Modification of Synthetic Nitrogen Fertilization Using Goat Manure in Sorghum (Sorghum bicolor L.) Cultivation
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ABSTRACT 

	Sorghum (Sorghum bicolor L.) is a resilient cereal crop widely cultivated in marginal environments; however, its production often relies heavily on costly synthetic nitrogen fertilizers which also pose environmental concerns. Integrating organic nutrient sources such as goat manure may provide a more sustainable fertilization strategy without adversely affecting crop performance. This study evaluated the effects of partial substitution of synthetic nitrogen fertilizer with goat manure on the growth and yield of sorghum under upland conditions. A field experiment was conducted using a randomized complete block design with six fertilization treatments: no fertilizer (control), 100% synthetic fertilizer (urea, TSP, and KCl), 100% goat manure (15 ton ha⁻¹), and combinations of synthetic fertilizer and goat manure at ratios of 75:25, 50:50, and 25:75. Vegetative growth parameters, biomass accumulation, and yield components were analyzed using ANOVA followed by DMRT at the 5% significance level. The results showed that fertilization treatments significantly affected vegetative growth. The combination of 25% synthetic fertilizer and 75% goat manure produced the tallest plants, greatest stem diameter, and highest leaf number, outperforming the full synthetic fertilizer treatment. In contrast, fresh and dry biomass and all yield components, including panicle weight, panicle length, and 100-seed weight, did not differ significantly among treatments. These findings indicate that sorghum can maintain yield stability across diverse nutrient source combinations as long as basic nutrient requirements are satisfied. Overall, goat manure can substitute up to 75% of synthetic nitrogen fertilizer while supporting sustainable nutrient management.
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1. INTRODUCTION 

Sorghum (Sorghum bicolor L.) is one of the world’s major cereal crops and plays an important role in food security, particularly in arid and semi-arid regions (Touré et al., 2025). Its tolerance to drought, high temperatures, and low soil fertility makes sorghum a promising option for marginal lands where other cereal crops are often constrained (Fontanet-Manzaneque et al., 2025). Beyond its role as a staple food, sorghum is increasingly used for animal feed and bioethanol production, further enhancing its economic and strategic importance. Its strong tolerance to drought and water scarcity makes it particularly well suited for cultivation in semi-arid and marginal regions compared with other major cereals (Touré et al., 2025).
Despite its high adaptive potential, sorghum productivity in many developing countries, including Indonesia, remains far below its genetic yield potential. Average yields at the farmer level are often only a fraction of what can be achieved under optimal management. This yield gap is closely linked to suboptimal agronomic practices, particularly nutrient management. Among essential nutrients, nitrogen (N) is the most limiting factor for sorghum growth and yield, as it is required for chlorophyll synthesis, photosynthesis, and biomass accumulation (Utomo et al., 2025; Khalifa & Eltahir, 2023; Cabrera-Ariza et al., 2024).
Although intensive and unbalanced applications of synthetic nitrogen fertilizers can increase crop productivity, they are often associated with environmental degradation and economic inefficiencies resulting from nitrogen losses and low fertilizer use efficiency (Bhatt et al., 2025). Long-term reliance on synthetic fertilizers can lead to soil acidification, nutrient imbalance, reduced soil organic matter, and declining microbial activity (Zhang et al., 2024).  In addition, N losses through leaching, volatilization, and denitrification reduce fertilizer use efficiency and contribute to environmental pollution, including greenhouse gas emissions and water contamination (Bhatt et al., 2025). 
Organic amendments significantly enhance soil structure and water-holding capacity and soil permeability (Apriliani et al., 2024; Hermawan et al., 2024), increase soil organic matter and nutrient levels (Utami et al., 2023; Muktamar et al., 2023; Muktamar et al., 2024; Suci et al., 2025) and stimulate microbial activity (Chiodi et al., 2025), thereby improving nutrient availability and uptake by plants. Field evidence shows that compost-based organic amendments improve soil physical and chemical properties, enrich microbial communities, and enhance nutrient content and crop yield (Xu et al., 2025; Chiodi et al., 2025; Setyowati et al., 2023; Setyowati et al., 2024).
Among various organic fertilizers, goat manure represents a locally available and underutilized resource with considerable agronomic potential. Goat manure generally contains relatively high concentrations of nitrogen and potassium, has a lower moisture content than cattle manure, and decomposes more rapidly when properly composted. Goat manure generally contains relatively high levels of essential nutrients, often exceeding those of cattle manure (Muktamar et al., 2025). Its relatively low carbon-to-nitrogen (C/N) ratio and lower moisture content favor faster decomposition and more rapid nutrient release when composted. Goat manure–based compost enhances soil fertility by increasing the availability of N, P, and K, improving soil chemical properties, and raising soil organic carbon levels. Compared with other organic manures, goat manure has been reported to more effectively improve nutrient availability, nutrient uptake, and crop productivity in both grain legumes and vegetable systems. These benefits are largely attributed to its nutrient-rich composition and faster mineralization rate, which support improved soil structure and sustained nutrient supply (Meena et al., 2025; Ramadevi et al., 2023; Washaya & Washaya, 2023; Ilham et al., 2025). These characteristics make goat manure a suitable candidate for partial substitution of synthetic N fertilizers in crop production systems.
However, information on the effectiveness of goat manure as a substitute for synthetic nitrogen in sorghum cultivation remains limited, particularly under upland conditions. Therefore, systematic evaluation is needed to determine appropriate substitution rates that can maintain crop productivity while reducing reliance on synthetic fertilizers. This study was designed to address this knowledge gap by assessing the effects of synthetic N modification using goat manure on the growth and yield of sorghum. This study aimed to determine an optimal rate of goat manure as a partial replacement for synthetic nitrogen fertilizer in sorghum production, as well as to assess the influence of different combinations of synthetic fertilizers and goat manure on sorghum vegetative growth characteristics and yield components.
2. methodology 

