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Abstract
Organic amendments like rice straw and cow-dung compost offer a sustainable solution to boost soil fertility and rice yields, particularly for small-scale Zambian farmers facing high fertilizer costs. While Zambia's rice production has grown, yields remain low (1.2 MT/Ha) due to limited fertilizer use. Our study at Takasaka University Farm (2021-2022) investigated how long-term organic applications affect paddy fields as well as rice plants growing in fields applied with Rice straw (RS) and/or Cow-dung compost (CP).	Comment by PERSONAL: Use in ha 
The research revealed two key findings:
1. Residual Benefits: Long-term use of rice straw combined with cow-dung compost (RS+CP) significantly improved soil nutrients (N, P, K), organic matter, and pH. This translated to 21% higher yields compared to control plots, demonstrating how organic matter builds lasting fertility.
2. Time Matters: While both approaches helped, long-term application proved superior - yielding 7% more grain on average and creating more balanced soil nutrition. The combination treatment (RS+CP) performed best overall, increasing yields by 28% after sustained use.
The study highlights a practical opportunity for Zambian farmers. Currently, most discard rice straw after harvest, wasting a valuable resource. By simply retaining straw and adding readily available cow dung, farmers could significantly boost yields while reducing dependence on expensive fertilizers. The approach is particularly effective when maintained over seasons, as the organic matter accumulates benefits in the soil.	Comment by PERSONAL: Justify the statements
These findings challenge the either-or debate about organic versus chemical fertilizers. The most effective strategy combines both - using organics to build long-term soil health while supplementing with targeted mineral fertilizers for immediate crop needs. For smallholders, this balanced approach could be transformative, offering a pathway to higher productivity without prohibitive costs.
(Key words: Organic amendments, Rice straw, Residual benefits)

Introduction
[bookmark: _Toc127307213]Organic amendments are known to improve soil fertility and crop productivity by influencing nutrient availability and yield (Haque et al., 2021). Given the high cost of chemical fertilizers, the use of organic materials to enhance soil fertility significantly reduces production costs for small-scale rice farmers. Notably, many Asian rice farmers have increasingly adopted the combined use of rice straw and compost with chemical fertilizers in rice cultivation to improve and maintain soil fertility, leading to higher rice yields (Ali et al., 2021). Several studies have demonstrated that the long-term application of rice straw and cow-dung compost improves both soil fertility and rice yield. For instance, a study by Nguyen et al. (2020) observed similar long-term effects of rice straw and cow-dung compost on soil fertility in paddy fields. The application of organic materials has residual effects on soil fertility and productivity by positively influencing the chemical, physical, and biological properties of the soil (Bai et al., 2023; Jiang et al., 2014). Liza et al. (2014) further showed that the residual effects of organic manure combined with inorganic fertilizers significantly increased yield attributes, as well as grain and straw yields of rice.	Comment by PERSONAL: Improve the
However, there is limited information on how the long-term application of rice straw plus cow-dung compost specifically affects soil fertility and rice yields. This is particularly relevant in the context of Zambia, where the government has implemented strategies like the Second National Rice Development Strategy (SNRDS 2016-2020: Makungwe et al, 2021) to enhance rice production and productivity, recognizing rice as an increasingly important alternative staple to maize (Ministry of Agriculture, 2020). Despite a growing demand for rice that surpasses current production levels (approximately 44,500 MT of paddy rice annually with an average yield of 1.2 MT/Ha), the deficit is met through imports (Zambia Statistics Agency, 2022; Ministry of Agriculture, 2020). Several factors contribute to this low productivity among small-scale farmers in Zambia, including traditional farming methods, limited mechanization, use of traditional varieties, insufficient fertilizer application, inadequate weeding and water management, and limited access to credit, extension services, and markets (Ministry of Agriculture, 2016). The high cost of fertilizer is a significant constraint, limiting its use and consequently hindering increased rice production among these farmers. Therefore, this research was carried out with the aim of evaluating the long-term effects of soil organic amendments on soil fertility as well as the growth dynamics of rice plants.	Comment by PERSONAL: Reduce the space

[bookmark: _Toc127307214]Materials and Methods 
Experiment Site Description and Management
[bookmark: _Hlk103513617][bookmark: _Hlk103513984][bookmark: _GoBack]The research was conducted at Japan’s Yamagata University farm located at longitude 139°49'11"E, latitude 38°41'47"N from 2021 to 2022. The soil type was Gley Lowland soil (National Agriculture and Food Research Organization 2021). The average annual precipitation (1991 to 2020) in the study area was 2191.4 mm and the mean annual temperature was 12.9°C, with mean monthly temperatures ranging from 1.7°C in January to 25.3°C in August (JMA, 2021). From November to March, land is covered by snow with the average annual snow fall being 211 cm (JMA,2021). The university conducted a long-term fertilization program from 2015 which involved combined continuous application of chemical fertilizers and organic materials as treatments in order to improve paddy soil fertility in four fields labelled 25A, 25B, 26A and 26B as shown in fig.1. The fields were cropped with irrigated rice every year, seeded in April, planted in May, and harvested in late September or early October depending on the rice cultivar used and weather conditions. The organic materials applied were rice straw and cow dung compost. The rice straw was returned in the fields by cutting into pieces of about 10 cm in length and spread on the field at harvest at the rate of 514 g m-2 and incorporated into soil at plowing for the next cropping season. The cow dung compost was made from beef cattle manure and rice husk after a complete composting process for about one year and applied at the rate of 10 tons’ hectare-1 on fresh weight basis before plowing for the cropping season. Additionally, fields were subjected to different fertilizer treatment every cropping season (Table 1). The application rate of the chemical fertilizer treatment and time of application was as indicated in Table 2 (supplementary information). 

