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ABSTRACT 

	The intensification of livestock systems in tropical regions has increased the demand for efficient nutrient management, particularly in sandy soils characterized by low fertility, high porosity, and low nutrient retention. This review critically evaluates nitrogen (N) and sulfur (S) interactions in tropical forage systems established on sandy soils, focusing on their effects on productivity, nutritional quality, and nutrient use efficiency. A structured literature review was conducted, synthesizing studies on soil nutrient dynamics, fertilization strategies, and plant physiological responses under these conditions. Nitrogen is a key driver of forage productivity, significantly enhancing biomass accumulation, crude protein concentration, and digestibility; however, its efficiency is strongly dependent on adequate sulfur availability. Sulfur plays a fundamental role in the synthesis of essential amino acids and contributes to improved nitrogen use efficiency. Evidence consistently demonstrates that the combined application of N and S results in superior agronomic performance and enhanced forage quality compared to single-nutrient fertilization. An optimal N:S ratio of approximately 15:1 in plant tissues is required to support efficient protein synthesis and to prevent the accumulation of non-protein nitrogen compounds. In sandy soils, these interactions are intensified due to greater susceptibility to nutrient losses, reinforcing the need for balanced fertilization strategies. Optimizing N and S management is therefore essential to improve forage productivity and sustainability in tropical pasture systems. Future research should prioritize integrated approaches that combine soil chemistry, plant physiology, and microbial processes under field conditions to support the sustainable intensification of livestock systems.
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1. INTRODUCTION

The intensification of livestock production systems in tropical regions has significantly increased the demand for efficient strategies for pasture nutritional management, particularly in environments characterized by soils with low natural fertility (Wang; Liu, 2020). In this context, Quartzarenic Neosols, (composed mainly of sand, with very low levels of silt and clay) widely distributed in tropical regions, stand out for their low nutrient retention capacity, reduced organic matter content, and high susceptibility to leaching, which limits the productive performance of forage crops (Kane et al., 2021; Voltr et al., 2021).
Among essential nutrients, nitrogen (N) is recognized as the primary element responsible for increasing overall plant productivity, acting directly on protein synthesis, vegetative growth, and leaf expansion (Gonçalves et al., 2022; Zayed et al., 2023). However, the efficiency of N utilization by plants depends not only on its availability in the soil but also on the adequate presence of other nutrients, especially sulfur (S), which plays a fundamental role in the formation of sulfur-containing amino acids, enzymes, and structural compounds involved in plant metabolism (Noji; Saito, 2003; Rahman et al., 2025).
The interaction between nitrogen and sulfur has been widely recognized as a determining factor for plant nutritional efficiency, since both elements participate in interdependent metabolic pathways. Sulfur deficiency can compromise nitrogen assimilation, resulting in the accumulation of non-protein forms and a reduction in nutrient use efficiency. On the other hand, a balanced supply of N and S can promote significant improvements in productivity, bromatological quality, and digestibility of forage crops (Brown et al., 2000; Salvagiotti et al., 2009).
Despite advances in understanding plant mineral nutrition, significant gaps remain regarding the dynamics of N–S interactions in forage systems established on sandy soils under tropical conditions. Available studies often address these nutrients in isolation or are conducted under edaphoclimatic conditions distinct from those found in tropical regions, limiting the generalizability of results. Furthermore, there is a scarcity of information integrating productivity, nutritional quality, and nutrient use efficiency in pasture systems managed under real field conditions (Dijkstra et al., 2025; Taiz; Zeiger, 2024; Zayed et al., 2023).
Given this scenario, it is essential to gather and critically analyze the available evidence on the interaction between nitrogen and sulfur in tropical forage crops, with an emphasis on sandy soil environments. Thus, this review aims to discuss the effects of nitrogen and sulfur fertilization on the productivity and bromatological quality of forage crops, as well as to identify knowledge gaps and perspectives for sustainable nutritional management in livestock production systems.
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2. NUTRIENT DYNAMICS IN SANDY SOILS APPLIED TO PASTURES.

[bookmark: _Hlk227141406]2.1 Physicochemical Characteristics and Their Implications 

Nutrient dynamics in soils are governed by a set of physicochemical characteristics that often represent a significant agronomic barrier. A thorough understanding of these factors is of great scientific interest, as it enables the development of more efficient management strategies that improve sustainability and the forage production chain (Bukomba; Lusk; Maltais-Landry, 2025).

