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	| ABSTRACT

	The increasing cost and environmental impacts of inorganic fertilizers necessitate sustainable alternatives for improving wheat productivity. This study evaluated the effects of nutrient recovered from yellow water (NRYW) on soil properties, growth, yield, and grain quality of four Triticum aestivum accessions under controlled conditions. The experimental design was completely randomized design arranged in factorial (4 x 8), with NRYW applied at rates of 0 – 30 t ha⁻¹ and compared with NPK fertilizer (200 kg ha⁻¹). The application of nutrient recovered from yellow water significantly improved soil chemical properties, particularly pH, calcium, and magnesium, as well as nitrogen and phosphorus levels. Growth responses varied among accessions; although plant height, leaf number, and tillering were not significantly affected entirely, but root development and chlorophyll content were remarkedly improved. Yield components showed notable enhancement under NRYW, including reduced days to flowering and maturity, increased spike length, and higher 1000-grain weight, resulting in improved grain yield in most accessions. For the proximate composition of the grain was significantly enhanced, with increases in protein, fibre, fat, and carbohydrate contents; this indicating improved nutritional quality of the grain obtained. However, responses were genotype-dependent, with superior performance observed in selected accessions. In summary, the application of NRYW demonstrated effectiveness to wheat growth and yield compared to NPK fertilizer. This study offers a viable, cost efficient, and environmentally sustainable soil amendment source. Therefore, its adoption could enhance soil fertility, improve wheat growth and productivity, and support circular nutrient management systems, particularly in resource scarce localities.
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1. Introduction
Wheat (Triticum aestivum L.) is one of the most important cereal crops globally, ranking among the leading staples that contribute significantly to food security. It provides substantial amount of the total calories and protein consumed worldwide, making it a critical component of human nutrition and global food systems (Shiferaw et al., 2020). Complementarily, wheat is widely used in diverse food industries, including bread, cakes, pasta, and other processed foods due to its unique gluten protein, which enables desirability for baking.

The population has enabled the continued increase in wheat production and consumption continue as well as awareness in dietary preference due to healthy living. The Food and Agriculture Organization (FAO) had predicted that there may be high demand for cereal (wheat) due to its utilization, in subsequent years (FAO, 2026). Although, there have been increased global production of wheat, yet food insecurity remains a challenge, particularly in developing countries, where access to cereals such as wheat is often limited by economic constraint (FAO, 2024).

Consequently, wheat production in Nigeria remains inadequate compared to domestic demand. For instance, national wheat consumption is about 4.2 million metric tons annually, and domestic production is about 120,000 – 156,000 metric tons in the 2023/2024 production cycle (USDA, 2024). This resulted to Nigeria depending heavily on imported wheat products, spending huge amount money annually to meet local consumption. The Central Bank of Nigeria had reported that local production accounts for only 1 % of total wheat demand, with the country importing up to five (5) million metric tons annually (CBN, 2024). It is noteworthy, that Nigeria has sufficient potential for wheat cultivation and production across expanse land of the irrigated north and highland areas, but production is constrained by several factors, such as poor soil fertility, high cost of inputs, and limited access to improved innovations, etc.

Soil nutrient and fertility remain a crucial determinant of wheat productivity since its enhances or deterred its growth and yield potentials. Pešić et al. (2026), recently reported that recommended application of Nitrogen, phosphorus and potassium combinations improve soil microbial activity, nutrient cycling, and wheat productivity. Again, the adoption of integrated nutrient management strategies (combination of organic and inorganic fertilizers) has been recommended to improve long term soil healthiness and consequently enhance sustainable production of wheat (Bhusal, 2025). Although, reliance on inorganic fertilizers especially for a long period poses serious challenges, including high production costs, fluctuating availability, and environmental concerns.

Synthetic fertilizers are expensive due its production which involve; energy intensity and rely heavily on non-renewable resources such as natural gas and phosphate rock. Due to increase in food demand, there have been increase fertilizer has some consequences in environmental sustainability, greenhouse gas emissions, and health implications (Yu et al., 2025). These aforementioned challenges, have intensify the quest for sustainable and alternative nutrient sources with cost and environmentally friendly.

Consequently, the yellow water (human urine) has emerged as a promising alternative soil amendment for optimum crop growth and yield. It is an adequate nutrient resource containing high levels of nitrogen, phosphorus, and potassium, which are readily available for plant uptake. Mustaffa et al. (2026), reported that nutrient recovery from human urine can achieve efficiencies of 50 – 95 % for nitrogen, 40 – 99 % for phosphorus, and 80 – 98 % for potassium, depending on the treatment technology. Furthermore, nutrient recovered from human urine have been reported to produce crop yields comparable to synthetic fertilizers and, in some cases, increase yields by 10 – 70% compared to unfertilized soils (Mustaffa et al., 2026).