2.1 Study Site and Duration
A field experiment was conducted from September to December 2022 in Kemumu Village, Arma Jaya District, North Bengkulu Regency, Indonesia. The experimental site was located at an altitude of approximately 700 m above sea level and represented typical upland conditions suitable for sorghum cultivation.
2.2 Experimental Design and Treatments
The experiment was arranged in a randomized complete block design (RCBD) with six fertilization treatments as follows:
· Control (no fertilizer)
· 100% Synthetic fertilizer: urea (200 kg ha⁻¹), TSP (150 kg ha⁻¹), and KCl (200 kg ha⁻¹)
· 100% Goat manure (15 ton ha⁻¹)
· 75% synthetic fertilizer + 25% goat manure
· 50% synthetic fertilizer + 50% goat manure
· 25% synthetic fertilizer + 75% goat manure
Each treatment was replicated three times, resulting in a total of 18 experimental units.
2.3 Cultivation Procedure
The experimental field was prepared by clearing weeds and tilling the soil to improve aeration and soil structure. Plots measuring 3.0 m × 1.5 m were laid out and separated by drainage channels to avoid waterlogging. Sorghum seeds (var. Numbu) with an approximate germination rate of 85% were sown directly in the field at a spacing of 75 cm × 25 cm.
Goat manure was applied one week prior to planting and thoroughly incorporated into the soil. Synthetic fertilizers were applied based on the treatment regime: TSP and KCl were applied at planting, while urea was split into two applications, one at planting and the other two weeks after planting. Standard crop management practices—including irrigation, weed control, pest and disease management, thinning, and replanting—were implemented uniformly across all treatments.
2.4 Observed Parameters
The parameters observed in this study included plant height, number of leaves, stem diameter, leaf area, fresh root weight, dry root weight, fresh shoot weight, dry shoot weight, panicle weight per plant, panicle length, weight of 100 seeds, yield per plot
2.5 Data Analysis
All data were subjected to analysis of variance (ANOVA) at a 5% significance level using SAS for Academics. When significant treatment effects were detected, mean separation was performed using Duncan’s Multiple Range Test (DMRT).

3. results 
The results showed that fertilization treatments significantly influenced several vegetative growth traits, including plant height, leaf number, stem diameter, and leaf area. However, yield components such as panicle weight, panicle length, and seed weight did not differ significantly among the treatments.





Table 1. ANOVA results for plant growth and yield parameters. 

