSL soil at either GS, or for SCL at GS33. Conversely, a significant fertilization × year interaction was reported in the SL soil, where, according to the AUCDC results, N starter fertilization only led to a significantly more rapid development of the plants in 2015 and 2016 (data not shown).

3.3. Growth stage development
The difference between the starter fertilization treatments recorded in the vegetative stages remained significant (P <0.001) at flowering and harvesting time (Table 4). The NP starter fertilization reduced the days to flowering by 2.4, 3.4 and 3.1 days and reduced the moisture content at harvest by 2.2%, 2.3% and 2.2%, in the SSL, SL and SCL soils, respectively, compared to the controls. On average, a significantly earlier flowering date (-0.9 days) was observed for the P fertilization in the SSL and SL soils and for the N fertilization in the SL (-1.1 days) and SCL (-1.3 days) soils. The single element fertilization led to a significant reduction of the moisture content in the grain at harvest, albeit only for the N fertilization in the SCL soil. The reduction in moisture content at harvest was significantly correlated to the reduction in days to anthesis (in all the years and soils the Pearson coefficients of correlation were between 0.64 and 0.93).
Only in the SL soil did a significant interaction occur for the flowering date: the advancement of the flowering date obtained with the NP fertilization was greater in 2016 (5.6 days) than in the other years (2.8 days). The interaction between the starter fertilization and year was never significant within each soil for the grain moisture at harvest.

3.4. Grain yield and components 
[bookmark: _Hlk70862681]A significant effect (P <0.05) of the starter fertilization on grain yield and on the yield components was observed in each soil (Table 5). The combined NP banded application led to a significant increase in grain yield in the SSL (+7%), SL (+15%) and SCL (+11%) soils. This starter fertilization treatment increased KSQ by 10% in all the soils and resulted in a higher number of kernels per ear. Moreover, the higher grain yields recorded for the NP starter fertilization in SL and SCL than in the controls is linked to significant increases in TKW of 5% and 3%, respectively. Only in the SL soil did the banded application close to the seed furrow of the single elements lead to a significant difference from the controls: the N fertilization increased grain yield by 9% and TKW by 3%. The interaction between the starter fertilization and year was never significant within any soil for the grain yield and TKW, while only in the SSL soil was a significant interaction observed for KSQ.

3.5. Qualitative traits
[bookmark: _Hlk70863029]The starter fertilization significantly affected (P <0.05) the grain qualitative parameters at harvest (Table 6). Both the NP and N fertilizations alone led to a significant increase in grain hardness, expressed as both TW and energy required to grind the kernels (TME), in the SL and SCL soils. Conversely, no significant effect was observed for the P banded application alone, in any of the considered soils. On average, NP fertilization increased TW by 1 kg hl-1, compared to the controls, in the SL and SCL soils, where the greatest advance in flowering date was recorded. NP fertilization significantly differed from the controls for GPC in all the soils: only in SSL for N alone did the starter fertilization lead to a higher protein in the kernel than the other treatments. The interaction between starter fertilization and year was never significant for any soil.

3.6. Sanitary traits
A significant effect (P <0.05) of the starter fertilization was observed on the severity of ECB and fungal ear rot, and on FB contamination (Table 7).
The reduction in days to anthesis obtained as a result of the NP starter fertilization significantly reduced injuries caused by ECB in the SSL (-35%), SL (-55%) and SCL (-41%) soils. With the exception of the 2016 growing season, which was characterized by the lowest insect incidence, the ECB severity was significantly correlated to the reduction in days to anthesis (the Pearson coefficients of correlation ranged from 0.47 to 0.67).
The reduction of ECB, combined with the earlier ripening, as demonstrated by the grain moisture content at harvest, led to a lower ear rot severity (which was significant in the SSL and SL soils) and lower FB content (-74% and -70% for the SL and SCL soils, respectively). Fertilization banded close to the seeds with N or P alone did not lead to any significant difference from the untreated controls. No significant effect of starter fertilization was observed for DON contamination. As far as the severity of injuries on the maize ears and mycotoxin contamination are concerned, the interaction between the starter fertilization and year was never significant for any soil. 
No significant correlations were found between ECB severity, grain yield, yield components or grain moisture content at harvest and ECB severity or fungal ear rot.

