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Abstract

:

Improvements in nitrogen use efficiency can be achieved through fertilizer management strategies that capitalize on nutrient synergies. However, limited research on synergies between nitrogen, sulfur, and calcium complicates understanding causal links and developing sustainable management. In this regard, the effects of different nitrogen sources on productivity and nitrogen use efficiency in Italian ryegrass (Lolium multiflorum Lam.) and pearl millet (Pennisetum glaucum (L.)), along with their impacts on forage quality and secondary production, were investigated. Treatments included: Urea (46% N), ammonium nitrate (NH4NO3; 32% N), ammonium nitrate supplemented with calcium and sulfur (NH4NO3 (+), 27% N + 5% Ca + 3.7% S), and control treatment with no N application. The application of fertilizers that combine nitrogen with calcium and sulfur enhances primary production in both winter and summer pastures. Fertilization with NH4NO3 (+) increased nitrogen use efficiency by 125% in Italian ryegrass compared to NH4NO3. However, within the framework of rotatinuous grazing management principles, optimizing plant nitrogen use efficiency does not necessarily lead to a better forage quality or animal performance. These findings highlight that using fertilizers that promote synergies among nutrients, such as the combination of nitrogen with calcium and sulfur, can bring benefits to the sustainability of pasture-based livestock production systems.
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1. Introduction


By the year 2030, approximately 600 million people will face food deprivation, needing a multifaceted and innovative approach to confront this issue [1]. Addressing this challenge entails not only expanding food production, but also enhancing individual economic prosperity and mitigating environmental pollution. In this regard, Brazil emerges as a key player in the global food production scene. With a vast expanse of approximately 153.79 million hectares of pasturelands, the country has set records in beef exports, shipping 2.26 million tons to consumers in over 150 countries [2]. Global livestock farming depends on cultivated pastures, including C3 and C4 forage species like Italian ryegrass (Lolium multiflorum Lam.) and pearl millet (Pennisetum glaucum (L.)), respectively. While the former is esteemed for its bromatological quality and ability to thrive in temperate climates, the latter stands out for its resilience to drought and high growth rate, making it a valuable asset, particularly in tropical climates. However, despite nitrogen (N) being pivotal for optimizing these systems, its use as a fertilizer is hampered by substantial losses [3]. This nexus between animal and plant production and the strategic application of nitrogen fertilizers underscores the importance of integrated approaches in addressing global challenges sustainably.



In agriculture, nitrogen can be sourced from various origins such as chemical fertilizers, organic manure, and crop residues, and through the biological process of nitrogen fixation [4]. Urea stands out as the preferred mineral fertilizer in global agriculture due to its high nitrogen concentration and cost-effectiveness per unit of N. Globally, approximately 40% to 60% of total nitrogen fertilizer consumption is attributed to urea, with ammonium nitrate comprising a small fraction of approximately 8% [5]. However, losses associated with nitrogen fertilizers, which can reach up to half of the applied quantity, exert significant impacts on primary production, escalating costs and exacerbating food insecurity [3]. Moreover, they contribute to environmental degradation such as water pollution and greenhouse gas emissions [6]. Elevated levels of nitrate in drinking water also pose health risks, including increased cancer rates [7]. Consequently, a confluence of agronomic, environmental, and public health imperatives exists, necessitating the reduction of nitrogen losses to the environment and an enhancement of nitrogen fertilizer utilization efficiency.



Improvements in nitrogen utilization efficiency can be achieved through fertilizer management strategies that capitalize on nutrient synergies. Among these strategies, the utilization of nitrogen sources that show lower N losses (e.g., ammonia volatilization) and that are combined with the provision of other essential elements such as sulfur and calcium stand out. Conditions such as low soil organic matter, erosion, and increased crop nutrient demands can result in sulfur deficiencies in plants. The research indicates that the sulfur supply enhances plant growth and yield by fostering positive interactions between nitrogen and sulfur, thereby enhancing nitrogen utilization efficiency [8,9,10]. Sulfur is integral to enzymes involved in nitrogen metabolism, such as nitrate reductase and nitrite reductase [11,12], and its deficiency can impair nitrogen assimilation by plants [10]. Additionally, calcium plays a pivotal role extrinsically, as soil calcium concentrations in equilibrium with other elements are indispensable for root system expansion [13,14]. These effects facilitate enhanced soil exploration by roots [15], consequently bolstering water and nutrient use efficiency, including nitrogen [16].