	25A	Comment by PERSONAL: Give in differentiation like shading different colours
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Fig 1: Field map
[bookmark: _Toc125055382][bookmark: _Toc127306794]Table 1: Description of treatment details
	S/N
	Details of Treatment Application
	Field Number

	1
	Chemical fertilizer application (Control/CT)
	      26B

	2
	Rice straw and chemical fertilizer application (RS)
	      25A

	3
	Cow dung compost and chemical fertilizer application (CP)
	      26A

	4
	Rice straw, cow dung compost, and chemical fertilizer application (RS+CP)
	      25B


[bookmark: _Toc127307215]    Pot Experimental Design and Management
Soil was collected from four fields (25A, 25B, 26A, 26B) in April 2021 and 2022, air-dried, sieved (8 mm), and portioned into 3 kg samples per pot. Moisture content was determined (105°C, 24 h), and subsamples were retained for chemical analysis.
In 2021, pots were puddled with 1.5 L groundwater, and 26-day-old Haenuki rice seedlings (4/hill, standardized: 3.9 leaves, 10.2 cm height, 1.71 g/100 seedlings DW) were transplanted on May 12. Four treatments—RS (rice straw), RS+CP (rice straw + compost), CP (compost), and CT (control)—were arranged in a completely randomized design (5 replicates). Flooding was maintained, and herbicide (Benkei granular) was applied on May 26 for weed control.
In 2022, the same treatments were applied in a randomized complete block design (5 replicates). Soils were pre-incubated for 2 weeks (May 13–27) at 60% water-holding capacity (adjusted every 2 days) under perforated plastic covers. After puddling (1.5 L total water), 35-day-old seedlings were transplanted, and flooding (2 cm water depth) was maintained with manual weeding.
Both trials used standardized seedling metrics and 20 total pots (5 replicates/treatment). Key differences included pre-incubation in 2022 and herbicide (2021) vs. manual weeding (2022).
Data Collection and Analysis	Comment by PERSONAL: Indicate line numbering continuously for easy understanding
Pot Experiment Measurements
Growth parameters (plant height, tiller count, SPAD chlorophyll values) were recorded at 7 intervals in both years (2021: 20–79 DAT; 2022: 21–83 DAT). Plant height was measured from soil to tallest leaf tip; tillers were counted per pot (≥1 visible leaf). Chlorophyll was assessed using a SPAD-502 Plus meter on the second leaf of the dominant tiller. Heading time was determined by tracking productive tillers at key intervals (2021: 75–80 DAT; 2022: 70–75 DAT). Grain yield (g/hill) was calculated as:
Panicles/hill × grains/panicle × 1000-grain weight (g) × 10⁻³
b. Soil Analysis
Initial/post-harvest soils were sieved (2 mm), with subsamples finely ground (TI-100 grinder) for TC/TN (NC-200-F Analyzer). Inorganic N (NH₄⁺-N) was extracted via 2M KCl after 4-week anaerobic incubation and quantified by steam distillation. Available P (Troug’s method) and exchangeable K (flame AAS) were measured. Soil pH was determined in a 1:2.5 soil-water suspension.
c. Plant Analysis
Stems/leaves were oven-dried (80°C, 48 hr), ground (ZM200 mill), and digested (H₂SO₄-H₂O₂) for:
· Total N: Steam distillation + titration
· P: Vanadomolybdo-phosphoric acid method
· K: Flame AAS
Panicles were air-dried (15% moisture), separated into grains/rachises, and counted (grain counter). Brown rice 1000-grain weight was adjusted to 15% moisture + 20% husk. Nutrient uptake (mg/pot) was calculated as:
Nutrient content (%) × dry weight (mg/pot)
Statistical Analysis
Data were analyzed via one-way ANOVA (XLSTAT 2021) with Tukey’s HSD test (p < 0.05) for treatment comparisons.
Results
[bookmark: _Toc127307222]Residual effects of long-term application of organic materials treatments on soil chemical properties	Comment by PERSONAL: Left align
The long-term application of organic amendments demonstrated significant and lasting impacts on soil chemical properties across both study years. When examining the residual effects, the combined rice straw and cow-dung compost (RS+CP) treatment emerged as particularly beneficial, consistently enhancing multiple soil parameters. In 2021 (Table 3), this combination increased available nitrogen by 25.7% while also boosting phosphorus (36.7%) and potassium (133.4%) levels compared to the control. The benefits persisted into 2022 (Table 4), with RS+CP maintaining nitrogen (19.3%), phosphorus (31.0%), and potassium (179.3%) advantages. Organic amendments substantially improved the soil's organic matter content. Total carbon showed notable increases, particularly under RS+CP (25.4% in 2021, 15.9% in 2022, while total nitrogen followed similar patterns. Interestingly, the carbon-to-nitrogen ratio generally increased across treatments, except for rice straw alone in the first year. Soil pH responses varied by treatment, with RS+CP showing consistent positive effects (increasing pH by 2.6% in 2021 and 0.8% in 2022), whereas rice straw alone initially acidified the soil before showing a slight pH increase in the second year. The cow-dung compost (CP) treatment demonstrated more moderate but consistent benefits across both years, particularly for potassium levels (79.4-108.3% increases) and phosphorus availability. 
Table 3: Residual effects of long-term application of organic materials treatments on soil chemical properties in 2021
	Treatment
	pH (H2O)
	TC
(g kg⁻1)
	T N
(g kg⁻1)
	
C/N

	AN
(mg kg⁻1)
	AP
(mg kg⁻1)
	Ex. K
(mg kg⁻1)

