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Abstract

:

The common bean (Phaseolus vulgaris L.) requires nitrogen (N) during its vegetative and reproductive stages. A single application of a blend of polymer-sulfur coated urea (PSCU) and conventional urea (U) treated with NBPT (N-(n-butyl) thiophosphoric triamide) can meet that demand. Broadcast application could improve yield than other N management practices. This research evaluated two blends (70%PSCU + 30%U and 30%PSCU + 70%U) and three N fertilization managements (incorporated, broadcast, and split application) on soil ammonia volatilization (AV) and N mineral content (NM); plant N uptake (NU) and 15N recovery from U (NUR); and yield (GY). Irrigated field experiments were conducted in 2018 and 2019 in Rhodic Eutrustox soil. The N application rate was 90 kg ha−1. AV reached 12% (30%PSCU + 70%U, broadcast application) and 14% of the applied N (split application at the third trifoliate leaf unfolded stage (V4)). The incorporated application resulted in higher NM in the vegetative and reproductive stages than the other management practices. Broadcast application resulted in higher NU than split application at physiological maturity. Split application resulted in higher NUR (grain) and GY than broadcast application. There was a positive correlation between NUR (grain) and GY in all N fertilization management treatments. The NUR values reached 48% (30%PSCU + 70%U) and 18% (70%PSCU + 30%U). Split N application using these blends can improve NUR in grain and GY compared to broadcast application in Rhodic Eutrustox soil. This information can help farmers improve the fertilization management practices used with these blends, and thereby avoid economic losses and environmental pollution.
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1. Introduction


The common bean is a legume cultivated in three growing seasons per year in Brazil, the world’s largest consumer and producer of the common bean (3.3 million tons) [1]. The first growing season of common bean in Brazil occurs between July and October, the second occurs between January and March, and the third occurs between April and July. The average common bean yield in Brazil is 1100 kg ha−1 and reaches 1800, 850, and 2511 kg ha−1 in the first, second and third growing seasons in São Paulo state, respectively [1]. The difference in yield between the first and second growing seasons is related especially to climatic conditions (high temperatures and hydric stress) and is associated with low soil fertility, soil acidity, pests and diseases, and low technology use by farmers [2]. The third growing season, which occurs during the mild winters, emerged in Brazil simultaneously with center-pivot irrigation systems [3]. These systems prompted farmers to invest in irrigation to cultivate crops during this period, in which almost no rain falls. The third season produces higher yields than the first and second season due to irrigation, as well as fertilization and pest and disease control.



The common bean is a legume, but the symbiotic bacterial association (Rhizobium leguminosarum bv. phaseoli) with its roots provides low-efficiency biological nitrogen (N) fixation [4], and N fertilizer application is recommended to meet its N demand in most cases. N is the most limiting nutrient for common bean yield [2], and conventional urea (U) is the main N source because of its high N concentration and low price compared to other N sources [5]. However, N fertilizer recovery from U application in common bean can be lower than 50% [2], resulting in ammonia volatilization losses [6] when U is applied on the soil surface, nitrate leaching [7] and denitrification [8]. N immobilization [9] must also be considered, especially under current crop system management practices in which the straw of the previous crop is left on the soil surface. Thus, N fertilization management using U in common bean is a challenge for the current cropping systems, and split U application is necessary aiming to supply N in early growth [10], before flowering [11], and during flowering and grain filling [12].



Controlled-release U (CRU) provides an alternative to split U application in the common bean due to the gradual N release provided by the micropores of its polymers [13]. CRU is more expensive than U, and although CRU provides a reduction in ammonia volatilization losses [14], nitrate leaching [15], and denitrification [16], it can result in low N availability after application [17], compromising common bean growth [12].



Blending CRU and U could be an alternative for supplying N during early growth and throughout the common bean growth cycle. U (the soluble source) would be readily available at the beginning of the common bean growth cycle, and if it were treated with NBPT (N-(n-butyl) thiophosphoric triamide), ammonia volatilization losses in the first days of U application on the soil surface would be reduced [6,18], thereby improving N recovery from U. CRU (the insoluble source) would supply N after initial growth at high-demand growth stages until the end of the common bean growth cycle, without compromising yield. Moreover, blending CRU and U can decrease the application cost compared with that of using only CRU.



A single application incorporated at sowing using blends of polymer-sulfur coated urea (PSCU), which is a type of CRU [13], and U have proven to be efficient for supplying N in other cropping systems in Brazil [19,20]. There are no studies of a single broadcast application during common bean sowing using these blends. Broadcast application would reduce the costs associated with fertilizer incorporation. The most common proportion of CRU and U in annual crops in North China is 70%CRU + 30%U [21], and this proportion was also recommended for soils from Brazil [19,20,22,23]. 30%CRU + 70%U was also recommended in Northeast China [24,25] and it represents a potential way to avoid low N levels due to N immobilization, especially at the beginning of the common bean growth cycle, in the current crop system in Brazil, in which the straw from the previous crop is left on the soil surface.



In this context, our hypothesis is that N broadcast application using 70%PSCU and 30%U will be a better choice to provide N during the common bean growth cycle and to improve grain yield than incorporated or split application using 70%PSCU and 30%U or 30%PSCU and 70%U. The N recovery from the U sources treated with NBPT would be higher than 50% in both blends. This research evaluated the effect of N fertilization practices and blends of PSCU and U (treated with NBPT) on ammonia volatilization, soil mineral N content, N uptake, 15N-fertilizer recovery from U (NUR) in plants and common bean yield in irrigated field experiments with straw on the soil surface during the mild winters in Brazil.




2. Materials and Methods


2.1. Field Site Description


Two irrigated field experiments were performed at Compass Minerals Innovation Center in Iracemápolis, São Paulo state, Brazil (22°39′ S, 47°30′ W, 608 m elevation) during 2018 and 2019 mild winter growing seasons. The soil of the experimental area is classified as a Rhodic Eutrustox soil [26] with a clayey texture: 41.9% sand, 11.9% silt, and 46.2% clay [27]. Millet was the previous crop in 2018, and 4.2 ± 0.3 Mg ha−1 of straw with a 22:1 C/N ratio was left on the soil. Oat was the previous crop in 2019, and 3.5 ± 0.2 Mg ha−1 of straw with a 31:1 C/N ratio was left on the soil. Three samples of one square meter of straw per block were weighed and subsamples were oven-dried (65 °C) and ground with a Wiley mill (0.5-mm sieve) to quantify the straw and analyze its N and C contents [28]. Limestone application, plowing, and harrowing were performed in 2019 before oat sowing. The three-year average temperature and precipitation were 21.8 °C and 1200 mm, respectively.



