[bookmark: _Hlk192199556][bookmark: _Hlk193467997] Effect of Nitrogen and Zinc Fertilizer Application on Growth and Yield of Rice (Oryza sativa L.)



.     
.
              . 
                     
	.
..


.



ABSTRACT 

	Nitrogen (N) and zinc (Zn) are the two major yield-limiting factors of flooded rice cultivation systems. In order to investigate the influence of nitrogen (N) and zinc (Zn) fertilizer application on the growth, yield, and nutrient use efficiency of rice (Oryza sativa L. cv. Sinthuka) in pot experiments during both dry and wet seasons. A 4×3 factorial design with three replications was used, testing four N rates (0, 40, 80, 120 kg ha⁻¹) and three Zn rates (0, 10, 20 kg ha⁻¹). The results revealed that N fertilization significantly enhanced plant height, number of tillers, and grain yield. While the maximum yield was obtained from 120 kg ha⁻¹ in the dry season, there was no significant difference in yield and growth parameters between 120 kg N ha⁻¹ and 80 kg N ha⁻¹. Therefore, 80 kg N ha⁻¹ is recommended as the optimal nitrogen rate for both seasons, as it supported favorable growth and yield components. Zinc application (10 kg ha⁻¹) improved filled grain percentages (71.20% vs. 61.97% in control), while synergistically boosting grain yield. The maximum yields (71.05 g hill⁻¹ in the dry season and 43.43 g hill⁻¹ in the wet season) were obtained with 120 kg N ha⁻¹ + 10 kg Zn ha⁻¹ and 80 kg N ha⁻¹ + 10 kg Zn ha⁻¹, respectively. This study emphasizes the importance of integrating N and Zn for sustainable productivity, offering an effective strategy for smallholder farmers, especially in Zn-deficient regions.
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1. INTRODUCTION 	Comment by Sathiya Aravindan Venkatesan: Emphasize more on the knowledge gap on the lack of integrated N-Zn studies in Myanmar

Concentrate mpre on the regional relevance of the problem (Zn and N deficiency in rice in Myanmar)

Rice is one of the staple food crops for about half of the world's population. Therefore, rice production should be significantly increased to meet the needs of a growing world population. The global demand for rice is expected to increase from 439 million tons in 2010 to 496 million tons by 2020 and 553 million tons by 2035 (1). Enhancing rice productivity while addressing both agronomic and environmental challenges is vital for food security. Nitrogen (N) is the most critical nutrient for rice growth, yield, and grain quality (2). However, its limited availability can often restrict crop performance (3). Additionally, excessive use of N fertilizers, driven by the goal of maximizing yields, can increase costs, reduce profitability, and worsen environmental issues such as soil acidification, eutrophication, and micronutrient imbalances (4), highlighting the need for balanced nutrient management.
Zinc (Zn) deficiency also limits rice production and poses risks to human health, as cereals like rice are more susceptible to this deficiency than legumes, leading to yield losses and reduced grain quality (5). Zinc is essential for metabolic processes, enzymatic activity, chlorophyll synthesis, and stress tolerance in rice (6). In Asia, Zn deficiency is a significant nutritional stress affecting yields, with factors such as soil pH, redox potential, bicarbonate levels, and interactions with phosphorus (P), iron (Fe), and manganese (Mn) influencing its bioavailability (7). 
Interestingly, N fertilization, particularly with urea, has been found to enhance Zn uptake in flooded rice systems, showing better performance than ammonium nitrate (NH₄NO₃) in increasing grain Zn concentrations (8). However, the rising cost of urea poses challenges for smallholder farmers, highlighting the need for precise nutrient management. While there has been extensive research on rice's response to N, the interactions between N and Zn remain underexplored, especially in regions like Myanmar, where cereal-centric diets and micronutrient deficiencies are prominent. Local practices tend to prioritize macronutrients over micronutrients, which perpetuates low productivity and nutritional insecurity.
This study aims to investigate the effects of N and Zn fertilizer application on rice growth and yield, with the goal of identifying optimal nutrient combinations for enhanced productivity. 

2. materials and method

The pot experiments were conducted over two seasons: the dry season from January to June and the wet season from July to November in 2024. All experiments were performed at the Yezin Agricultural University farm. A factorial arrangement of 4×3 was implemented within a Randomized Complete Block Design (RCBD), comprising three replications, resulting in a total of twelve treatments.
Thirty-six black plastic pots with a mean diameter of 31 cm and height of 30 cm were used, each pot filled with 15 kg of thoroughly mixed soil to a depth of 20 cm, allowing for a 10 cm space at the top for irrigation purposes. For the second season, identical treatments were applied to the same pots as in the first season. The rice variety tested in this experiment was Sinthuka, 21- day old seedlings were transplanted one plant per pot.	Comment by Sathiya Aravindan Venkatesan: Clarify the pot size it is ambiguos  

Is same pots or soil used for the two seasons. Mention whether the soil was replaced or reconditioned between season due to residual effects.