	CT
	5.37
	17.33
	1.56
	10.67
	127.67
	127.30
	64.34

	RS
	5.10
	19.02
	1.78
	11.32
	54.11
	140.02
	86.93

	CP
	5.33
	18.78
	1.68
	11.20
	140.82
	165.71
	115.42

	RS+CP
	5.51
	21.74
	1.92
	11.12
	153.38
	174.02
	150.14


Note: TC-Total Carbon, TN-Total Nitrogen, C/N-Carbon/Nitrogen ratio, AN- available nitrogen after 4 weeks of incubation at 30℃, AP-Available Phosphorus, Ex. K-Exchangeable Potassium

[bookmark: _Toc127306801]Table 4: Residual effects of long-term application of organic materials treatments on soil chemical properties in 2022
	Treatment
	pH (H2O)
	TC
(g kg⁻1)
	T N
(g kg⁻1)
	
C/N

	AN
(mg kg⁻1)
	AP
(mg kg⁻1)
	Ex. K
(mg kg⁻1)

	CT
	5.33
	18.36
	1.68
	10.95
	134.37
	133.81
	52.24

	RS
	5.43
	20.51
	1.83
	11.19
	157.21
	150.56
	77.76

	CP
	5.32
	20.39
	1.83
	11.14
	141.96
	189.62
	108.83

	RS+CP
	5.37
	21.28
	1.92
	11.06
	160.24
	175.30
	145.89


Note: TC-Total Carbon, TN-Total Nitrogen, C/N-Carbon/Nitrogen ratio, AN- available Nitrogen after 4 weeks of incubation at 30℃, AP-Available Phosphorus, Ex. K-Exchangeable Potassium

Table 5, shows the post-harvest analysis of soil chemical properties in 2022. The residual effect of long-term application of RS+CP, RS and CP significantly increased available N over the control by 31.1%, 25.5% and 18.8%. Available P also increased significantly over the control by 22.8 % and 15.8 % in RS+CP and CP treatments whereas RS increased by 4.9% but identical to the control. Also, exchangeable K in RS+CP, CP and RS over CT by 225.1%, 148.9% and 0.82% respectively. However, RS treatment was similar with the control in exchangeable K. The soil total C increased among the organic treatments over the control by 22.0% (RS+CP), 17.8% (CP) and 11.7% (RS) in the respective order. Soil total N also increased among the organic treatments over the control by 23.85% (RS+CP), 18.3% (RS) and 11.9% (CP). The soil pH and C/N ratio was not significant among the treatments.
[bookmark: _Toc127306802]Table 5: Residual effects of long-term application of organic materials treatments post-harvest soil chemical properties in 2022 respectively.
	Treatment	Comment by PERSONAL: Reduce the confident level to <0.5%
	pH (H2O)
	TC
(g kg⁻1)
	T N
(g kg⁻1)
	
C/N

	AN
(mg kg⁻1)
	AP
(mg kg⁻1)
	Ex. K
(mg kg⁻1)

	CT
	5.43 ± 0.09
	16.45 ± 0.15d
	1.09 ± 0.19d
	15.47 ± 2.47
	51.62 ± 3.43c
	143.43 ± 4.07b
	19.59 ± 3.74c

	RS
	5.54 ± 0.13
	18.38 ± 0.15c
	1.22 ± 0.20c
	15.31 ± 2.30
	64.80 ± 2.24ab
	150.53 ± 5.00b
	19.75 ± 4.25c

	CP
	5.58 ± 0.10
	19.37 ± 0.34b
	1.29 ± 0.18b
	15.22 ± 2.14
	61.31 ± 5.37b
	166.16 ± 5.28a
	48.76 ± 3.27b

	RS+CP
	5.59 ± 0.07
	20.07 ± 0.22a
	1.35 ± 0.18a
	15.05 ± 1.98
	67.65 ± 0.71a
	176.17 ± 7.99a
	63.69 ± 6.81a

	P value
	0.0507
	<0.0001
	<0.0001
	0.1851
	<0.0001
	<0.0001
	<0.0001




Note: TC-Total Carbon, TN-Total Nitrogen, C/N-Carbon/Nitrogen ratio, Inorganic N- Inorganic Nitrogen after 4 weeks of incubation at 30℃, AP-Available Phosphorus, Ex. K-Exchangeable Potassium. Numbers in each column followed by a common superscript letter are not significantly different by Tukeys’ test 5% level of confidence. Means which are significant different with a P< 0.05 at 5% confidence level. Values are means ± standard deviation.
[bookmark: _Toc127307223]1.3.2 Residual effects of long-term application of organic materials treatments on Rice growth parameters
The results obtained show the residual effects of long-term application of rice straw and/or cow dung compost combined with chemical fertilizer on growth parameters and yield. 
a. [bookmark: _Toc127307224]Number of Tillers
Tiller number per hill is an important parameter which influences grain yield and yield per unit area. The treatments are being evaluated against the tiller number as this is directly dependent on the fertility of the soil. Below, table 6 shows the average tiller number per hill against the 4 treatments: Control (CT), Straw (RS), Compost (CP), and Straw + Compost (RS+CP). With respect to Table 6 and 7 below, Maximum tiller number was observed at 49 DAT, with treatment RS+CP and CP were significantly higher than the control (CT) by 22.5% respectively in 2021 season. In 2022 season (Table 7), maximum tiller number was observed on 41 DAT, where all organic treatment was higher than the control by 19.4% (RS), 7.6%(RS+CP) and 2.1% (CP) respectively. Effective tiller number was observed on 79 DAT and 73 DAT in 2021 and 2022 respectively. In 2021 (Table 6), CP and RS+CP were significantly higher in effective tiller number by 15.6% and 12.5% than the CT, while RS treatment was lower by -12.5%. In 2022 season, the effective tiller number among the treatment were not significantly different.
[bookmark: _Toc127306803]Table 6: Residual effects of long-term application of organic material treatments on average number of tillers per hill in 2021
	Treatment
	20 DAT
	29 DAT
	40 DAT
	49 DAT
	57 DAT
	69 DAT
	79 DAT