In addition, the benefit of human urine utilization for crop growth aligns with circular economy principles of recycling waste materials for human uses. This approach is environmentally friendly and reliance on synthetic fertilizers, which reduces energy consumption, and minimizes environmental pollution from wastewater systems (Yu et al., 2025). Recently, studies have demonstrated that properly recovered nutrient from human urine has minimal adverse effects on soil properties and microbial communities, making it a viable option for sustainable agricultural production (Rumeau et al., 2024). Although, challenges exist in the recovery process of human urine as nutrient such as odor, public acceptance, and potential contamination risks but it is a promising innovation. Therefore, nutrient recovery from human urine represents an innovative and sustainable alternative nutrient resource for cost effective and environmentally sustainable crop production. 

The aim of this study is to assess the effects of nutrient recovered from yellow water (NRYW) on soil physical and chemical properties, as well as the growth, yield, and grain nutritional composition of selected wheat (Triticum aestivum L.) accessions.

2. Materials and Methods
2.1 Study Area
[bookmark: _Hlk232134081]The experiment was conducted at the Environmental Biology Garden, Department of Science laboratory Technology (SLT), Rufus Giwa Polytechnic, Owo (RUGIPO), Ondo State, Nigeria. Rufus Giwa Polytechnic is a state-owned tertiary institution established in 1979, located in southwestern Nigeria, and recognized for training in applied sciences, engineering, and environmental studies. 
The study area is geographically situated at approximately 7.1962° N latitude and 5.5868° E longitude. This location lies within the humid tropical rainforest zone of Nigeria, characterized by relatively high annual rainfall, elevated temperatures, and moderate to high relative humidity, conditions that are conducive to plant growth and ecological studies. 

The Environmental Biology Garden functions as a semi-controlled outdoor research facility designed for ecological and biological experiments. Such environments provide a balance between controlled experimental conditions and natural field settings, thereby enhancing the ecological relevance and reproducibility of biological investigations.
2.1 Plant Materials
Four wheat (Triticum aestivum L.) accessions; Crow’s, Borlaug, Norman, and Attila were obtained from the Lake Chad Research Institute (LCRI), Maiduguri, Borno State, Nigeria.

2.2 Experimental Materials
2.2.1 Fertilizer
A compound fertilizer (NPK 15:15:15) and polythene pots (50 cm × 40 cm) were procured from a certified agrochemical store at Oke-Ogun, Owo, Ondo State,         Nigeria.

2.2.2 Source of Soil for Planting
Topsoil (0–15 cm depth) was collected from the research farm of the Department of Science laboratory Technology (SLT), Rufus Giwa Polytechnic, Owo. Soil samples were air-dried, homogenized, and sieved prior to use.

2.2.3 Yellow Water
Yellow water (human urine) was collected through a locally constructed urine diversion system at the researcher’s residence.

2.2.4 Gastropod Shells
Gastropod shells (derived from African giant snail, Archachatina marginata) were collected from local restaurants in Owo area, Ondo State.

2.3 Preparation of Soil Amendment
2.3.1 Processing of Gastropod Shells
The collected gastropod shells were washed, air-dried, and pulverized. The powdered material was calcined in a furnace at 1000 °C for 2 hours (h) to obtain calcined gastropod shell (CGS), following established protocols (Oladoja et al., 2020).

2.3.2 Nutrient Recovery from Yellow Water
Nutrient recovery was performed using a modular column reactor as described by Saliu et al. (2023). Different dosages of CGS (0.1–0.8 g) were contacted with 100 mL of yellow water under agitation (200 rpm) until equilibrium was reached. The mixtures were allowed to settle for 12 h, after which the supernatant was decanted. The resulting nutrient-enriched residue (nutrient-recovered from yellow water, NRYW) was collected and sun-dried intermittently over 48 h for use as fertilizer. Nutrient adsorption capacity was calculated using mass balance equations.

2.3.3 Experimental Design and Layout
The experiment was arranged as a 4 × 8 factorial in a completely randomized design (CRD) with ten replicates. The factors included:

· Factor A (Wheat accessions): Crow’s (ACC-1), Borlaug (ACC-2), Norman (ACC-3), Attila (ACC-4)
· Factor B (Soil amendments): 
· S0: Control (no amendment)
· S1: NPK fertilizer at 200 kg ha⁻¹ (recommended rate)
· S2–S7: NRYW applied at 5, 10, 15, 20, 25, and 30 t ha⁻¹

Each pot was filled with 5 kg of topsoil. The nutrient (NRYW) was thoroughly mixed with the soil prior to planting. Application rates (t ha⁻¹) were converted to g kg⁻¹ soil based on a standard assumption of 2 × 10⁶ kg soil per hectare (0 – 15 cm depth). Again, the nutrient applications were repeated six (6) weeks after planting (WAP) using the ring method. Five seeds were initially sown per pot and later thinned to one plant per pot. Standard agronomic practices were followed, and Cypermethrin was applied for pest control. The Ethical Committee of Life Sciences University of Benin reviewed the protocol for animal use and approved an ethical number (LS23718).