In the Zinc application  specify the exact timing (For eg: Basal application at transplanting and method of application 


Clearly define the symbols with asterisks to avoid the ambiguity. 
Prior to the initiation of the experiment, soil samples were collected to analyze key physicochemical properties, with results documented in Table 1. The applied fertilizers were urea, triple superphosphate (TSP), and muriate of potash (MOP) as sources of nitrogen (N), phosphorus (P), and potassium (K), respectively. The triple superphosphate (TSP) was applied as a basal fertilizer. Urea and MOP were applied in three equal splits: during basal application, tillering, and panicle initiation stage. 
Zinc sulphate heptahydrate (ZnSO4·7H2O), containing 22% zinc, was used as the source of zinc. Varying rates of zinc were applied basally to all treatments, except for the control treatment. Normal agronomic practices, including irrigation, weed control, and pest and disease management, were employed throughout the experiment as necessary to ensure optimal growth conditions.
2.1 DATA COLLECTION
Data collection was conducted systematically to evaluate growth parameters and yield characteristics of the plants. Growth parameters, including plant height, the number of tillers per hill, and SPAD readings, were recorded from each pot at two-week intervals, commencing from 14 days after transplanting (DAT) and continuing until the heading stages. Upon reaching maturity, comprehensive assessments were conducted to determine yield and its component traits. The grain yield was measured from each pot at harvest using a digital balance, with the values adjusted to a standard moisture content of 14%. 
2.2 DATA ANALYSIS
The data were analyzed using ANOVA with Statistix 8 software, and the treatment means were compared using the least significant difference (LSD) test at a 5% level.

Table 1.	Some physicochemical properties of experimental soil

	[bookmark: _Hlk192200322]Characteristics
	Rating
	Analytical methods

	% sand
	82.27
	

	% silt
	11.10
	

	% clay
	6.63
	

	Texture class
	Loamy sand
	[9]

	pH
	6.2 (Slightly acid)
	[10]

	CEC (cmol kg-1)
	2.73 (Very low)
	[11]

	EC (dS m-1)
	0.01 (Non-saline)
	[10]

	OM (%)
	1.52 (Low)
	[12]

	Total Nitrogen (%)
	0.13
	[10]

	Available P (mg kg-1)
	3 (low)
	[10]

	Available K (mg kg-1)
	23 (low)
	[13]

	DTPA Zn (mg kg-1)
	0.6 (marginal)
	