	CT
	9.8 ± 1.5
	19.0 ± 3.8
	39.0 ± 5.8ab
	40.0 ± 5.2b
	39.8 ± 5.7ab
	32.6 ± 4.9b
	32.0 ± 4.9ab

	RS
	11.0 ± 1.9
	17.6 ± 2.9
	35.2 ± 4.0b
	36.4 ± 3.8b
	33.4 ± 1.1b
	28.6 ± 1.1b
	27.8 ± 2.3b

	CP
	10.8 ± 1.3
	20.0 ± 2.4
	42.0 ± 5.3ab
	49.0 ± 5.1a
	48.2 ± 6.2a
	40.6 ± 3.6a
	37.0 ± 1.4a

	RS+CP
	11.8 ± 1.5
	23.8 ± 4.4
	45.8 ± 4.3a
	49.0 ± 3.9a
	46.2 ± 4.6a
	40.8 ± 3.6a
	36.2 ± 3.3a

	P value
	0.276
	0.067
	0.023
	0.001
	0.001
	0.0001
	0.001


 Numbers in each column followed by a common superscript letter are not significantly different by Tukeys’ test 5% level of confidence. Means are significant different with a P< 0.05 at 5% confidence level. Values are means ± standard deviation.

[bookmark: _Toc127306804]Table 7: Residual effects of long-term application of organic materials treatments on average tiller number per hill in 2022
	Treatment 
	21 DAT
	31 DAT
	41 DAT
	53 DAT
	62 DAT
	73 DAT

	CT
	8.8 ± 0.8
	24.2 ± 2.5
	28.8 ± 1.8b
	28.6 ± 1.1b
	25.0 ± 1.6b
	22.0 ± 1.9 

	RS
	10.0 ± 1.4
	26.6 ± 3.0
	34.4 ± 3.4a
	33.2 ± 3.3a
	29.4 ± 2.1a
	23.4 ± 0.5 

	CP
	10.4 ± 1.3
	27.2 ± 4.0
	29.4 ± 2.5b
	29.2 ± 2.5b
	25.8 ± 2.4b
	23.2 ± 3.5 

	RS+CP
	10.8 ± 1.3
	27.0 ± 2.1
	31.0 ± 3.1ab
	31.6 ± 3.2ab
	26.8 ± 1.9b
	22.2 ± 1.9 

	P value
	0.1400
	0.3205
	0.0018
	0.0030
	0.0015
	0.3251


Numbers in each column followed by a common superscript letter are not significantly different by Tukeys’ test 5% level of confidence. Means are significant different with a P< 0.05 at 5% confidence level. Values are means ± standard deviation.

a. [bookmark: _Toc127307225]Plant height
Plant height is an important parameter in growth check as it collates with nutrient uptake, growth, biomass and time to maturity. Plant height increased exponentially among the treatment in 2021(Table 8) and 2022 (Table 9) seasons respectively. In 2021(Table 8), the plant height was significant from 29 DAT to 79 DAT. The maximum plant height was recorded on 79 DAT and organic material treatment were superior in plant height by 6.7%(RS+CP), 5.0% (CP) and 4.3% (RS) as compared to the CT treatment. With regards to 2022 season (Table 9), the plant height was significant among the treatments from 41 to 83 DAT. 
[bookmark: _Toc127306805]Table 8: Residual effects of long-term application of organic materials treatments on average plant height (cm) in 2021
	Treatment
	20 DAT
	29 DAT
	40 DAT
	49 DAT
	57 DAT
	69 DAT
	79 DAT

	CT
	23.3 ± 1.7
	25.3 ± 1.3ab
	33.2 ± 1.5ab
	39.5 ± 0.9c
	44.4 ± 0.9b
	52.0 ± 1.0b
	60.0 ± 1.4b

	RS
	23.8 ± 0.8
	26.4 ± 0.4a
	32.8 ±1.0 b
	40.3 ± 1.2bc
	46.6 ± 1.8ab
	54.6 ± 1.1ab
	62.6 ± 1.1ab

	CP
	22.5 ± 0.5
	24.1 ± 1.0b
	35.1 ± 1.0 a
	42.6 ± 2.2ab
	49.0 ± 2.3a
	55.2 ± 2.8ab
	63.0 ± 1.2a

	RS+CP
	23.3 ± 0.8
	25.2 ± 1.4ab
	34.6 ± 0.7ab
	43.2 ± 0.8a
	49.0 ± 1.9a
	56.0 ± 1.9a
	64.0 ± 2.0a

	P value
	0.322
	0.031
	0.014
	0.002
	0.00
	0.019
	0.004


Numbers in each column followed by a common superscript letter are not significantly different by Tukeys’ test 5% level of confidence. Means are significant different with a P< 0.05 at 5% confidence level. Values are means ± standard deviation.

In 2022 season (1.9), the maximum plant height was recorded on 83 DAT and similar trend was observed as in 2021. The organic treatments were superior in maximum plant height than CT by 3.4% (CP), 2.9% (RS) and 2.2%(RS+CP) in the respective order.
[bookmark: _Toc127306806]Table 9: Residual effects of long-term application of organic materials treatments on average plant height (cm) in 2022
	Treatment 
	21 DAT
	31 DAT
	41 DAT
	53 DAT
	62 DAT
	73 DAT
	83 DAT

	CT
	22.1 ± 0.7
	34.1 ± 0.7 
	42.5 ± 1.2 b 
	45.0 ± 1.2 b
	52.0 ± 1.0b
	59.3 ± 1.8b
	71.6± 2.2

	RS
	22.8 ± 0.6
	34.5 ± 1.2 
	45.2 ± 1.9 a
	48.2 ± 1.1 a
	53.8 ±1.8ab
	62.4 ± 2.6b
	73.7 ± 1.3