3. Data Collection
3.1 Growth Parameters
Five plants per treatment were randomly selected and tagged based on IBPGR (1985) descriptors. The following parameters were measured:
· Plant height (cm): Measured from the soil surface to the spike tip
· Number of leaves: Counted manually
· Leaf area (cm²): Calculated as leaf length × width × 0.75 (Liu et al., 2018)
· Number of tillers: Counted per plant

3.2 Yield Parameters
· Number of effective tillers: Tillers bearing spikes
· Days to flowering: Days from sowing to 50% flowering
· Days to maturity: Days to 50% physiological maturity
· Number of spikes per plant
· Number of spikelets per spike: Averaged from five spikes
· Number of grains per spike: Determined from the central spike
· 1000-grain weight (g): Measured using an electronic balance
· Biomass: Determined via destructive sampling; samples were oven-dried at 80°C to constant weight
· Root traits: Root number (count of major roots) and root length (mean length measured using a meter rule)

3.3 Physiological Measurement
Chlorophyll content: Measured using a CCM Plus chlorophyll meter. Data were recorded as the average of three readings per leaf.

3.4 Proximate Composition Analysis
Proximate analyses were conducted following AOAC (2005) methods:

· Moisture content: Oven drying at 105°C to constant weight
· Ash content: Combustion at 550°C in a muffle furnace
· Crude fat: Soxhlet extraction using petroleum ether (40–60°C)
· Crude fibre: Acid and alkaline digestion followed by ashing
· Crude protein: Micro-Kjeldahl method (N × 6.25)
· Carbohydrate: Determined by difference

3.5 Soil Analysis
3.5.1 Sample Preparation
Soil samples were air-dried, crushed, and sieved through a 2 mm mesh.

3.5.2 Chemical Properties
· Soil pH: Measured in a 1:1 soil–water suspension
· Available phosphorus: Determined calorimetrically at 530 nm
· Total nitrogen: Determined using the Kjeldahl method
· Exchangeable potassium: Measured using a flame photometer after ammonium acetate extraction

3.5.3 Physical Properties
Particle size distribution: Determined using the hydrometer method, with temperature corrections applied to calculate percentages of sand, silt, and clay.

3.5.4 Statistical Analysis
Data were subjected to analysis of variance (ANOVA) using SPSS version 24.0 (IBM Corp., USA). Treatment means were compared using Duncan’s Multiple Range Test (DMRT) at a 5 % level of significance.

4. Results
4.1 Effects of NRYW on Growth Attributes of Triticum aestivum
4.1.1 Plant Height
The application of NRYW result in significant differences in plant height across accessions when compared with the control treatment. The statistical significance differences were reflected with greater plant heights in some accessions under specific soil amendment rates (Appendix 1). Moderate NRYW application rates increased plant height in ACC 1 and ACC 2. Accession (ACC 4) consistently recorded the greatest plant height across treatments and frequently outperformed the NPK treatment. In ACC 3, NRYW application improved plant height relative to the control, although values remained lower than those obtained under NPK fertilization (Table 4.1).

Table 4.1. Final plant height (12 WAP, cm)
	Treatment
	ACC‑1
	ACC‑2
	ACC‑3
	ACC‑4

	S0 (Control)
	62.06
	53.18
	36.28
	54.72

	S1 (NPK)
	53.56
	49.42
	59.10
	59.10

	S2
	58.32
	48.80
	48.80
	62.66

	S3
	55.20
	49.50
	43.82
	67.24

	S4
	57.84
	47.04
	41.78
	65.04

	S5
	61.32
	56.56
	39.60
	62.38

	S6
	41.98
	55.12
	37.10
	61.34

	S7
	48.34
	57.52
	35.42
	52.66




4.1.2. Number of Leaves
NRYW had no significant influence on the number of leaves at 12 WAP compared with the control. The ANOVA table is presented in Appendix 1.  But the application of NRYW treatments produced values comparable to NPK, particularly in ACC‑2, ACC‑3 and ACC-4 (Table 4.2). The ACC-1 had number leaves lower than the NPK and control treatments. 