3. results

3.1 Growth Parameter
3.1.1 Plant Height (cm)
In both seasons, plant height exhibited a progressive increase across all treatments, ranging from 14DAT to 84 DAT. During the dry season, plant height varied from 15 cm to 71 cm, with the minimum plant height recorded in the N0Zn0 treatment and the maximum in the N3Zn1 treatment (Figure 1). In the wet season, the plant height ranged from 23.33 cm to 102 cm, with statistically significant differences observed at both the 5% and 1% levels at 42 DAT and 84 DAT. The minimum plant height was obtained from N0Zn0 and the maximum in N2Zn1.
3.1.2 Number of tillers hill-1
The number of tillers per hill showed a statistically significant difference at 28 DAT. The maximum number of tillers was recorded in the N3Zn1 treatment, while the minimum was observed in N0Zn0 during the dry season (Figure 2). Similarly, during the wet season, significant differences were noted at 28 DAT, with the highest tiller number was recorded in the N2Zn1 treatment and the lowest in N0Zn0. Across both seasons, the number of tillers per hill increased from 42 DAT to 70 DAT.
3.1.3 SPAD reading
Statistical analyses indicated no significant differences in SPAD reading among treatments at all growth stages (Figure 3). During the dry season, the highest SPAD reading was recorded in the N2Zn1 treatment at 56 DAT, while the lowest was in the N0Zn0 treatment at 70 DAT. All treatments showed significantly higher SPAD readings compared to the control (N0Zn0). In the wet season, SPAD readings ranged from 33.53 to 44.30, with the lowest observed at 84 DAT and the highest at 56 DAT.
3.2 YIELD AND YIELD CONTRIBUTING CHARACTERS
3.2.1 Panicle length (cm)
During the dry season, panicle length ranged from 18.67 cm (control, 0 kg N ha-1) to 21.47 cm (120 kg N ha-1) (Table 2). Although increasing nitrogen rates corresponded to longer panicle lengths, no statistical differences were noted between the 80 kg ha-1 and 120 kg ha-1 treatments. Zinc fertilizer application did not result in significant differences in panicle length; however, the application of 20 kg Zn ha-1 resulted in the longest panicle lengths, contrasting with the control (0 kg Zn ha-1). No significant interaction between nitrogen and zinc fertilizer application were observed.
In the wet season, panicle length ranged from 19.10 cm to 21.40 cm across nitrogen treatments (Table 3) with the longest panicles recorded in the 80 kg N ha-1 treatment, which did not differ significantly from the 120 kg N ha-1 treatment. Similarly, the highest panicle length was achieved with 20 kg Zn ha-1, with no statistical difference from the 10 kg Zn ha-1 treatment. Consistent with the dry season, no significant interaction between nitrogen and zinc fertilizer application were observed.
3.2.2 Number of panicles hill-1 
A significant difference (Pr < 0.01) was noted in the number of panicles per hill among treatments during the dry season, ranging from 28.78 to 36.22. The maximum number of panicles per hill was associated with the 120 kg N ha-1 treatment, while the minimum was observed in the control (0 kg N ha-1) (Table 2). No significant differences were found in the number of panicles per hill attributable to zinc fertilizer rates, with varying between 31.50 and 34.75. There was no significant interaction between nitrogen and zinc fertilizer application on number of panicles per hill.
During the wet season, significant differences were observed at both the 1% and 5% levels for the number of panicles per hill among nitrogen and zinc treatments (Table 3). The number of panicles per hill ranged from 11.56 to 20.11 across nitrogen treatments and 15.58 to 18.13 among zinc treatments. As the dry season, there was no significant interaction between nitrogen and zinc fertilizer application on number of panicles per hill.
3.2.3 Number of spikelets panicle-1
In the dry season, no significant differences were noted in the number of spikelets per panicle due to varied nitrogen and zinc fertilizer treatments (Table 2). The maximum number of spikelets per panicle was recorded in the 120 kg N ha-1 treatment, which did not differ statistically from the 80 kg N ha-1 treatment. The control treatment (0 kg N ha-1, 0 kg Zn ha-1) yielded the minimum spikelets number, which ranged from 141.08 to 146.83 due to varied zinc fertilizer treatments. There was no significant interaction between nitrogen and zinc fertilizer application on number of spikelets per panicle.
The wet season data revealed statistically significant differences at the 1% level in the number of spikelets per panicle across treatments (Table 3). The maximum spikelets number were noted with the 80 kg N ha-1 and 10 kg Zn ha-1 treatments, with no statistically significant difference from the 120 kg N ha-1 and 20 kg Zn ha-1 treatments. Similar to previous findings, no significant interaction between nitrogen and zinc fertilizer application was observed.
3.2.4 Filled grain percentage (%)
In the dry season, a significant difference in the percentage of filled grains was noted among nitrogen and zinc fertilizer at both the 1% and 5% significance levels (Table 2). The filled grain percentage ranged from 61.97% to 74.52%, with the maximum percentage (74.52%) recorded in the 120 kg N ha-1 but it was not statistically different from 80 kg N ha-1. Regarding zinc treatment, the maximum filled grain percentage was achieved with 10 kg Zn ha-1. No significant interaction between nitrogen and zinc fertilizer application was observed.
During the wet season, similar results were observed with a significant difference in the filled grain percentage at 1% level among nitrogen and zinc treatments (Table 3). The maximum filled grain percentage among nitrogen treatments was observed in 120 kg N ha-1, with no statistical difference from the 80 kg N ha-1 treatment. In terms of zinc treatment, the maximum filled grain percentage was also recorded at 10 kg Zn ha-1, showing no significant difference from the 20 kg Zn ha-1 treatment. There was no significant interaction between nitrogen and zinc fertilizer application on filled grain percentage.
3.2.5 1000 grain weight (g)
In the dry season, analysis revealed no significant differences in 1000 grain weight across varying rates of nitrogen fertilizers (Table 2). The maximum 1000 grain weight, recorded at 20.09 g, was found in the 120 kg N ha-1 treatment, which did not significantly differ from the 80 kg N ha-1 treatment. Similarly, the effect of zinc treatments showed no statistical difference among treatments, with the maximum 1000 grain weight observed in the 10 kg Zn ha-1 treatment. Furthermore, no significant interaction between nitrogen and zinc fertilizer application were detected.
During the wet season, the same trend persisted, as no significant differences were found among treatments due to varying nitrogen fertilizer rates (Table 3). The maximum 1000 grain weight was achieved with the 120 kg N ha-1 treatment, whereas the control treatment (0 kg N ha-1) exhibited the minimum weight. Likewise, there were no statistically significant differences among zinc treatments, with the maximum weight again recorded at 10 kg Zn ha-1. The interaction between nitrogen and zinc treatments remained statistically non-significant.
3.2.6 Grain yield (g hill-1)
[bookmark: _Hlk193100778]In the dry season, varying rates of nitrogen fertilizer significantly impacted grain yield at the 1% level (Table 2). Nitrogen rate, 120 kg N ha-1 resulted in the maximum grain yield of 71.05 g per hill, which was not statistically different from that of 80 kg N ha-1. The effect of zinc fertilizers also indicated a significant impact on grain yield at the 1% level, with the maximum yield recorded from the 10 kg Zn ha-1. Notably, significant interaction effects between nitrogen and zinc fertilizer applications were evident at the 5% level (Figure 4). Grain yield showed a noticeable response to nitrogen application both with and without zinc. Without zinc, increasing nitrogen rates led to a moderate increase in grain yield, but the response plateaued at higher nitrogen levels. With zinc, the grain yield was consistently higher at each nitrogen level compared to treatments without zinc. Combination of N3Zn1 treatment produced maximum grain yield which was not statistically significant from N2Zn1 treatment. On the other hand, the lowest grain yield was found with the combination of N0Zn0 treatment.
During the wet season, statistically significant differences in grain yield were found at the 1% level due to the varying rates of nitrogen fertilizers (Table 3). The 80 kg N ha-1 treatment produced the maximum grain yield, whereas the lowest yield was observed with the control treatment (0 kg N ha-1). Additionally, the effect of zinc fertilizers demonstrated significant impacts on grain yield at the 1% level, and significant interaction between nitrogen and zinc fertilizer application was also found at this level of significance (Figure 4). Combination of N2Zn1 treatment produced the highest grain yield which was statistically significant from N3Zn1 treatment. On the other hand, the minimum grain yield was found with the combination of N0Zn0 treatment which was not statistically significant from N0Zn1 treatment.
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[bookmark: _Hlk192200726]Figure.1	Mean value of plant height as affected by combined application of nitrogen and zinc fertilizer application in (a) dry season, (b) wet season, 2024     
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Figure.2	Mean value of number of tillers hill-1 as affected by combined application of nitrogen and zinc fertilizer application in (a) dry season, (b) wet season, 2024               	
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Figure.3	Mean value of SPAD reading as affected by combined application of nitrogen and zinc fertilizer application in (a) dry season, (b) wet season, 2024
[bookmark: _Hlk192448493]

Table.2	Yield and yield contributing characters of rice as affected by nitrogen and zinc fertilizer application in dry season, 2024
	Treatments
	Panicle 
length 
(cm)
	No. of panicle
 hill-1(no.)	Comment by Sathiya Aravindan Venkatesan: Change the spelling of panicle 
	No. of spikelets 
panilce-1 (no.)
	Filled grain
%
	1000grain 
weight(g)
	Grain yield
(g hill-1)

	
	
	
	