The optimized utilization of N alongside calcium and sulfur can enhance the nutritive value in forage, thereby increasing the total N content in plants [17]. However, under grazing management guidelines such as the “rotatinuous” concept propounded by Carvalho [18], which aims to reconcile secondary production optimization with environmental preservation, the potential benefits of an increased forage quality may not necessarily translate into gains in secondary production. According to this paradigm, the specific nutritional quality available in the pasture assumes less salience compared to the sward structural attributes, particularly plant height, which exerts greater sway over consumption and consequently animal performance in a grazing environment [19]. This implies that by maintaining an optimal sward height, the direct relevance of the specific nutritional composition of the forage in animal performance may be attenuated.



Despite the potential synergies between nitrogen, sulfur, and calcium in maximizing nitrogen use efficiency and engendering sustainable benefits, little research has been dedicated to unraveling these interrelationships. This paucity of research complicates the elucidation of causal linkages, as well as the formulation of management prescriptions, posing a pressing challenge to find more sustainable practices. In consideration of the aforementioned, the hypotheses guiding this study are as follows: (a) Ammonium nitrate supplemented with calcium and sulfur (NH4NO3 (+), 27% N + 5% Ca + 3.7% S) enhances nitrogen use efficiency in Italian ryegrass and pearl millet compared to urea and conventional ammonium nitrate (NH4NO3); (b) animal productivity, as it is related to agronomic plant nitrogen use efficiency, is affected by the nitrogen fertilizer source when the principles of the rotatinuous concept are followed. To evaluate these hypotheses, the effects of various nitrogen sources on productivity and nitrogen use efficiency in Italian ryegrass and pearl millet were investigated, thus encompassing a C3 and a C4 forage species, alongside their impacts on forage quality and secondary production.




2. Materials and Methods


2.1. Study Area


The study was conducted at the Experimental Station of the Federal University of Rio Grande do Sul (UFRGS), located in Eldorado do Sul city (30°05′22″ S, 51°39′08″ W, 46 m a.s.l), in the state of Rio Grande do Sul, southern Brazil. The region has a humid subtropical climate (Cfa) according to the Köppen classification, with an average annual air temperature of 18.8 °C and rainfall of 1455 mm. The soil is classified as Typic Paleudult [20] with 22% of clay. The terrain is slightly undulating with deep, well-drained soil. The soil chemical properties at the depth of 0–20 cm were assessed at the time of experiment establishment, and the results are depicted in Table 1.




2.2. Experimental Design and Treatments


The experimental area consisted of 22.4 hectares that were divided into twelve paddocks of ~1.5 hectares. To correct soil fertility, 4200 kg ha−1 of lime was incorporated with a leveling harrow to raise soil pH to adequate levels [21], and then 190 kg ha−1 of triple superphosphate (TSP) and 100 kg ha−1 of potassium chloride (KCl) were applied.



The experimental design was a completely randomized block, with four treatments and three replicates, which means a total of twelve grazing paddocks (experimental units). The treatments were based on the nitrogen (N) source, as follows: Control, with no application of N; Urea (46% N); NH4NO3 (ammonium nitrate; 32% N); and NH4NO3 (+) (27% N + 5% Ca + 3.7% S). The application of nitrogen fertilizers occurred two times over the year: in the winter season, Italian ryegrass ‘BRS Ponteio’ was fertilized with 60 kg N ha−1 and, in the warm season, pearl millet ‘BRS 1501’ was fertilized with 100 kg N ha−1 (Table 2). The application of nitrogen fertilizers was carried out by broadcasting over the surface of the pasture and without incorporation.



During both the winter seasons of 2021 and 2022, Italian ryegrass seeds were uniformly distributed at a rate of 30 kg ha−1. Following distribution, these seeds were promptly incorporated into the soil using a covering grid. Sowing took place on 25 June 2021 for the first season and on 27 April 2022 for the second season (Figure 1). In the summer season, pearl millet seeds were planted at a rate of 40 kg ha−1 using a row planter in a direct planting system. The initial sowing occurred on 6 December 2021. For the second year, the sowing was split into two occasions, on 1 November 2022 and 25 November 2022. In the first winter season, the soil preparation involved the use of a leveling harrow. Following this, in the subsequent winter, the area was simply mowed after sowing. Herbicides (Glyphosate and 2,4–D) were applied in the summer season before pearl millet sowing, consistently across both years. Both herbicides were applied at a rate of 2 L per hectare according to the manufacturer’s technical recommendations.