Table 4.2. Number of leaves (12 WAP)
	Treatment
	ACC‑1
	ACC‑2
	ACC‑3
	ACC‑4

	S0 (Control)
	7.40
	7.20
	7.60
	7.60

	S1 (NPK)
	7.60
	7.80
	8.00
	7.40

	S2
	7.20
	8.00
	7.80
	7.60

	S3
	6.60
	7.60
	7.80
	7.80

	S4
	6.60
	7.40
	8.00
	7.60

	S5
	6.60
	7.40
	7.60
	7.00

	S6
	7.00
	7.60
	8.00
	7.20

	S7
	6.80
	7.40
	8.00
	7.00



4.1.3. Number of Tillers
Tiller emergence began at 6 weeks after planting. Nutrient Recovered from Yellow Water did not significantly increase tiller number in all the accessions (Appendix 1). However, ACC-2 and ACC‑4 exhibited enhanced tillering under NRYW application treatment compared to the control and NPK treatments (Table 4.3). Although, ACC-1 had values lower than the NPK and control treatment in all the levels of NRYW applications.




Table 4.3. Number of tillers (12 WAP)
	Treatment
	ACC‑1
	ACC‑2
	ACC‑3
	ACC‑4

	S0 (Control)
	3.00
	7.20
	7.20
	3.40

	S1 (NPK)
	2.60
	7.80
	8.80
	7.00

	S2
	2.00
	8.00
	7.20
	8.20

	S3
	1.80
	7.60
	6.80
	6.80

	S4
	2.00
	7.40
	7.20
	7.40

	S5
	1.20
	7.40
	5.80
	5.20

	S6
	2.00
	7.60
	6.00
	7.40

	S7
	2.40
	7.40
	6.40
	4.20



4.1.4. Root Traits
The result was for only accession and NRYW application rate with significant impact. NRYW significantly enhanced root length development (Appendix 1) but there was reduction in root number in ACC-2 and ACC-4 at higher rates of NRYW applications (Table 4.4). Though, the value of ACC-2 in root number was still higher than the control treatment at NRYW application at 30 t ha-1

Table 4.4. Root Development (Root length and number)
	Treatment
	Root length (ACC‑1)
	Root length (ACC‑3)
	Root number (ACC‑2)
	Root number (ACC‑4)

	S0
	7.58
	13.92
	67.00
	87.60

	S5
	7.60
	23.76
	90.00
	89.20

	S6
	8.08
	23.12
	52.00
	91.00

	S7
	8.90
	22.08
	86.20
	69.60



4.1.5. Leaf Area
The application of NRYW treatments reduced leaf area in ACC‑1 and ACC‑3, but significantly increased at ACC‑2 and ACC‑4 (Appendix 1). However, reductions were observed at higher rates of NRYW application in ACC-2 and ACC-4 (Table 4.5).

Table 4.5. Leaf area (cm²)
	Treatment
	ACC‑1
	ACC‑2
	ACC‑3
	ACC‑4

	S0
	10.77
	19.27
	32.41
	14.75

	S3
	4.90
	26.58
	25.67
	18.34

	S5
	4.85
	25.96
	25.97
	20.36

	S7
	5.07
	17.34
	20.72
	12.89



4.2. Chlorophyll Content
The applications of NRYW increased chlorophyll levels, especially at higher rates of NRYW treatments compared to control treatment except in ACC-3 and ACC-4 (Table 4.6). Although, these results are lower compared to the NPK treatment. The NPK treatment had the highest values across the accessions.

Table 4.6. Chlorophyll content (µmol m⁻²)
	Treatment
	ACC‑1
	ACC‑2
	ACC‑3
	ACC‑4

	S0
	19.18
	21.84
	19.22
	21.02

	S1
	21.86
	25.20
	21.66
	24.02

	S6
	20.70
	21.46
	15.38
	23.98

	S7
	21.06
	22.70
	15.06
	20.14



4.3. Yield Components
Table 4.7 present the summary of the yield of wheat accessions under varying NRYW applications. For day to flowering, plants treated with NRYW in all accessions had reductions except ACC-3 and up to 45% reduction in ACC-1. The plant subjected to NRYW treatments at all levels matured earlier compared to NPK and control treatments. The number of fertile tillers improved in ACC-2, ACC-3 and ACC-4. The values were higher compared to the values obtained under NPK treated plants. Wheat accessions grown in soil amended with NRYW had higher number of spikelets/spike than the control treatment (ACC-2, ACC-3 and ACC-4). The 1000 grain weight was increased by NRYW in all the accessions (Table 4.7).