Fifteen soil samples at intervals 20 cm in the soil (0 to 60 cm depth) were performed for chemical characterization in both years prior to the beginning of the experiment (Table 1).



The samples from each soil layer were mixed for analysis. To determine the soil pH 0.01 mol L−1 CaCl2 [29] (1:2.5 soil/solution) was used. The Walkley–Black procedure [30] was used to determine the soil organic matter. Mass spectrometry [31] was used to determine the total N content. A solution of 2 mol L−1 KCl [29] (1:5 soil/solution ratio) was used to determine the NH4+-N and NO3−-N contents. The available nutrients (phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg)) were extracted by ion exchange and quantified by colorimetric (P), flame photometric (K), and atomic absorption spectroscopy (Ca and Mg) analyses. Al and SO4−2-S were determined by titration and turbidimetry, respectively [29]. To determine the cation exchange capacity (CEC), the exchangeable cations (Ca, Mg and K) were summed by potential acidity (H + Al). The base saturation (%) was determined by dividing the total exchangeable cations by CEC and multiplying by 100. To determine the Al saturation (%), the Al was multiplied by 100 and divided by (Ca + Mg + K + Al).




2.2. Experimental Setup and Treatment Description


The experiments were performed in a factorial (2 × 3) + 1 randomized block design with 4 replications. The treatments consisted of two blends (70%PSCU + 30%U and 30%PSCU + 70%U) and three N fertilization management practices (broadcast application: a single topdressing N application at sowing; split application: 1/3 of N incorporated at sowing and 2/3 as a side-dressing at V4 (third trifoliate leaf unfolded); incorporated application: a single N application incorporated at sowing). A control treatment (without U) was included. The N rate used was 90 kg ha−1, which would be expected to produce common bean yields between 2.5 and 3.5 Mg ha−1 in São Paulo, Brazil [32]. The incorporation of N fertilizer was 15 cm depth and 10 cm to the side of seed row, and all N treatments were applied by hand. The U (45% N) fertilizer was treated with NBPT (530 mg NBPT kg−1). The manufacturer of PSCU (patent n. EP 0574541), which is 39%N and 12%S, suggests that ~80% of the N is released within 60 days after application [33] considering that it contains 0.78% of polymers that are biodegradable and insoluble in water. The 15N-enriched U with 1.6 atom % 15N was manufactured at Stable Isotopes Laboratory at CENA/USP [34] and treated with NBPT as mentioned above to evaluate the 15N recovery of U by plants in 2019. The experimental plot had 10 common bean rows of 10 m in length with 0.45-m spacing and a density of 244,000 plants ha−1. One microplot (2 m2: 1.5 m long and 1.35 m wide) that included 3 sections of 1.5 m of common bean row was set up within the plots to apply the 15N-fertilizer (PSCU + 15N-U).



The common bean cultivar (Pérola: carioca-grain group) was sown on 7 June 2018. Pérola is the most common bean cultivated in the mild winter season in Brazil [1], and it has a semi-upright architecture and indeterminate growth habit (between type II and III, [35]). BRS Estilo, which is also a cultivar of the carioca-grain group, was sown on 10 June 2019. BRS Estilo has an upright architecture and indeterminate growth habit (type II, [36]), and it was chosen to facilitate plant sampling in the microplots in 2019. 80 kg P2O5 ha−1 as triple superphosphate was applied under the seed row at sowing in 2018 and 2019. 40 kg K2O ha−1 as KCl was broadcast-applied at sowing. S0 was applied at sowing in the treatments of 30%PSCU + 70%U and in the control to equalize the S0 contained in the 70%PSCU + 30%U treatments. One-kilogram B ha−1 and 1 kg Zn ha−1 were applied at sowing with the N treatments and with S0 in the control in 2018 and 2019. Insects, diseases and weeds were controlled in both years when needed. Two common bean rows of 5 m long were harvested by hand on 2 October 2018 and on 3 October 2019 to measure yield (13% moisture content).




2.3. Quantification of Ammonia Volatilization


Ammonia (NH3-N) volatilization was evaluated at 34 days after N broadcast application (90 kg N ha−1) and split application (side dressing at V4: 60 kg N ha−1) on the soil surface in 2018. To capture ammonia volatilization, open collectors (14 cm × 14 cm × 7 cm) with a foam disc (15 cm in diameter, 6 cm in height and density of 0.02 g cm−3) soaked in 25 mL of phosphoric acid (1.5 mol L−1 and 5% glycerol) attached to the open side of the collectors were used. The collectors were placed 1 cm above the N-fertilizer application region on the soil surface. The foams discs were replaced at 2, 3, 4, 5, 6, 7, 9, 12, 16, 21, 27, and 34 days after N application. The NH4+-N retained as ammonium phosphate in the sampled foam discs was extracted by squeezing each disc into 300 mL of deionized water in a beaker. After weighing the beaker, an aliquot of each sample solution was analyzed by flow injection analysis (FIA), to determine the NH4+-N [37]. The NH4+-N (mg per collector) was divided by the N-fertilizer applied per collector (broadcast: 176 mg; split (side dressing at V4): 400 mg) to determine the NH3-N volatilization. The efficiency of the collector (26%) capturing ammonia was also considered [38]. The daily losses of NH3-N (kg ha−1 day−1) were determined by dividing the losses by the sample time (day), and the cumulative losses (kg ha−1) were determined by summing the losses from each sample.