2.1.1 Texture, Porosity, and Water-Holding Capacity

The primary property defining a sandy soil is its texture, which is characterized by the predominance of the sand fraction (particles with diameters between 0.05 and 2.0 mm), often exceeding 70% of the total mineral composition. This predominance results in a very low specific surface area (SSA) compared to clay soils. The low SAR drastically reduces the contact surface available for chemical reactions and for the adsorption of water and nutrients (Mawalla; Gülser, 2025).
Structurally, the arrangement of these coarse particles creates a porous system dominated by macropores, resulting in low aggregation. Although this promotes aeration and root penetration, the direct consequence is high hydraulic conductivity and, therefore, low water-holding capacity (Tian et al., 2025).
Water in the system infiltrates rapidly through the soil profile, remaining only briefly in the root zone. Given that tropical soils are often deep, pasture systems on sandy soils become particularly vulnerable during dry spells (Yosef; Gomi; Ohira, 2025).

2.1.2 Low Cation Exchange Capacity (CEC) and Cation Dynamics

With regard to soil chemistry, the most significant limitation of sandy soils is their low CTC capacity, which is determined by the negative charges carried by mineral (clay) and organic ( ) soil colloids. Due to the scarcity of both components, sandy soils have few binding sites to retain essential cations such as potassium (K⁺), calcium (Ca²⁺), and magnesium (Mg²⁺) (Atakoun et al., 2025).
In practical terms, this means that fertilizers supplying these nutrients, when applied, remain in the soil solution for only a short time. Unable to be adsorbed and stored on particles, these cations are easily carried to deeper regions (leached) along with the water flow. This condition requires specific management strategies, such as split applications of fertilizers, to mitigate losses and increase the efficiency of inputs (Atakoun et al., 2025; Oppong Danso et al., 2025).

2.1.3 The Vulnerability of Anions and the Intensity of Leaching 

If cation retention is deficient, the situation with anions becomes even more critical. Negatively charged ions, such as nitrate (NO₃⁻) and sulfate (SO₄²⁻), which are essential for the physiological performance of grasses, are subject to electrostatic repulsion from the few negative charges present in soil colloids (Luo et al., 2020; Narayan et al., 2023; Vera-Villalobos et al., 2024; Zayed et al., 2023).
Therefore, these anions are not adsorbed and remain fully dissolved in the soil solution (Sarkar et al., 2025). This condition reinforces leaching as the primary process of nutrient loss in sandy soils. Any amount of water that exceeds the root zone carries these anions very efficiently (Kumari et al., 2024).
Thus, the application of N and S in sandy soils requires constant nutritional interventions aligned with the forage crop’s needs in order to prevent significant losses, optimize the use of inputs, and reduce environmental contamination (Philp et al., 2021; Sarkar et al., 2025).

[bookmark: _Hlk227141621]2.2 Behavior of Nitrogen (N) in the Environment
N is generally the most abundant mineral nutrient in plant tissues and the essential element that most influences the growth and nutritional quality of forages. It is directly related to protein levels and affects the total productivity of pasture ecosystems (Crawford, 1995; Zayed et al., 2023 )2023).
 Its dynamics in the environment involve complex interactions between soil, plants, and microorganisms, which are responsible for cycling, transformation, and loss processes.  Understanding its behavior is essential for strategies that increase its use efficiency, reducing waste and ensuring sustainability (Taiz; Zeiger, 2024). The study of its chemical forms, microbial transformations, and the environmental factors that influence it is necessary to improve pasture management (Cantarella, 2007; Sousa, 2025).

2.2.1 Nitrogen Dynamics in the Pasture Ecosystem 

Nutrient dynamics in soils are governed by a set of physicochemical characteristics that often represent a significant agronomic barrier. A thorough understanding of these factors is of great scientific interest, as it enables the development of more efficient management strategies that improve sustainability and the forage production chain (Bukomba; Lusk; Maltais-Landry, 2025).

