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Article 

Nitrogen and Elemental Sulphur Sources in the 
Agronomic Response of BRS Paiaguás Grass and 
Acidification of Alkaline Soil 
Janaína Sthefane Santos Maia *, Antonio Brito Neto, Arthur Ferreira Ruas,  
Ellen Maria Mendes Pereira, Emanuell Medeiros Vieira, Fernanda Ferreira da Hora,  
Lucas Ramos Maia, Marinalva Martins dos Santos, Luiz Arnaldo Fernandes and  
Thiago Gomes dos Santos Braz 

Instituto de Ciências Agrárias, Universidade Federal de Minas Gerais, Montes Claros, MG, Brazil 
* Correspondence: janaina.21ssantos@gmail.com; Tel.: +55 38 99853-7675 

Abstract: Alkaline soils can limit micronutrient uptake and increase ammonia loss in irrigated 
pastures. To address this, nitrogen and sulphur fertilization are commonly used to reduce soil pH. 
This study assessed the impact of five treatments on BRS Paiaguás grass: Urea (UR), ammonium 
sulphate (SA), ammonium nitrate (NA), urea with elemental sulphur (URS), and a control with no 
nitrogen (SN). Nitrogen treatments received 250 kg ha⁻¹ of N in four applications, and sulphur 
treatments received 60 kg ha⁻¹ of elemental S. Agronomic characteristics—including plant height, 
tiller count, dry matter yield, and leaf nutrient content—were measured over four growing periods 
and analyzed using Tukey’s test at a 5% significance level. Ammonium nitrate produced the highest 
dry matter yield (3,607.5 kg ha⁻¹), while urea led in tiller density (887 tillers/m²). Ammonium sulphate 
was the most effective at lowering soil pH, reducing it by 0.28 units. No changes in available 
phosphorus were observed, though potassium levels declined by 42% across the seasons. The study 
highlights the potential of choosing appropriate nitrogen sources and incorporating elemental 
sulphur to improve pasture productivity and regulate soil pH, ultimately enhancing fertility 
management in irrigated systems. 

Keywords: forage grass; soil pH; nitrate fertilization; alkalinity 
 

1. Introduction 

BRS Paiaguás grass (Urochloa brizantha) is a tropical forage widely used in semi-arid regions due 
to its ability to adapt to environments with low rainfall and prolonged dry periods (Véras et al., 2020). 
Its resistance to water stress compared to other cultivars of the same species reinforces its importance 
for areas with low water availability. Recent studies show that U. brizantha responds well to 
fertilization, especially nitrogen, which can increase its productivity and improve the nutritional 
quality of the forage (Merloti et al., 2024). 

In tropical grasses, nitrogen fertilization significantly increases forage production and 
nutritional value, demonstrating its effectiveness in improving pasture quality under various 
environmental conditions (Mattera et al., 2023). Urea, for example, is a widely used source, but it is 
subject to losses due to volatilization, especially in soils with a high pH. On the other hand, 
ammonium sulphate and ammonium nitrate, which provide N in forms ready for absorption (NH₄⁺ 
and NO₃-), have lower volatilization and higher acidification potential, and are more efficient in 
alkaline soils (Powlson & Dawson, 2022). The addition of elemental sulphur (S) to urea can also 
increase the effectiveness of fertilization, as S promotes soil acidification and makes sulphate 
available to plants (Boubakry et al., 2023). 

Irrigating pastures is a strategy used to intensify production during periods of prolonged 
drought. It is usually associated with fertilization, but when it is carried out with water rich in 
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carbonates, it can increase the soil’s pH. Groundwater has a high concentration of CaCO3 , which 
promotes an alkaline reaction in the soil and increases its base saturation and pH (Mohanavelu et al., 
2021). Therefore, when irrigation is carried out in this way, it can have negative impacts from a soil 
chemistry point of view. 

Continuous use of water with high levels of carbonates can aggravate soil alkalization (Minhas 
et al., 2021), especially in semi-arid areas that are already prone to this condition. Soil pH is one of 
the main factors affecting the availability of nutrients for plants. In this sense, the absorption of 
micronutrients such as iron (Fe), zinc (Zn) and manganese (Mn) decreases in alkaline soils and limits 
plant development (Dhaliwal et al., 2019). High pH also increases the volatilization of nitrogen in the 
form of ammonia (NH₃), compromising the efficiency of fertilization (Hurtado et al., 2024). 

However, the application of nitrogen fertilizers, such as ammonium sulphate, can help acidify 
the soil through the release of protons (H⁺) during the nitrification process (Weng et al., 2021). This 
contributes to lowering the pH and improves nutrient availability by bringing the pH into optimal 
ranges for cultivation. Thus, managing fertilization and irrigation in soils with high pH can be seen 
as a strategy to maximize the productive potential of BRS Paiaguás grass and ensure the sustainability 
of pastures. 

The aim was to evaluate the effect of nitrogen sources and elemental S on the agronomic 
response of BRS Paiaguás grass (Urochloa brizantha) and the acidification of soils irrigated with 
limestone water at different cuts. 

