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Introduction: Soil biochemical transformation of urea has important impacts on nitrogen (N) use efficiency in agricultural systems and environmental pollution, mainly due to N losses through ammonia volatilization (AV).Methods: The present study aimed to evaluate and model the biochemical transformation of urea and ammonia volatilization in response to different urea doses and temperature conditions over time in sandy loam (SL) and sandy clay loam (SCL) soils in the Brazilian Cerrado. Soil mesocosm experiments were conducted with the addition of 0.25% and 0.50% urea mixed into soils (100 g dry soil) and incubated at 20°C, 25°C, 30°C, and 35°C for six days.Results: Urease activity increased rapidly on the first day of incubation, with the highest values occurring at the 0.50% urea dose and 25°C. However, there were no significant differences in activity between soils. Soil pH ranged from 8.2 to 8.6 and was not affected by soil type, temperature, or applied doses. Soil ammonium concentration was higher at the 0.50% urea dose and in SCL soil, and it was not affected by temperature conditions. AV increased with the rise in urea dose and temperature, with SL showing higher AV values than SCL. SL also demonstrated greater temperature sensitivity than SCL.Discussion: The regression equation models used were efficient in demonstrating the parameters of biochemical transformations and AV in both soils. The N losses through AV may be greater than 60% in sandy soils and less than 30% in clay soils.Keywords: temperature sensitivity of ammonia, van’t Hoff equation, urea doses, nitrogen losses, ammonia emission, savanna soils
1 INTRODUCTION
Nitrogen (N) is a limiting nutrient for the growth and development of crops in the Brazilian agricultural system, usually requiring an application of 100–250 kg of N per hectare annually. Urea is a major source of N used in agricultural systems due to its high N content (>45% N). However, this N source can have low N use efficiency (NUE) for crops due to significant N losses, especially in tropical soils. Ammonia volatilization (AV) is a primary cause of low NUE, occurring soon after the application of urea to soil, with losses through this mechanism potentially exceeding 40% in agricultural systems (Pan et al., 2016; Coelho et al., 2022). AV is also a major environmental concern, causing an increase in ammonia (NH3) in the atmosphere and N deposition in natural ecosystems (Duff et al., 2022; Cassim et al., 2024; Kohira et al., 2024).
The biochemical reactions of AV occur quickly in the soil due to the hydrolytic reaction of urease on the urea substrate (Cordero et al., 2019). When urea is applied in granular form to the soil, it first dissolves and diffuses, forming a concentrated zone of urea molecules known as a soil-urea microsite (Coelho et al., 2022; Dawar et al., 2024). The hydrolysis of urea in this microsite results in the release of NH3 (Equation 1). However, urea hydrolysis depends on several abiotic factors, such as temperature, moisture, urease pool, and soil type (Nikolajsen et al., 2020; Coelho et al., 2022; Dawar et al., 2024). Chemically, NH3 reacts with water to produce ammonium (NH4+) and hydroxyl (OH−), which alkalizes the soil-urea microsite (Equation 2). High concentrations of NH4+ and OH− result in a strong chemical reaction that leads to more NH3 emissions to the atmosphere (Equation 3). The amount of NH4+ in the soil solution is initially the principal source of N for crops and can be converted to nitrite (NO2−) and nitrate (NO3−) by nitrifying microorganisms (Pertile et al., 2021; Duff et al., 2022).
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Studies have shown that biochemical transformations are related to the abundance of urease-producing bacteria in the soil-urea microsite (Ciurli et al., 1996; Pertile et al., 2021; Coelho et al., 2022). Coelho et al. (2022) reported a high abundance of the genus Sporosarcina, suggesting that these organisms might play an important ecological role in the soil-urea environmental niche. The abundance of Sporosarcina also coincided with a significant increase in urease activity, which is associated with enzyme synthesis (Coelho et al., 2022). In addition to the urease pool, soil clay content can play an important role in the dynamics of AV and NH4+ concentrations. Furthermore, studies on the biochemical changes of urea and AV in tropical soil may help us better understand the NUE in agricultural ecosystems, including the environmental factors that regulate these biochemical processes.
The temperature response of soil biochemical processes is a critical regulating factor that has received significant attention in recent years due to global warming. Temperature increases can exponentially alter urease activity in the soil, and this response depends on the soil type (Moyo et al., 1989). Additionally, temperature can affect soil NH4+ concentration and AV in tropical soils, depending on the amount of urea applied (Schwenke et al., 2014a; Coelho et al., 2022) and soil textural classes (Soares and Cantarella, 2023). AV has been reported to be higher in sandy soils than in clayey soils in tropical regions (Soares and Cantarella, 2023).