2.1.1 Texture, Porosity, and Water-Holding Capacity
N is often the most limiting mineral nutrient for productivity in pasture ecosystems, acting as a central element in the soil-plant-animal cycle. As illustrated in the nitrogen cycle (Figure 1), its dynamics are complex, involving a balance between inputs, outputs, and internal cycling (TAIZ; ZEIGER, 2024).
The main N inputs into the pasture system include root uptake of inorganic forms, predominantly nitrate (NO₃⁻) and ammonium (NH₄⁺) (Ye; Tian; Jin, 2022). In intercropped systems, symbiotic bacteria associated with legumes perform biological nitrogen fixation (BNF), converting atmospheric N₂ into assimilable forms (Basu; Kumar, 2020; Rosolem; Husted, 2024).

[image: ]
Figure 1 – Nitrogen cycle in soil and plants. Source: Taiz; Zeiger (2024).

After absorption, nitrogen undergoes assimilation to be incorporated into organic molecules. Nitrate is first reduced to ammonium; this, in turn, is incorporated into carbon skeletons via the GS-GOGAT pathway (Glutamine Synthase - Glutamate Synthase) to form the amino acid glutamate, an essential precursor for the biosynthesis of all other amino acids (Senthilkumar; Amaresan; Sankaranarayanan, 2021). 
These compounds are responsible for the formation of proteins, nucleic acids, and chlorophyll, components of forage biomass (Taiz; Zeiger, 2024). When forage is consumed, part of the N is absorbed by the animal and part is returned to the soil via excreta (feces and urine), a fundamental process for nutrient cycling in the system (Vonk et al., 2025).
However, mineral N in the soil solution is subject to losses. Nitrate (NO₃⁻), because it is not retained by soil colloids, is highly vulnerable to leaching and is carried into layers below the root system (Sarkar et al., 2025). Furthermore, under low-oxygen conditions (anaerobiosis), N can be lost to the atmosphere through denitrification (Bijay-Singh; Craswell, 2021). Such losses reduce the availability of the most crucial nutrient for plant growth, constituting a primary cause of productivity limitations in pastures (Taiz; Zeiger, 2024).

2.2.2 Role of Nitrogen in Forage Production

N is the macronutrient that exerts the most significant influence on forage production and quality, especially in tropical species. Its fundamental importance stems from its role as an indispensable constituent of biomolecules such as amino acids, proteins, and nucleic acids, which form the basis of the plant’s metabolic machinery (Taiz; Zeiger, 2024; Vonk et al., 2025).
The forage plant’s response to nitrogen fertilization is generally linear, resulting in higher biomass production rates, better tillering, and increased stem and leaf growth. These physiological responses lead to a greater forage supply, directly impacting stocking rates and weight gain per hectare (Mota et al., 2023).
At appropriate levels, N enhances the production of chlorophyll, a pigment essential for photosynthesis. As a result, light interception capacity is optimized and carbon assimilation rates are increased (Noor et al., 2023; Taiz & Zeiger, 2024).
· Physiologically, N promotes vegetative growth through three main mechanisms:
· Cell Proliferation: The synthesis of nucleic acids (DNA and RNA), which regulate cell division, depends on N, resulting in greater development of leaves and stems.
· Leaf Area Expansion: N is critical for the expansion of leaf area, optimizing the canopy’s photosynthetic capacity (Souza; Tavares, 2021).
· Tillering: In grasses, N stimulates the initiation and development of new tillers, increases pasture density, and enhances canopy growth rates (Bukomba; Lusk; Maltais-Landry, 2025; Mota et al., 2023).
These integrated responses promote a greater forage supply, characterized not only by increased dry matter but also by improved nutritional quality, with higher crude protein levels (Taiz; Zeiger, 2024; Nascimento et al., 2024).