Table 4.7. Yield parameters (selected key indicators)
	Parameter
	ACC-1 (Atilla)
	ACC-2 (Crow's)
	ACC-3 (Borlaug)
	ACC-4 (Norman)

	Days to flowering
	66.6 → 36.6 days (45.0% decrease)
	80.4 → 72.0 days (10.4% decrease)
	86.2 → 87.2 days (no improvement)
	60.4 → 57.2 days (5.3% decrease)

	Days to maturity
	81.2 → 75.0 days (7.6% decrease)
	99.0 → 88.4 days (10.7% decrease)
	99.0 → 89.8 days (9.3% decrease)
	96.2 → 88.0 days (8.5% decrease)

	Number of fertile tillers
	2.8 → 2.2 (21.4% decrease)
	3.0 → 3.6 (20.0% increase)
	3.8 → 5.8 (52.6% increase)
	3.2 → 4.8 (50.0% increase)

	Spike length (cm)
	16.16 → 15.32 (5.2% decrease)
	14.18 → 17.36 (22.4% increase)
	16.68 → 25.88 (55.2% increase)
	13.36 → 15.68 (17.4% increase)

	Spikelets/spike
	14.2 → 14.2 (no change)
	16.0 → 17.8 (11.3% increase)
	17.0 → 20.0 (17.6% increase)
	14.4 → 18.0 (25.0% increase)

	Seeds/spike
	13.0 → 21.2 (63.1% increase)
	36.8 → 30.2 (17.9% decrease)
	28.2 → 31.4 (11.3% increase)
	18.2 → 22.2 (22.0% increase)

	1000-grain weight (g)
	29.0 → 33.8 (16.6% increase)
	34.6 → 46.2 (33.5% increase)
	18.6 → 20.2 (8.6% increase)
	29.2 → 48.8 (67.1% increase)

	Seed yield (g)
	0.38 → 0.63 (65.8% increase)
	0.92 → 1.36 (47.8% increase)
	0.53 → 0.63 (18.9% increase)
	0.54 → 1.09 (101.9% increase)



4.4. Biomass Production
The plants subjected to NRYW treatments had higher vegetative biomass in almost all the accessions compared the control. The values were higher ACC-1, ACC-3 and ACC-4, respectively. However, there was no improvement of NRYW on vegetative biomass of ACC-2 (Table 4.8). 
Table 4.8. Biomass (dry weight, g)
	Treatment
	ACC‑1
	ACC‑2
	ACC‑3
	ACC‑4

	S0
	2.82
	12.37
	6.70
	7.33

	S2
	5.04
	7.91
	8.68
	11.63

	S5
	3.00
	5.51
	11.20
	7.43

	S7
	2.32
	4.63
	12.94
	9.21



4.5. Soil Chemical Properties
The application of NRYW significantly increased soil pH across all accessions. Soil potassium levels under NRYW treatment were lower than those recorded under NPK fertilizer and were comparable to the control treatment. A significant increase in soil magnesium was observed following NRYW application. Mean magnesium values exceeded those recorded under both the control and NPK treatments. Soil phosphorus levels under NRYW treatment were lower than those obtained with NPK fertilizer but remained higher than the control. Soil nitrogen concentrations under NRYW treatment were significantly lower than those recorded under NPK fertilizer across all accessions. Despite this reduction, nitrogen values exceeded those of the control treatment. Soil calcium content was significantly enhanced by NRYW application, with values higher than those recorded under both NPK fertilizer and the control treatment (Table 4.9).

Table 4.9. Soil nutrients (summary trends)
	Parameter
	Effect of NRYW

	Ph
	Slight increase

	K (mg/kg)
	Lower than NPK, higher than control

	Mg (mg/kg)
	Significantly increased

	P (mg/100g)
	Improved vs control

	N (%)
	Increased vs control, < NPK

	Ca (mg/100g)
	Significantly increased



5. Discussion
The study evaluated the agronomic performance, soil chemical properties, and grain quality of four Triticum aestivum accessions grown under nutrient recovered from yellow water (NRYW). Results showed that NRYW served as an effective nutrient source, producing responses comparable to, and in some traits greater than, those obtained with conventional NPK fertilizer. Variation in treatment response was observed among accessions and measured traits. These differences indicated a strong interaction between genotype and nutrient source.

5.1 Growth Performance
The absence of a significant effect of NRYW on plant height was consistent with previous reports indicating that organic and recovered nutrient sources release nutrients gradually. Such nutrient release patterns often result in limited short-term effects on shoot elongation (Bhusal, 2025). Despite the lack of significant differences, variation among accessions was observed. ACC 4 consistently recorded greater plant height than the other accessions. This response suggested differences in nutrient use efficiency among genotypes. Similar observations were reported by Pešić et al. (2026), who found substantial variation among wheat genotypes in their capacity to acquire and use nutrients under alternative fertilization systems.

The absence of significant effects of NRYW on leaf number and tiller production supported earlier findings that vegetative growth traits are often less responsive to organic nutrient inputs than reproductive and yield related traits. Rumeau et al. (2024) reported comparable leaf production between organic and inorganic fertilizer treatments, with no significant differences. Despite this general trend, ACC 4 produced more tillers under NRYW application. This result indicated a greater capacity to exploit nutrients supplied through recovered nutrient sources.