2.4. Analyses of Plant and Soil Samples


Plant and soil sampling were performed at the V4, R6 (flowering), R7 (pod formation), R8 (grain filling) and R9 (physiological maturity) [39] stages. Three samples of soil per depth (0–20 cm, 20–40 cm, and 40–60 cm) in each plot, sampled in the N fertilized row, were mixed for analysis. The mineral N content (NO3−-N + NH4+-N) was extracted by 2 mol L−1 KCl and determined by FIA (1:5 soil/solution ratio; [29]). The aerial-part samples of eight plants per plot were divided (leaf, stem, pod, and grain), oven-dried at 65 °C to a constant weight, weighed and ground in a Wiley mill using a 0.5-mm sieve. The micro-Kjeldahl method [28] was performed to determine the N concentration in each plant component. The N concentration was multiplied by the dry weight to determine the N uptake (kg ha−1). The maximum rates of dry matter and N accumulation were determined according to Laviola et al. [40] and Garcia et al. [19].




2.5. 15N-Fertilizer Recovery Analyses


The PSCU + 15N-U was applied by hand (incorporated, broadcast and split application) in the microplots in 2019. The 15N-U recovery (NUR) in two plants (aerial parts) sampled in the internal adjacent rows of the microplots was added to the NUR of two plants (aerial parts) in the external adjacent rows to determine the NUR at V4, R6, R7 and R8 [41]. At R9, two plants (aerial parts) were sampled at the center of the microplots to determine the NUR. The plant components (leaf + stem + pod, and grain) were oven-dried at 65 °C to a constant weight, weighed, and ground (0.5-mm sieve). The 15N abundance and total N concentration of the plant components were determined in a mass spectrometer (PDZ Europa ANCA-GLS, 20-20, Sercon Ltd., Crewe, UK). The following equations were used to determine the 15N recovery [41,42]:


   Ndff     ( % )  =  (    a − c   b − c      )  ×   100  



(1)






   Ndff    (    kg   ha    − 1   ) =  [     Ndff     ( % )    100    ]  ×    Total   N   



(2)






   Nrecovery     15       ( % )  =  [     Ndff    (    kg   ha    − 1   )    N   rate     ]  ×   100  



(3)




where Ndff (% and kg ha−1) is the N derived from the fertilizer in the plant components; a is the 15N abundance (atom % 15N excess) in the plant components; b is the 15N abundance (atom % 15N excess) in the fertilizer; c is the natural 15N abundance (atom % 15N) in the control treatment. Total N is the plant N content (kg N ha−1). 15N recovery is the N of U treated with NBPT recovered by common bean plant (%). N rate is the N-fertilizer rate in kg N ha−1 that was 90 kg N ha−1.




2.6. Statistical Analyses


The PROC MIXED procedure in SAS (version 9.0, SAS Institute Inc., Cary, NC, USA) was used to perform a combined analysis of variance (ANOVA) for the variables evaluated in 2018 and 2019. Fertilizer blend, N fertilization practice and year were considered fixed effects. The control treatment, included as a new factor, was also compared. The means were compared using Fisher’s least-test difference (LSD) at the 0.05 significance level. Fertilizer blend and N fertilization management were considered fixed effects for the variable 15N-fertilizer recovery, the software R [43], and its ExpDes package were used, and the means were tested by the LSD test (p ≤ 0.05). The seasonal biomass (dry matter) and N partitioning (leaf, stem, pod and grain) during common bean growth were fitted to a Gaussian equation [19]. The N remobilization was estimated by subtracting the total N uptake and 15N recovery (leaf, stem and pod) at R7 from those at R9 based on the N accumulation models.





3. Results


3.1. Weather Conditions


The average daily air temperature was 20 °C during the mild winter common bean growing seasons (Figure 1A,B). The total irrigation was 171 mm, of which 130 mm occurred from sowing to R6, and 41 mm occurred from R6 to R9 in 2018 (Figure 1A). In addition, 3 mm of precipitation occurred after sowing, 109 mm occurred between R6 and R8, and 49 mm occurred between R8 and R9 (Figure 1A). The total irrigation was 194 mm of which 144 mm occurred from sowing to R6, and 50 mm occurred from R6 to R8 in 2019 (Figure 1B). In addition, 30 mm of precipitation occurred between sowing and V4, 5 mm occurred between V4 and R6, and 25 mm occurred between R7 and R8 (Figure 1B).




3.2. Ammonia Volatilization


The 30%PSCU + 70%U broadcast application resulted in the maximum daily loss of NH3-N (1.6% of the applied N) on the fourth day after N application and a cumulative loss of 12% of the applied N on the 34th day after N application in 2018. The 70%PSCU + 30%U broadcast application provided lower daily (0.9% of the applied N) and cumulative (9% of the applied N) losses than the 30%PSCU + 70%U treatment (Figure 2A,B). The maximum daily NH3-N loss (2.5% of the applied N) occurred on the ninth day after split N application, and cumulative losses of 14% of the applied N were determined on the 34th day (at V4) for both blends (Figure 2C,D).




3.3. Mineral N Content in the Soil


The N fertilization management practice affected the mineral N content during the common bean growth cycle in 2018 and 2019 (Figure 3). At V4, the incorporated N application resulted in higher mineral N content than the other N fertilization management practices at depths of 0–20, 20–40, and 40–60 cm. At R6, incorporated and split N applications resulted in higher mineral N content than broadcast application at 0–20 and 40–60 cm depth, and incorporated application resulted in higher mineral N content than the other N fertilization management practices at 20–40 cm depth. At R7, incorporation resulted in a higher mineral N content than the other N management practices and broadcast application at 0–20 cm depth and 40–60 cm depth, respectively. Incorporated and split N applications resulted in higher mineral N content than broadcast application at 20–40 cm depth at R7, R8, and R9.




3.4. Biomass (Dry Matter) Accumulation in Plants and Common Bean Yield


The N fertilization management practice influenced the dry matter accumulation (aerial part) in the vegetative and reproductive growth stages of common bean and its yield in 2018 and 2019 (Figure 4). At V4, broadcast application resulted in higher dry matter accumulation (0.56 Mg ha−1) than the other N treatments in 2018 (0.5 Mg ha−1) and 2019 (0.45 Mg ha−1); that value in the broadcast application was similar to that in the control treatment in 2018. Incorporated application (0.48 Mg ha−1) resulted in higher dry matter accumulation than split N application (0.43 Mg ha−1) and the control (0.37 Mg ha−1) in 2019.