In soil biochemical processes, temperature sensitivity (Q10) is often used as an index to predict responses to global warming (Yang et al., 2022). The commonly accepted Q10 value of 2.0 indicates that a 10°C increase in temperature doubles the chemical activity. However, Q10 values in soil biochemical processes, like soil respiration, range from 1 to 12 and vary depending on soil type and environmental conditions (Yang et al., 2022). Soil clay content is a physicochemical factor that regulates soil biochemical transformations and can significantly interfere with Q10 values in tropical soils (Vinhal-Freitas et al., 2017; Pan et al., 2021). Furthermore, soil moisture, organic matter, and nutrient application rate can change soil chemical reactions, directly impacting Q10 values (Liu et al., 2024). However, Q10 values for AV on urea addition have not been studied, nor have the regulatory factors influencing Q10 variation.
Modeling the soil biochemical process of urea transformation is of paramount importance for understanding the patterns of N losses in soil. Our hypothesis is that soil biochemical transformation of urea depends on type of soil, temperature, and dose, resulting in specific parameters on a temporal scale. The current study aimed to evaluate in the Brazilian Cerrado (1) soil biochemical changes of urea under different temperatures and doses in two soil textural classes; (2) modeling soil response to urea addition as a function of incubation period; and (3) temperature sensitivity changes of AV under urea doses in two soil textural classes.
2 MATERIALS AND METHODS
2.1 Site and soil sampling
The study was conducted in two agricultural areas located in the region of Uberaba City (Minas Gerais State), in southeastern Brazil. The two soils were classified as Oxisols (USDA, 1992) and identified as sand clay loam (SCL) and sandy loam (SL) according to the Soil Texture Triangle (USDA). Soil samples from each area were collected at 14 sites at a depth of 0–10 cm using a soil auger. The soil samples were then mixed and sieved (2 mm) for the experimental design. A portion of each soil sample was sent to the Federal University of Uberlândia’s Laboratory of Soil Physic-Chemical Analysis for evaluation of the physical and chemical properties of the soils (Table 1).
TABLE 1 | Physical and Chemical properties of two Oxisols.
[image: Table 1]2.2 Mesocosm essay and experimental design
Mesocosm assays were conducted using 100 g of air-dried soil in hermetically sealed glass jars with a capacity of 0.600 dm3, totaling 432 flasks for destructive sampling (2 soils x 3 treatments x 4 temperatures x 6 days x 3 replicas). The following treatments with urea were implemented in the experiment: 1-control (without urea); 2%–0.25% urea (2.5 mg urea g−1 soil) and 3%–0.5% urea (5.0 mg urea g−1 soil). The urea was gently crushed in a porcelain flask to facilitate distribution and homogenization in the mesocosms. The urea was then weighed, transferred, and incorporated into the soil. After, soil moisture content was adjusted to 60% of the water holding capacity of the soils. The mesocosm assays were incubated at four different temperatures (20°C, 25°C, 30°C, and 35°C) simultaneously, using four biological chambers with temperature control (∼0.1°C). Urease activity, pH, and NH4+ were measured daily during the six-day incubation period. AV was measured daily for 10 days.
2.3 Urease activity
Urease activity was measured by the NH4+ produced in an incubation assay containing urea substrate (Kandeler and Gerber, 1988). Falcon tubes (50 mL) containing 1 g soil, 4 mL of citrate buffer (pH 6.7, containing 1.8 g of citric acid and 100 g citrate sodium per L) and 1 mL of urea solution (1.67 mol L−1 in citrate buffer). Then, the tubes were quickly shaken using a vortex and incubated for 2 h at 37°C. After this period of incubation, the reaction mixture was again shaken and dilated with distilled water to adjust the volume to 50 mL. After 15 min of time -out, 2 mL of extract was centrifuged at 8,000 x g for 5 min. The NH4+ concentration in the extract was measured according to Mulvaney et al. (1996), using a standard curve of NH4Cl and a spectrophotometer (Biomate 3, Thermo Fisher Scientific) at 670 nm. A sample control without urea was used to subtract the residual NH4+ in all treatments of mesocosm assays.