2. Materials and Methods 

The experiment was conducted at the Institute of Agricultural Sciences of the Federal University 
of Minas Gerais - Montes Claros Campus, at the geographical coordinates of 16°49’40 59” S and 
43°50’16” O at an altitude of 617m from the sea. 

The region’s climate is Aw, classified as tropical sub-humid with rainy summers and dry winters 
(Alvares et al., 2013). Throughout the experimental period, temperatures ranged from 18 to 35°C 
(Figure 1). The species under study was classified in the Angiosperm division, monocot class; order: 
Poales; family: Poaceae; genus: Urochloa; species: Urochloa brizantha (Hochst. ex A. Rich.) R.D. Webster 
(Syn. Brachiaria brizantha (Hochst. ex A. Rich.) Stapf), cultivar BRS Paiaguás. This plant was chosen 
for its drought tolerance, potential response to fertilizers and excellent regrowth capacity, making it 
suitable for semi-arid regions. 

 

Figure 1. Accumulated monthly precipitation (mm) and maximum, compensated average and minimum 
monthly temperatures obtained from a meteorological station positioned 500 m from the experimental area 
(Source: INMET, 2023). 
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The soil in the experimental area is classified as Cambissolo háplico with a loamy-clay texture 
(Sampaio & Fernandes, 2021) and its physical and chemical composition are described in Table 1. 

Table 1. Physical and chemical characteristics of the soil in the experimental area collected in the 0-20 cm layer. 

CHEMICAL CHARACTERISTICS OF THE SOIL 
Parameter Results 

pH in water 6,99 

Organic Matter (MOS) 
2,4 dag kg-1 

Total organic carbon 
1,39 dag kg-1 

Potassium -K 
194,19 mg dm-3 

Phosphorus - P (Mehlich) 
21,53 mg dm-3 

Sulphur- S 
2,63 mg dm-3 

Calcium - Ca+2 
8,94 cmolc dm-3 

Magnesium - Mg2+ 
1,78 cmolc dm-3 

Aluminum - Al3+ 
< 0,1 cmolc dm-3 

Potential acidity - H+ Al 0,41 cmolc dm-3 

Potential CTC 11,32 cmolc dm-3 

Base saturation - V% 96 

Aluminum saturation - m% 0 

Boro- B 
0,35 mg dm-3 

Copper - Cu 
1,33 mg dm-3 

Iron - Fe 
74,32 mg dm-3 

Manganese-Mn 
44,35 mg dm-3 

Zinc-Zn 
7,13 mg dm-3 

Physical characteristics of the soil 
Sand -% 18 

Silt - % 41 
Clay - % 41 
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Reference method: pH in water (active acidity). Organic carbon - Walkley & Black method; Exchangeable 
calcium and magnesium - KCl 1 mol/L method and titration with EDTA; Aluminum (exchangeable acidity) - 
KCl 1 mol/L method and titration with NaOH; H+Al (potential acidity) - Ca(OAc)2 0.5 mol/L method. Available 

phosphorus - Mehlich-1 method and colorimetry; Available potassium - Mehlich method-1 and flame 

photometry. Boron, iron, copper, manganese and zinc - Mehlich method-1 Texture (granulometry) - pipette 
method. 

The soil in the experimental area was prepared in the conventional way, with scarification, 
loosening, levelling and uniformization of the soil. The plots with the forage were established in beds 
measuring 3.0 x 3.0 m (9 m²) with a spacing of 1.5 m between beds in the block and 2.0 m between 
blocks. 

The irrigation system was a fixed sprinkler system, applying an average of 7.0 mm per day- 1 
with an irrigation time of 40 minutes. The seeds used came from commercial production and the 
quantity of seeds was determined by calculating the minimum sowing rate using the cultural value. 
Sowing was carried out manually in the furrows (0.40 m distance between furrows), with 
simultaneous incorporation of phosphorus, supplied in the form of simple superphosphate, at a dose 
of 30 kg ha-1 , at the time of planting. 

The experimental design was randomized blocks, with five treatments and four replications. The 
treatments corresponded to fertilization with: urea (UR), ammonium sulphate (SA), ammonium 
nitrate (NA), urea with elemental sulphur (URS) and without nitrogen (SN). All the treatments 
containing N received the same dose of 250 kg ha-1 , divided into four doses of 63 kg ha-1 , during the 
growing season. The treatments containing S received a dose of 60 kg ha-1 divided into three doses of 
20 kg ha-1 . All the plots were subjected to three uniformization cuts, carried out at 20 cm above the 
soil surface, a value corresponding to half the height of the grazing entry simulation for BRS Paiaguás 
grass. The first dose was applied 60 days after forage establishment and before the first 
uniformization cut, while the second and third applications were made 60 days and 90 days after the 
uniformization cut, respectively. The replications consisted of four forage harvests in a time-
subdivided plot design 

Evaluations were carried out during four different periods of forage growth, with 30-day 
intervals between each one: period 1 corresponded to the first 30 days, period 2 to 60 days, period 3 
to 90 days and period 4 to 120 days. At the end of each period, plant height (PH), number of tillers 
(NP), light interception (LI), leaf area index (LAI) and chlorophyll index (CLI) were assessed. Leaf 
area was obtained by taking five random measurements within the useful area using a ruler 
graduated in centimeters. To standardize the measurement, the height of the highest blade at each 
evaluation point was taken into account (Cecato et al., 2001). The number of tillers (NP) was counted 
within a 0.25 x 0.25 m frame, positioned within the useful area and set at 1m2 . IL and IAF 
measurements were also taken on the day of harvest using an Accupar LP-80 ceptometer (Metter 
Group, United States, Washington). The ceptometer estimated the parameters using measurements 
taken above and below the canopy with two probes simultaneously. The chlorophyll index was 
obtained by taking readings with a chlorophyll meter (Chlorophyllog, Model CFL1030, Falker). The 
readings were taken within the useful area and ammonium nitrate in the middle of the last expanded 
leaf, obtaining measurements of chlorophyll a, b and total. 