At R6, broadcast application resulted in higher dry matter accumulation (2.53 Mg ha−1) than the other N treatments (2.3 Mg ha−1) and the control (2 Mg ha−1) in 2018 and 2019, and the experiment in 2019 generated more dry matter (4.3 Mg ha−1) than in 2018 (3.5 Mg ha−1) at R7. At R8, the broadcast and incorporated application resulted in higher dry matter (6.5 Mg ha−1) than split N application (5.9 Mg ha−1) and the control (6 Mg ha−1) in 2018 and 2019, and the experiment in 2019 generated more dry matter (7.2 Mg ha−1) than in 2018 (5.3 Mg ha−1). At R9, the experiment in 2019 generated more dry matter (8.1 Mg ha−1) than in 2018 (5.6 Mg ha−1). The yield under split N application (3.63 Mg ha−1), which was similar to that in the control, was higher than that under broadcast application (3.34 Mg ha−1) in 2018 and 2019, and the experiment in 2019 generated a higher yield (3.65 Mg ha−1) than in 2018 (3.34 Mg ha−1). The maximum rate of dry matter accumulation (110 kg ha−1 day−1) occurred on the 51st day after common bean emergence (V1) in 2018 (Figure 5C and Figure 6A) and on the 60th day (178 kg ha−1 day−1) after V1 in 2019 (Figure 5D and Figure 6A).




3.5. Nitrogen Uptake in Common Bean Plants


The N fertilization management practices influenced the total N uptake in the vegetative and reproductive stages of common bean (Figure 7). At V4, the N application broadcast resulted in higher N uptake (25 kg ha−1) than the other N management practices in 2018 (21 kg ha−1) and 2019 (19 kg ha−1), and the incorporated application resulted in higher N uptake (21 kg ha−1) than split N application (18 kg ha−1) and the control (14 kg ha−1) in 2019. The Ndff was 8 kg ha−1 on average in 2019 (V4). At R6, higher N uptake was observed in 2019 (82 kg ha−1) than in 2018 (73 kg ha−1). At R7, higher N uptake was observed in 2019 (122 kg ha−1) than in 2018 (98 kg ha−1). At R8, all treatments did not affect N uptake (126 kg ha−1) in 2018, and the split N application resulted in lower N uptake (100 kg ha−1) than the other treatments (147 kg ha−1) in 2019. At R9, broadcast application resulted in higher total N uptake (163 kg ha−1) and N uptake in grain (142 kg ha−1) than split N application (total: 146 kg ha−1; grain: 127 kg ha−1). The Ndff was 30 kg ha−1 on average from R6 to R9 in 2019 and was 23 kg ha−1 in grain at R9 in 2019. Split N, incorporated and broadcast application resulted in Ndff values of 34 kg ha−1 (28 kg ha−1 in the grain), 30 kg ha−1 (25 kg ha−1 in grain), and 23 kg ha−1 (18 kg ha−1 in grain), respectively (Figure 5E–G and Figure 7). The maximum rate of N uptake in 2018 (2.2 kg ha−1 day−1) occurred on the 38th day after V1, and in 2019 (2.4 kg ha−1 day−1) occurred on the 45th day after V1 (Figure 5A,B and Figure 6B). The remobilization from R7 (leaf, stem and pod) to R9 (grain) was 82 kg ha−1 in 2018 and 97 kg ha−1 in 2019 (Figure 5A,B). The remobilization in terms of Ndff was, on average, 27 kg ha−1. It is possible for remobilization values to be overestimated once the plant leaves fall at R9.




3.6. 15N-Fertilizer Recovery in Common Bean Plants


The N fertilization management practice and fertilizer blend affected the 15N recovery from U treated with NBPT (NUR) by plants during the common bean growth cycle in 2019 (Figure 8). At V4, broadcast application provided a higher NUR (12%) than the other N management practices (7%), and 30%PSCU + 70%U provided a higher NUR (11%) than 70%PSCU + 30%U (6%). From R6 to R8, 30%PSCU + 70%U provided a higher NUR (43% on average) than 70%PSCU + 30%U (18% on average). At R9, 30%PSCU + 70%U provided a higher NUR (48%) and NUR in grain (39%) than 70%PSCU + 30%U (NUR: 18%; NUR in grain: 14%), and split N application and incorporation provided higher NUR in grain (30%) than broadcast application (21%). The NUR in the grain was positively correlated with common bean yield (Figure 9).





4. Discussion


The common bean growth and yield were affected by precipitation in the different years of the experiments in another study [44]. In our irrigated experiments, the daily rate of dry matter accumulation and N uptake during the common bean growth cycle were probably affected by the agricultural history in 2018 and 2019, which would explain the higher dry matter accumulation, N uptake and yield in 2019 than in 2018. The common bean has a low tolerance to low soil fertility [44,45]. The better conditions for common bean growth in 2019 than in 2018 are partially explained by the mechanized operations (plowing and harrowing) and limestone application performed before the sowing of the previous crop in 2019. These factors probably contributed to accelerating the decomposition and mineralization of soil organic matter [46] and increasing the plant N uptake, dry matter accumulation and yield in 2019. Limestone also improved common bean yield during three growing seasons in the Cerrado region in Brazil [47]. Ammonia volatilization reached 11 kg ha−1 under the broadcast-applied 30%PSCU + 70%U treatment, which was 3 kg ha−1 more than that under 70%PSCU + 30%U, and ammonia volatilization increased after the first precipitation event in the growing season (4 mm, in 2018). After the fourth irrigation event, ammonia volatilization decreased, probably due to the incorporation of U. Ammonia volatilization also occurred in the split N application at V4 followed by irrigation and precipitation. The blend with more PSCU tended to result in lower ammonia volatilization because of the controlled N release provided by the insoluble polymers. The intervals of irrigation also contributed to minimizing the daily ammonia volatilization in the PSCU. In situations with more daily precipitation, the daily volatilization of CRU tends to be higher than that observed in our irrigated experiment [48]. The ammonia volatilization probably had the same pattern in 2019, based on the similar irrigation and temperature in the first days after N-fertilizer application compared to those in 2018. The poorer growth performance of common bean in 2018 can also be attributed to the aluminum saturation of the soil, which was higher than 20% below 20 cm; common bean roots in favorable conditions can reach 30 cm depth depending on the soil texture [49]. The aluminum saturation probably restricted common bean root growth at 0–20 cm depth in 2018, limiting water and nutrient absorption and favoring nutrient percolation. Roots were likely more developed at deeper depths in 2019 than in 2018; this would improve plant water and nutrient absorption, especially during periods without rain or irrigation such as during R8 in 2019. Conditions with high Al saturation, as observed in 2018, are normally found in no-tillage systems where limestone is applied to the soil surface without incorporation and reacts with the soil in the application region [50]. To mitigate toxic levels of aluminum in deeper soils, gypsum [51] can be applied in no-tillage systems.