	CP
	22.7 ± 1.2
	34.6 ± 1.3 
	44.8 ± 1.3 ab
	49.6 ± 0.5 a
	55.2 ± 1.8a
	62.6 ± 1.4b
	74.0 ± 1.0

	RS+CP
	23.4 ± 0.8
	34.4 ± 0.9 
	45.4 ± 2.3 a
	49.6 ± 1.1 a
	56.3 ± 1.0a
	62.5 ± 2.0b
	73.2 ± 0.8

	P value
	0.2070
	0.9049
	0.0164
	<0.0001
	0.0038
	0.0889
	0.0859


Numbers in each column followed by a common superscript letter are not significantly different by Tukeys’ test 5% level of confidence. Means are significant different with a P< 0.05 at 5% confidence level. Values are means ± standard deviation.

a. [bookmark: _Toc127307227]Residual effects of long-term application of organic materials treatments on heading time of rice
First heading time (Figure 2) in 2021 was observed at 74 DAT when 10-20% of the plants had started heading in the pot experiment while in 2022 (Figure 3) was on 71 DAT. The heading time was observed at 77 DAT and 74 DAT in 2021 and 2022 respectively when 40-50% of the plants had headed. Similarly, the full heading time was observed at 81 DAT and 76 DAT when 90% of the plants had headed respectively in 2021 and 2022 seasons. The heading percentage (2021) is represented by a linear equation Y= 10.207x – 736.83 where (x) is the DAT as shown in the Figure 2 below. The R2 of value of 0.98, predicts that 98% of the variability in the heading percentage is dependent on the days after transplant. Where as in 2022, the heading percentage is represented by an exponential equation;
Y= 5*10^ (-10) *EXP (0.3418*x)
where (x) is the DAT as shown in the Figure 3 below. The R2 of value of 0.998, predicts that 99% of the variability in the heading percentage is dependent on the days after transplant.

. [image: https://lh7-rt.googleusercontent.com/docsz/AD_4nXeMRTaE17g7RfrcbhmPgQBfL2TRUeRTBfLmmTsT0r3yBMtPibAstggvfOEHBWetbmxx21MUYkDFNcAMVpyowgU6qLJ0n6ILT5KPnlmrAUAfLhbCuuqUQjDx238x545PgAupMiFrDh0b1FNz5j7smfI?key=H5pAVx2x9Cdq7KdoLsha_CSJ]	Comment by PERSONAL: Provide as separate file as jpeg, pnj for best clarity
Figure 2: Residual effects of long-term application of organic materials treatments on heading percent (%) in 2021
Where as in 2022, the heading percentage is represented by an exponential equation;
Y= 5*10^ (-10) *EXP (0.3418*x)
where (x) is the DAT as shown in the Figure 3 below. The R2 of value of 0.998, predicts that 99% of the variability in the heading percentage is dependent on the days after transplant.
[image: https://lh7-rt.googleusercontent.com/docsz/AD_4nXeYjQoHMDteL94Njz4gkLfaxZHHNLXCUEyAOSFbnfStNCERC1LtyNQqbdPc1gjBHjqThT1dQjy21fRNFR0h_BH4goc6MdYIUzf9tNsZOwJQHD1KS8d6WzuBspMEiOSYYwcRV3wWP-jH1rvyMFyLSd4?key=H5pAVx2x9Cdq7KdoLsha_CSJ]
Figure 3: Residual effects of long-term application of organic materials treatments on heading percent (%) in 2022
First heading (Table 10) was first observed in treatment CT earlier than the organic material treatments which were significantly lower than the control by -60.0 % (CP), -50.0 % (RS+CP), and -10.0% (RS) respectively in 2021 at 75 DAT. Similarly, heading was first observed in treatment CT where, the organic treatments were lower in heading time by -45.2 % (CP) , -22.6% (RS+CP) and -3.2% (RS)  in respective order at 77 DAT. Full heading was first observed in RS treatment higher than the control by 1.3%, while CP and RS+CP were lower by -21.0% and -14.5% respectively at 80 DAT. In 2022 (Table 11), the first heading, heading time and full heading were not significantly different among the treatments.
Table 10: Residual effects of long- term application of organic material treatments on Heading time in 2021
	Treatment
	75 DAT
	76 DAT
	77 DAT
	79 DAT
	80 DAT

	CT
	40 ± 16a
	52 ± 18 a
	62 ± 15a
	63 ±10
	88 ± 6ab

	RS
	36 ± 14ab
	48 ± 14ab
	60 ± 15a
	74 ±13
	89 ± 5a

	CP
	16 ± 8b
	24 ± 9 b
	34 ± 7b
	55 ±11
	75 ± 5c

	RS+CP
	20 ± 11ab
	34 ± 15ab
	48 ± 14ab
	67 ±11
	79 ± 6bc

	P value
	0.022
	0.029
	0.013
	0.110
	0.002


 Numbers in each column followed by a common superscript letter are not significantly different by Tukeys’ test 5% level of confidence. Means are significant different with a P< 0.05 at 5% confidence level. Values are means ± standard deviation.