After all the non-destructive evaluations had been carried out, the plants within the useful area 
were cut down using a 0.5 m x 0.5 m metal frame. The cut was made at 0.20 m above ground level. 
After cutting, the forage was weighed in the field and stored in plastic bags to determine the total 
fresh matter. Two sub-samples of fresh forage were then separated, one of which was used to separate 
the morphological components leaf blade, thatch + sheath and dead material. Each component was 
dehydrated in an oven at 55ºC until the mass reached constant weight, in order to estimate its relative 
participation in the morphological composition of the forage. The second sub- sample was 
dehydrated in a forced air circulation oven until it reached constant weight. Subsequently, the pre-
dried samples were ground and the percentage of final dry matter and estimated dry mass of forage 
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per cut (DMF) were determined. The total production was obtained from the sum of the crops 
harvested in four cuts. Representative samples of the pre-dry aerial part were sent to a commercial 
laboratory for analysis of the leaf contents of N, P, K, Ca, Mg, S, B, Zn, Cu, Mn and Fe, assessed in the 
first and last periods of the experiment. At each cutting, five ammonium nitrate soil samples were 
also taken at a depth of 0 to 20 cm per plot to obtain a homogeneous sample for determining the 
chemical analysis of total soil nitrogen (Kjeldahl method), available phosphorus (Mehlich, 
1978)potassium, calcium and magnesium in the soil (Teixeira et al., 2017). 

The data from the periods (subplots) corresponded to repeated measures over time and were 
studied with the aid of the diagnosis of residual variance and covariance matrices with greater 
capacity to represent the structure of the errors. Thus, the five structures available in the statistical 
package adopted were studied: autoregressive, heterogeneous autoregressive, continuous 
autoregressive process, compound symmetry and unstructured. The choice was made for the one 
that minimized the values of the Akayke and Bayesian information criteria. 

The data was analyzed using a 5% significance level. When significant treatment effects were 
found, the means were compared using the Tukey test. When the treatment x cut interaction was 
significant, the interaction was decomposed. The tests were carried out using the Easyanova package 
implemented in the statistical software RStudio (R CORE TEAM, 2021). 

3. Results 

The hydrogeonic potential (pH) of the soil as a result of the application of different nitrogen 
sources was evaluated over four periods (30, 60, 90 and 120 days) (Figure 2). The average soil pH for 
the 30 and 90 day periods was 6.9 to 7.3 and did not differ for the different nitrogen sources (Figure 
2A,C). However, the different N and S sources modified the average soil pH for the 60 and 90 day 
periods (p<0.05) (Figure 2B,D). The treatment with ammonium sulphate showed a 3.88% decrease in 
the average soil pH over all the periods and was the only one to show a pH below 7 (Figure 2E). 
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Figure 2. Soil hydrogen potential (pH) as a function of the application of different nitrogen sources in soil 
acidification. UFMG, Montes Claros-MG, 2024. (A) Soil pH in the period 1 - 30 days; (B) soil pH in the period 2 
- 60 days; (C) soil pH in the period 3 - 90 days; (D) soil pH in the period 4 -120 days and (E) average soil pH over 
all periods. Means followed by the same letter do not differ from each other by Tukey’s test at 5% significance. 

The different sources of N and S modified (p≤0.05) the total nitrogen content of the soil (NTS) 
(Table 2). In this sense, the urea+ S-element treatment had the highest average and did not differ 
statistically from ammonium sulphate and ammonium nitrate. The NTS of the urea+ S- element 
treatment was 25.84% higher than the treatment without nitrogen and 33.78% higher than the urea 
treatment. The NTS gradually decreased throughout the experiment and periods 1 and 2 were 29.78% 
and 41.47%, respectively, higher compared to periods 3 and 4 (Table 2). 

Table 2. Total soil nitrogen (TSN) cultivated with BRS Paiaguás grass as a funtion of the application of different 
nitrogen sources in soil acidification evauated over four growing seasons. 

TREATMENTS TSN 
 

g kg -1 

Without nitrogen 2,36bc 
Ammonium sulphate 2.94ab 

Urea + S-element 2,97a 
Ammonium nitrate 2,49ac 

              Urea 2,22c 

CV (%) 18,12 

          PERIODS 
 

P1- 30 days 2,99a 
P2-60 days 2,98a 
P3-90 days 2,30b 

  P4-120 days 2,11b 

CV (%) 19,55 
Averages followed by the same letter in the column do not differ by the Tukey test at 5% significance level. 