2.3 Behavior of Sulfur (S)

2.3.1 Sulfur Uptake and Its Chemical Form

S is an essential macronutrient absorbed predominantly in the form of sulfate (SO₄²⁻), a highly mobile anion in the soil solution. Sulfate dynamics are influenced by soil texture; soils with a high sandy fraction have low CTC and high macroporosity, factors that reduce anion retention and increase its susceptibility to leaching (Hoang et al., 2021; Taiz; Zeiger, 2024).
In soils with low levels of clay and organic matter, sulfate retention is limited, compromising its availability. The situation is critical in tropical regions with intense rainfall regimes, where losses are amplified (Sarkar et al., 2025).
Given this context, the success of forage production in sandy soils depends less on natural fertility and more on the precision of nutritional management. To minimize losses and optimize S use efficiency, it is essential to plan application rates and strategies. In this planning, the choice of S source is a crucial management tool (Philp et al., 2021).
While highly soluble sources, such as sulfate-based ones like ammonium sulfate and gypsum, offer immediate availability, they also maximize the risk of leaching in soils with low CTC. In contrast, slow-release sources, such as S sources that rely on microbial oxidation to convert to sulfate, can better synchronize nutrient availability with plant demand, reducing losses in high-rainfall environments (Berezicka; Sułowska; Szumera, 2025; Degryse et al., 2021; Ghumman et al., 2023).

2.3.2 Absorption, Transport, and Dynamics of Sulfur in the Soil-Plant System

Sulfur plays indispensable structural and catalytic roles and is a key element in protein biosynthesis. Sulfate uptake is an active process mediated by high-affinity transporter proteins located in root cell membranes, allowing for efficient uptake even at low soil concentrations (Taiz; Zeiger, 2024).
After absorption, sulfate is translocated via the xylem to young tissues, primarily the leaves, where metabolic assimilation occurs. The efficiency of this process is crucial for meeting the plant’s demand at its various stages (Magnucka et al., 2023).

2.3.3 Influence of Soil Properties on Sulfate Availability

Sulfate availability is determined by its interaction with soil components. As an anion, SO₄²⁻ is repelled by the predominant negative charge in clays and organic matter. This results in low adsorption and high mobility, characteristics that are exacerbated in sandy soils (Michalovicz et al., 2021). These properties hinder S retention and increase losses due to leaching during rainy periods (Matichenkov et al., 2020).

2.3.4 Agronomic Implications of Sulfate Mobility

The high mobility of sulfate poses a significant agronomic challenge. Frequent losses due to leaching can result in nutritional deficiencies, thereby compromising plant growth and total yield and causing significant economic losses for producers. Generally, specific strategies are recommended for sulfate fertilization, which is typically tailored to the limitations of each farm, focusing on synchronizing nutrient availability with plant demand through the timing of applications and the source used, taking into account the balance with other elements, such as N (Philp et al., 2021; Sarkar et al., 2025).

3. EFFECTS OF NITROGEN AND SULFUR FERTILIZATION ON THE PRODUCTION AND QUALITY OF FORAGE CROPS

3.1 Effects of Nitrogen Fertilization on Productivity

Nitrogen fertilization is widely used to increase the productivity of forage grasses, given the importance of N in the synthesis of amino acids, proteins, and nucleic acids (Leite et al., 2021). In pasture farming systems, the availability of high-quality dry matter is essential for animal performance, and N plays a central role in promoting the accumulation of this biomass (Souza et al., 2025).
The literature demonstrates that N supply significantly increases dry matter production. Gonçalves et al. (2022) reported that increasing doses of N in nutrient solution increased total dry matter by up to 224% and the number of tillers by 82.6%.
Tillering, the formation of new stems from the base of the plant, is a direct indicator of productive capacity and forage density. Nitrogen fertilization stimulates cell division and meristem elongation, driving this process (Shi et al., 2024). Furthermore, increased leaf area contributes to greater light interception and, consequently, a higher photosynthetic rate, increasing dry matter production (Bastidas et al., 2024).
However, the response to N varies according to edaphoclimatic characteristics and species. Excessive doses can cause the accumulation of unused N, negatively impacting the environment through leaching or volatilization (Li et al., 2025). Therefore, N use efficiency must be optimized through practices that balance supply with plant demand. 

3.2 Effects of Nitrogen Fertilization on Bromatological Quality

3.2.1 Crude Protein (CP)

The crude protein (CP) content in forages is influenced by N addition. Since N is a structural component of proteins, its availability directly increases the total N content in tissues, resulting in higher CP levels (Leite et al., 2021). This is crucial for ruminant nutrition, as it is associated with the supply of amino acids for growth, reproduction, and milk production (Britz et al., 2023).
Studies indicate that nitrogen fertilization improves forage quality in tropical pastures (Britz et al., 2023). However, it is important to note that an excessive increase in CP (as shown in Table 1) can occur at the expense of nutritional balance, requiring that the increase in N be accompanied by other nutrients.

