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Abstract
Nitrogen fertilization with urea profoundly alters soil acidity, mineral nitrogen dynamics, and microbial activity, particularly in acidic soils where nitrification-mediated proton release influences fertility and biological.The present study evaluated effects of three urea levels (0, 0.1, and 0.2%) on physicochemical properties, mineral nitrogen pools, microbial populations, enzyme activities, and early plant growth responses in acidic soil. Urea increased soil pH from 5.51 (control) to 5.59 and 5.71, electrical conductivity from 0.22 to 0.36 and 0.44 dS m⁻¹, and cation exchange capacity from 6.29 to 7.12 and 7.99 cmol kg⁻¹. Mineral N pools rose progressively, with ammonium increasing from 12.70 to 18.72 and 23.47 mg kg⁻¹ and nitrate from 21.92 to 28.75 and 33.47 mg kg⁻¹. Microbial indicators showed directional responses: bacterial counts increased from 40.25 to 44.50 while saprophytic fungi declined from 30.00 to 27.75. Urease, dehydrogenase, and FDA hydrolysis increased with urea dose, indicating enhanced microbial activity. Shoot and root lengths improved significantly, suggesting enhanced early plant establishment. These findings demonstrate that moderate urea addition stimulates biological activity and N availability but the nitrate increase signals potential long-term acidification risk.	Comment by ADMIN: Remove	Comment by ADMIN: Remove
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[bookmark: introduction]Introduction
Soil acidity is a major constraint to crop productivity because it impairs nutrient availability, reduces microbial functional stability, and may increase toxic forms of aluminum and manganese (Warke & Wakgari, 2024; Bedassa et al., 2022; Gurmu, 2025). In such soils, nitrogen fertilizer management becomes especially important because ammoniacal fertilizers can temporarily increase pH during hydrolysis but later accelerate acidification through nitrification and proton release (Wang et al., 2024; Guerrero-Zurita et al., 2026). Urea remains the most widely used nitrogen fertilizer globally, so understanding its short-term and long-term effects on acidic soil properties is essential for sustainable nutrient management (Abdalla et al., 2022).
After soil application, urea is hydrolyzed to ammonium, and the resulting NH₄⁺ may subsequently be oxidized to NO₂⁻ and NO₃⁻ by nitrifying microorganisms (Zhang et al., 2015; Hayat et al., 2024; Motasim et al., 2024). This sequence alters mineral nitrogen pools, microbial interactions, and enzyme activities, and may also influence soil pH and electrical conductivity (Motasim et al., 2024; Liu et al., 2026). Previous work has shown that urea can stimulate ammonia-oxidizing bacteria, accelerate nitrification, and enhance acidification in acidic soils, although the response depends on soil type, dose, and duration of incubation (Jiang et al., 2024). Long-term urea fertilization can additionally reshape ureolytic communities and increase the risk of nitrogen loss through volatilization and leaching (Warren et al., 2019).
Soil microorganisms respond rapidly to fertilizer-induced changes in pH, substrate availability, and osmotic conditions (Al-Shammary et al., 2025; Malal et al., 2025; Das et al., 2025; Geisseler et al., 2014). Bacteria, fungi, and actinomycetes play distinct roles in urea transformation and organic matter turnover, while enzymes such as urease and dehydrogenase provide sensitive indicators of biochemical response (Solangi et al., 2024; Daunoras, et al., 2024). Because early microbial and physicochemical responses may precede more pronounced acidification, integrated evaluation of mineral nitrogen, biological properties, and plant growth is useful for understanding the agronomic consequences of urea application in acidic soils (Li et al., 2025; Mi et al., 2024).
The objective of this study specifically, aimed to assess changes in soil physicochemical properties, mineral nitrogen fractions, microbial populations, enzyme activities, nitrification-related indices, and seedling growth under increasing urea levels. The working hypothesis was that urea would increase mineral N availability and stimulate microbial and enzymatic activity, but would also shift the soil toward greater nitrification intensity, thereby creating conditions that may predispose the system to later acidification (Oertel et al., 2016; Gubry et al., 2010).
2. Materials and Methods
2.1 Soil and Experimental Treatments
Acidic soil (initial pH 5.51) was collected from the Gouraram Villagae, Siddipet from Telanagana region it is air-dried, and sieved (<2 mm). The soil was amended with urea at three levels: 0% (T1, control), 0.1% (T2), and 0.2% (T3) on a weight basis (w/w). Experiment was conducted as pot culture study. The treatments were arranged in a completely randomized design (CRD) with three replications and incubated under controlled laboratory conditions to evaluate short-term responses.
2.2 Physicochemical Analyses
Soil pH was determined in a 1:2.5 soil-to-water suspension, and electrical conductivity (EC) was measured in a 1:5 soil-water extract using a conductivity meter (Jones et al., 2018). Soil organic carbon (SOC) was estimated by the Walkley–Black method (Nelson et al., 1996). Bulk density (BD) was determined using the core method as (Blake et al.,1986)