The N and S sources applied did not change the available phosphorus content in the soil (P 
Mehlich1 ) (Table 3). The four periods evaluated did not show significant variations in the available 
P content (p≤0.05). The K content in the soil did not change in all the treatments, but it did decrease 
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as the evaluation periods progressed (Table 3) so that the concentration was 41% higher in period 1 
compared to period 4. Period 2 was also statistically higher (95.14 mg dm-3 ) than period 4, when the 
nutrient content reached the lowest value (71.44 mg dm-3 ). 

Table 3. Contents of available phosphorus (P), potassium (K) and magnesium (Mg) in the soil cultivated with 
BRS Paiaguás grass as a function of the application of different nitrogen sources in soil acidification evaluated 
in four growth periods. 

  Soil content  

TREATMENTS P Mehlich 1 

mg dm-3 

K 

mg dm-3 

Mg 

cmolc dm-3 

Without nitrogen 3,29a 104,56a 1,31a 
Ammonium sulphate 5,55a 84,34a 1,24a 

Urea + S-element 3,63a 81,46a 1,42a 
Ammonium nitrate 3,69a 101,12a 1,24a 

Urea 3,00a 93,32a 1,38a 

CV (%) 123,42 34,11 25,74 

PERIODS 
   

P1- 30 days 3,53a 121,13a 1,32ab 

P2-60 days 4,02a 95,14b 0,98b 
P3-90 days 4,51a 84,13bc 1,54a 

P4-120 days 3,27a 71,44c 1,42a 

CV (%) 46,06 18,11 34,67 
Averages followed by the same letter in the column do not differ by the Tukey test at 5% significance level. 

The application of the different N sources did not result in significant changes in the (Mg) 
content of the soil. On the other hand, there was a significant difference (p≤0.05) in Mg content over 
the different periods (Table 3). In this sense, periods 3 and 4 showed an increase in Mg content in the 
soil of 57.14% and 45% respectively, higher than period 2 when the lowest content of 0.98 mg dm-3 
was observed (Table 3). 

The interaction between N sources and periods significantly influenced (p≤0.05) the calcium (Ca) 
content of the soil in the study (Table 4). This was the only response variable where the interaction 
was significant, so it was necessary to break down the interaction to study how the nutrient content 
behaved as a function of the sources of variation. When analyzing the effect of the N and S sources 
in each of the periods, it can be seen that the response of the Ca content to the different treatments, 
including the control (without nitrogen), was uniform. This can be seen from the lack of significant 
differences between the sources (Table 4). 

Table 4. Calcium (Ca) content in the soil cultivated with BRS Paiaguás grass as a function of the application of 
different nitrogen sources in soil acidification evaluated in four growth periods. 

TREATMENTS 

Ca content in the soil 

cmolc dm-3  
Average 

CV 

(%) 
1 2 3 4 
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Without nitrogen 8,55Aa 8,23Ba 6,71Da 7,86Ca 7,84a 

4,58 

Ammonium sulphate 8,30Aa 8,46Aa 7,94Ba 8,06Ba 8,19a 

Urea + S-element 8,71Aa 8,77Aa 8,25Ba 8,42Ba 8,54a 

Ammonium nitrate 8,46Ba 9,01Aa 8,07Ca 8,52Ba 8,51a 

Urea 8,64Aa 8,19Ba  8,13Ba 8,15Ba 8,28a 

Average 8,53a 8,53a 7,82c 8,20b   
Averages followed by the same uppercase letter in the row and lowercase letter in the column do not differ by the 
Tukey test at 5% probability. 

On the other hand, the Ca content over the four periods evaluated differed between the different 
sources. The treatment without nitrogen showed a high value of ammonium nitrate in the first period 
and reached a lower value in the third. The treatments with ammonium sulphate and urea + S-
element, both with S, showed higher levels in periods 1 and 2 (8.23 and 8.61 cmolc dm-3 ) than 3 and 
4. In the treatment with only urea, ammonium nitrate in period 1, the Ca content was higher than 
ammonium nitrate in periods 2, 3 and 4. The ammonium nitrate treatment also showed a significantly 
higher value (9.01 cmolc dm-3 ) in the second period, followed by 1, 4 and 3, where the lowest value 
was recorded (Table 4). 

There was no significant difference (p≤0.05) between the treatments with different nitrogen 
sources for the variable chlorophyll index (INCL) (Table 5). In this study, the average value among 
the treatments, including the treatment without N, was 38.44. On the other hand, the advancement 
of the periods resulted in a significant change in the INCL, where an increase of 14.62 and 11.35 % 
was recorded in periods 2 and 4 respectively, which were statistically higher than period 1 (Table 5). 

Table 5. Chlorophyll index (INCL) of BRS Paiaguás grass as a function of the application of different nitrogen 
sources in soil acidification, evaluated in four growth periods. 

TREATMENTS Chlorophyll 

Without nitrogen 35,40a 
Ammonium sulphate 38,46a 

Urea + S-element 38,56a 
Ammonium nitrate 39,48a 

Urea 40,30a 

CV (%) 11,58 

PERIODS  

P1- 30 days 35,49b 

P2-60 days 40,68a 
P3-90 days 38,07ab 

P4-120 days 39,52a 
CV (%) 10,94 

Averages followed by the same letter in the column do not differ by the Tukey test at 5% significance level. 