Table 1. Recent studies on the effects of nitrogen fertilization on the bromatological quality of forage (emphasis on Crude Protein).
	Authors / Year
	Objectives
	Methodology
	Results

	Ribeiro et al., 2023
	To evaluate the effects of grazing intensity and N on root morphology and forage accumulation (black oats) in an integrated system.
	Three grazing levels (none, moderate, intense); three N rates (0, 75, 150 kg ha⁻¹); evaluations over two years.
	Moderate grazing with 75 or 150 kg N ha⁻¹ increased production; intense grazing reduced accumulation; increased forage mass and N concentration.

	Xu et al., 2024
	To evaluate the yield and nutrient composition (including protein) of forage crops grown on rice fallow land and their effects on the soil.
	Field trials with different species; biomass sampling; chemical (CP) and statistical analyses.
	Significant differences between species; some forage crops increased DM in harvested material and improved soil nutrients.

	Faji et al., 2022
	Evaluate yield, components, and nutritional value (including crude protein) of perennial grasses.
	Field trial with different grasses; chemical analysis (CP by N analysis); statistical analysis.
	Some grasses showed higher CP and productivity; CP varied by grass species and cutting season.

	Riaz et al., 2025
	Investigate the degradation kinetics of CP in tropical forages and variation among species/locations.
	In situ/in vitro trials and chemical analyses of CP; calculation of degradation parameters.
	Significant variation in CP degradation among species and locations; some forages had high CP but distinct degradability.






3.2.2 Fiber (NDF and ADF))

N can positively affect fiber quality through plant rejuvenation, which is the replacement of mature tissues (rich in fiber) with young tissues (less lignified and more digestible) (Šidlauskaitė; Kadžiulienė, 2023). This tends to reduce levels of acid detergent fiber (ADF) as well as neutral detergent fiber (NDF), optimizing palatability and digestibility.
However, some studies report increased fiber content under high N rates, as a consequence of the greater volume of biomass produced, which may include a higher proportion of mature tissues (Šidlauskaitė; Kadžiulienė, 2023). Thus, proper grazing and harvesting management is essential. Table 2 summarizes recent studies on fiber fractions.

Table 2. Recent studies on the effects of nitrogen fertilization on the bromatological quality of forage (emphasis on NDF and ADF).

	Authors / Year
	Objectives
	Methodology
	Results

	[bookmark: _GoBack]Da Silva et al., 2024a
	To evaluate mass production and nutritional value (including fiber fractions) of silage.
	Field trial, cutting, silage preparation; bromatological analysis (NDF, TDF) of fresh material and silage.
	Increased dry matter production and improved silage quality. Relative reduction in fiber content in silage from the intercropping system (Panicum vs. corn).

	Adnew; Asmare, 2023
	Evaluate the agronomic performance, productivity, and nutritional value of grasses in different agroecosystems.
	Field trials; cuttings at defined ages; bromatological analyses (incl. TDF, ADF).
	DFA and ADF increase with maturity and vary among cultivars; Mulato II showed lower DFA/ADF (better quality).

	Ferreira et al., 2024
	To evaluate the effect of sludge application rates on the production and nutritional composition of Marandu grass (including DM and TDF).
	Field trial with sludge dose treatments; chemical analyses (NDF, ADF, NDFi) and regression models.
	Linear reduction in DMF with increasing sludge dose; variable effect on ADF.




3.2.3 Dry Matter Digestibility (DMD)

Dry matter digestibility (DMD) is a key variable in nutritional quality. Studies demonstrate a strong correlation between DMD, crude protein (CP) content, and fiber fractions (NDF and ADF) (Craig; Gordon; Ferris, 2025).
Nitrogen fertilization has been shown to significantly increase in vitro dry matter digestibility (IVDM). This is explained both by an increase in protein content and by a relative reduction in the fibrous fraction (which is less digestible), thereby improving ruminal degradability (Amaral Júnior et al., 2022; Leite et al., 2021).
Higher digestibility results in greater feed efficiency, better conversion, higher voluntary intake, and, consequently, improved productive performance (weight gain and milk production) (Craig; Gordon; Ferris, 2025; Mammi et al., 2022). However, the digestibility response varies widely depending on the species, cutting season, and management intensity (Ferreira et al., 2024; Shi et al., 2024).