2.3. Grazing Management


Both crops were managed using the continuous stocking method, with respective sward height targets of 20 cm and 40 cm [18]. Following the methodology outlined by Barthram [22], sward height was measured every 28 days taking 150 readings in a zigzag pattern within each paddock to determine the average sward height for that period. To maintain average sward heights throughout the stocking season, put-and-take beef cattle were utilized [23], with stocking rate adjustments made based on sward height measurements. During winter, the stocking season for all treatments lasted 67 days in 2021 (from 3 September to 9 November) and 117 days in 2022 (from 9 June to 4 October) in the Italian ryegrass cycles. In summer, the stocking season for all treatments was 85 days in 2022 (from 27 January to 22 April) and 80 days in 2023 (from 9 January to 30 March) in pearl millet.




2.4. Herbage Measurements


For the measurements of forage mass, plant cuts were carried out at ground level in randomly selected 0.25 m2 quadrants within each paddock. The fresh forage mass was weighed, then dried at 55 °C for 72 h, and the resulting dry matter was weighed. There were four cuts of Italian ryegrass in the year 2021 and five cuts in the year 2022 with averages of 21 and 30 days between cuts, respectively. For pearl millet, four cuts were made throughout the stocking season in both years with averages of 28 and 26 days between cuts, respectively.



The daily herbage accumulation rate kg DM ha−1 was monitored using three grazing exclusion cages per paddock, as in the method described by Kunrath et al. [24]. The herbage accumulation per stocking season was calculated by multiplying the daily herbage accumulation rate by the number of days in each period. Subsequently, the total herbage production over the stocking season was determined by summing up the herbage mass at the beginning of the stocking season and the herbage accumulation for each stocking period. The plant’s total nitrogen content was measured using the Kjeldahl digestion method [25]. The crude protein contents were analyzed using a near-infrared spectroscopy (NIRS; 730 to 2500 nm), following the methodology described in the Brazilian Compendium of Animal Nutrition [26]. The agronomic efficiency of applied N was determined for Italian ryegrass and pearl millet, according to Equation (1) [27].


  A E =   P P −   P P   0     F    



(1)




where AE represents the agronomic efficiency of applied N (kg yield increase per kg nutrient applied), PP is the dry matter of primary production kg ha−1 with applied N, PP0 is the dry matter of primary production kg ha−1 in a control treatment without N, and F is the amount of fertilizer nitrogen applied per 60 kg of N ha−1 for Italian ryegrass and 100 kg of N ha−1 for pearl millet.




2.5. Animal Performance


In the winter of 2021, 48 Brangus tester steers, 18 months old, with an average initial live weight (LW) of 175 kg were utilized. In the subsequent warm season, in 2022, 48 Brangus tester steers, 24 months old, with an average initial LW of 283 kg were employed. For the second winter season of 2022, 24 Brangus tester heifers, 24 months old, with an average initial LW of 361 kg were utilized, while in the second summer season, 24 Brangus test heifers, also 24 months old, with an average initial LW of 375 kg, were employed.



All tester and put-and-take animals underwent weighing at the beginning and the end of each stocking season. This process involved subjecting the animals to a 12 h fasting period with restricted access to feed and water before weighing. The stocking rate (kg LW ha−1) was computed by adding the average LW of each tester animal and the LW of each put-and-take animal multiplied by the respective number of days in the paddocks, all divided by the area of the paddock (Equation (2)).


  S t o k i n g   R a t e =   ( ( L W   r e g u l a t o r s ) × ( D a y s   o f   r e g u l a t o r   o c u p a t i o n ) + ( L W   t e s t e r ) × ( D a y s   o f   t e s t e r   o c u p a t i o n ) )   P a d d o c k   a r e a    



(2)







The average daily gain (kg LW animal−1 day−1) was determined as the difference between the final and initial LW of each tester animal, divided by the number of days in the stocking season (Equation (3)).


  A v e r a g e   d a i l y   g a i n     A D G   =   F i n a l   L W   t e s t e r s − I n i t i a l   L W   t e s t e r s   D a y s   o f   o c u p a t i o n    



(3)







The LW gain per hectare (kg LW ha−1) was derived by multiplying the number of animals per hectare by the average daily gain of the tester animals and by the number of grazing days in the stocking season (Equation (4)).