2.4 Soil pH and NH4+ analysis
Soil pH samples previously air-dried after each period of incubation were determined in water (1:2, soil:water) and readed a digital pHmetro. The NH4+ concentration in the samples was performed in 5 g fresh soil and extracted with 50 mL of potassium chlorate solution (KCl, 1 mol L−1) at 200 rpm for 30 min. The extracted solution was rested for 1 h and then centrifuged at 5,000 x g for 5 min. The NH4+concentration was determined as described above (Mulvaney et al., 1996), using a standard curve with NH4Cl eluted in KCl (1 M).
2.5 Ammonia volatilization (AV)
AV was measured for 10 days of incubation under some temperature conditions and for two soil types. The NH3 released in the glass jars was captured in a plastic cup (50 mL) containing 10 mL of boric acid (H3BO3, 0.32 M) and red methyl and blue bromocresol indicators (Bimuller et al., 2014). The plastic cups were removed daily and titrated with sulfuric acid (0.025 M) and a new cup was added again. AV was estimated using the following formula: calculated as described:
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where AV is the NH3 volatilization (μgNH3 g−1 soil); S is the titration value (mL) of the sample; C is the titration value of the control (jar without soil); and M is the molar concentration of sulfuric acid (0.025 M). Number 17 is the molecular mass of NH3; Number two is the stoichiometric reaction between NH3 and H3BO3; and DSM is the dry soil mass used in the assays.
2.6 Statistical analysis
The data collected from the experimental assays were subjected to statistical analysis using R and Sigmaplot software. The data were initially subjected to Shapiro Wilk’s normality test. The data were then subjected to regression analysis to explain the variation in the biochemical transformations of urea in response to temperature. The parameters of the regression analysis of the chosen equations were statistically validated at the significance level (p < 0.05). The Q10 values of AV were determined for each repetition using the van’t Hoff equation (Equation 4) for determining the temperature response coefficient and the exponential equation (Equation 5).
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where Y is the rate of AV (μg NH3 g-1 soil day-1); T is soil temperature of incubation conditions; and a and b are the exponential fitted parameters. The Q10 values were subjected to analysis of variance, and the means were compared using the LSD test at 5% probability.
3 RESULTS
3.1 Effect of dose, temperature, and soil on urease activity
Urease activity values ranged from 0.1 to 200 μmol NH4+ g−1 h−1, with the highest values observed at a 0.50 dose. Urease activity was modeled using a regression equation defined as an exponential rise to maximum (Figure 1), determining maximum values of urease activity as a function of incubation period for dose and temperature variables within the soils. The results showed that greater urease activity was observed at the 0.50% dose compared to the 0.25% dose and occurred on the first day of incubation, except at 20°C of incubation (day 2). All variables showed significant values for maximum urease activity, highlighting the model’s importance for predicting urease production (Table 2). Our results also indicated that the highest urease activity occurred at 25°C in two soils and doses under incubation conditions, except for SCL with the 0.50% dose (where values were similar for three higher temperatures). At 25°C, there was no significant difference between the two soils, while at other temperatures, a slight difference was observed between SCL and SL.
[image: Figure 1]FIGURE 1 | Regression analysis of urease activity in function of incubation period for variables doses, temperatures within the sandy clay loam (SCL) and sandy loam (SL). Temperature of 20°C (A), 25°C (B), 30°C (C) and 35°C (D). All regression analyses had a probability significant for model applied (p < 0.0001).
TABLE 2 | Parameter regressions of urease activity in function of incubation period for dose and temperature variables with sandy clay loam (SCL) and sandy loam (SL).
[image: Table 2]3.2 Changes in soil pH
The addition of urea quickly changed the soil pH quickly, reaching values of 8.0 on the first day (Figure 2). The results indicated that soil pH was independent of the urea dose, as pH values did not vary with the applied dose. Although initial soil pH values differed between both soils in the control treatment, our results showed similar soil pH values between both soils over the incubation period. Temperature did not significantly affect soil pH changes in our experiments with both soils.
[image: Figure 2]FIGURE 2 | Effect the urea additions and incubation time on soil pH in the sandy clay loam (A) and sandy loam (B). The points represent the average of treatments (n = 3) with confidence interval at 5% significancy.
3.3 Temporal ammonium concentration in soils
The NH4+ concentrations in soils varied with the applied dose and incubation time, but there was no significant effect of temperature on treatments in both soils (Table 3). Difference in NH4+ concentration was only observed on the first day of incubation compared to the other incubation times. There was no significant difference in NH4+ concentration between incubation times after the first day. SCL had significantly higher NH4+ concentrations than SL at both doses.
TABLE 3 | Effects of urea doses and incubation time on NH4+ concentration in the sandy clay loam (SCL) and sandy loam (SL).