4. RESPONSE OF FORAGE CROPS TO SULFUR FERTILIZATION

[bookmark: _Hlk227146165]4.1 Effects on Productivity

S is essential for forage crop development, playing a crucial role in the synthesis of sulfur-containing amino acids (cysteine and methionine), which are fundamental for protein formation (Taiz; Zeiger, 2024). Tropical soils, particularly sandy ones, may exhibit natural S deficiency, limiting biomass production, growth, tillering, and leaf area expansion (Amim Vieira et al., 2023).
Studies show that the application of S at appropriate doses promotes significant increases in dry matter production in grasses (e.g., Urochloa and Megathyrsus), in addition to increasing tillering and leaf area, thereby improving photosynthetic capacity (Amim Vieira et al., 2023; De Souza Cardoso; Monteiro, 2021; Ferreira et al., 2024).
This positive response is due, among other factors, to the increased efficiency of N metabolism when adequate levels of S are present, creating a synergy between N and S that maximizes productivitiproductivity (Zenzen et al., 2024). Balanced S fertilization contributes to sustaining productivity in intensive systems, enabling more efficient plant recovery after grazing (Montana State University, 2025).

4.2 Effects on Forage Quality

The bromatological quality of forages is significantly improved by S fertilization, mainly due to the increase in crude protein (CP) content. This element plays a structural role in protein composition, raising levels of essential amino acids (Zenzen et al., 2024).
Another important effect is the potential reduction in fibrous fractions (NDF and ADF), linked to the stimulation of tissue rejuvenation. Consequently, dry matter digestibility (DMD) may increase, resulting in better nutritional utilization by ruminants and greater weight gain (Sumadong; So; Cherdthong, 2022).


5. NITROGEN-SULFUR SYNERGY AND THE IDEAL RATIO

5.1 Nitrogen and Sulfur Synergy

The interaction between N and S in forage plants is a crucial factor for metabolic efficiency and protein synthesis. Roots absorb S predominantly as sulfate (SO₄²⁻), which, to be assimilated, must be metabolically reduced to sulfide (S²⁻). This process is closely linked to the assimilation of N (Taiz; Zeiger, 2024).
The central point of this synergy occurs in the biosynthesis of cysteine. S assimilation occurs when reduced sulfide is incorporated into O-acetylserine (OAS)—a compound that provides the carbon skeleton and N (derived from serine). The enzyme cysteine synthase catalyzes this reaction (Taiz; Zeiger, 2024). Cysteine is then used as a precursor for the synthesis of methionine, the other essential sulfur-containing amino acid (Rahman et al., 2025).
Under S-deficient conditions, the assimilation pathway is disrupted. Even if the plant absorbs N (nitrate or ammonium) adequately, the absence of reduced sulfide prevents cysteine synthesis. The metabolic “meeting point” fails: N is not efficiently directed toward protein synthesis, accumulating in the form of non-protein N (NNP), such as nitrates, amides (e.g., asparagine, glutamine), and other soluble compounds (Mengel et al., 2001; Taiz & Zeiger, 2024).
The accumulation of NNP indicates metabolic inefficiency and reduces the proportion of true proteins. Furthermore, the relevance of sulfur-containing amino acids extends beyond protein composition: cysteine is a precursor of the tripeptide glutathione (GSH), a central antioxidant in cellular defense; methionine is a precursor of S-adenosylmethionine (SAM), the primary methyl group donor in the cell, essential for the biosynthesis of lignin, pectinspectin, and the hormone ethylene (Mengel et al., 2001; Taiz; Zeiger, 2024).
S deficiency also affects photosynthesis, as sulfur-containing compounds such as ferredoxin (an iron-sulfur protein) are essential in the electron transport chain in chloroplasts (Mengel et al., 2001; Syed, 2024; Taiz & Zeiger, 2024).
Physiologically, the N and S assimilation pathways are tightly regulated. S deficiency often causes repression of the expression of genes responsible for nitrate assimilation, a plant defense mechanism to prevent the toxic accumulation of NNP (Taiz; Zeiger, 2024). Therefore, N-S synergy is essential for optimizing nutrient use and pasture quality.
The combined application of N and S has demonstrated significant increases in productivity. For example, doses of 150 kg ha⁻¹ of S combined with 200 kg ha⁻¹ of N can increase biomass production by up to 21.9% ( Dijkstra(Dijkstra et al., 2025 ). Table 3 summarizes the agronomic benefits of this synergy.