Water holding capacity (WHC) was determined gravimetrically:

Cation exchange capacity (CEC) was measured using ammonium acetate extraction at pH 7. Available phosphorus (P) and potassium (K) were determined using Olsen’s and ammonium acetate methods, respectively. All analyses followed standard procedures (Keeney et al., 1982).
2.3 Plant Growth Assessment
Maize shoot length and root length were measured after the experimental 90 days growth period using a standard scale (Marschner, 1995).
Germination percentage was calculated as:


2.4 Mineral Nitrogen and Nitrification
Ammonium (NH₄⁺-N), nitrite (NO₂⁻-N), and nitrate (NO₃⁻-N) were extracted using 2 M KCl and determined colorimetrically. Keeney and Nelson (1982; Hart et al.,1994 and Miranda et al. (2001).
The nitrification process is represented as:
A nitrification index (NI) was estimated as:


2.5 Microbial Population Analysis
Soil microbial populations were enumerated using the serial dilution and plate count technique. Bacteria were cultured on nutrient agar, fungi on Rose Bengal agar, and actinomycetes on starch-casein agar. Colony-forming units (CFU) were expressed per gram of dry soil (Wollum, 1982; Paul et al., 2023).
2.6 Enzyme Activities
Urease activity was determined by measuring ammonium released after urea hydrolysis and expressed as µg NH₄⁺ g⁻¹ soil h⁻¹ (Tabatabai et al.,1972). Dehydrogenase activity was measured using INT reduction method and expressed as µg TPF g⁻¹ soil day⁻¹ (Casida et al., 1964). Fluorescein diacetate (FDA) hydrolysis (Adam and Duncan, 2001) was used to estimate total microbial activity:


2.7 Statistical Analysis
Data were expressed as mean ± standard deviation. Statistical significance among treatments was determined using one-way analysis of variance (ANOVA). Mean comparisons were performed using Duncan’s Multiple Range Test (DMRT) at a significance level of p < 0.05.
Results and Discussion
3.1 Soil Physicochemical Properties
Urea application significantly influenced soil physicochemical, biological, and biochemical properties, reflecting rapid nitrogen transformation and its cascading effects on soil processes (). Soil pH increased slightly from 5.51 to 5.71 with increasing urea levels (Table 1), indicating a transient alkalinization phase driven by urea hydrolysis. This phenomenon is widely reported in recent studies, where ammonification temporarily neutralizes soil acidity before nitrification generates protons and induces acidification (Motasim et al., 2024; Jiang et al., 2024). The relatively small change in pH suggests buffering effects of the acidic soil matrix.
Electrical conductivity (EC) increased significantly with urea application, indicating enhanced ionic concentration due to nitrogen mineralization and accumulation of soluble salts. Similar trends have been reported in recent studies, highlighting increased solute concentration and nutrient mobility under nitrogen fertilization (Li et al., 2025). In addition, bulk density exhibited a slight numerical decline from 1351.25 to 1329.75 kg m⁻³ with increasing urea application (Table 1), although the differences were not statistically significant. This trend may indicate improved soil aggregation and increased porosity due to enhanced microbial activity and organic binding agents produced during nitrogen transformation. Similar slight reductions in bulk density following nitrogen addition have been reported in short-term studies, although more pronounced effects are typically observed under long-term fertilization regimes (Han et al., 2025). The increase in cation exchange capacity (CEC) further indicates improved nutrient retention, likely due to increased ammonium adsorption and microbial-mediated changes in soil surface charge properties (Giannopoulos & Elsgaard, 2024). Soil organic carbon and bulk density remained relatively stable, suggesting that short-term urea inputs primarily influence biochemical rather than structural properties (Han et al., 2025).
3.2 Plant Growth Response
Maize seed germination percentage, shoot length, and root length were used as indicators of early biological response to the treated soils. Germination was recorded as the percentage of seeds successfully emerging, while shoot and root lengths were measured in centimeters after the experimental growth period. Seedling traits were included because they provide an integrative response to nutrient availability, osmotic effects, and rhizosphere microbial changes (Kochian et al., 2015). These results are consistent with recent findings that nitrogen fertilization enhances plant physiological processes, including chlorophyll synthesis and enzymatic activity, thereby promoting biomass accumulation (Mi et al., 2024; Navarro et al., 2025; Martínez et al., 2024). Enhanced root growth further indicates improved nutrient acquisition capacity under increased nitrogen availability
3.3 Mineral Nitrogen Dynamics
[bookmark: mineral_nitrogen_pools_and_nitrif_7304a9]Mineral nitrogen pools and nitrification indicators
Ammonium concentration increased significantly with urea addition, from 12.70 mg kg⁻¹ in the control to 18.72 mg kg⁻¹ at 0.1% urea and 23.47 mg kg⁻¹ at 0.2% urea. Nitrite also rose slightly but significantly, from 0.79 to 1.00 mg kg⁻¹, and nitrate increased from 21.92 to 28.75 and 33.47 mg kg⁻¹ across treatments (Table 3). The concurrent increase in NH₄⁺, NO₂⁻, and NO₃⁻ suggests active hydrolysis and nitrification under both urea doses (Diniz et al., 2025; Zhao et al., 2026; Ge et al., 2025).
The nitrification index reported in the dataset varied narrowly from 20.37 to 21.72, while net nitrification ranged from 8.33 to 9.86. Nitrification inhibition and net nitrification inhibition values were low and statistically non-significant, with some negative values at 0.2% urea function shown in Table 4 (Dodla et al., 2025; Zhao et al., 2026). These findings indicate that the applied urea did not inhibit nitrification; rather, it appears to have supported nitrogen transformation to nitrate, which agrees with prior reports that urea can stimulate nitrifier populations and accelerate acidification in acidic soils (Diniz et al., 2025; zhao et al., 2026; Ge et al., 2025).
Mineral nitrogen dynamics revealed a strong increase in NH₄⁺ and NO₃⁻ concentrations, indicating rapid urea hydrolysis followed by active nitrification (Table 4). Recent studies have demonstrated that urea stimulates ammonia-oxidizing microorganisms, thereby accelerating nitrification and nitrate formation. However, increased nitrate accumulation and microbial shifts suggest potential long-term risks, including soil acidification and nutrient imbalance (zhao et al., 2026; Ge et al., 2025; Diniz et al., 2025). Recent research emphasizes the importance of adopting sustainable nitrogen management strategies, such as controlled-release fertilizers and nitrification inhibitors, to improve nitrogen use efficiency and reduce environmental impacts (Dodla et al., 2025; Diniz et al., 2025).