  G a i n   p e r   h e c t a r e =       D a y s   t e s t e r s   o f   o c u p a t i o n   ×   A D G   t e s t e r s   +   D a y s   r e g u l a t o r   o f   o c u p a t i o n   ×   A D G   t e s t e r       P a d d o c k   a r e a    



(4)








2.6. Statistical Analysis


After testing the assumptions of normality (Shapiro–Wilk), homogeneity of variances (Levene), and independence of errors (residual plot), the analysis of variance was carried out using the MIXED procedure. For the herbage accumulation rate data, the treatments (Control, Urea, NH4NO3, and NH4NO3 (+)) were considered as fixed effects, while the blocks, years (2021 and 2022) nested within the stocking season, and the residuals were considered as random effects. For the animal production data, total herbage production, and N use efficiency, the analysis of variance considered the treatments as fixed effects and the blocks, years, and residuals as random effects. For the total nitrogen and crude protein data in plants, the analysis of variance considered the treatments and stocking seasons as fixed effects, while the blocks, years, and residuals were considered as random effects.



In all models, the means were compared using Tukey’s adjusted lsmeans option. As these were models with repeated measures in time, a covariance structure selection test was carried out using the Akaik Information Criterion (AIC). The data from the herbage accumulation rate of Italian ryegrass, as it did not meet the assumptions of analysis of variance, were then transformed. The responses of the forage accumulation rate of pearl millet, as they did not meet the assumptions of the analysis of variance and did not fit any transformation, were analyzed as non-parametric using the Wilcoxon test and comparison of means by Bonferroni. All statistical analyses were carried out using the SAS® Studio version statistical program and significant differences were declared when p < 0.05.





3. Results


The rainfall (mm), average temperature (°C), maximum temperature (°C), and minimum temperature (°C) were taken from the online data platform of the Experimental Station of the UFRGS located 2.1 km from the experimental site (Figure 1).



The average temperature in the first pearl millet cycle was 23.2 °C with an accumulated precipitation of 396.4 mm, while in the second cycle, an average temperature of 24.4 °C was observed, with an accumulated precipitation of 341.4 mm. For the Italian ryegrass cycles, the average temperature in the first cycle was 17 °C with an accumulated precipitation of 493 mm, while in the second cycle, an average temperature of 16.2 °C, with an accumulated precipitation of 503 mm, was observed.



The Italian ryegrass and pearl millet pastures maintained heights close to the established targets of 20 cm and 40 cm, respectively, throughout the grazing period. The average height of Italian ryegrass in all treatments was 21.35 ± 1.8 cm (mean ± standard deviation), while the average height of pearl millet was 41.95 ± 1.9 cm. These results demonstrate that in all treatments, grazing management targets aimed at maximizing animal consumption were met. In this context, any bias related to differences in the average sward height between treatments is discarded. Therefore, all results presented subsequently safely reflect the effects of different nitrogen sources on primary and secondary production.



The effects of different nitrogen sources were similar in the herbage accumulation rate for both species evaluated in this study (Figure 2a,c). Fertilization with NH4NO3 (+) resulted in increases of 165% and 98% in the average accumulation rate of Italian ryegrass and pearl millet, respectively, compared to no fertilization (p < 0.05). On the other hand, there were no significant differences between the other nitrogen sources and the control treatment.



NH4NO3 (+) increased the Italian ryegrass’ total production by 139% and 47% compared to the control and NH4NO3 treatment, respectively. Additionally, there was a 77% increase in Italian ryegrass total production with a urea application compared to no fertilization (Figure 2c). Besides nitrogen, NH4NO3 (+) provides calcium and sulfur in its formulation, which enhanced the agronomic efficiency of applied nitrogen compared to Italian ryegrass plants that received only NH4NO3. These results represent conversions of 63 kg of dry matter (DM) for each 1 kg of applied N with calcium- and sulfur-supplemented ammonium nitrate, compared to 28 kg of DM for each 1 kg of N applied with conventional ammonium nitrate and 35 kg DM per kg N for urea. However, there was no significant difference in nitrogen use efficiency by Italian ryegrass between NH4NO3 (+) and urea (Figure 3a). For pearl millet total production, significant differences were observed only between the NH4NO3 (+) treatment and no fertilization, resulting in an 80% increase in total production with the use of this nitrogen source. Fertilized treatments did not differ in pearl millet total production (Figure 2d), which reflected the absence of significant effects among nitrogen sources for the agronomic efficiency of applied N (Figure 3b).