Root number and root length were significantly influenced by NRYW application. Enhanced root development under organic nutrient sources has been associated with improved soil conditions and sustained nutrient availability, which support root proliferation (Yu et al., 2025). The elevated calcium and magnesium concentrations supplied through NRYW, partly derived from calcined gastropod shells, were likely associated with improved root cell development and elongation. These findings agreed with those of Mustaffa et al. (2026), who reported improved root growth in crops supplied with nutrients recovered from human urine.

Contrasting responses in leaf area were observed among accessions. Leaf area declined in ACC 1 and ACC 3 but increased in ACC 2 and ACC 4. These differences suggested accession specific patterns of resource allocation and nutrient use. Reduced leaf area under some treatments may indicate a shift in assimilate allocation from vegetative growth toward reproductive development under moderate nutrient availability (Liu et al., 2018).

5.2 Chlorophyll Content and Physiological Response
Increase in chlorophyll content under NRYW application treatments was associated with improved nitrogen availability. Chlorophyll synthesis was dependent on nitrogen supply. NRYW contained lower nitrogen levels than NPK fertilizer. Gradual nutrient release was associated with sustained chlorophyll retention over time. These findings aligned with earlier reports indicating that organic nutrient sources improved photosynthetic efficiency through steady nitrogen availability (Mustaffa et al., 2026). Elevated chlorophyll content in ACC 2 and ACC 4 indicated efficient nutrient assimilation in these accessions.

5.3 Yield and Yield Components
Positive effects of NRYW on yield related traits were recorded. Days to flowering and maturity were reduced under NRYW treatment. Accelerated physiological development was observed. Improved nutrient availability was associated with early development. Early maturity supported adaptation to short growing seasons. Yield stability benefits were reported under early maturing genotypes (Shiferaw et al., 2020).

Spike length, spikelets per spike, and 1000 grain weight were increased under NRYW application. Strong reproductive development support was recorded under this nutrient source. Results aligned with earlier reports where urine derived fertilizers produced yields comparable to or higher than synthetic fertilizers (Mustaffa et al., 2026). Increased grain weight indicated improved assimilate translocation and grain filling. Sustained nutrient supply during reproductive stages was associated with this response.

Seed yield responses varied across accessions. Significant yield increases were recorded in ACC 1, ACC 2, and ACC 4. No significant improvement was recorded in ACC 3. Genotype dependent response was evident across treatments. This variation supported the role of genotype selection in alternative fertilization systems. Similar genotype dependent yield differences were reported in wheat under variable nutrient regimes (Pešić et al., 2026).

5.4 Biomass Production
Increase in total fresh weight and dry biomass under NRYW indicated improved plant growth and productivity. Organic nutrient sources were associated with enhanced biomass accumulation through improved soil physical conditions and microbial activity (Bhusal, 2025). Inconsistent biomass response in ACC 2 indicated variation in genotype response to NRYW. This result supported genotype specific management recommendations based on experimental findings.

5.5 Soil Chemical Properties
NRYW positively influenced soil chemical properties, with increases in pH, magnesium, and calcium levels. Soil pH increase was recorded. This change improved nutrient availability and microbial activity in slightly acidic soils (Yu et al., 2025). Elevated calcium and magnesium levels were observed. These nutrients supported plant structural stability and enzymatic functions.

Soil nitrogen and phosphorus under NRYW were higher than the control but lower than NPK treated soil. This pattern aligned with known nutrient composition of urine derived fertilizers. Nutrient balance limitations were indicated. Supplementation or integration with other inputs was required for optimal soil fertility management (Rumeau et al., 2024). Moderate potassium levels under NRYW were recorded. This result indicated a complementary role of NRYW rather than sole fertilizer dependence.


5.6 Implications for Sustainable Agriculture
The findings of this study indicated the potential of NRYW as a sustainable fertilizer alternative. Nutrient recycling from human waste supported a circular production system and reduced reliance on synthetic fertilizers. This outcome holds significance in developing countries, where high fertilizer costs have constrained agricultural productivity, as reported by FAO 2024.

Variation in responses among accessions was observed. This pattern indicated the need for careful genotype selection and precise application rates. Integration with other nutrient sources was required as a complementary strategy to achieve optimal performance.

6. Conclusion
Nutrient recovered from yellow water was assessed as an alternative nutrient source for Triticum aestivum. Performance was comparable to NPK fertilizer for key agronomic, soil, and grain quality traits. Soil fertility, crop productivity, and grain quality were improved. Responses varied across accessions.

Soil pH, calcium, and magnesium were increased under NRYW. Nitrogen and phosphorus remained lower than NPK but higher than the control. Soil improvement supported nutrient availability and soil function.