The N fertilization management treatments also affected the daily rate of N uptake in 2018 and 2019 and influenced the differences in N uptake during the common bean growth cycle. Moreover, chlorosis (Figure 6C) in the primary leaves (V2) occurred in 2018 and 2019 after broadcast and incorporated application using 30%PSCU + 70%U. This can be attributed to the salt toxicity [52] caused by the excess N, especially that from U (soluble source), which was mostly concentrated in the incorporated fertilizer application treatments. This result can be explained by the higher soil N mineral levels under incorporated application than under the other N management practices in the N application region, especially at the V4 growth stage. A similar level of soil N mineral was also observed at the V4 maize growth stage at 0–20 cm depth in the fertilizer application region, in studies incorporating 70%PSCU + 30%U and 100%PSCU at sowing [53]. Other studies associated the soil salinity, provided by greater amounts of fertilizers in the seed row, with damage in common bean roots [54]. Chlorosis in primary leaves of the common bean was also observed when applying greater amounts of potassium fertilizer close to the seeds [54,55]. K2O (as KCl) was broadcast applied at sowing in our experiments, and it probably enhanced the effects of salt on plants that underwent broadcast application with 30%PSCU + 70%U. To provide better conditions for N broadcast application using these blends, it is necessary to determine a better rate of N and K2O for broadcast application at sowing in Rhodic Eutrustox soil. Lacerda et al. [54] observed that 22.5 kg N ha−1 and 67.5 kg K2O ha−1 applied broadcast at common bean sowing is an alternative to the application incorporated at sowing. The authors also applied 60 kg N ha−1 (as urea) topdressing at V4 common bean growth stage in their treatments. Other studies evaluated the salt effect in maize plants using 70%PSCU + 30%U [22,23], and a deleterious effect, caused by the excess N, was observed in early growth. Based on that result the optimal N rate and application mode with 70%PSCU + 30%U in maize were recommended. Similar studies would be helpful in determining the ideal application mode and N rate using the blends in our study for common bean. The optimal method would avoid the possible effects of salt on the plants. Moreover, excess N can accelerate the vegetative growth of common bean, which negatively affects the reproductive stages by retarding flowering and disrupting the nutrient balance [52,56,57]. The split N application in our research provided better conditions for the early growth of common bean than other N management practices, based on the slightly higher daily rate of N uptake observed from V2 to V4 (Figure 6D). In this period, plant stress can indirectly affect common bean yield [39]. From V4 until R8, broadcast application resulted in a higher daily rate of N uptake than the other N fertilization management practices. Broadcast application resulted in higher N uptake and NUR at V4 than the other N management practices, and higher total N uptake at R9 than split N application, especially in the grain. These results suggest that broadcast application probably provided a greater priming effect [58] than the other N management practices between V4 and R8, as the plants had lower NUR in the grain at R9 in the broadcast application than in the split N application. In addition, the plants tended to reach their maximum NUR at the R6 growth stage with both blends. This tendency probably occurred because U is a soluble N source; after R6, the N from this source was probably located below the roots, and the plants probably absorbed more N from the soil and from PSCU which provided N higher on the soil surface. It would be of interest to confirm this hypothesis in another study with 15N in the PSCU source.



We also found an imbalance between the N uptake and the NUR in the grain in the broadcast application but no in the other management treatments, and the NUR in the grain was positively correlated with common bean yield (Figure 9). Our hypothesis explaining that correlation is that the salt effect observed in common bean plants, especially under the broadcast application of 30%PSCU + 70%U, probably affected the NUR, and plants in that situation tended to absorb less N from the fertilizer than those in split N application treatments. The stress probably disrupted the balance between the N uptake from the U source and the total N uptake, and indirectly interfered with the common bean yield; the yield was lower in the broadcast application treatment than in split N application treatment and the control treatment (without N-fertilizer application) in 2018 and 2019. Similar results have not been reported in other studies in common bean using these blends, and studies evaluating the influence of salt effects on common bean plants and their association with common bean yield would clarify these results. Other studies observed that the split N application in the proportion 1:1 (basal N application:topdressed N application) resulted in a higher N uptake, NUR and yield than the proportion 2:1 [59,60]. Contrary to our results, Oliveira et al. [61] did not observe a difference in yield for N fertilization management practices with a controlled-release fertilizer in common bean. Moreover, in our study, the control treatment provided similar conditions for better common bean growth and yield; nonresponse to N-fertilizer application were also observed in maize production at Rhodic Haplustox sites using blends of PSCU + U and only U [19,62] and in sugarcane in a Typic Hapludox soil [63].



The challenges of U application that have been observed in other studies (ammonia volatilization [6], salt effect [22], and N percolation [7]) were observed in our research despite the N-fertilizer recovery of U treated with NBPT being higher than 50% for both blends. Neptune and Muraoka [64] observed that NUR in common bean varied from 11% to 35% in N fertilization management practices with U, and the N application at sowing resulted in lower N uptake than the N application before or at flowering stage. Based on our results, split N application using the less expensive blend can be recommended. Fertilizer incorporation can also be recommended with adjustments associated with the distance from the N-fertilizer application region to the seed row to avoid salt toxicity. Similar recommendations were also made in a study evaluating N fertilization management using only U and based only on common bean yield [65]. At nonresponsive sites, it is advantageous to apply N to replace the N extracted by plants, thereby avoiding economic losses and pollution. This suggests the benefits of a reduction in the N application rate, which would reduce costs and, in this study, minimize the salt toxicity observed in the broadcast and incorporated applications for common bean in Rhodic Eutrustox soil.