The total nitrogen content and crude protein in Italian ryegrass plants were significantly influenced by the interaction between the factors of time (days of grazing) and fertilization (control, NH4NO3, urea, and NH4NO3 (+)) (Figure 4a,b). The application of 60 kg of N ha−1 increased the total nitrogen and crude protein in Italian ryegrass only at the beginning of the stocking season. This result was consistent for all nitrogen sources during the period corresponding to the entry of animals into the plots and, consequently, the beginning of grazing (56 days after sowing). However, after 28 days from the start of grazing (average of the two years), no significant effects of fertilization on the total nitrogen content and crude protein of Italian ryegrass were observed in any of the evaluated sources.



Additionally, in all nitrogen sources and in the control treatment, a reduction in the total nitrogen content and crude protein of Italian ryegrass was also observed after 28 days of grazing, indicating a decrease in forage quality as the plants progressed through their phenological cycle. However, for pearl millet, no significant influences of the interaction between factors or isolated effects were found on the total nitrogen content and crude protein of the plants (Figure 4c,d).



The Italian ryegrass pastures, when subjected to nitrogen fertilization, exhibited higher stocking rates and live weight gains per area compared to the unfertilized pastures (Figure 5a,c). There was no significant difference among nitrogen sources concerning their effects on animal performance variables in Italian ryegrass pastures. In terms of the stocking rate, nitrogen sources led to proportional increases of 60%, 59%, and 68% for NH4NO3, urea, and NH4NO3 (+), respectively, relative to the control. Regarding live weight gain per area, the increments relative to the unfertilized treatment were 47%, 49%, and 60% for NH4NO3, urea, and NH4NO3 (+), respectively.



Nitrogen fertilization with NH4NO3 resulted in a significantly higher stocking rate in the pearl millet pasture compared to the control treatment (Figure 5d). This difference was equivalent to an increase of 72% in the stocking rate in areas fertilized with NH4NO3 compared to unfertilized areas. No significant differences were observed among the other treatments for this variable. Regarding live weight gain per area in pearl millet, the NH4NO3 (+) treatment stood out compared to the control, favoring a corresponding 70% increase in the live animal weight per area. These results are consistent with the higher total forage production of pearl millet when areas were fertilized with NH4NO3 (+).




4. Discussion


Nitrogen fertilization represents one of the most crucial management practices in pasture production and maintenance [28], yet it is estimated that 50–70% of the N supplied through fertilization is lost [29]. Nitrogen management poses a considerable challenge due to its complexity, which encompasses the interaction of various factors and requires an understanding of spatial and temporal constraints [30]. Failure in nitrogen management can lead to an alarming situation from environmental, economic, and even public health perspectives, underscoring the urgency to optimize nutrient use efficiency [31]. In this regard, among the key findings of this study, the evidence highlights that nitrogen use efficiency in primary production can be enhanced through the selection of fertilizer sources that leverage nutrient synergies. Additionally, this study unprecedentedly demonstrates that secondary production, although linked to plant nitrogen utilization efficiency, is not significantly affected by the nitrogen fertilizer source when following rotatinuous concept guidelines.



The agronomic efficiency of nitrogen (N) applied to Italian ryegrass more than doubled when associating N with calcium (Ca) and sulfur (S) through supplemented ammonium nitrate application (27% N + 5% Ca + 3.7% S), compared to the use of NH4NO3. This effect represented a significant 121% increase in the agronomic efficiency of the N applied as NH4NO3 (+). Although Ca and S are essential nutrients for plants, they are often neglected when considering the fertilization of pastures [32,33]. According to Jones and Ryan [34], soil acidification impacts approximately 30% of the potential food production area globally, with these soils generally deficient in calcium. Furthermore, we are currently experiencing a period of relatively low S deposition via precipitation compared to the past, with soil S deposition levels reaching historic lows [32]. This implies reduced synergies between nutrients in the soil, resulting in an imbalance that affects N use efficiency and thus compromises the sustainability of agroecosystems. However, the research results indicate the potential for S and Ca supplementation to play a vital role in optimizing pasture yields and improving agronomic N use efficiency.