	
	
	
	

	0 kg N ha-1
	18.67
	b
	28.78
	c
	133.89
	
	61.97
	c
	19.31
	
	44.74
	c
	

	40 kg N ha-1
	19.43
	b
	32.22
	bc
	142.56
	
	65.94
	b
	19.68
	
	58.33
	b
	

	80 kg N ha-1
	21.19
	a
	35.67
	ab
	148.78
	
	72.04
	a
	19.93
	
	70.11
	a
	

	120 kg N ha-1
	21.47
	a
	36.22
	a 
	152.56
	
	74.52
	a
	20.09
	
	71.05
	a
	

	LSD 0.05
	1.06
	 
	3.74
	 
	14.79
	 
	3.82
	 
	0.58
	 
	3.40
	 
	

	0 kg Zn ha-1
	19.91
	
	31.50
	
	141.08
	
	65.87
	b
	19.52
	
	54.09
	b
	

	10 kg Zn ha-1
	20.31
	
	34.75
	
	146.83
	
	71.20
	a
	20.02
	
	65.99
	a
	

	20 kg Zn ha-1
	20.35
	
	33.42
	
	145.42
	
	68.77
	ab
	19.71
	
	63.10
	a
	

	LSD 0.05
	0.92
	 
	3.24
	 
	12.81
	 
	3.31
	 
	0.50
	 
	2.95
	 
	

	Pr ≥ F
	
	
	
	
	
	
	
	
	
	
	
	
	

	Nitrogen
	**
	
	**
	
	ns
	
	**
	
	ns
	
	**
	
	

	Zinc
	ns
	
	ns
	
	ns 
	
	*
	
	ns
	
	**
	
	

	N × Zn
	ns
	
	ns
	
	ns 
	
	ns
	
	ns
	
	*
	
	

	CV%
	5.36
	 
	11.51
	 
	10.47	Comment by Sathiya Aravindan Venkatesan: Use uniform decimal places 
	 
	5.7
	 
	3.01
	 
	5.71
	 
	


In a column, means having the same letters are not significantly different at 5% level. 
* Significant difference at 5% level, ** Significant difference at 1% level 


																			








Table.3	Yield and yield contributing characters of rice as affected by nitrogen and zinc fertilizer application in wet season, 2024
	Treatments
	Panicle 
length 
(cm)
	No. of panicle
 hill-1(no.)	Comment by Sathiya Aravindan Venkatesan: Change the spelling 
	No. of spikelets 
panilce-1 (no.)
	Filled grain
%
	1000grain 
weight(g)
	Grain yield
(g hill-1)

	
	
	
	
	
	
	
	

	0 kg N ha-1
	19.10
	c
	11.56
	c
	118.00
	c
	68.84
	c
	19.98
	
	18.76
	c
	

	40 kg N ha-1
	20.15
	b
	16.28
	b 
	123.00
	b
	73.09
	b
	20.18
	
	29.60
	b
	

	80 kg N ha-1
	21.40
	a
	20.11
	a
	131.00
	a 
	79.68
	a
	20.37
	
	43.43
	a
	

	120 kg N ha-1
	21.29
	a
	19.78
	a 
	129.11
	a 
	81.49
	a
	20.48
	
	42.43
	a
	

	LSD 0.05
	1.02
	
	1.87
	
	3.41
	
	3.57
	
	0.47
	
	3.51
	 
	

	0 kg Zn ha-1
	20.33
	
	15.58
	b 
	122.42
	b
	72.95
	b
	20.10
	
	28.59
	c
	

	10 kg Zn ha-1
	20.49
	
	18.13
	a 
	127.92
	a
	77.96
	a
	20.38
	
	38.48
	a
	

	20 kg Zn ha-1
	20.64
	
	17.08
	ab
	125.50
	a
	76.41
	a
	20.28
	
	33.76
	b
	

	LSD 0.05
	0.88
	 
	1.62
	 
	2.95
	 
	3.09
	 
	0.40
	 
	3.04
	 
	

	Pr ≥ F
	
	
	
	
	
	
	
	
	
	
	
	
	

	Nitrogen
	**
	
	**
	
	**
	
	**
	
	ns
	
	**
	
	

	Zinc
	ns
	
	*
	
	**
	
	**
	
	ns
	
	**
	
	

	N × Zn
	ns
	
	ns
	
	ns 
	
	ns
	
	ns
	
	**
	
	

	CV%
	5.08
	 
	11.27
	 
	2.79
	 
	4.82
	 
	2.41
	 
	10.68
	 
	


In a column, means having the same letters are not significantly different at 5% level. 
* Significant difference at 5% level, ** Significant difference at 1% level 

(a) [bookmark: _Hlk192228809]                                                                                             	(b)Pr > F = (**)
LSD 0.05 = 6.08
CV % = 10.68
Pr > F = (*)
LSD 0.05 = 5.90
CV % = 5.71

N0   – 0 kg N ha-1, N1- 40 kg N ha-1, N2 – 80 kg N ha-1, N3 – 120 kg N ha-1
Zn0  – 0 kg Zn ha-1, Zn1 – 10 kg Zn ha-1, Zn2 – 20 kg Zn ha-1
Figure.4	Mean value of grain yield as affected by combined application of nitrogen and zinc fertilizer application in (a) dry season, (b) wet season, 2024
4. DISCUSSION	Comment by Sathiya Aravindan Venkatesan: Elaborate why 80kg N/ha sufficed in the wet eason state the reason whether it is due to lower solar radiation or higher pest pressure.

N-Zn Discuss how Zn might enhance N uptake whether it is due to root exudates modulation, soil Ammonia stabilisation discuss about the possible factors.