5. Conclusions


Broadcast application using blends of PSCU and U (70%PSCU + 30%U and 30%PSCU + 70%U) did not improve grain yield compared to N incorporated application at sowing and split N application in irrigated experiments in Rhodic Eutrustox soil during the mild winter in Brazil. Broadcast application also resulted in lower grain yield than the control treatment (without N-fertilizer application) and the split N application treatment. Broadcast application resulted in lower NUR in the grain at harvest than split N application, which indicates that broadcast application was less efficient at supplying N from the U source in the blends. The U source provided 18% of the NUR in common bean plants with the 70%PSCU + 30%U blend and 48% with the 30%PSCU + 70%U blend. These NURs are higher than 50% considering the proportion of U in each blend. The nonrecovery of N from U by plants can be attributed to ammonia volatilization, which reached 12% of the total N applied, on average, under split N application and broadcast application, and the likely percolation of N below the common bean root zone.
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Figure 1. Daily minimum and maximum air temperature, daily irrigation and rainfall during mild winter growing seasons of common bean ((A): 2018; (B): 2019). 
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Figure 2. Daily and cumulative losses of NH3-N in the N broadcast application at sowing (90 kg N ha−1) on soil surface (A,B) and split N application side dressing at V4 (60 kg N ha−1) common bean growth stage (C,D). Vertical bars indicate the standard error of the mean. Means followed by different letters are significantly different (p ≤ 0.05). 






Figure 2. Daily and cumulative losses of NH3-N in the N broadcast application at sowing (90 kg N ha−1) on soil surface (A,B) and split N application side dressing at V4 (60 kg N ha−1) common bean growth stage (C,D). Vertical bars indicate the standard error of the mean. Means followed by different letters are significantly different (p ≤ 0.05).
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Figure 3. Effect of blends of polymer-sulfur coated urea (PSCU) and conventional urea (U) (70%PSCU + 30%U and 30%PSCU + 70%U) applied incorporated, broadcast and split on soil N mineral content during mild winter growing seasons of common bean (2018 and 2018). Vertical bars indict the standard error of the mean. Means followed by different letters are significantly different (p ≤ 0.05) at each depth. 
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Figure 4. Effect of blends of polymer-sulfur coated urea (PSCU) and conventional urea (U) (70%PSCU + 30%U and 30%PSCU + 70%U) applied incorporated, broadcast, and split on common bean yield and dry matter accumulation (aerial part) during mild winter growing seasons of common bean (2018 and 2019). Vertical bars indicate the standard error of the mean. Means followed by different letters are significantly different (p ≤ 0.05) in each common bean growth stage. 
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Figure 5. Seasonal N uptake and dry matter accumulation and partitioning during mild winter growing seasons of the common bean (2018 (A,C) and 2019 (B,D)) using blends of polymer-sulfur coated urea (PSCU) and urea (U) treated with NBPT (broadcast application: (E); incorporated application: (F); split application: (G); average of two years). The arrow indicates the maximum daily rate of dry matter and N accumulation. DAE is day after common bean emergence. The dashed line is the N derived from the fertilizer (Ndff), U treated with NBPT in the blend, in plant components during the 2019 growing season of the common bean (E–G). 
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Figure 6. Daily rate of dry matter accumulation (A) and N uptake (B) (kg ha−1 day−1) in common bean during mild winter growing season (2018 and 2019), average of all treatments. Daily rate of N uptake in broadcast, incorporated and split N application (D), average of two years. (C): Chlorosis in primary leaves of common bean (V2) after broadcast application and incorporated application with 30%PSCU + 70%U (PSCU: polymer-sulfur coated urea; U: conventional urea treated with NBPT). 
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Figure 7. Effect of blends of polymer-sulfur coated urea (PSCU) and conventional urea (U) (70%PSCU + 30%U and 30%PSCU + 70%U) applied incorporated, broadcast, and split on N uptake (aerial part) during the mild winter growing season of the common bean (2018 and 2019). The dashed line is the N derived from the fertilizer (Ndff), U treated with NBPT in the blend, in the plant in 2019 growing season of common bean. Vertical bars indicate the standard error of the mean. Means followed by different letters are significantly different (p ≤ 0.05) in each common bean growth stage. 
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Figure 8. Effect of blends of polymer-sulfur coated urea (PSCU) and conventional urea (U) (70%PSCU + 30%U and 30%PSCU + 70%U) applied incorporated, broadcast and split on 15N-fertilizer recovery (aerial part) of U treated with NBPT during mild winter growing season of common bean (2018 and 2019). Vertical bars indicate the standard error of the mean. Means followed by different letters indicate difference (p ≤ 0.05) among treatments. The rate of N was 90 kg ha−1 and the results are in % of total N applied. 
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Figure 9. Correlation between common bean yield and 15N-fertilizer recovery in the grain (%) of conventional urea (U) treated with NBPT, in broadcast, incorporated, and split application using blends of polymer-sulfur coated urea (PSCU) and U. (A): average two blends (70%PSCU + 30%U and 30%PSCU + 70%U). (B): application of 30%PSCU + 70%U. 
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Table 1. Soil chemical attributes on which common bean is grown in Brazil.
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Depth

	
pH

	
SOM 1

	
TSN 2

	
NH4+

	
NO3−

	
S

	
P

	
K

	
Ca

	
Mg

	
Al

	
CEC 3

	
AlS 4

	
BS 5




	
cm

	

	
g dm−3

	
mg kg−1

	
mg dm−3

	
mmolc dm−3

	
%






	

	
2018




	
0-20

	
5.0

	
27

	
1130

	
1.1

	
2.4

	
30

	
64

	
2.4

	
29

	
7

	
2

	
58.4

	
5

	
66




	
20-40

	
4.2

	
22

	
883

	
3.4

	
3.1

	
183

	
13

	
1.3

	
12

	
3

	
14

	
36.3

	
46

	
45




	
40-60

	
4.2

	
20

	
820

	
1.3

	
2.9

	
207

	
13

	
1.3

	
12

	
3

	
12

	
38.3

	
42

	
43




	