Calcium performs various vital functions for plant growth and health [34,35]. This nutrient plays a crucial role in root elongation, provides protection to root tissues against toxic ionic environments, and directly activates essential enzymes, such as ATPase in the cell wall [35]. It is worth noting the importance of the relationship between this nutrient and arbuscular mycorrhizal fungi (AMF), which have been associated with increased plant root access to limiting nutrients and stress resistance in acidic environments [13]. AMF also play a role in the production of glomalin, a glycoprotein associated with soil aggregation, and the reduction of aluminum toxicity in acidic soils [36]. Additionally, there are reports in the literature [37] regarding synergies related to the interconnection of NO3− and Ca2+ concentrations with auxin, promoting a regulatory role in many physiological processes. In this sense, it is suggested that the isolated effects and, especially, the synergies of Ca with N resulted in the highest efficiency of N use by Italian ryegrass plants when fertilized with NH4NO3 (+).



Sulfur (S) is among the four major fertilizer nutrients, alongside N, P, and K [38]. This nutrient plays a crucial role in the activity of the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), significantly affecting the rate of photosynthesis [39], as well as plant growth, development, and productivity [40]. Sulfur and nitrogen have a synergistic effect, and as both nutrients are utilized in protein synthesis, the application of N and S favors the production of amino acids that are incorporated into proteins [41]. Aulakh and Malhi [41] described the direct effect of nitrogen on plant photosynthetic efficiency, while sulfur has an indirect effect, optimizing the efficient utilization of nitrogen by plants. This finding was demonstrated by Ahmad and Abdin [42] through their investigation of the relationship between nitrogen levels and photosynthetic rates in species of the genus Brassica subjected to treatments with and without sulfur. These pieces of evidence regarding the interactions between N and S may elucidate the promising results observed with N sources supplemented with S and Ca in primary production.



Agriculture substantially influences global ammonia (NH3) emissions to the atmosphere, contributing 80–95% of the total, with nitrogen fertilizer application, especially urea, responsible for 20.3% of this amount [43]. The amount of NH3 emitted per kilogram of urea converted to nitrogen ranges from 155 to 210 g, with this variation influenced by soil pH and climatic conditions [44]. This unwanted ammonia emission not only poses an economic challenge due to nitrogen loss, but also has environmental and human health consequences [45]. However, the increasing world population and the need to meet global food demand are driving greater demand for fertilizers, including nitrogenous ones [43]. For this reason, the replacement of urea-based fertilizers with ammonium nitrate-based fertilizers has been increasingly highlighted in the literature as a concrete strategy to prevent and reduce NH3 emissions, due to their low volatilization potential [46,47,48]. Thus, it is suggested that despite the absence of significant effects on agronomic N use efficiency with urea and NH4NO3 (+), the source supplemented with Ca and S may safely represent an alternative within the principles of sustainable intensification.



Although NH4NO3 (+) has shown to be the only source capable of promoting higher rates of forage accumulation and, consequently, increasing total pearl millet production compared to no fertilization, this increase did not translate into superior agronomic N use efficiency compared to urea and NH4NO3. This lack of response can be attributed in part to low water availability during the pearl millet cycle. On average, over the two years, accumulated rainfall was only 369 mm, while the ideal water requirement for pearl millet varies between 500 and 800 mm [49]. According to Kunrath et al. [50], there is a co-limitation between water and nitrogen, where nitrogen deficiency reduces water use efficiency, while water scarcity reciprocally limits nitrogen use efficiency. Kunrath et al. [51] demonstrated that water limitation resulted in nitrogen deficiency in grasses, even with high rates of nitrogen fertilizer application. In this sense, it is suggested that a water deficit during pearl millet cultivation directly affected the balance between absorbed and demanded N by the plants, thus leading to a reduction in N use efficiency in all treatments. It is also important to highlight that the absence of significant effects among the sources on the agronomic utilization efficiency of N, as well as on the total N and protein content of pearl millet, may be directly related to the timing of fertilization. In the first year, the application occurred only after 25 days from the entry of the animals, while in the second year, it was carried out 22 days after the start of grazing.