[image: Table 3]3.4 Effect of temperature, dose and soils on AV
AV was affected by applied doses, temperatures, and soil textural classes used in the assay. Gaussian’s model was used to explain AV in both soils, and all regression analyses were statistically significant for doses and temperature as function of period incubation (Figure 3). AV values were higher in SL than in SCL, and the 0.50% urea had higher AV than the 0.25% dose in both soils. Our results indicated that temperature had a stronger effect in SL than in SCL. The parameters of Gausian’s equation showed significant differences in AV with temperature changes (Table 3). Temperature had a greater effect on AV in SL than in SCL, showing that the increase in temperature led to an earlier peak AV from 1.13 to 3.75 days and from 1.33 to 5.17 days for doses of 0.50% and 0.25%, respectively (Table 4). Peak AV in SCL ranged from 3.86 to 5.17 days, with the lowest values at the highest temperatures.
[image: Figure 3]FIGURE 3 | Gaussian’s model of the ammonia volatilization in function of incubation time (Days) for temperature and dose variables in sandy clay loam (A,B) and sandy loam (C,D). (A,C) represent the 0.25 % of urea, and (B,D) represent the 0.50% of urea. Regression analysis of Gaussian’s model was statistically significant as showed in (A–D) (n = 4).
TABLE 4 | Parameters of Gaussian’s equation of ammonia volatilization in function of temperature and urea dose within sandy clay loam (SCL) and sandy loam (SL) in the brazilian Cerrado.
[image: Table 4]3.5 Model of the van’t hoff equation and temperature sensitivity (Q10) of AV
AV values were used to model the response of both soils to temperatures and urea doses using the van’t Hoff equation. Our results demonstrated a significant effect of temperature on AV, with the response depending on soil type and dose applied (Figure 4). However, the highest determination coefficient (R2) was only achieved at the peaks of AV on day 1 and day 3 for SL and SCL, respectively. The parameters of the van’t Hoff equation were used to calculate Q10 values of both soils in relation to urea addition. Q10 values ranged from 1.75 to 10.85, with the highest values measured in SL and the higher dose applied (Figure 5). Results indicated significant differences in Q10 between soils and doses used in the experiment, though this difference was not observed between soils for the 0.25% urea dose.
[image: Figure 4]FIGURE 4 | Van’t Hoff regression model of ammonia volatilization with two doses of urea in sandy clay loam (SCL, (A)) and sandy loam (SL, (B)) in relation to incubation temperature. In both soils and with applied doses of urea, the regressions (R2) were significant (P < 0.0001).
[image: Figure 5]FIGURE 5 | Temperature sensitivity (Q10) of ammonia volatilization in sand clay loam (SCL) and sandy loam (SL) in response to urea addition. The Q10 values represent the mean with the confidence interval (p < 0.05) of the simple for each treatment (n = 4).
4 DISCUSSION
In the present study, we demonstrated the biochemical transformations of urea in response to varying doses and temperature incubations in two Cerrado soils. To our knowledge, the Q10 of AV in Brazilian savanna soils has not yet been reported.
Urease activity increased in response to the addition of urea to the soil, with the highest values observed at 0.50% urea in both soils studied. The increase probably occurred due to the synthesis of more enzymes, since urea can induce a specific microbial population in the urea-soil microsite (Coelho et al., 2022). Our results demonstrated that the two soils used presented similar urease activity at the two doses applied, showing little effect of the soil on urea hydrolysis. In addition, the results also suggest that there was no difference in the urease-producing microbial population. In addition, the results show that urease activity increases significantly on the first day of incubation, demonstrating that the synthesis of urea occurs quickly in the soil. These results are consistent with those found in the literature (Coelho et al., 2022; Soares and Cantarella, 2023). Under soil incubation, a temperature of 25°C presented higher values than of 20°C and a similar response to the other two temperatures during the incubation period. Reports have shown that temperatures 15–40°C increased the urease activity under enzymatic assays (Moyo et al., 1989; Krajewskaet al., 2012), but we did not find any information in the literature on soil incubation temperature to compare our results. Our findings demonstrated that urease activity under soil incubation was dependent on enzyme pool induced by substrate rather than soil type and temperature incubation in urea-soil microsite. In highlights, we emphasized that urease activity was performed at the same temperature conditions (37°C), which reinforces that the difference in activity was in the synthesis of more enzymes.