Table 3. Agronomic benefits of the synergy between nitrogen (N) and sulfur (S) in forage crops and related crops.

	Authors / Year
	Objectives
	Methodology
	Results

	Rahman et al., 2025
	To evaluate the impact of N and S fertilization on soybean seed composition, correlating it with protein quality.
	 field trials with controlled application of N and S; detailed chemical analysis of the seeds.
	Significant increase in sulfur-containing amino acids (cysteine and methionine), improving nutritional quality.

	Da Silva et al., 2024
	Investigate the impact of N+S+Ca fertilizers on productivity and nitrogen use efficiency (NUE) in pastures.
	Field trials with different N sources (urea, ammonium nitrate, ammonium nitrate + Ca + S) on ryegrass and millet.
	Fertilizers containing N+S increased NUE by 125% and primary production, without necessarily improving animal performance.

	Dawar et al., 2023
	Evaluate the effect of combined N and S application on wheat crops.
	Field trial with S-coated fertilizers; physiological analysis and productivity.
	Improved efficiency in N and S uptake, increased photosynthetic rate, higher yield, and stress resilience.

	Roa et al., 2024
	Quantify the effect of sulfur fertilization on protein content and yield of wheat ( ) and its relationship with N.
	Meta-analysis (55 studies) + greenhouse experiment.
	S increased protein (+2.1%) and yield (+4.2%), with a stronger effect in sandy, organic matter-poor, and soils.





5.2 The Ideal N:S Ratio

The N:S ratio in plant tissues is a key factor for the nutritional balance required for efficient protein synthesis. The demand for both is stoichiometrically linked, since S is a direct component of cysteine and methionine (Taiz; Zeiger, 2024).
The physiological basis for this connection is evidenced by the average concentrations of macronutrients in plant dry matter. According to Taiz; Zeiger (2024), dry tissues contain, on average, 1.5% N (1,500 mmol kg⁻¹) and 0.1% S (30 mmol kg⁻¹). Mathematically, this elemental composition results in an N:S ratio of approximately 15:1 (Taiz; Zeiger, 2024).
When fertilization and uptake maintain this ratio, the plant achieves maximum metabolic efficiency, incorporating the absorbed N into true proteins.
Deviations from this physiological range suggest inefficiency. An N:S ratio much higher than 15:1 (e.g., 20:1 or 25:1) indicates S deficiency relative to available N. In these situations, the plant absorbs N but cannot complete protein synthesis due to a lack of sulfur-containing amino acids, resulting in the accumulation of NNP (nitrate, amides, etc.), which adds no nutritional value to the forage (Taiz; Zeiger, 2024). On the other hand, a very low N:S ratio suggests a limitation in N uptake or a relative excess of S, which can also compromise overall growth.






6. ConclusionS

I RECOMMEND WRITING THESE PARAGRAPHS ACCORDING TO:

Effective management requires the combined application of nitrogen (N) and sulfur (S). 
The intensification of livestock farming systems in tropical regions has increased the demand for efficient nutrient management, especially in sandy soils characterized by low fertility, high porosity, and low nutrient retention. Therefore, it is important to note that effective nutrient management requires the combined application of nitrogen (N) and sulfur (S).
Optimizing crude protein synthesis depends on maintaining a balanced N:S ratio in plant tissue, which is physiologically close to 15:1. Therefore, it is concluded that the application of sulfur (S) is essential to ensure the effectiveness of nitrogen (N) and the production of forage with high biological value.
Management strategies that assess the interaction between nutrients and organic matter are essential. As gaps remain regarding the interaction of these elements with the microbiota, there is a need for future research that integrates chemical and biological aspects for sustainable intensification.

Finally, it is worth noting that management strategies that assess the interactions between nutrients and organic matter are essential for advancing the intensification of livestock systems in tropical regions.
However, given the existing gaps in knowledge regarding the interaction of these elements with the microbiota, future research integrating chemical and biological aspects is needed to ensure the sustainability of these intensifications.
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