Vegetative growth under NRYW matched NPK in most traits. Root development and chlorophyll content were improved. Plant height and leaf number showed limited response. Genotype differences influenced growth response.

Yield components improved under NRYW. Earlier flowering and maturity were recorded. Spike length and grain weight increased. Yield gains were observed in ACC 1, ACC 2, and ACC 4, while ACC 3 showed limited response.

Grain quality improved under NRYW. Protein, fibre, fat, and carbohydrate contents increased. Grain nutritional value was enhanced.

NRYW functioned as an effective nutrient source. Resource recycling reduced dependence on synthetic fertilizers. Application supported sustainable crop production under resource limited conditions.

Recommendations
Nutrient recovered from yellow water was recommended as a cost effective and sustainable alternative to inorganic fertilizers in resource limited areas. Application rates of 10 to 25 t ha⁻¹ produced consistent improvements in growth, yield, and soil properties across most wheat accessions. ACC 2 and ACC 4 were identified as responsive genotypes for higher productivity under NRYW fertilization. Integration with other nutrient sources was required to ensure balanced nutrition and stable crop performance. Use of NRYW was suitable for soil fertility restoration, with improvements in pH, calcium, and magnesium.

Adoption of NRYW supported waste recycling and circular economy goals. Policy support, farmer training, and extension services were required for wider implementation. Safety guidelines were required for field application.

Further studies were required under field conditions. Long term soil effects, economic viability, and food safety were required for full validation.
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Appendix 1: ANOVA Tables for Growth Variables
	ANOVA

	
	Sum of Squares
	df
	Mean Square
	F
	Sig.

	PLANT HEIGHT
	Between Groups
	(Combined)
	2920.823
	7
	417.260
	779.504
	.000

	
	
	Linear Term
	Contrast
	690.209
	1
	690.209
	1289.412
	.000

	
	
	
	Deviation
	2230.614
	6
	371.769
	694.519
	.000

	
	Within Groups
	17.129
	32
	.535
	
	

	
	Total
	2937.952
	39
	
	
	

	NO OF LEAVE
	Between Groups
	(Combined)
	5.375
	7
	.768
	2.560
	.033

	
	
	Linear Term
	Contrast
	2.411
	1
	2.411
	8.036
	.008

	
	
	
	Deviation
	2.964
	6
	.494
	1.647
	.167

	
	Within Groups
	9.600
	32
	.300
	
	

	
	Total
	14.975
	39
	
	
	

	NO OF TILLER
	Between Groups
	(Combined)
	10.375
	7
	1.482
	2.635
	.029

	
	
	Linear Term
	Contrast
	2.630
	1
	2.630
	4.675
	.038

	
	
	
	Deviation
	7.745
	6
	1.291
	2.295
	.059

	
	Within Groups
	18.000
	32
	.563
	
	

	
	Total
	28.375
	39
	
	
	

	LEAF LENGTH
	Between Groups
	(Combined)
	122.298
	7
	17.471
	77.093
	.000

	
	
	Linear Term
	Contrast
	33.640
	1
	33.640
	148.439
	.000

	
	
	
	Deviation
	88.658
	6
	14.776
	65.201
	.000

	
	Within Groups
	7.252
	32
	.227
	
	

	
	Total
	129.550
	39
	
	
	

	LEAF BEADTH
	Between Groups
	(Combined)
	1.007
	7
	.144
	15.765
	.000

	
	
	Linear Term
	Contrast
	.555
	1
	.555
	60.869
	.000

	
	
	
	Deviation
	.452
	6
	.075
	8.248
	.000

	
	Within Groups
	.292
	32
	.009
	
	

	
	Total
	1.299
	39
	
	
	

	DAYS TO FLOWER
	Between Groups
	(Combined)
	3921.775
	7
	560.254
	208.466
	.000

	
	
	Linear Term
	Contrast
	95.344
	1
	95.344
	35.477
	.000

	
	
	
	Deviation
	3826.431
	6
	637.738
	237.298
	.000

	
	Within Groups
	86.000
	32
	2.688
	
	

	
	Total
	4007.775
	39
	
	
	

	CHLOROPHYLL CONTENT
	Between Groups
	(Combined)
	32.030
	7
	4.576
	9.608
	.000

	
	
	Linear Term
	Contrast
	2.253
	1
	2.253
	4.730
	.037

	
	
	
	Deviation
	29.777
	6
	4.963
	10.421
	.000

	
	Within Groups
	15.240
	32
	.476
	
	

	
	Total
	47.270
	39
	
	
	

	DAYS TO MATURITY
	Between Groups
	(Combined)
	475.775
	7
	67.968
	3.912
	.003

	
	
	Linear Term
	Contrast
	33.201
	1
	33.201
	1.911
	.176

	
	