Address why Zn at 20kg/ha did not poutperform 10 kg/ha (E; Toxicity, thresholds, antagonism with other nutrients or other factors discuss about it .
The findings of this study point out the critical roles of nitrogen (N) and zinc (Zn) fertilization in optimizing rice growth, yield components, and grain productivity, while highlighting their main effect and interactive effect under pot conditions. The results align with prior research on nutrient management in rice systems [14] while also offering new perspectives on the synergistic potential of N and Zn combinations, particularly in regions where micronutrient deficiencies and imbalanced fertilization practices persist [15].
4.1 Growth parameters
Plant height and tiller production exhibited significant responses to both N and Zn applications, with the highest values observed under combined treatments (e.g., N3Zn1 in the dry season and N2Zn1 in the wet season). These results corroborate earlier studies demonstrating N’s role in promoting vegetative growth and Zn’s function in enhancing cell elongation and meristematic activity [16]. 
4.1.1 Plant height (cm)
The progressive increase in plant height across treatments highlights N’s dominance in driving vegetative growth, particularly at higher rates (120 kg N ha-1 in the dry season and 80 kg N ha-1 in the wet season). The synergistic effect of Zn (10 kg ha-1) in amplifying N’s impact suggests that Zn mitigates structural limitations to growth, possibly by enhancing auxin activity or cell wall integrity [17]. Seasonal variations in optimal N-Zn combinations (N3Zn1 vs. N2Zn1) may reflect differences in temperature and light intensity of the two seasons, which influence nutrient uptake efficiency [18].
4.1.2 Number of tillers hill-1 (no.)
Tiller numbers peaked at 70 DAT before declining, likely due to self-shading and resource competition among tillers. The highest tiller number under N3Zn1 (dry season) and N2Zn1 (wet season) indicate that Zn alleviates N-induced tiller senescence, possibly by improving root oxidative capacity [19]. No significant difference between Zn rates (10 vs. 20 kg ha-1) suggests a threshold effect, beyond which additional Zn does not enhance tillering [20].
4.1.3 SPAD reading
SPAD reading values were consistently higher in treated plants compared to the control, highlighting the positive effect of fertilization on chlorophyll content. Although zinc fertilization is known to increase chlorophyll concentration in rice leaves (21) and plays a role in chlorophyll biosynthesis through nutrient regulation (22), no significant differences were observed among zinc fertilizer rates in this study. The increase in SPAD readings was mainly attributed to nitrogen fertilization, as nitrogen is a fundamental component of chlorophyll and directly influences leaf greenness. This result agrees with the findings of (23), who reported that SPAD-502 chlorophyll meter readings were significantly affected by different nitrogen fertilizer sources. Similarly, (24) found that nitrogen application led to a significant increase in SPAD values with nitrogen application.
4.2 Yield contributing characters and grain yield
Nitrogen application significantly influenced panicle length, spikelet number, and filled grain percentage, particularly at rates of 80 kg N ha-1 and 120 kg N ha-1. These findings align with [25], who emphasized N’s dominance in determining sink capacity. Zinc, applied at 10 kg ha-1 and 20 kg Zn ha-1 enhanced filled grain percentages and panicle length, likely by mitigating oxidative stress and improving pollen viability [26]. Notably, the interaction between N and Zn significantly boosted grain yield in both seasons, with the maximum grain yield achieved at 120 kg N ha-1 (dry season) and 80 kg N ha-1 (wet season) combined with 10 kg Zn ha-1 [27].