4. Discussion
This study provides useful information on how starter fertilization strategies with sub-surface banded placement at sowing affect early maize development, and consequently the yield components and the qualitative and sanitary grain traits. Data collected from field experiments, carried out on three types of soil, placed side by side, and over four growing seasons, highlight that the starter fertilization with P or N in bands close to maize seed furrows always led to benefits in terms of a faster early plant growth. A higher early plant vigor, e.g. plant height at the leaf emergence and stem elongation stages, or quantified through the NDVI vegetative index, was observed as a result of the application of a single nutrient, although the effects differed according to the soil properties. The starter P fertilization led to positive effects on early plant vigor and shortened time to flowering in both the SSL and SL soils, which were characterized by the lowest and highest P availability, respectively. Bermudez and Mallarino, (2002) reported that the magnitude of increased plant growth due to starter fertilization increased when the starter was applied to low phosphorus soil, although the growth response in their experiment was also significant when the P content of the soil was high, and could therefore also lead to grain yield increases (Quinn et al., 2020). Roth at al. (2006) also reported that the early season effects of a P-based starter fertilizer were also possible for soils that test high in P. 
Early plant vigor benefits of the N only starter fertilization were recorded for all the soil types studied. N, although applied at a lower rate, on average favored a better initial growth of maize than P alone in finer textured soils (SL and SCL). 
These findings suggest that, the localized application of N close to seed furrows increases the use efficiency of this nutrient, thus resulting in a higher crop nutrition, which in turn is able to enhance early biomass accumulation and grain yield (Niehuses et al., 2004). Nkebiwe et al. (2016) observed that N fertilizers alone overall resulted in a higher yield benefit than sub-surface banded P application. Ma et al. (2015) reported a higher shoot dry weight of maize in the early growth stages with the sub-surface banded distribution at sowing of 46 kg N ha-1, compared to the same application of 32 kg P2O5 ha-1, thus confirming the overall trend observed in our experiment, even though P was applied at sowing at a 2.5 higher rate than N. 
Although the positioning of N or P close to the seed furrows led to a positive effect on early plant development, these benefits, quantified by means of the AUCDC index, were influenced to a great extent by the soil properties, and by the meteorological trends during the early vegetative stage. Single nutrient starter applications of N or P both reduced the risk of a delay in maize development in years with cooler soil temperatures, in part as a consequence of a higher incidence of rain during spring. Only in 2014, which had a lower precipitation frequency in the first weeks after sowing, were no difference in plant development detected after the N or P starter fertilizations. This information underlines that the physical properties of the soil, and in particular its ability to warm up more quickly in spring, despite frequent rainfall events, play an important role in the early development of maize, which is equally important for the soil N and P fertility. 
Furthermore, although the positioning of single P or N close to plants at sowing resulted in more rapid early crop development, there were only a few instances in the 4-year experimental period where this positive effect in crop early vigor was able to lead to productive and qualitative benefits in terms of grain yield. In contrast, when P and N were applied together in bands close to seed furrows, the maize vigor in the early stages was always significantly higher than a single element application. The improvement in shoot growth in response to an NP starter fertilization is primarily a consequence of the development of a deeper and more extensive root system, as a result of the synergistic response to the supply of critical nutrients (Ma et al., 2013). 
A faster root system establishment, stimulated by NP fertilization, also leads to a more effective use of other nutrients, such as potassium, by the crop (Mallarino et al., 2011) and in general plays a crucial role in the overall nutrition of a plant. Nkebiwe et al. (2016) found, in a meta-analysis based on several crops, that the placement of a combination of ammonium and soluble P was more effective than an application of these fertilizers alone, suggesting a synergistic effect with a stronger root signalling and root-growth, in particular as far as the growth of lateral fine roots was concerned (Jing et al., 2010). Ma et al. (2015) and Jing et al. (2012) reported that the form of applied N can affect both the N and P uptake of plants. In our experiment, N was supplied in an ammonium (N-NH4+) form. A previous study, carried out on calcareous soils with a low P status, showed that supplying N as N-NH4+ can increase the availability and uptake of P in a soil, following rhizosphere acidification during the acquisition of N by maize due to the release of protons from the roots (Jing et al., 2010). The occurrence of NH4-induced rhizosphere acidification could also lead to a better initial nutrition of microelements such as Fe, Zn and Mn (Ma et al., 2014). Moreover, Jing et al (2012) reported that the root density and extension were greater when the N source was ammonium rather than nitrate or urea, and this led to an overall improved spatial nutrient acquisition and chemical mobilization.
As a consequence of the better early root growth and functionality, an early establishment of a larger leaf area allowed a progressively greater radiation interception to be achieved, which increased over the course of the growing season and resulted in greater biomass accumulation and radiation interception throughout the vegetative stages. The more rapid increase in NDVI in our experiment was consistent with this. In this context, the presence of N in the starter fertilization could directly enhance photosynthesis and leaf area development, thus offering another possible explanation for the positive interaction of the localized application of N and P (Jing et al., 2010).  