Table 11: Residual effects of long- term application of organic material treatments on Heading time in 2022
	Treatment
	70 DAT
	73 DAT
	75 DAT

	CT
	12.9 ± 5.5
	37.0 ± 6.2
	75.9 ± 8.5

	RS
	11.2 ± 5.0
	35.8 ± 18.0
	66.6 ± 11.6

	CP
	9.2 ± 7.9
	33.0 ± 13.3
	55.6 ± 12.2

	RS+CP
	10.6 ± 4.6
	33.9 ± 13.7
	64.0 ± 12.2

	P value
	0.8419
	0.5309
	0.0506


Numbers in each column followed by a common superscript letter are not significantly different by Tukeys’ test 5% level of confidence. Means are significant different with a P< 0.05 at 5% confidence level. Values are means ± standard deviation.

a. [bookmark: _Toc127307228]Residual effects of long- term application of organic material treatments on dry weight 
The treatments had significant effect on dry weight of rice in 2021 (Table 12). RS+CP and CP treatments had more stem dry weight compared to CT by 28.2% and 23.8% with RS treatment lower by -2.9%. similarly, the leaf dry weight was higher in CP and RS+CP by 16.2% and 10.8% than the control with RS lower by -2.7%. The panicle dry weight was highest in RS+CP and followed CP by 31.0% and 18 % in reference to the control. RS treatment was slightly lower than the control by -0.5%. The total plant dry weight was significantly higher in RS+CP and CP treatments than the control by 28.1% and 21.1% respectively. RS treatment was lower than CT in total plant dry weight by -3.4%. 
[bookmark: _Toc127306811]Table 12: Residual effects of long- term application of organic material treatments on plant dry weight in 2021
	Treatment name
	Stem dry weight
(g hill-1)
	Leaf dry weight
(g hill-1)
	Panicle dry weight
(g hill-1)
	Total plant dry weight
(g hill-1)

	CT
	27.7 ± 2.4 b
	3.7 ± 0.4 ab
	21.6 ± 1.0 c
	53.0 ± 3.3 b

	RS
	26.9 ± 1.2 b
	3.6 ± 0.2 b
	20.7 ± 1.2 c
	51.2 ± 0.9 b

	CP
	34.3 ± 1.6 a
	4.3 ± 0.5 a
	25.5 ± 1.1 b
	64.2 ± 1.3 a

	RS+CP
	35.5 ± 2.1 a
	4.1 ± 0.2 ab
	28.3 ± 1.6 a
	67.9 ± 3.6 a

	P value
	<0.0001
	0.016
	<0.0001
	<0.0001


Numbers in each column followed by a common superscript letter are not significantly different by Tukeys’ test 5% level of confidence. Means are significant different with a P< 0.05 at 5% confidence level. Values are means ± standard deviation.

In 2022 (Table 13), the stem and panicle dry weights among the treatments were significant. The stem dry weight in organic treatments were higher than the control by 13.5% (RS), 7.3%(RS+CP), and 1.8% (CP) in the respective order. Leaf dry weight among the treatment was insignificant. Panicle dry weight was similarly higher in organic treatments by 20.3 % (RS), 17.3% (RS+CP) and 7.4% (CP) than the control (CT). The total plant dry weight among the treatments was not significant.
[bookmark: _Toc127306812]Table 13: Residual effects of long- term application of organic material treatments on plant dry weight in 2022
	Treatment name
	Stem dry weight
(g hill-1)
	Leaf dry weight
(g hill-1)
	Panicle dry weight
(g hill-1)
	Total plant dry weight
(g hill-1)

	CT
	27.3 ± 0.8 c
	3.2 ± 0.5 
	20.2 ± 2.0 c
	50.7 ± 1.6 

	RS
	31.0 ± 0.4 a
	3.1 ± 0.5 
	24.3 ± 1.1 a
	58.4 ± 1.0 

	CP
	27.8 ± 1.3 bc
	3.3 ± 0.3 
	21.7 ± 0.6 bc
	52.7 ± 0.9

	RS+CP
	29.3 ± 1.6 ab
	3.0 ± 0.4 
	23.7 ± 0.3 ab
	55.9 ± 1.8 

	P value
	0.0002
	0.7919
	0.0007
	0.9830


Numbers in each column followed by a common superscript letter are not significantly different by Tukeys’ test 5% level of confidence. Means are significant different with a P< 0.05 at 5% confidence level. Values are means ± standard deviation.

a. [bookmark: _Toc127307229]Residual effects of long-term application of organic materials treatments on yield and yield components
[bookmark: _Hlk123564011]The following results on yield and yield components show the residual effect of different organic materials combined with chemical fertilizer after a long-term application to improve soil fertility.
The yield components and yield in 2021(Table 14) were significant among the treatments. Treatments RS+CP and CP had a higher panicle number than control by 17.9% and 10.4% with RS treatment being lower -9.0%. The number of grains per panicle was higher slightly in CP and RS than the control by 8.0% and 5.1% respectively. RS+CP was significantly lower than CT by -18.8%. The 1000 grain weight was significantly higher in RS+CP treatment than the control by 37.1%. RS and CP were similar in 1000 grain weight as compared to the control. 
The grain yield was significantly higher in RS+CP followed by CP treatment than the control by 30.7% and 18.1% respectively. Grain yield per hill in RS treatment was slightly lower than control by -0.42%.

[bookmark: _Toc127306813]Table 14: Residual effects of long- term application of organic material treatments on yield components and yield in 2021
	Treatment
	Number of panicles
hill-1
	Number of grains panicle-1
	1000 grain weight
(g hill-1)
	Grain yield
(g hill-1)

	CT
	26.8 ± 1.7 bc
	37.1 ± 1.6 a
	23.9 ± 0.5 b
	23.8 ± 1.1 c

	RS
	24.4 ± 0.5 c
	39.0 ± 3.7 a
	23.9 ± 0.5 b
	22.7 ± 1.3 c

	CP
	29.6 ± 2.1 ab
	40.1 ± 1.9 a
	23.7 ± 0.3 b
	28.1 ± 1.2 b

	RS+CP
	31.6 ± 2.3 a
	30.1 ± 3.0 b
	32.9 ± 0.5 a
	31.1 ± 1.8 a

	P value
	<0.0001
	<0.0001
	<0.0001
	<0.0001


Numbers in each column followed by a common superscript letter are not significantly different by Tukeys’ test 5% level of confidence. Means are significant different with a P< 0.05 at 5% confidence level. Values are means ± standard deviation.
The yield components in 2022 (Table 15), were not significantly different among the treatments. The grain yield per hill was however significant among the treatments. The grain yield per hill was high in organic treatments than the control by 21.1% (RS), 17.7% (RS+CP) and 8.0% (CP) in the respective order.