4.2.1 Panicle length and spikelet number
Panicle elongation and spikelet formation were maximized at 120 kg N ha-1 in the dry season, however, 80 kg N ha-1 in the wet season; this author [28] revealed that increase in spikelet number by N is the result of increase in panicle length. Recent study [29] showed that the increase in the number of spikelets panicle-1 by nitrogen fertilization is associated with an increase in cytokinen contents. Zinc’s marginal effect on panicle length (20 kg ha-1) suggests that Zn’s primary contribution lies in post-anthesis processes, such as grain filling, rather than structural development [30].
4.2.2 Filled grain percentage (%)
Zn’s enhancement of filled grains (71.2% at 10 kg ha-1) pointed out its role in reducing spikelet sterility. Previous studies confirmed that Zn fertilizer enhanced the number of grains panicle-1 through improving physiological processes of the crop such as photosynthesis and nutrient translocation [31]. The interaction effect (N × Zn) further highlights that Zn may alleviate N-induced oxidative stress, which can impair grain filling under high-N conditions [20].
4.2.3 Grain yield (g hill-1)
The dry season’s maximum yield at 120 kg N ha-1 which was not statistically different from 80 kg N ha-1 and the wet season’s optimal at 80 kg N ha-1 reflects seasonal differences in solar radiation and temperature. Higher dose of N with Zn at early stage contributing more in growth and development resulted higher grain yield. This might be owing to the fulfilment of the requirement of N and Zn and a positive interaction between nitrogen and zinc. These findings also corroborate the finding of [32]. Zinc’s consistent yield boost (10 kg ha-1) confirms its role in stabilizing N efficiency, particularly under suboptimal conditions [33].
4.2.4 Nutrient Interactions
The significant N × Zn interaction for grain yield (5% level in dry season, 1% in wet season) suggests that Zn enhances N recovery efficiency. This synergy reduces N losses via volatilization or leaching, aligning with findings that Zn stabilizes ammonium (NH₄⁺) in flooded soils [34].
5. Conclusion
The study demonstrated that integrated nitrogen and zinc fertilization significantly enhanced rice growth and yield components in both dry and wet seasons. In the dry season, although 120 kg N ha⁻¹ combined with zinc resulted in the maximum plant growth and yield, it was not statistically different from the 80 kg N ha⁻¹ treatment, making 80 kg N ha⁻¹ as the recommended optimal rate for sustaining favorable growth and yield components. In the wet season, the combination of 80 kg N ha⁻¹ with 10 kg Zn ha⁻¹ (N2Zn1) also produced the highest performance. The study further demonstrates that zinc application (10 kg Zn ha-1) significantly increases number of panicles, spikelets number and filled grain percentage, addressing both agronomic productivity and human nutritional needs in regions where Zn deficiency is prevalent. Overall, the study confirms that 80 kg N ha⁻¹, in combination with zinc (10 kg ha-1), is adequate for optimizing rice productivity, thereby reducing fertilizer input costs and limiting environmental risks. 
The significant N and Zn interaction highlights the importance of balanced nutrient management. From an environmental perspective, this synergy reduces nitrogen losses and soil degradation risks, offering a sustainable strategy to balance productivity with ecological health. For smallholder farmers, particularly in micronutrient-deficient regions like Myanmar, integrating zinc with optimized nitrogen rates presents a cost-effective approach to enhance profitability and food security. Future research should investigate these nutrient interactions across diverse soil and climatic conditions.
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N0Zn0	14	28	42	56	70	84	23.333333333333332	41.166666666666664	55.333333333333336	69.166666666666671	73.5	81.166666666666671	N0Zn1	14	28	42	56	70	84	24.166666666666668	42.166666666666664	55.333333333333336	69.5	73.833333333333329	84	N0Zn2	14	28	42	56	70	84	24.833333333333332	42.833333333333336	56	68.333333333333329	74.36666666666666	83.833333333333329	N1Zn0	14	28	42	56	70	84	25.633333333333336	41.533333333333331	56	69.8	75.333333333333329	86.166666666666671	N1Zn1	14	28	42	56	70	84	25.766666666666666	44.4	57	71	77.5	88.166666666666671	N1Zn2	14	28	42	56	70	84	25.5	45.5	58	70.833333333333329	78.333333333333329	88.666666666666671	N2Zn0	14	28	42	56	70	84	24	43.833333333333336	58.166666666666664	70.833333333333329	78.666666666666671	88.166666666666671	N2Zn1	14	28	42	56	70	84	27.666666666666668	47.833333333333336	63	78.399999999999991	82	102	N2Zn2	14	28	42	56	70	84	27.400000000000002	47.166666666666664	59.166666666666664	77.666666666666671	81.933333333333337	101.83333333333333	N3Zn0	14	28	42	56	70	84	26.5	44.833333333333336	58.166666666666664	70.5	79.166666666666671	89.333333333333329	N3Zn1	14	28	42	56	70	84	27	47.833333333333336	59.666666666666664	77	80.166666666666671	100.83333333333333	N3Zn2	14	28	42	56	70	84	27.833333333333332	47.333333333333336	62	77.666666666666671	81.833333333333329	100	Days after transplanting( DAT)


Plant height (cm)



N0Zn0	14	28	42	56	70	84	15.333333333333334	33	43.5	57.333333333333336	60.666666666666664	63	N0Zn1	14	28	42	56	70	84	16	34	44.333333333333336	58.833333333333336	61.666666666666664	63.333333333333336	N0Zn2	14	28	42	56	70	84	15	34.5	45.5	58.333333333333336	61	64.666666666666671	N1Zn0	14	28	42	56	70	84	16.166666666666668	34	45.166666666666664	58.666666666666664	62	63.666666666666664	N1Zn1	14	28	42	56	70	84	16.166666666666668	36.166666666666664	47.166666666666664	59.666666666666664	63.666666666666664	65.333333333333329	N1Zn2	14	28	42	56	70	84	16.5	35	47.333333333333336	59	62	63.666666666666664	N2Zn0	14	28	42	56	70	84	16.166666666666668	35.333333333333336	46	59	64	67.666666666666671	N2Zn1	14	28	42	56	70	84	17.166666666666668	36.666666666666664	49.666666666666664	65.333333333333329	70	70	N2Zn2	14	28	42	56	70	84	16.666666666666668	36.833333333333336	50.166666666666664	63.333333333333336	66.666666666666671	69.666666666666671	N3Zn0	14	28	42	56	70	84	16.333333333333332	35.5	46.833333333333336	61	64.333333333333329	67.333333333333329	N3Zn1	14	28	42	56	70	84	17.333333333333332	36.166666666666664	50	65.333333333333329	69	71	N3Zn2	14	28	42	56	70	84	16.666666666666668	35.5	49.5	62.333333333333336	65.333333333333329	68	Days after transplanting(DAT) 


Plant height (cm)



N0Zn0	14	28	42	56	70	84	0.66666666666666663	3.3333333333333335	14	34	49	44.666666666666664	N0Zn1	14	28	42	56	70	84	0.66666666666666663	3.3333333333333335	16.666666666666668	34.666666666666664	49.666666666666664	46.333333333333336	N0Zn2	14	28	42	56	70	84	1	3.6666666666666665	17	37.666666666666664	50.666666666666664	48.333333333333336	N1Zn0	14	28	42	56	70	84	1	4	17.666666666666668	38	54	52	N1Zn1	14	28	42	56	70	84	1	4.333333333333333	18	39	54.333333333333336	53.333333333333336	N1Zn2	14	28	42	56	70	84	1	4.666666666666667	19.666666666666668	38.666666666666664	54.666666666666664	51.666666666666664	N2Zn0	14	28	42	56	70	84	1.3333333333333333	5	20	39	58.666666666666664	54.333333333333336	N2Zn1	14	28	42	56	70	84	2	6	22.333333333333332	42.666666666666664	62.333333333333336	57.666666666666664	N2Zn2	14	28	42	56	70	84	1.6666666666666667	5.666666666666667	22	41.333333333333336	59.666666666666664	55.333333333333336	N3Zn0	14	28	42	56	70	84	1.3333333333333333	4.333333333333333	21.333333333333332	40.666666666666664	61.666666666666664	56.333333333333336	N3Zn1	14	28	42	56	70	84	2.6666666666666665	7	23.666666666666668	43.333333333333336	62.333333333333336	57.333333333333336	N3Zn2	14	28	42	56	70	84	1.6666666666666667	4.666666666666667	20.666666666666668	41.333333333333336	60.333333333333336	53	Days after transplanting