Despite supplemented ammonium nitrate (NH4NO3 (+)) expressing a considerable effect on agronomic N use efficiency of Italian ryegrass, this was not sufficient to increase the total N and crude protein contents of the plants. Thus, the synergistic relationship between these nutrients (N, Ca, and S) did not reflect improvements in pasture chemical composition under a canopy structure that maximizes animal intake per unit of grazing time. These results are explained by the “dilution” of nitrogen in plant tissues. As documented by Lemaire et al. [52,53,54], there is a consistent trend of N concentration reduction in plants as aerial biomass increases. Therefore, the presumed effects of increased N use efficiency on forage quality and consequently on animal performance were dismissed.



Pastures can be viewed as a series of overlapping grazing horizons, forming bite compartments where the tendency to graze lower strata increases as upper layers are consumed by animals [55,56]. Under ideal canopy structure conditions, where heights are adjusted to maximize forage intake by animals, bites are predominantly concentrated at the horizon corresponding to 50% of the initial grazing height [18]. This phenomenon is closely linked to changes in pasture structure resulting from variations in the availability of different morphological parts of plants in lower grazing horizons. As animals consume preferably leaves, these become scarce, while pseudo stems, stems, and dead material come to predominate in lower layers of the pasture [55,57,58]. In this sense, it is suggested that the increased agronomic efficiency of N used by plants does not necessarily reflect an increase in bite mass by animals in the preferred grazing horizon. This finding reinforces the complexity of interactions between fertilizer management, pasture structure, and animal performance on grazing.



During the period between initial growth and flowering phases of pastures, an accumulation of dry matter and water-soluble carbohydrates is observed, increasing the neutral detergent fiber content. This increase results from the activation of metabolic pathways associated with the synthesis of structural compounds such as cellulose and hemicellulose [4]. Generally, pastures progress in their development cycle, increasing the proportion of stems and reducing leaf production [59,60]. Additionally, as observed by Sun et al. [61], as plant phenological stages progress and their leaves age, there is a continuous decrease in total nitrogen and crude protein levels. This trend, accompanied by the increased lignification of leaves and stems, justifies the notable reduction in the N and protein content in plants as grazing cycles advance, as well as the neutralization of fertilizer effects on forage composition. Additionally, these results can be grounded in the previously addressed process of nitrogen dilution, which represents a decrease in the concentration of this element in plants as aerial biomass increases [52]. Prior studies support the results obtained in this research by suggesting the absence of significant differences in forage quality between nitrogen fertilizer sources [62].



Nitrogen is one of the most important nutrients for plants, but often its application is inefficient [33] or neglected [63]. Simões et al. [63] described that conventional fertilization practices in Southern Brazil in integrated crop–livestock systems still completely overlook the need for fertilization in the pasture phase, including N fertilization. The results of this study strongly highlight the consequences of this neglect: the absence of nitrogen fertilization in Italian ryegrass pastures resulted in an average reduction of 52% in animal live weight gain per area. This underscores the crucial importance of nitrogen fertilization to enhance animal performance in pastures. The growth rate, along with factors such as tillering, leaf production, and the expansion of both aboveground and root systems, is influenced by nitrogen fertilizer application [33,64,65]. Nitrogen fertilization, by promoting increased forage accumulation, alters pasture dynamics, directly reflecting on animal production per area [66].



Despite the importance of nitrogen fertilization, especially for summer species like pearl millet, it was observed that with this forage species, only NH4NO3 (+) application resulted in a notable increase in animal live weight gain per area when compared to no fertilization. These results directly reflect the positive effects of NH4NO3 (+) on total pearl millet production and may also be attributed to water scarcity, which potentially reduced agronomic nitrogen use efficiency for all sources. Therefore, the potential of NH4NO3 (+) to boost both primary and secondary production is noteworthy, even under challenging conditions related to compromised water availability. Given the context of climate change, it is crucial to promote further studies exploring the effects of calcium- and sulfur-supplemented nitrogen sources on the sustainability of food production systems, especially under abiotic stress conditions.



The initial soil Ca and S levels in this study are considered “low” and “high”, respectively, according to the availability class for most crops [21]. At the time of the experiment implementation, limestone was applied, potentially increasing the soil’s calcium content. However, although sulfur was within the class considered to have high availability and all treatments received limestone, the higher efficiency of nitrogen utilization by Italian ryegrass with NH4NO3 (+) compared to NH4NO3 indicates that supplementation with calcium and sulfur may be a promising strategy to be considered in pasture fertilization management. Additionally, the high S availability may have mitigated the effects of supplementation with NH4NO3 (+), leading to the lack of discernible impacts compared to urea, regarding effectiveness in N utilization. For this reason, considering that, currently, soil S deposition levels are reaching historic lows [32], future studies should also quantify the effects of supplementation with NH4NO3 (+) under low soil S availability conditions.