The fertilization strategies used modified (p≤0.05) productive aspects of the BRS Paiaguás grass, 
such as forage dry mass (DBM), plant height (PH) and number of tillers (NP) (Table 6). The sources 
applied did not differ from each other, but showed superior performance compared to the SN control. 
The same variables, with the exception of NP, also responded significantly to the evaluation periods 
(Table 6). 
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Table 6. Productive aspects of BRS Paiaguás grass as a function of the application of different nitrogen sources in 
soil acidification, evaluated in four growth periods. 

 
TREATMENTS 

MSF AP NP 

 
Kg ha-1 

cm 
Profiler/m2 

Without nitrogen 1366,6b 43,4b 501b 
Ammonium sulphate 3102,9a 55,3a 866a 

Urea + S-element 3370,9a 53,2a 727a 

Ammonium nitrate 3607,5a 54,5a 807a 
Urea 3451,7a 55,4a 887a 

CV (%) 24,03 14,33 20,24 
PERIODS    

P1- 30 days 2184,3c 56,35a 743a 
P2-60 days 2706.2bc 45,06b 764a 
P3-90 days 3911,7a 55,09a 770a 

P4-120 days 3117,4b 53,02a 753a 

CV (%) 22,08 9,93 17,37 
Averages followed by the same letter in the column do not differ by the Tukey test at 5% significance level. DM: 
total dry mass; PH: plant height; NP: number of tillers. 

However, there was no influence from the interaction between source and periods. The dry mass 
of forage (DMF) corresponds to the average amount of forage produced over 30 days of growth (one 
period). This variable was significantly higher in plants fertilized with different N sources compared 
to those in the control treatment without nitrogen (SN) (Table 6), resulting in a uniform biomass 
production response to fertilization. 

The gains in production after fertilization with SA, URS, NA and UR were 127, 146, 164 and 
152%, respectively. In this sense, all types of N sources provided production more than double that 
of the unfertilized condition, showing that N is indeed the main strategy for increasing forage 
production and stocking rate. The effect of the periods resulted in a large monthly variation in SBM 
(Table 6). In this sense, the highest result occurred in period 3, followed by periods 2 and 4, which 
did not differ from each other. The percentage gain in production observed in period 3 was 79.08% 
higher than in period 1. 

The PA and NP responded to the N sources in a similar way to the SBM (Table 6), where the 
grass had its vegetative growth limited only in the absence of N fertilization. Thus, the gain in PA 
between N-fertilized and non-fertilized plants was 25.81% at the time of harvest (Table 6). The same 
gain in NP was 64% compared to the SN control. 

The growth periods had no influence (p≤0.05) on the NP of BRS Paiaguás grass (Table 6). Plant 
height (PH) in periods 1, 3 and 4 (Table 6) showed no statistical differences between them, but was 
higher than in period 2. 

The different nitrogen sources with S did not change the percentages of leaves and stalks in the 
forage (p≤0.05) of BRS Paiaguás grass (Table 7), but fertilizing with SA and UR resulted in a 

lower proportion of dead material (DEAD) than the SN control. The SN control, in turn, did not 
differ statistically from the URS and NA treatments (Table 7). The proportion of DEAD in SN was 
167% higher than SA and 148% higher than UR, showing accelerated leaf senescence in the SN 
treatment. 
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Table 7. Morphological aspects of BRS Paiaguás grass as a function of the application of different nitrogen sources 
in soil acidification, evaluated in four growing seasons. 

 LEAF COLMO DEAD  IL 

TREATMENTS  %  IAF % 

Without nitrogen 70,33a 21,89a 7,75a 1,92b 73,74b 
Ammonium sulphate 73,25a 23,82a 2,90b 3,27a 87,07a 

Urea + S-element 73,75a 22,31a 3.92ab 2,89a 81,99a 
Ammonium nitrate 70,05a 24,79a 5.13ab 3,16a 85,09a 

Urea 72,89a 23,96a 3,12b 3,12a 85,12a 

CV (%) 8,32 27,17 82,21 24,74 8,01 

PERIODS 
     

P1- 30 days 69,91b 25,37a 4,70a 3,52b 78,27b 
P2-60 days 69,22b 25,45a 5,29a 1,45d 91,58a 
P3-90 days 76,61a 19,57b 3,80a 4,32a 88,55a 

P4-120 days 72,47b 23,03a 4,47a 2,19c 72,01c 

CV (%) 5,84 15,13 70,41 17,95 8,72 
Averages followed by the same letter in the row and column do not differ by the Tukey test at 5% significance. 
LEAF: percentage of leaves; CORM: percentage of thatch; DEAD: percentage of dead material; IAF: leaf area index; 
IL: light interception. 

The periods changed the morphological composition of the grass in terms of the percentage of 
LEAF and STEM, but there was no difference in the percentage of DEAD (Table 7). In this sense, cut 
3 was characterized by more leaves and fewer stalks than the other periods. The percentage of DEAD 
was the same between the periods. 