	
2019




	
0-20

	
5.1

	
27

	
1300

	
7

	
9

	
26

	
46

	
5.3

	
29

	
12

	
0

	
84

	
0

	
55




	
20-40

	
4.5

	
16

	
1000

	
9.6

	
5.2

	
67

	
10

	
3.5

	
19

	
8

	
0

	
83

	
0

	
37




	
40-60

	
4.4

	
14

	
800

	
3.2

	
4.7

	
135

	
5

	
2.7

	
12

	
6

	
2

	
79

	
9

	
26








1 SOM: soil organic matter; 2 TSN: total soil nitrogen; 3 CEC: cation exchange capacity at pH 7.0; 4 AIS: aluminum saturation; 5 BS: base saturation.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Va4 v 00 RE L L T
=1 T N T =t I
2 » a byt
ol
2| 3
fe
bbb b2 P
gt AL
T11 Eal x
o S
w&yﬁ#g/ e el “,,;v,,»“gy» ﬁ,ﬂg},ﬁ
Nnagamant Yo voar Pty
RO e [0, Grain "o [ o
o o, 2 o
i
e
i=
fe
»
°‘¢;¢,¢ Wt 9
P Voir





media/file4.png
Losses of N-NH3

daily (kg ha™! dia-1)

cumulative (kg ha1)

—e— 70PSCU30U
—o— 30PSCU70U

= |rrigation
== Precipitation

&) 60
A N application broadcast

r 45
2 i

- 30
1 4

r15
0
12 1
8 4
4 4

0 @

0 234567 9 12 27 34

day after N appllcation

V1

growth stage LA

irrigation / precipitation (mm)

60

45 -

w
(@]

—
(€]
L

o

N
(€]

w
(@]

-
(€]

0

Cc

Split N application at V4

bl s

0 234567 9 12

day after N appllcatlon

34

V4

growth stage

R6

daily (kg ha™! dia™)

cumulative (kg ha'! )





nav.xhtml


  agronomy-10-01935


  
    		
      agronomy-10-01935
    


  




  





media/file18.png
Average of 70%PSCU30%U and 30%PSCU70%U

A O  broadcast
v incorporated
a  split v 2
y =2.68 + 0.03x
r’=0.63
o p=0.002
15 20 25 30 35 40

“N-fertilizer recovery in the grain (%)

2.8

Application with 30%PSCU70%U

B o)

broadcast A

v incorporated
A split

y = 2.58 +0.024x
o ?=0.80
p <0.0001

15 20 25 30 35 40 45 50 55

®N-fertilizer recovery in the grain (%)





media/file16.png
:\D\ 100
S , - I
S o0{V4 | R6 R7 RS R9 Grain |
g 80 | N nzanag%r?;ent | blend (p <0.01) | blend (p <0.01)| blend (p <0.01) blend (p = 0.01)  blend (p =0.01) blend (p < 0.01) | N management (p = 0.02)
0] p 0. | |
z 7 : |
8 60 - —= U l a |
b |
£ 50 | a a a L a |
<40 | T T 1 T | a
o | | ?_ -|— b
30 -
5 ! b b b | T
g 201 a | a - = b = b |
8 100 b B S 1 b~ |
>z ol Il AL AL L A AL : S : :
2 ORI\ PR 8 \SEST\N} ) 40V ST\ ST\ ST\ \M) \M) o) \\¢ 5
(A OV A WAE\y10 WAE\y10 WYy 10 W \y10 REOAN WP 310 (ke 2 Ac?
\ c0t®° S O I N I O ST - S S E ST S S \ co'®° ©0%
N management blend N management





media/file2.png
Temperature (°C)

A
o

w
(@]

N
o

-
o

= |rrigation
== Precipitation -

—e— max. temp.
o

min. temp.

A 2018

V1 V4 R6 R7 RS8 R9
Growth stage

100

- 80

- 60

- 40

- 20

Precipitation / Irrigation (mm)

100

o]
(@]

(o)}
o

A
o

N
o

B

V1 V4 R6 R7 RS8 R9
Growth stage

40

- 30
- 20

St 10

Temperature (°C)





media/file5.jpg
‘Soil depth (cm)

=

“©

»

“©

Mineral N content (mg kg™')

Q010 2 % 00w @

Mineral N content (mg kg™1)

0 10 20 % w0 50 e 7 s

s
b by a4 oo b o RT
288 L P L

e [ ] "
W owrie w35 32

M e -

L pm——T
s, Kecal—- o
e 0 s
Ty [am—
st e wE
R oo § oo 287 £

e O, 3

of

5. we we| e

w
o
Rt N
gt "

o B o N

¢ R D e

o St st | N managemect (0= 0013) -

owe| -
s "






media/file3.jpg
Losses of N-NHy

|~ sopscurou

—e— 70PSCU0U  mmmm Imigation
== Preciptaton

)

N apphcation broadeast

s

0

daly (kg ha-! da!)

15

cumulative (kg ha”

o2useTo 12 6 2 2 M
day after N application

migaton  precptaton (mm)

&

8

o

02mse70 12 16 21

27
day ater N apphcation

u

vt v

growth stage.

va

i v

Re

daly (kg ha" dia™")

P





media/file1.jpg
m— frrigation  —e— max. temp.
== Frétpiaton © min temp.

Temperature ('C)
Preciptation / Imgaton (mm)

Vioova  Re R7T RS RO
P

e





media/file7.jpg
s ©
PP E——— RE wmemrmoron [R7me ]
e
Bel=gt i,
HE i
| 47
H &
05 &b
o
P
J——
“fRe T <007]R9 0 <00 *TYield s
st 2 !
il 4
' b
|
!
|
3
:
° gt gt S * S Wt 0

I

. O A oar





media/file10.png
168 -

A 2018
144 | s grain
— 0]
120 | == gtem
96 | mm |eaf
2.2 kg ha-'day!
72 4

38 DAE,

2019

2.4 kg ha'day’

V1 V4 R6

growth stage

R7 RS8

C 2018 8
7
100
100 - 6
75 5
751 110 kg ha-'day-! 4
50 50 A 3
—_ ©
25 & 25 2 <
f: '
0/100 ©100/0 A s
Y— 8 =
) 2019 k=
€ 7 E
75 9 75 >
o 6
S 178 kg ha-'day’ 5
50 50 4
3
25 25 2
1
0 0 0
R9 V1 V4 R6 R7 R8 R9

growth stage

IE N broadcast application

=== [eaf+stem+pod

= qrain

2.8 kg ha''day"
45 DAE|

V1 V4 R6 R7 RS8

growth stage

IF N incorporated application

R9 V1

G

2.4 kg ha-'day’

R9 V1

V4 R6 R7 RS8

growth stage

2.3 kg ha-'day-’
38 DAE¢

V4

Split N application

R6 R7 RS8
growth stage

R9





media/file12.png
200

“o 175 4
150 -

kg dry matter ha™! day

o

= S
N O N O N
g O o O O

A Dry matter

V1 V4 R6 R7 RS8
growth stage

R9

kg N ha'! day™!