5. Conclusions


The use of fertilizers that leverage synergies between nutrients, such as the association of nitrogen with calcium and sulfur (NH4NO3 (+)), can significantly increase the agronomic efficiency of applied nitrogen in pastures. This approach favors a substantial increase in the primary production of C3 and C4 forage species, highlighting the potential for substantial improvements in nitrogen use efficiency. However, within the framework of rotatinuous grazing management principles, maximizing agronomic nitrogen use efficiency by plants does not directly translate into improvements in forage quality or animal performance, considering a period of only two cropping seasons. Ultimately, the results also underscore the critical importance of nitrogen fertilization to enhance animal performance in pastures, highlighting the significant consequences of neglecting this practice. The choice of a nitrogen source and its proper management are crucial to maximize the economic and environmental benefits of pasture-based livestock production systems.
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Figure 1. Rainfall, air temperature, and experimental timeline from June 2021 to April 2023 in Eldorado do Sul, Rio Grande do Sul State, Brazil. 
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Figure 2. Herbage accumulation rate and total herbage production in Italian ryegrass and pearl millet managed under different nitrogen fertilization sources. Control, with no application of N; NH4NO3, ammonium nitrate (32% N), Urea (46% N); and NH4NO3 (+), Ammonium nitrate with calcium and sulfur (27% N + 5% Ca + 3.7% S). The error bars represent the standard error of the mean. Different letters indicate significant differences between the treatments (p < 0.05). 
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Figure 3. Agronomic efficiency of applied nitrogen (kg yield increase per kg nutrient applied) in Italian ryegrass and pearl millet managed under different nitrogen fertilization sources. NH4NO3, ammonium nitrate (32% N), Urea (46% N); and NH4NO3 (+), ammonium nitrate with calcium and sulfur (27% N + 5% Ca + 3.7% S). The error bars represent the standard error of the mean. Different letters indicate significant differences between the treatments (p < 0.05). 
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Figure 4. Total nitrogen and crude protein content in Italian ryegrass and pearl millet plants across different days of grazing and nitrogen fertilization sources. Control, with no application of N; NH4NO3, ammonium nitrate (32% N), Urea (46% N); and NH4NO3 (+), Ammonium nitrate with calcium and sulfur (27% N + 5% Ca + 3.7% S). In the nitrogen sources, Italian ryegrass received a fertilization of 60 kg N ha−1, while pearl millet was fertilized with 100 kg N ha−1. The error bars represent the standard error of the mean. Different uppercase letters indicate significant differences between the nitrogen sources, whereas different lowercase letters indicate the differences between the grazing periods within each nitrogen source (p < 0.05). 
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Figure 5. Stocking rate, average daily gain, and live weight gain per area in Italian ryegrass and pearl millet managed under different nitrogen fertilization sources. Control, with no application of N; NH4NO3, ammonium nitrate (32% N), Urea (46% N); and NH4NO3 (+), Ammonium nitrate with calcium and sulfur (27% N + 5% Ca + 3.7% S). The error bars represent the standard error of the mean. Different lowercase letters indicate significant differences between the treatments (p < 0.05). 
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Table 1. Soil chemical properties at the depth of 0–20 cm.
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Table 2. Management history and methodological details per stocking season for Italian ryegrass and pearl Millet pastures.
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	Year
	Species
	Control Weeds
	Seeding
	Application of Fertilizers
	Level kg of N ha−1
	Stocking Season





	1
	Italian ryegrass
	25 May 2021
	25 June 2021
	2 August 2021
	60
	3 September 2021 to 11 November 2021



	2
	Italian ryegrass
	29 April 2022
	27 April 2022
	26 May 2022
	60
	9 June 2022 to 4 October 2022



	1
	Pearl millet
	3 December 2021
	6 December 2021
	24 February 2022
	100
	27 January 2022 to 24 April 2022



	2
	Pearl millet
	26 October 2022
	1 November 2022 and 25 November 2022
	8 February 2023
	100
	9 January 2023 to 30 March 2023
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