3.4    Microbial Population Dynamics
Bacterial counts increased numerically from 40.25 × 10⁵ g⁻¹ in the control to 43.00 × 10⁵ and 44.50 × 10⁵ g⁻¹ in the 0.1 and 0.2% urea treatments, respectively, although the superscript grouping suggests the increase was not statistically significant. Saprophytic fungi declined from 30.00 × 10³ to 27.75 × 10³ g⁻¹ with increasing urea, while actinomycetes changed only slightly (Table 5). This pattern suggests that urea favored bacterial activity more than fungal abundance under the experimental conditions (Pan et al., 2025).
Urease activity increased from 9.97 to 11.05 and 12.25 μg NH₄ g⁻¹ h⁻¹ with increasing urea dose. Dehydrogenase activity rose from 2.00 to 2.30 μg TPF g⁻¹ day⁻¹, and FDA hydrolysis increased from 19.87 to 23.32 μg fluorescein g⁻¹ h⁻¹ (Table 5). Although these increases were not separated statistically in the table, the consistent upward trend indicates stimulation of microbial metabolism and substrate turnover under urea enrichment (Zhang et al., 2023; Wang et al., 2023;)
Microbial population analysis showed an increase in bacterial abundance and a decrease in fungal populations, indicating a shift toward bacterial dominance under nitrogen-enriched conditions (Malik et al., 2020; Fierer, 2017). This pattern is consistent with recent studies demonstrating that nitrogen fertilization favors fast-growing bacterial communities while suppressing fungi (Forzieri et al., 2023; Allison et al., 2010). Such shifts may alter soil carbon cycling and long-term ecosystem functioning.	Comment by ADMIN: Justify
[bookmark: conclusion]4. Conclusion
Application of urea at 0.1 and 0.2% altered the acidic soil in a consistent and biologically meaningful manner. The treatment increased electrical conductivity, cation exchange capacity, ammonium, nitrite, nitrate, urease activity, dehydrogenase activity, FDA hydrolysis, and seedling growth, while bacterial counts increased numerically and saprophytic fungi declined. Soil pH also increased slightly in the short term, indicating an early hydrolysis effect rather than immediate acidification.
Overall, the data show that the tested urea doses improved short-term nitrogen availability and early biological performance in acidic soil, but did not suppress nitrification. Because nitrate accumulation rose strongly with urea level, the system may still be vulnerable to delayed acidification and nitrogen loss with prolonged fertilization
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Table 1. Soil physicochemical properties under urea treatments
	Parameter
	T1 (0%)
	T2 (0.1%)
	T3 (0.2%)