	
	Deviation
	442.574
	6
	73.762
	4.245
	.003

	
	Within Groups
	556.000
	32
	17.375
	
	

	
	Total
	1031.775
	39
	
	
	

	MORTALITY RATE
	Between Groups
	(Combined)
	34.375
	7
	4.911
	1.429
	.228

	
	
	Linear Term
	Contrast
	18.601
	1
	18.601
	5.411
	.027

	
	
	
	Deviation
	15.774
	6
	2.629
	.765
	.603

	
	Within Groups
	110.000
	32
	3.438
	
	

	
	Total
	144.375
	39
	
	
	

	FERTILE TILLER
	Between Groups
	(Combined)
	9.600
	7
	1.371
	2.612
	.030

	
	
	Linear Term
	Contrast
	3.471
	1
	3.471
	6.612
	.015

	
	
	
	Deviation
	6.129
	6
	1.021
	1.946
	.103

	
	Within Groups
	16.800
	32
	.525
	
	

	
	Total
	26.400
	39
	
	
	

	SPIKE LENGHT
	Between Groups
	(Combined)
	95.368
	7
	13.624
	7.017
	.000

	
	
	Linear Term
	Contrast
	6.344
	1
	6.344
	3.268
	.080

	
	
	
	Deviation
	89.024
	6
	14.837
	7.642
	.000

	
	Within Groups
	62.128
	32
	1.942
	
	

	
	Total
	157.496
	39
	
	
	

	NO OF SPIKELET/SPIKE
	Between Groups
	(Combined)
	53.100
	7
	7.586
	5.672
	.000

	
	
	Linear Term
	Contrast
	12.876
	1
	12.876
	9.627
	.004

	
	
	
	Deviation
	40.224
	6
	6.704
	5.012
	.001

	
	Within Groups
	42.800
	32
	1.338
	
	

	
	Total
	95.900
	39
	
	
	

	ROOT LENGHT
	Between Groups
	(Combined)
	32.831
	7
	4.690
	23.133
	.000

	
	
	Linear Term
	Contrast
	7.355
	1
	7.355
	36.275
	.000

	
	
	
	Deviation
	25.476
	6
	4.246
	20.942
	.000

	
	Within Groups
	6.488
	32
	.203
	
	

	
	Total
	39.319
	39
	
	
	

	NO OF ROOT
	Between Groups
	(Combined)
	657.200
	7
	93.886
	67.061
	.000

	
	
	Linear Term
	Contrast
	175.543
	1
	175.543
	125.388
	.000

	
	
	
	Deviation
	481.657
	6
	80.276
	57.340
	.000

	
	Within Groups
	44.800
	32
	1.400
	
	

	
	Total
	702.000
	39
	
	
	

	BIOMASS FRESH WEIGHT
	Between Groups
	(Combined)
	208.196
	7
	29.742
	5.335
	.000

	
	
	Linear Term
	Contrast
	27.324
	1
	27.324
	4.901
	.034

	
	
	
	Deviation
	180.872
	6
	30.145
	5.407
	.001

	
	Within Groups
	178.404
	32
	5.575
	
	

	
	Total
	386.600
	39
	
	
	

	BIOMASS DRY WEIGHT
	Between Groups
	(Combined)
	28.089
	7
	4.013
	18.224
	.000

	
	
	Linear Term
	Contrast
	7.444
	1
	7.444
	33.805
	.000

	
	
	
	Deviation
	20.646
	6
	3.441
	15.627
	.000

	
	Within Groups
	7.046
	32
	.220
	
	

	
	Total
	35.136
	39
	
	
	

	NO OF SEED/SPIKE
	Between Groups
	(Combined)
	356.700
	7
	50.957
	12.316
	.000

	
	
	Linear Term
	Contrast
	34.405
	1
	34.405
	8.315
	.007

	
	
	
	Deviation
	322.295
	6
	53.716
	12.983
	.000

	
	Within Groups
	132.400
	32
	4.138
	
	

	
	Total
	489.100
	39
	
	
	

	SEED WEIGHT
	Between Groups
	(Combined)
	.000
	7
	.000
	5.221
	.000

	
	
	Linear Term
	Contrast
	.000
	1
	.000
	.267
	.609

	
	
	
	Deviation
	.000
	6
	.000
	6.046
	.000

	
	Within Groups
	.000
	32
	.000
	
	

	
	Total
	.001
	39
	
	
	

	SEED YIELD
	Between Groups
	(Combined)
	.315
	7
	.045
	6.029
	.000

	
	
	Linear Term
	Contrast
	.032
	1
	.032
	4.271
	.047

	
	
	
	Deviation
	.283
	6
	.047
	6.321
	.000

	
	Within Groups
	.239
	32
	.007
	
	

	
	Total
	.554
	39
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