In all the soils and for all the years, the NP starter fertilization significantly reduced the delay in plant development and favoured a significantly earlier flowering, compared to the fertilization at sowing with single elements. Thus, the NP-based fertilizer always resulted in a significant increase in grain yield and an earlier ripening, as quantified by the lower grain moisture content at harvest. These data suggest yield increases were closely correlated with early flowering, and this has formed the basis of such agronomic strategies as early maize sowing, to the extent this is possible in temperate environments. Early flowering, with the maximum LAI and the highest physiological activity of the leaves, leads to a better exploitation of the available radiation, which is at its peak at around the summer solstice. Moreover, since the GDD accumulated during the flowering period are higher than those during the final ripening phase, an advance in the flowering date by a few days could be translated into an advance of at least 7-12 days in the dry-down process and in the harvest date. Thus, the adoption of agronomic practices that are able to reduce the delays that occur in vegetative development as a consequence of rain and temperature drops in the early development stage can maximize the benefits of a timely sowing. 
In order to translate the early vigor of maize into grain yield increases, it is necessary to reduce the interval between sowing and silking: on average, in the present experiment, NP starter fertilization advanced flowering by 2.4 to 3.1 days, while the sub-surface P- or N-banded fertilization allowed a maximum improvement of 1 day in the most responsive conditions. Kaiser et al. (2016) reported that in-furrow NP fertilization, at a lower rate than our sub-surface banded application, shortened the period between sowing and silking by approximately 1 day, but resulted in no difference in the grain yield. In our experiment, the yield benefits from NP starter fertilization were between 7% to 15%, according to the type of soil, thus confirming the finding of Quinn et al. (2020), who demonstrated a grain increase of +9%, regardless of the sub-surface placement across a combination of various environments and management practices in the U.S.
The yield gain was higher in soils under cooler conditions as a consequence of the finer textures and the slower water drainage, and also the enhanced N and P availability. The increase in yield was mainly related to the increase in the ear length and KSQ, while the higher TKW played a secondary role, in agreement with the results of Tsimba et al. (2013). A P deficiency generally decreases the number of seeds produced more than any reductions in the seed size (Grant et al., 2001). Both of these yield components were positively influenced by a higher proportional radiation interception during the plant crop cycle, although in different phenological phases. A reduction in the crop growth rate, as a consequence of a low radiation interception during flowering was associated with a small number of grains, which is the main yield determinant (Andrade, 1995). Ma et al. (2015) reported a close relationship between grain yield and kernel number per ear with the plant growth rate during the critical 2-week period around silking and highlighted a positive effect of NP starter fertilization on these parameters.  
In addition to yield benefits, the higher light interception and temperature during dough ripening permit kernels to be obtained with a higher TW and TME. It is well known that when maize ripening occurs in a warm year, the kernels are harder because of a more compact starch accumulation (Testa et al., 2015). Thus, an earlier flowering date could deliver a qualitative improvement to maize kernels destined for the food dry-milling supply chain, in which a high degree of hardness is requested (Blandino et al., 2013).
In addition, sanitary traits such as the mycotoxin content could also be improved by the application of practices that are able to advance maize flowering. Although the DON content is closely related to a delay in the maize harvest (Blandino et al., 2009b), the reduction in the period between sowing and anthesis obtained with sub-surface banded fertilizers did not result in a significant reduction in the accumulation of these contaminants. However, the earlier flowering that occurred in response to the use of an NP starter fertilization, was able to reduce the risk of fumonisin contamination. The relationship between insect ear injuries and these contaminants is well known in temperate growing areas (Blandino et al., 2009a). An early sowing date is a key practice in reducing ECB severity, since insect larva feeding occurs on harder and drier kernels, and molds caused by larvae could take less advantage of the colonization of a less compact substrate, as was observed for a late ripening period (Blandino et al., 2009c). Similarly, the effect of starter fertilization on the early vigor of maize resulted in a shift in the insect activities to a later ear development stage, thereby reducing fumonisin contamination. Moreover, since the harvest date in the present experiment was the same for all the compared treatments, the role of earlier flowering in minimizing fumonisin, and perhaps other mycotoxins, could be higher in later flowering crops with a more extended dry down period and later harvest. In fact, a lower moisture content at harvest can be translated into the possibility of harvesting earlier at the same kernel growth stage. In this way, the period when grains are present in the field is reduced as is the period in which the fungal species producing mycotoxins find the right conditions to accumulate these contaminants (Blandino et al., 2017a; 2009c).
As far as the control of insects is concerned, another benefit of a starter fertilization that has not been quantified in the present research is that of the lower damage caused by such soil insects as wireworms (Agriotes spp.) and Western Corn Rootworm when the early growth of maize is rapid (Blandino et al., 2017b).
In conclusion, the results of these field experiments, carried out with a timely sowing in an area where sub-optimal growth conditions could negatively affect the early vigor of maize, have highlighted the advantages of the adoption of NP starter fertilization on maize development, and consequently on both grain yield and quality. The synergistic effect of N and P and their consistent effect in promoting early flowering, justifies their combined application in sub-surface sowing bands in different production situations, even in soils that have tested high to P or N. This experiment has in particular pointed out that the agronomic and productivity benefits of applying an NP-based starter fertilizer could be even higher in fine-texture soil. Thus, NP starter fertilization is a crop practice that enhances the agronomic benefits of timely sowing in cooler production environments to a great extent, and this application needs to be evaluated in broader agronomic terms rather than simply considering it as a means of satisfying nutritional needs. Overall, starter fertilization seems to be a key strategy for the efficient management of N and P in temperate maize production systems. Furthermore, in order to guarantee an efficient use of sub-surface banded fertilization, particularly for those conditions where agro-environmental rules strictly regulate N and P application, it will be necessary to carefully evaluate the role of the starter fertilizer rate, in order to define profitable management solutions designed for the specific production conditions. 
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