Soil pH increases in the urea-soil microsite as a result of urea hydrolysis (Singh and Nye, 1984; Dawar et al., 2011; Dawar et al., 2024). Our results showed that soil pH quickly increased on the first day of incubation, fluctuating between values of 8.2 and 8.6 during the incubation period. Alkaline soil pH is a chemical condition that promotes NH3 emission via the deprotonation of NH4+ by OH− in the urea-soil microsite (Dawar et al., 2011; Dawar et al., 2024). Nevertheless, our results showed that soil pH values remained high throughout the incubation period and were independent of soil type, dose applied, and temperature tested. Reports have shown that soil pH is directly related to NH3 volatilization and urease activity (Coelho et al., 2022; Dawar et al., 2024). In the assays with urea, we observed that soil NH4+ concentrations did vary with temperature and soil type. Soil NH4+ concentration was only dependent on urea doses. The results suggest that soil pH can be a major chemical regulator of the kinetic relationship between soil NH4+ concentration and NH3 volatilization in the soils tested, corroborating the results in the literature (Coelho et al., 2022; Dawar et al., 2024).
Our results showed that AV was affected by soil type, dose, and temperature, indicating that the losses of N by the AV were strangely regulated by these factors. Particularly, the SCL had a lower AV value than the SL due to a higher clay content. Ammonium absorption into clay particles can also explain higher NH4+ and lower NH3 volatilization in SCL soil (Soares and Cantarella, 2023). This process may be the main difference between SCL and SL because other biochemical processes showed small variations between these two soils. The results also showed that higher doses and temperatures anticipated the peaks of AV in the soils. There was also a difference between soils regarding the peak of AV during the incubation time. The peak of AV ranged from 3.53 to 5.17 days and from 1.13 to 5.17 days in SCL and SL, respectively. The results showed that soil textural class played an important role in the AV process. These findings corroborate those reported in the literature regarding the peak of AV, but our results demonstrate that clay content is an important factor in regulating N losses by AV. At a temperature of 35°C, N losses by AV estimated in our assays were more than 60% in SL and less than 30% in SCL. Surveys reported that N losses by AV can be more than 40%, but these losses depend on clay content, soil organic matter, and specific edaphic conditions (Singh et al., 2013; Pan et al., 2016). These results align with those observed by Drame et al. (2023), who found that increasing the temperature (35°C) raises soil N losses through AV.
We used the Q10 of AV to explain the sensitivity of N losses through the process of AV in two soils with different clay contents and two urea doses. Our findings showed that AV was sensitive to temperature and the higher values of Q10 were found in SL and with 0.50% of urea applied compared to SCL and with 0.25% of urea. Here, we demonstrated that the clay content of the soil strongly regulated the chemical reactions of soil N losses through AV. An explanation for this is that clay content affects diffusivity of NH3 and leads to stranger retention of NH3, decreasing N losses and response to temperature variation of AV. Reports in the literature on the Q10 of AV corroborate our results, indicating that N losses due to volatilization are highly sensitive to temperature increases (Adegoke and Ku, 2023; Wenzhu et al., 2023). Our study provides a valuable comparative reference for future research, significantly contributing to urea application management and offering a practical application of the Q10 in relation to NUE in tropical soils. In Brazilian Cerrado soils, the low NUE with the use of urea has been a major concern, especially with the strong global warming trends (Rojas et al., 2012; Cassim et al., 2024).
5 CONCLUSION
This study demonstrated that the biochemical transformation of urea in soil is significantly influenced by soil type, temperature, and urea dose, which have regulatory impacts on ammonia volatilization (AV) in the Brazilian Cerrado. Urease activity and soil NH4+ concentration peaked early during incubation, with the highest activity observed at a 0.50% urea dose and 25°C. Notably, urease activity was not significantly different between sandy loam (SL) and sandy clay loam (SCL) soils, although soil type affected AV. Soil pH remained alkaline and constant, showing no dependence on soil type, temperature, or urea dose. Higher urea doses and temperatures increased AV, with sandy loam soils experiencing greater AV losses and temperature sensitivity compared to sandy clay loam soils. The regression models employed effectively captured the dynamics of urea biochemical transformations and AV, suggesting that AV losses could be substantial in sandy soils, exceeding 60%, while remaining below 30% in clayey soils. These findings highlight the importance of considering soil texture, temperature, and urea dosage when developing strategies to improve N use efficiency and reduce environmental impacts in agricultural systems. The study also highlighted the need for further research involving the interaction between the soil microbial community and N losses in response to temperature in Cerrado soils.
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