[bookmark: _Toc127306814]Table 15: Residual effects of long- term application of organic material treatments on yield components and yield in 2022
	Treatment
	Number of panicles
hill-1
	Number of grains panicle-1
	1000 grain weight
(g hill-1)
	Grain yield
(g hill-1)

	CT
	21.6 ± 1.9
	41.2 ± 2.6
	19.5 ± 1.3
	17.5 ± 1.7 c

	RS
	23.4 ± 0.5
	43.4 ± 2.0
	20.8 ± 0.5
	21.2 ± 1.0 a

	CP
	21.2 ± 1.8
	43.8 ± 3.3
	20.4 ± 0.3
	18.9 ± 0.5 bc

	RS+CP
	22.2 ± 1.9
	45.6 ± 2.9
	20.6 ± 0.5
	20.6 ± 0.3 ab

	P value
	0.0951
	0.0580
	0.0783
	0.0007


Numbers in each column followed by a common superscript letter are not significantly different by Tukeys’ test 5% level of confidence. Means are significant different
Discussion
The present study provides compelling evidence for the residual benefits of long-term organic amendments on soil fertility and rice growth. Our findings clearly demonstrate the lasting positive impacts of rice straw (RS) and cow-dung compost (CP), both individually and in combination (RS+CP), on key soil chemical properties and subsequent enhancements in rice (Oryza sativa) growth and yield (Nguyen et al., 2020b).
The most significant and consistent improvements in soil chemical properties were observed in the RS+CP treatment across both experimental years. The substantial increases in available nitrogen (N), phosphorus (P), and potassium (K), as well as total carbon (TC) and total nitrogen (TN), highlight the synergistic effect of combining these organic materials (Ali et al., 2021). Rice straw, with its high carbon content, likely contributed to the build-up of soil organic matter, which is known to improve nutrient retention and availability (Haque et al., 2021). Cow-dung compost, being richer in essential nutrients, complemented this by directly increasing the levels of N, P, and K (Liza et al., 2014). The sustained positive impact on these key soil fertility indicators underscores the long-term benefits of integrated nutrient management strategies and these conform with Sharma et al,2025. Notably, the increase in soil pH observed with the RS+CP treatment in both years is also a positive outcome, potentially mitigating soil acidity issues common in continuously cropped paddy fields (Fu et al., 2021).
The enhanced soil fertility under organic treatments translated into improved rice growth parameters. In both 2021 and 2022, the RS+CP and CP treatments generally exhibited higher tiller numbers and plant height compared to the control (CT) (Fu et al., 2021). While the differences in effective tiller number were not always statistically significant, the trend towards increased tillering in organically amended plots suggests better resource availability for vegetative growth as stated by Makoto et al., 2021. The significant increase in plant height observed in the organic treatments further supports the notion that improved soil fertility fosters vigorous plant development.
Interestingly, the heading time showed some variability between the two years. In 2021, the control group headed earlier than the organic treatments, suggesting a potential delay in phenological development due to the slower release of nutrients from the organic sources. However, this difference was not significant in 2022, indicating that the long-term build-up of soil fertility might lead to a more synchronized heading time across treatments as was established by Nguyen et al., 2021.
The dry weight measurements provided further evidence of the positive impact of organic amendments on rice biomass accumulation and this was also observed by Ali et al., 2020. In 2021, both RS+CP and CP treatments significantly increased stem, leaf, panicle, and total plant dry weight. While the differences were less pronounced in 2022, the consistently higher stem and panicle dry weights in the organic treatments, particularly RS and RS+CP, indicate a sustained improvement in plant productivity (Liza et al., 2015).
Crucially, the grain yield results demonstrated the practical significance of long-term organic matter application. The RS+CP treatment consistently produced the highest grain yields, showing a substantial increase over the control in both years. This yield advantage can be directly attributed to the improved soil fertility and enhanced plant growth observed in this treatment (Kamal et al, 2025). The CP treatment also resulted in significant yield increases, further highlighting the value of cow-dung compost in rice production (Haque & Nguyen, 2016). While rice straw alone did not consistently increase yields, its contribution to overall soil health, particularly when combined with compost, is evident.
These findings have significant implications for rice farming, particularly for small-scale farmers in regions like Zambia who face challenges related to high fertilizer costs and declining soil fertility (Makoto et al., 2020). The study demonstrates that the long-term application of readily available organic materials like rice straw and cow-dung compost can serve as a sustainable and cost-effective strategy to enhance soil health and improve rice yields (Kakuda et al., 2023). The current practice of discarding rice straw represents a missed opportunity, as its incorporation into the soil, especially in conjunction with cow dung, can unlock substantial benefits over time.
Our results support the growing body of evidence suggesting that integrated nutrient management, combining the benefits of organic and inorganic fertilizers, offers the most promising pathway for sustainable agriculture (Ali et al., 2022). While organic amendments build long-term soil fertility and resilience, targeted applications of mineral fertilizers can address immediate nutrient deficiencies and further optimize crop yields (Haque et al., 2019). For smallholder farmers, prioritizing the consistent application of locally available organic resources can be a transformative step towards achieving higher productivity and reducing reliance on expensive external inputs (Liza et al., 2017).
Further research could explore the optimal rates and frequencies of rice straw and cow-dung compost application under different soil and climatic conditions (Sasaki et al., 2024). Investigating the specific microbial communities and soil enzymatic activities associated with long-term organic matter application could also provide deeper insights into the mechanisms driving the observed improvements in soil fertility and plant growth (Chaudhary et al, 2021).
Conclusion
This study clearly demonstrates that combining organic amendments (rice straw, cow-dung compost, or both) with chemical fertilizers creates lasting benefits for both soil health and rice productivity. The organic treatments consistently improved soil nutrients, including nitrogen, phosphorus, and potassium, while boosting organic matter and pH levels. Overall, it can be concluded that all forms of organic soil amendments enhanced soil fertility over time. For crop performance, the organic combinations significantly increased tillering, plant height, and biomass compared to chemical fertilizers alone. Most importantly, the organic treatments delivered substantial yield gains, with the rice straw and cow-dung combination increasing grain yields by up to 30% while also producing heavier grains. These findings highlight the synergy between organic and chemical fertilizers. The organic inputs provide lasting soil improvements and more balanced nutrient release, while the chemical fertilizers ensure immediate availability. This integrated approach offers farmers a sustainable way to maintain high productivity while building long-term soil health - a crucial advantage for food security and agricultural sustainability. The results strongly support adopting combined organic-chemical fertilization as a standard practice for rice cultivation systems.