Number of tiller hill-1



N0Zn0	14	28	42	56	70	84	1	2	6	15.666666666666666	17	13	N0Zn1	14	28	42	56	70	84	1	2	6.333333333333333	15.666666666666666	17.333333333333332	13	N0Zn2	14	28	42	56	70	84	1	2.3333333333333335	6.333333333333333	17	18	13	N1Zn0	14	28	42	56	70	84	1.3333333333333333	2.6666666666666665	6.666666666666667	18	19.333333333333332	15	N1Zn1	14	28	42	56	70	84	1.3333333333333333	2.6666666666666665	7	19	20	16.333333333333332	N1Zn2	14	28	42	56	70	84	2	2.6666666666666665	7.333333333333333	19.666666666666668	20.666666666666668	18.333333333333332	N2Zn0	14	28	42	56	70	84	1.3333333333333333	3	10	19.666666666666668	21	17.666666666666668	N2Zn1	14	28	42	56	70	84	2.3333333333333335	5.333333333333333	11.666666666666666	23	24	23	N2Zn2	14	28	42	56	70	84	1.6666666666666667	4.666666666666667	11	21.666666666666668	22	21.666666666666668	N3Zn0	14	28	42	56	70	84	1.6666666666666667	4	11	20	19.666666666666668	17.666666666666668	N3Zn1	14	28	42	56	70	84	2.3333333333333335	3.6666666666666665	12	20	23.666666666666668	21.333333333333332	N3Zn2	14	28	42	56	70	84	2	5	11.666666666666666	22.333333333333332	22	21.333333333333332	Days after transplanting(DAT)


Number of tiller hill-1



N0Zn0	28	42	56	70	84	35.443333333333328	36.56666666666667	37.133333333333333	33.666666666666664	33.533333333333331	N0Zn1	28	42	56	70	84	36.573333333333331	37.4	37.800000000000004	35.766666666666673	34.166666666666664	N0Zn2	28	42	56	70	84	36.833333333333336	37.033333333333331	37.6	34.866666666666667	33.766666666666673	N1Zn0	28	42	56	70	84	37.733333333333341	39.733333333333341	39.333333333333336	36.200000000000003	35.166666666666664	N1Zn1	28	42	56	70	84	37.866666666666667	40.9	39.799999999999997	36.833333333333336	35.93333333333333	N1Zn2	28	42	56	70	84	38.733333333333334	39.866666666666667	39.700000000000003	37.9	34.966666666666669	N2Zn0	28	42	56	70	84	38.4	41.7	41.3	38.9	36.43333333333333	N2Zn1	28	42	56	70	84	39.166666666666664	43.5	43.866666666666667	39.966666666666669	37.733333333333334	N2Zn2	28	42	56	70	84	38.866666666666667	42.133333333333333	41.733333333333327	40.133333333333333	37.833333333333336	N3Zn0	28	42	56	70	84	39.366666666666667	41.633333333333333	40.800000000000004	39.1	36.533333333333339	N3Zn1	28	42	56	70	84	39.93333333333333	42.033333333333331	44.300000000000004	39.633333333333333	37.200000000000003	N3Zn2	28	42	56	70	84	40.466666666666661	42.233333333333327	41.43333333333333	39.1	38.833333333333336	Days after transplanating(DAT)


SPAD reading



N0Zn0	28	42	56	70	84	35.776666666666664	37.633333333333333	36.833333333333336	31.566666666666666	32.933333333333337	N0Zn1	28	42	56	70	84	36.906666666666666	38.333333333333336	41.300000000000004	34.233333333333327	33.133333333333333	N0Zn2	28	42	56	70	84	37.166666666666664	39	38.233333333333334	32.166666666666664	33.699999999999996	N1Zn0	28	42	56	70	84	38.06666666666667	39.266666666666673	42.4	33.733333333333334	37.93333333333333	N1Zn1	28	42	56	70	84	38.200000000000003	39.5	44.133333333333333	35.5	38.700000000000003	N1Zn2	28	42	56	70	84	39.06666666666667	39.466666666666669	41.599999999999994	34.599999999999994	39.200000000000003	N2Zn0	28	42	56	70	84	38.733333333333334	39.9	45.9	35.966666666666661	39.4	N2Zn1	28	42	56	70	84	39.5	42.333333333333336	47	37.233333333333334	40.300000000000004	N2Zn2	28	42	56	70	84	39.200000000000003	43.133333333333333	46.300000000000004	38.4	39.5	N3Zn0	28	42	56	70	84	39.699999999999996	38.666666666666664	45.29999999999999	36.466666666666669	40.133333333333333	N3Zn1	28	42	56	70	84	40.266666666666666	40.666666666666664	45.533333333333331	37.300000000000004	41.06666666666667	N3Zn2	28	42	56	70	84	40.799999999999997	43.199999999999996	46.466666666666661	37.5	41.93333333333333	Days after transplanting(DAT)