	pH
	5.51 ± 0.02ᵃ
	5.59 ± 0.01ᵃ
	5.71 ± 0.02ᵃ

	EC (dS m⁻¹)
	0.22 ± 0.009ᵃ
	0.36 ± 0.01ᵇ
	0.44 ± 0.01ᶜ

	SOC (%)
	0.64 ± 0.03ᵃ
	0.65 ± 0.00ᵃ
	0.65 ± 0.04ᵃ

	Bulk density (kg m⁻³)
	1351.25
±6.99a
	1337.50
±2.08a
	1329.75
±2.63a

	CEC (cmol kg⁻¹)
	6.29 ± 0.095ᵃ
	7.12 ± 0.082ᵇ
	7.99 ± 0.142ᶜ


 Values are mean ± SD. Means with different letters differ significantly at p < 0.05 based on ANOVA followed by DMRT.





Table 2: Effect of urea treatments on seed germination and early plant growth parameters
	Treatment details
	T1
	T2
	T3

	Urea %
	0
	0.1
	0.2

	Germination%
	100
	100
	100

	Shoot Length (cm)
	27.85±0.50a
	32.92±0.69b
	34.90±0.83c

	Root Length (cm)
	12.37±0.263a
	14.70±0.56b
	15.62±0.26b


Values are mean ± SD. Means with different letters differ significantly at p < 0.05 based on ANOVA followed by DMRT.

Table 3. Mineral nitrogen fractions under urea treatments
	Parameter
	T1 (0%)
	T2 (0.1%)
	T3 (0.2%)

	NH₄⁺ (mg kg⁻¹)
	12.70 ± 0.48ᵃ
	18.72 ± 0.55ᵇ
	23.47 ± 0.75ᶜ

	NO₂⁻ (mg kg⁻¹)
	0.79 ± 0.02ᵃ
	0.90 ± 0.01ᵇ
	1.00 ± 0.05ᶜ

	NO₃⁻ (mg kg⁻¹)
	21.92 ± 0.22ᵃ
	28.75 ± 0.71ᵇ
	33.47 ± 0.50ᶜ






Values are mean ± SD. Means with different letters differ significantly at p < 0.05 based on ANOVA followed by DMRT.





Table 4. Effect of urea on nitrification parameters
	Treatment details
	T1
	T2
	T3

	Urea %
	0
	0.1
	0.2

	Nitrification
	21.02±0.608a
	20.37±0.151a
	21.72±0.655a

	Net nitrification
	8.33±0.576a
	8.38±0.741a
	9.86±0.554a

	NUE
	0.00±0.000a
	6705.00±5937.904b
	2501.25±712.231b

	Nitrification inhibition (%)
	-0.25±2.411a
	3.84±0.691a
	-2.505±3.084a

	Net Nitrification inhibition (%)
	2.34±8.288a
	-1.30±8.955a
	-22.6±7.434a

	pH
	5.51
±0.025a
	5.59
± 0.012a
	5.71
± 0.027a

	Acidification inhibition (%)
	0.00±0.000a
	0.18±0.000a
	0.55±0.000a


Values are mean ± SD. Means with different letters differ significantly at p < 0.05 based on ANOVA followed by DMRT.

Table 5: Effect of urea treatments on soil microbial populations and enzyme activities
	Treatment details
	T1
	T2
	T3

	Bacteria (10⁵/g)
	40.25±2.22a
	43.00±2.94a
	44.50±2.38a

	Sapro. Fungi (10³/g)
	30.00±1.41a
	29.25±1.70a
	27.75±1.50a

	Actinomycetes (10³/g)
	5.00±0.81a
	5.00±0.81a
	5.75±0.95a

	Urease (μg NH₄/g/h)
	9.97±0.75a
	11.05±0.58a
	12.25±0.95a

	Dehydro. (μg TPF/g/day)
	2.00±0.18a
	2.15±0.17a
	2.30±0.14a

	FDA (μg fluorescein/g/h)
	19.87±1.22a
	22.12±1.10a
	23.32±1.27a








Values are mean ± SD. Means with different letters differ significantly at p < 0.05 based on ANOVA followed by DMRT.