References
1. Ali, Z., Alam, M. S., Rahman, M., Rahman, M., Islam, M., Kamal, Z., & Hossain, S. (2021). Short-term effect of rice straw application on soil fertility and rice yield. Eurasian Journal of Soil Science, *10*(1), 9–16. https://doi.org/10.18393/ejss.797847
2. Bai, X., Tang, J., Wang, W., Ma, J., Shi, J. and Ren, W., 2023. Organic amendment effects on cropland soil organic carbon and its implications: A global synthesis. Catena, 231, p.107343.
3. Makungwe, M., Chabala, L.M., Van Dijk, M., Chishala, B.H. and Lark, R.M., 2021. Assessing land suitability for rainfed paddy rice production in Zambia. Geoderma Regional, 27, p.e00438
4. Dong, W., Zhang, X., Wang, H., Dai, X., Sun, X., et al. (2012). Effect of different fertilizer application on the soil fertility of paddy soils in red soil region of Southern China. PLoS ONE, *7*(9), e44504. https://doi.org/10.1371/journal.pone.0044504
5. Eghball, B., Ginting, D., & Gilley, J. E. (2005). Residual effects of manure and compost applications on corn production and soil properties. Agronomy Journal, *96*(2), 442–447.
6. Haque, M. M., Datta, J., Ahmed, T., Ehsanullah, M., Karim, M. N., Akter, M. S., Iqbal, M. A., Baazeem, A., Hadifa, A., & Ahmed, S. (2021). Organic amendments boost soil fertility and rice productivity and reduce methane emissions from paddy fields under sub-tropical conditions. Sustainability, *13*(6), 3103. https://doi.org/10.3390/su13063103
7. Japan Meteorological Agency (JMA). (2021). Climate data for Yamagata Prefecture. http://www.data.jma.go.jp/obd/stats/etrn/index.php
8. Chaudhari, S., Upadhyay, A. and Kulshreshtha, S., 2021. Influence of organic amendments on soil properties, microflora and plant growth. Sustainable Agriculture Reviews 52, pp.147-191.
9. Fu, B., Chen, L., Huang, H., Qu, P. and Wei, Z., 2021. Impacts of crop residues on soil health: A review. Environmental Pollutants and Bioavailability, 33(1), pp.164-173.
10. Liza, M. M. J., Islam, M. R., Jahiruddin, M., Hasan, M. M., Amirul Alam, M., Shamsuzzaman, S. M., & Samsuri, A. W. (2014). Residual effects of organic manures with different levels of chemical fertilizers on rice. Life Science Journal, *11*(12).
11. Ministry of Agriculture, Zambia. (2016). National Rice Development Strategy (2016–2020).
12. Ministry of Agriculture, Zambia. (2020). Annual agricultural report.
13. National Agriculture and Food Research Organization (NARO), Japan. (2021). Soil inventory and map. https://soil-inventory.dc.affrc.go.jp/figure.html
14. Nguyen, T. T., Sasaki, Y., Kakuda, K., & Fujii, H. (2020). Comparison of paddy soil fertility under conventional rice straw application versus cow dung compost application in mixed crop-livestock systems in a cold temperate region of Japan. Soil Science and Plant Nutrition, *66*(1), 106–115. https://doi.org/10.1080/00380768.2019.1677445
15. Kamal A, Mian IA, Dawar K, ALBASHER G, Huang S, ANSARI MJ. Organic amendments enhance soil micronutrient dynamics and transformations, by improving the residual effect on wheat crop. Pak. J. Bot. 2025 Aug;57:4.
16. Siavoshi, M., Nasiri, A., & Laware, S. L. (2010). Effect of organic fertilizer on growth and yield components in rice (Oryza sativa L.). Journal of Agricultural Science, *3*(3), 217.
17. Usman, M., Ullah, E., Warriach, E. A., Farooq, M., & Liaqat, A. (2003). Effect of organic and inorganic manures on growth and yield of rice variety “Basmati–2000”. International Journal of Agriculture & Biology, *5*(4).
18. Zambia Statistics Agency. (2022). Annual agricultural production survey.
19. Zayed, B. A., Elkhoby, W. M., Salem, A. K., Ceesay, M., & Uphoff, N. T. (2013). Effect of integrated nitrogen fertilizer on rice productivity and soil fertility under saline soil conditions. Journal of Plant Biology Research, *2*(1), 14–24.





























image1.png
S ofnesdng

Oy e Transplan (0a7)

© s ctnasing
Unears of heading)




image2.png
Heating percens (09
5 8 8 2 3

10

o
6768 69 70 TL T2 T3 T4 75 76

.

Daysafer casplan OAT)

@ Hescng
Expon (Heading )