0.5

Application with
‘ 30%PSCU + 70%U
(incorporated or broadcast)

—— broadcast
————— incorporated
——— split

V1 V4 R6 R7 RS8 R9
growth stage





media/file9.jpg
percent of gl ()
Ory mater (g ha

.
7
o
s
2

aroutn siage groutnstage

£ Nbrosdeastspplcaton F Nivcorporatsa spicaion gl G St N apptcaton

= i emepod
2ergmwn
sone 23100y

o]

W ke oRoRs v ome omome El
oo stage groutnstage





media/file0.png





media/file14.png
N uptake (kg N ha™1)

N uptake (kg N ha™1)

180

150

120

90

60

30

180 -

150

120

v4 year x N management (p = 0.03) RG
g e 2018 year (p <0.01
2018
1 a
p ﬂ_
1 bbb aI g b ¢ 2 L
o0 ‘axeé 9\‘ éga © (\“‘g‘a&?«é 9\‘ égas‘ 20 1,039
(\Co 9 .“CQ(Q
N ranagament Year
Rg N management (p = 0.03) year (p <0.01) a
ab ab a =
T L, P
il b
\ P 8 .0
\
N ranagament Year

N uptake (kg N ha™ 1)

N uptake (kg N ha™ 1)

180

150

120

90

60

30

180

150

120

R7 R8 year x N management (p <0.01)
] 2018
year (p <0.01) — 2019 a a
; ab b a I T
a b p T
b ¢
I~ oSS e e oG \ e 9\“6935‘
.\(\g of© e o
Year N ranagement
G rai n N msnegement (5 0.02)  yoar (p < 0.01)
a
{ ab ab a =
T T b
] = b
“o\ xed W\t cast 01® 000
CO\“\\ (,0“) (@ S‘)‘o‘ oadc 2 0
N ranagament Yoar






media/file8.png
Dry matter (Mg ha'1)

Cry rnatter (4g ha'1)

w
<)

V4 year x N management (p <0.01)
2.5 4
20 4 mmmm 2018
—3 2019
1.5 A
1.0 A
ab a a
0.5 | b D d b c
O & e i et N
KO 80 oW ycas KO 80 oW ycas
e oot e oot
N managenent
10 |
R8 | vear (p <0.01) R9 (p <0.01)
N mmsnagement (o 0.01) a
] | ==
8 g a I g
b T b 1
61 =% T I b b
|
N |
|
] |
i |
0 !
PO L g I G
el
N rianagenent Year Year

Dry matter (Mg ha'1)

Yield (Mg ha™)

10
R6 N management (p = 0.01) R7 year (p <0.01)
8 4
6 4
a
4 - b
a
¢ bob
0 T T T T T .
cont© el ot oadcaS‘ 0% 519
wnc ¢
N mianagement Year
6.0 I
Yield I year (p <0.01)
N managemet (p = 0.05) |
4.7 A I
a ab a ! a
3.5 1 ES b | b
|
2.3 4 |
|
|
1.1 A |
|
|
0 T T T T : T T
go(\“:(:mota‘ed 59\‘:“ oadca‘«“ 2008 50v9
2
N managenent Year






media/file11.jpg
kg dry matter ha™"

55858 onsad

kg Nha day™

A Dymaner
E]
sopcaon
B
C  (ncorporated or broadcast)
V2.
20
BN — o
00| _ 2°
Foo
H
0
2
os
.
Wow mmm m v v mmm wm
oot stage oo sage





media/file6.png
Soil depth (cm)

20 1

40 -

60/0

N
o

N
o

60/0

Mineral N content (mg kg'1)

10 20 30 40 50 60 70 80

N management (p = 0.013)

b bb a v4
O~ FAEH —v—  2018/'19
N management (p <0.001)
bbb a
Y r 2018/'19
N management (p = 0.007)
bbb a
HEM r 2018/'19
N management (p= 9.049) ) )
b b aa R6
1ol H r 2018/'19
| N management (p <0.001)
cc b a
0 A b r 2018/'19
| N management (p <0.001)
bb aa
HOH Howe r 2018/'19

N management

O Broadcast °
v Incorporated g
A Split

Control
treatment average

Year

Mineral N content (mg kg'1)

- 20

- 40

- 20

- 40

60/0

Soil depth (cm)

60/0

- 20

- 40

0O 10 20 30 40 50 60 70 800
R7
cc b a
2018/'19 { O v
N management (p <0.001)
bb aa
2018/'19 1 @O Hed
N management (p = 0.029)
bbaba
2018/'19 1 10Ksw
N management (p = 0.025)
R8
2018/'19 1 m
ns: not significant (p > 0.05)
bb aa
2018/'19 @0 my
N management (p <0.001)
2018/19 1 m
ns (p > 0.05)] )
R9
2018/ '19 HEH
ns (p > 0.05)
b b aa
2018/'19 {1 w01 L
N management (p = 0.013)
2018/ '19 HEH
ns (p > 0.05) ‘

60





media/file15.jpg
=s§ssszasss

».mmmkw.mmm

‘-‘*’ﬂ‘WM‘”‘wf“”'wﬁ*‘“‘ P e .«*’"‘ o™

- ———— e





media/file17.jpg
R O R RS

Application with 30%PSCUTO%U

A o broadcast B o broadeast a
§ T, 3 mh
it PERRe .| e DEER "
% o Tas "
a4l ° N ERY) 3
a2 $a2| oo
,=268+003 =

% ) 0] <

A )

e T R R L

15N fertilizer recovery in the grain (%)

"SN.fertilizer recovery in the grain (%)