In the leaf area index (LAI) and light interception (LI) variable, the SN treatment was the only 
one that differed statistically from the others, showing the lowest averages for the sources evaluated 
(Table 7). In this sense, all the treatments with N or N and S showed a similar response in terms of 
their ability to take advantage of and respond to light from the environment. In fact, the SA IAF was 
70% higher than the SN treatment (Table 7) and this value resulted from the lower development of 
the aerial part due to the N deficiency. 

The period factor (Table 7) also modified the forage plant’s ability to interact with light. Period 
3 provided the highest leaf area index (LAI), with an average of 4.32 (Table 7). The lowest LAI value 
was observed in period 2, which was significantly lower than all the periods and 66.4% lower than 
period 3 where the highest LAI was observed. Light interception (LI) did not differ statistically 
between periods 2 and 3, which were 14.53 and 18.67 % higher in periods 1 and 4 respectively. 

The different sources of N and S did not change the foliar potassium (K) content. However, the 
different periods studied showed a significant reduction of 35.83% in the K content from period 1 to 
period 4 (Table 8). The leaf magnesium (Mg) content showed a similar response to Ca, but with lower 
absolute values (Table 8). Thus, Mg in the leaves did not respond to the different fertilizers, but rather 
to the periods. The reduction in Mg was 22.72% between periods 1 and 4. The different sources of N 
and S and the evaluation periods did not change the leaf sulphur (S) content, which was 1.58 g kg-1 
of dry leaf biomass (Table 8). 

The foliar content of the micronutrients boron (B), copper (Cu), manganese (Mn) and iron (Fe) 
did not respond to the different sources of N and S and the evaluation periods (Table 8). Only the leaf 
content of zinc (Zn) responded to the progression of the periods, but did not respond to the sources 
of N and S. In this sense, a 20.7% decrease in leaf Zn was observed between periods 1 and 4. 
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Table 8. Nutrient content in the leaf tissue of BRS Paiaguás grass as a function of the application of different 
nitrogen sources in soil acidification, assessed over two growing seasons. 

 
TREATMENTS N P K Ca Mg S B Cu Zn Mn Fe 

---------------------- g kg-1 ---------------------
-- 

----------------------- mg kg-1--------------
--------- 

 Effect of sources 

Without 
nitrogen 

14,8b 2,5a 19,1a 8,2a 1,9a 1,5a 9,0a 5,1a 21,7a 53,7a 169,3a 

Ammonium 
sulphate 

18,9a 2,5a 20,0a 6,8a 2,7a 1,7a 10,0a 5,8a 22,3a 44,1a 145,0a 

Urea + S-
element 

18,0a 2,3a 20,7a 8,0a 2,6a 1,5a 10,0a 6,1a 22,0a 51,0a 151,3a 

Ammonium 
nitrate 

18,2a 2,7a 22,1a 7,9a 2,5a 1,5a 9,7a 6,5a 24,9a 49,2a 187,2a 

Urea 17,5a 2,6a 22,2a 7,1a 2,6a 1,7a 8,9a 6,1a 23,8a 45,7a 169,9a 
Average 17,4 2,5 20,8 7,6 2,4 1,58 9,5 5,9 22,9 48,7 164,5 
Cv (%) 9,0 14,2 15,8 13,6 18,6 9,3 17,6 16,8 15,4 24,1 22,2 

PERIODS Effect of periods 

P1- 30 days 18,6a 2,9a 25,4a 6,4b 2,2b 1,5a 10,3a 6,1a 25,6a 47,8a 164,1a 
P4-120 days 16,3b 2,1b 16,3b 8,8a 2,7a 1,6a 8,8a 5,7a 20,3b 49,7a 164,5a 
Average 17,4 2,5 20,7 7,6 2,4 1,5 9,5 5,9 22,9 48,7 164,3 
Cv (%) 8,6 13,4 4,2 6,7 17,0 10,0 24,0 14,0 14,6 17,8 17,3 

Averages followed by the same uppercase letter in the row and lowercase letter in the column do not differ by 
the Tukey test at 5% probability. 

4. Discussion 

The fertilizers or N sources used in the experiment are those most commonly used in agriculture, 
including in the cultivation of BRS Paiaguás grass (Pinho et al., 2022). The study of soil pH variations 
with different nitrogen (N) sources reveals that ammonium sulphate (AS) is particularly effective at 
acidifying alkaline Cambisols, reaching a pH of 6.9, similar to treatments with urea and urea 
combined with elemental sulphur (Figure 2). This finding is in line with wider research into soil 
acidification, which highlights the role of nitrogen fertilizers in altering soil pH levels (H. Zhang et 
al., 2024; Zamanian et al., 2024). The effectiveness of SA in this context can be attributed to its chemical 
properties and the specific soil conditions of the study area. 