SPAD reading



yield	[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]

5.2528488972716643	1.6195994465573533	6.2844918618948293	1.612287482560788	0.76791938363057044	2.1233459957707179	1.1265956464894085	1.2394517149485482	0.95521460643959877	0.7118381304919148	3.9384890827405683	0.50854605830959476	5.2528488972716643	1.6195994465573533	6.2844918618948293	1.612287482560788	0.76791938363057044	2.1233459957707179	1.1265956464894085	1.2394517149485482	0.95521460643959877	0.7118381304919148	3.9384890827405683	0.50854605830959476	N₀Zn₀	N₀Zn₁	N₀Zn₂	N₁Zn₀	N₁Zn₁	N₁Zn₂	N₂Zn₀	N₂Zn₁	N₂Zn₂	N₃Zn₀	N₃Zn₁	N₃Zn₂	37.216559852398539	46.506826666666662	50.499433333333336	54.456093333333335	59.534723333333339	61.01065333333333	61.781996666666664	78.028726666666657	70.531213333333326	62.919276666666669	79.899929999999998	70.345726666666664	g	f	ef	de	cd	c	c	a	b	c	a	b	Treatments


Yield ( g hill-1 )



Yield	[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]

9.4891312914652692E-2	1.6834158599110329	1.0463917686135638	1.3672084318379882	1.6798528354409132	3.1352166771727652	1.4541228790882865	2.7719980881066033	4.1671781387295477	2.0015545044239	6.0810369680678971	3.1624583574704541	9.4891312914652692E-2	1.6834158599110329	1.0463917686135638	1.3672084318379882	1.6798528354409132	3.1352166771727652	1.4541228790882865	2.7719980881066033	4.1671781387295477	2.0015545044239	6.0810369680678971	3.1624583574704541	N₀Zn₀	N₀Zn₁	N₀Zn₂	N₁Zn₀	N₁Zn₁	N₁Zn₂	N₂Zn₀	N₂Zn₁	N₂Zn₂	N₃Zn₀	N₃Zn₁	N₃Zn₂	16.830480000000001	19.636610000000001	19.817806666666666	25.789846666666666	30.57535833333333	32.432396666666669	33.328412	56.422630000000005	40.547371666666663	38.408143313725503	47.279848807588074	42.269834166666669	h	h	gh	fg	ef	de	de	a	c	cd	b	bc 	Treatments


Yield ( g hill-1 )
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      Effect of Nitrogen and Zinc Fertilizer   Application on Growth and Yield of Rice ( Oryza  sativa  L .)       . ABSTRACT      

Nitrogen (N) and zinc (Zn) are the  two major yield - limiting factors of flooded rice cultivation  systems . In order to   investigate the influence   of nitrogen (N) and zinc (Zn) fertilizer  application on the growth, yield, and nutrient use efficiency of rice ( Oryza sativa   L. cv.  Sinthuka) in pot experiments during both dry and wet seasons. A 4×3 factorial design with  three replications was used, testing four N rates (0, 40, 80, 120 kg ha ⁻ ¹) and three Zn rates  (0, 10, 20 kg ha ⁻ ¹). The results revealed that N fertilization significantly enhanced pl ant  height, number of tillers, and grain yield.  While the  maximum yield   was  obtained from  120  kg ha ⁻ ¹ in the dry season, there was no significant difference in yield and growth parameters  between 120 kg N ha ⁻ ¹ and 80 kg N ha ⁻ ¹.  Therefore, 80 kg N ha ⁻ ¹ is  recommended as the  optimal nitrogen rate for both seasons, as it supported favorable growth and yield  components. Zinc application (10 kg ha ⁻ ¹) improved filled grain percentages (71.20% vs.  61.97% in control), while synergistically boosting grain yield. The  maximum   yields (71.05 g  hill ⁻ ¹ in the dry season and 43.43 g hill ⁻ ¹ in the wet season) were obtained with 120 kg N  ha ⁻ ¹ + 10 kg Zn ha ⁻ ¹ and 80 kg N ha ⁻ ¹ + 10 kg Zn ha ⁻ ¹, respectively. This study emphasizes  the importance of integrating N and Zn for susta inable productivity, offering an effective  strategy for smallholder farmers, especially in Zn - deficient regions.  

  Keywords:  Rice, Nitrogen, Zinc and Yield components .     1.  INTRODUCTION       Rice is one of the staple food crops for   about half of the  world's population.   Therefore, rice  production should be   significantly increased to meet the needs   of a growing world population.  The global   demand for rice is expected to  increase from 439 million tons in 2010 to 496 million  tons by 2020 and 553 million tons by 2035 (1).  Enhancing rice productivity while addressing  both agronomic and environmental challenges is vital for food security. Nitrogen (N) is the  most critical nutrient for rice growth, yield, and grain quality ( 2 ). However, its limited availabilit y  can often restrict crop performance ( 3 ). Additionally, excessive use of N fertilizers, driven by  the goal of maximizing yields, can increase costs, reduce profitability, and worsen  environmental issues such as soil acidification, eutrophication, and micronutrient imbalances  ( 4 ), highlighting the need for balanced nutrient management.   Zinc (Zn) deficiency also limits rice production and poses risks to human health, as cereals  like rice are more susceptible to this deficiency than legumes, leading to yield losses and  reduced grain quality ( 5 ). Zinc is essential for metabolic processes, enzymatic activity,  chlorophyll synthesis, and stress tolerance in rice ( 6 ). In Asia, Zn deficiency is a significant  nutritional stress affecting yields, with factors such as soil pH, redox potential, bicarbonate 