Ammonium sulfate is particularly effective in acidifying soils due to its high ammonium 
content, which undergoes nitrification, releasing more H+ compared to other N sources such as urea 
(Dong et al., 2021). Urea, although it also contributes to acidification, does so to a lesser extent unless 
combined with sulfur, which increases its acidifying effect by further promoting nitrification and 
sulfate formation (Tkaczyk et al., 2020). The buffering capacity of soil, which is its ability to resist 
changes in pH, is influenced by the type and amount of nitrogen fertilizer applied. Sustainable 
management practices, such as balanced fertilization and organic matter addition, are recommended 
to mitigate the adverse effects of soil acidification (Tkaczyk et al., 2020). Although ammonium sulfate 
is effective in acidifying alkaline soils, it is crucial to consider the long-term impacts on soil health 
and productivity. 
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The study observed a gradual decline in NTS over time, with the first two periods having 
significantly higher NTS than the last two (Table 2). This suggests that nitrogen availability decreases 
as the growing season progresses (Bao et al., 2024). Similar studies have shown that chemical 
fertilization, including nitrogen and sulfur, can significantly increase soil nitrogen availability (Bao 
et al., 2024), supporting the findings of increased NTS with specific treatments. 

The role of sulfur in nitrogen cycling is further supported by research indicating that sulfur can 
influence nitrogen transformations and retention in soil (Balan et al., 2023). Urea combined with 
elemental sulfur significantly increased NTS (Tabela 2), indicating a synergistic effect of these 
elements in increasing nitrogen retention in the soil (Brodowska et al., 2024). Ammonium sulfate and 
ammonium nitrate also maintained high NTS levels, suggesting their effectiveness in nitrogen 
management. 

Regarding the impact of nitrogen (N) and sulphur (S) sources on the phosphorus (P), potassium 
(K) and magnesium (Mg) content of the soil over time, the results indicate that the N and S sources 
did not alter the available P content, while the K content decreased over time and the Mg content 
varied significantly over different periods (Table 3). This application of different P sources can 
significantly influence the availability and transformation of P in the soil. For example, 
superphosphate (SSP) has been shown to increase available P in the soil by increasing the pool of 
labile P, which is crucial for crop uptake (Zhou et al., 2024). The presence of water-soluble organic 
matter (WSOM) can also increase available P levels, with highly humified WSOM maintaining higher 
P levels over time (Takahashi & Katoh, 2024). (Vieira et al., 2021), studying phosphorus adsorption 
in soils from the Brazilian semi-arid region, reported that the highest P adsorption was observed in 
soils with clayier, alkaline and iron- and calcium-rich textures, conditions similar to those in this 
study. 

The decrease observed in K content over time can be attributed to continuous sorption reactions 
and the absorption of nutrients by plants. The co-application of K with other nutrients can further 
reduce the availability of P due to the displacement of exchangeable cations (McKenna et al., 2024). 
The interaction between N, K and S can have synergistic or antagonistic effects on nutrient content, 
depending on the proportions used (Brodowska et al., 2024). 

Variations in Mg content over different periods suggest that Mg availability is influenced by soil 
properties and nutrient interactions. The precipitation of magnesium phosphates can affect Mg levels, 
as seen in studies on the transformation of P in different soil types (McKenna et al., 2024). Although 
the application of N and S sources did not significantly alter P content, the dynamics of K and Mg 
highlight the importance of understanding nutrient interactions and soil properties. These findings 
underscore the need for tailored fertilization strategies that consider specific nutrient dynamics and 
soil conditions to optimize nutrient availability and growth of BRS Paiaguás grass. 

The different N sources and periods interacted in such a way as to provide complex variations 
in the soil’s Ca content (Table 4). Thus, the interaction between the plants and the form of N absorbed 
promotes conditions that can modify the Ca in the soil. In this sense, when NO3- is the predominant 
form absorbed, there is a chance of an increase in soil pH. When NH4+ is the main form absorbed, 
there is a consequent reduction in pH (Xiong et al., 2021). This explains the increase in the Ca content 
of plants fertilized with NO in the second period. Thus, the absorption of NO3- by the BRS Paiaguás 
grass may have contributed to an increase in soil pH. This created conditions of lower acidity and 
facilitated the solubilization of the nutrient. 

In general, the interaction between nitrogen (N) sources and periods significantly influenced the 
levels of calcium (Ca) in the soil (Table 4). The study found that Ca content varied over different 
periods, with treatments involving ammonium sulphate and urea+S-element showing higher levels 
of Ca in the early periods compared to the later ones. This may be due to the extraction of Ca by BRS 
Paiaguás grass, which produced a high level of plant biomass. In addition, acidification resulting 
from N fertilization, especially in the SA, URS and UR treatments, may result in greater solubility 
and absorption of Ca as harvests and N doses progress (Hynicka et al., 2016). In agricultural 
environments, the application of nitrogen fertilizers can significantly affect Ca accumulation in plants 
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and soil. For example, in peanut cultivation, the combined application of Ca and N fertilizers 
improved the accumulation of nutrients, including Ca, increasing plant growth and yields (Wang et 
al., 2023). 

The study in question found no significant difference in the chlorophyll index (INCL) between 
treatments with different nitrogen sources, but did observe significant changes in the INCL over time 
(Table 5). This suggests that although the type of nitrogen source may not affect chlorophyll content 
(Padilla et al., 2018), the timing or duration of nitrogen application does. In maize, for example, 
different nitrogen rates did not significantly affect chlorophyll SPAD values between certain 
treatments, but showed an increase in chlorophyll content at specific growth stages when nitrogen 
was applied appropriately (Liu et al., 2018). Temporal patterns in chlorophyll meter readings can 
reflect changes in nitrogen status and recovery from plant deficiencies, indicating that the timing of 
nitrogen application is crucial for optimizing chlorophyll content and plant health (J. Zhang et al., 
2007). In this way, the chlorophyll index showed more sensitivity to discriminate the difference over 
the months of evaluation, but was not enough to show patterns of response of the BRS Paiaguás grass 
to the fertilizers that added the same amount of N. 

Regarding the impact of the different fertilization combinations on the productive aspects of BRS 
Paiaguás grass, specifically dry forage mass (DBM), plant height (PH) and number of tillers (NP). The 
results indicate that nitrogen fertilization significantly increased dry forage mass (DBM) by 127% to 
164% compared to the control, demonstrating its effectiveness in increasing biomass production 
(Camargo et al., 2024). Plant height (PA) and number of tillers (NP) also showed substantial gains 
with N fertilization, with PA increasing by 25.81% and NP by 64% compared to the control. This 
highlights the critical role of N in increasing forage production and stocking rates in pastures. The 
response of these variables to fertilization is consistent across different periods, although the 
interaction between sources and periods is not significant. 

The study of nitrogen sources and their effects on BRS Paiaguás grass reveals that although 
different sources of nitrogen with sulphur (S) did not alter the percentage of leaves and stems, they 
significantly impacted the proportion of dead material (Table 7). Fertilization with ammonium 
sulphate (AS) and urea (UR) resulted in a lower proportion of dead material compared to the nitrogen 
control without sulphur (SN), indicating that these treatments can reduce leaf senescence. The SN 
treatment had 167% more dead material than SA and 148% more than UR, suggesting accelerated 
leaf senescence under SN treatment. In addition, the leaf area index (LAI) and light interception (LI) 
were notably lower in the SN treatment, highlighting the importance of nitrogen in plant 
development and light utilization. 

The periods affected the morphological composition, with cut 3 showing more leaves and fewer 
stems. The SN treatment had the lowest IAF, with SA showing a 70% higher IAF, indicating better 
growth and utilization of light with adequate nitrogen (Lopes et al., 2024; Bastidas et al., 2024). IL did 
not differ significantly between periods 2 and 3, but both were higher than periods 1 and 4, indicating 
better light capture in these periods (Risso Barbosa et al., 2024). Although nitrogen fertilization 
improves plant growth and reduces senescence, the type of nitrogen source and the timing of 
application are crucial. Different nitrogen sources can lead to varying results in plant health and 
productivity. 

The results indicate that although the N and S sources did not affect the leaf potassium (K) 
content, a significant reduction in K was observed over time (Table 8). Potassium content in plants 
can be influenced by seasonal and inter-annual dynamics, as seen in sour cherry orchards, where K 
levels were affected by weather patterns and tree uptake (Roeva et al., 2023). ). Similarly, the 
magnesium (Mg) content decreased over the periods, while sulphur (S) and other micronutrients 
remained unchanged (Table 8). 

The antagonistic relationship between K and Mg suggests that high levels of K can lead to Mg 
deficiency, affecting photosynthesis and plant quality (Peršurić Palčić et al., 2022). Despite the 
application of different fertilizers, the foliar S content remained stable, which is in line with findings 
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in strawberries, where S levels were generally low but consistent across all samples (Osvalde et al., 
2023). 

The stability of micronutrients such as boron (B), copper (Cu), manganese (Mn) and iron (Fe) in 
different treatments and periods (Table 8) suggests that these elements are less sensitive to the factors 
studied. 

While the research highlights the stability of certain nutrients, it also underscores the complexity 
of nutrient interactions and the importance of considering environmental and management factors. 
The reductions observed in K and Mg over time can be attributed to factors such as nutrient uptake 
dynamics and nutrient availability in the soil, which not only depend on the type of fertilizer, but 
also on broader ecological and management practices. 

5. Conclusions 

The study highlighted the efficiency of using different nitrogen and sulphur sources to manage 
BRS Paiaguás grass in alkaline soils. The results confirm that ammonium sulphate excelled in 
acidifying the soil, reducing the pH and increasing the availability of nitrogen for plants. In addition, 
the combination of urea with elemental sulphur showed a higher calcium content in the soil, 
indicating beneficial interactions between these nutrients. In terms of productivity, nitrogen 
fertilization resulted in significant increases in forage dry mass, plant height and number of tillers, 
highlighting the central role of nitrogen in increasing biomass and improving the agronomic 
performance of the forage. The chlorophyll index was efficient at capturing variations over the 
growth periods, but did not differ between fertilizer sources, suggesting that its usefulness is more 
related to the temporal conditions of the experiment. 

The findings reinforce the importance of management practices that combine nitrogen and 
sulphur sources to maximize productivity and promote adjustments in soil fertility under conditions 
of irrigation with water rich in carbonates. Thus, the appropriate choice of fertilizer sources and the 
planning of application periods are essential to optimize forage production and the sustainability of 
agricultural systems in alkaline soils. 
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