	Variables
	F-calculated
	CV (%)

	Plant height
	7.96**
	6.97

	Number of leaves
	18.51**
	4.20

	Stem diameter
	6.18**
	10.32

	Leaf area
	5.40 *
	9.83

	Fresh root weight
	0.30
	17.98

	Dry root weight
	0.29
	10.53

	Fresh shoot weight
	1.01
	19.96

	Dry shoot weight
	0.44
	12.00

	Panicle weight per plant
	1.57
	26.97

	Panicle length
	0.97
	4.49

	Weight of 100 seeds
	3.16
	6.55

	Yield per plot
	0.78
	18.46


Note: **=highly significant differences, *=significant differences, F-tab 5% = 3,33, CV=Coefficient of 	Variation

The application of goat manure at high proportions, either as a sole nutrient source or combined with synthetic fertilizers, resulted in vegetative growth comparable to that achieved with full synthetic fertilization. Treatments with higher proportions of goat manure generally produced taller plants, thicker stems, and more leaves. Yield parameters varied only slightly among treatments, indicating that partially replacing synthetic fertilizers with goat manure did not reduce sorghum yield.

3.1 Vegetative Plant Growth 
Table 2. Effect of treatments on plant height, stem diameter, number of leaves, and leaf area
	[bookmark: _Hlk148212174]Treatment
	Plant Height (cm)
	Stem Diameter (mm)
	Number of Leaves
	Leaf Area (cm²)

	P₁
	177.14 a
	16.17 a
	9.53 a
	692.32 c

	P₂
	167.23 a
	18.12 a
	9.57 a
	571.53 ab

	P₃
	173.30 a
	16.31 a
	9.63 a
	523.25 ab

	P₄
	190.03 a
	17.20 a
	9.87 a
	467.85 a

	P₅
	223.43 b
	23.43 b
	12.07 b
	595.59 bc


Note: Means followed by the same letter(s) within a column are not significantly different at the 5% level (DMRT). P₁ = Urea (200 kg/ha), TSP (150 kg/ha), KCl (200 kg/ha); P₂ = Goat manure (15 tons/ha); P₃ = 75% P₁ + 25% P₂; P₄ = 50% P₁ + 50% P₂; P₅ = 25% P₁ + 75% P₂.
The application of different nutrient sources significantly affected sorghum vegetative growth. Treatment P₅ (25% synthetic fertilizer + 75% goat manure) consistently resulted in superior performance, producing the tallest plants (223.43 cm), the largest stem diameter (23.43 mm), and the highest number of leaves (12.07), with values significantly greater than those of the other treatments (Table 2). In contrast, the sole synthetic fertilizer (P₁) and sole goat manure (P₂) treatments did not differ significantly from each other for these traits. Notably, leaf area was greatest under P₁ (692.32 cm²), which differed significantly from P₄ and P₅. The combined treatments (P₃ and P₄) generally exhibited intermediate values and were not significantly different from the sole applications in terms of plant height, stem diameter, and leaf number. 

Table 3. Effect of treatments on fresh and dry weight of shoot and root
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	Fresh Shoot Weight (g)
	Dry Shoot Weight (g)
	Fresh Root Weight (g)
	Dry Root Weight (g)
	

	P₁
	288.40
	71.77
	57.60
	25.23
	

	P₂
	339.47
	79.67
	63.87
	26.67
	

	P₃
	365.40
	79.33
	68.13
	27.83
	

	P₄
	339.40
	73.33
	63.53
	26.43
	

	P₅
	412.40
	79.47
	65.60
	27.20
	


Note: Means within a column are not significantly different at the 5% level (DMRT). Treatment descriptions as in Table 2.
Biomass accumulation showed  a pattern similar to vegetative growth; however, no statistically significant differences were detected among treatments in terms of fresh and dry weights of both shoots and roots (Table 3). Nevertheless, P₅ produced the highest fresh shoot weight (412.40 g), while P₃ yielded the highest fresh root weight (68.13 g). The sole goat manure treatment (P₂) resulted in biomass values comparable to or slightly higher than the sole synthetic fertilizer (P₁). The absence of significant differences in biomass, despite pronounced variations in morphological growth (Table 2), indicates that the plants may have allocated resources differently under various nutrient regimes. 

3.2 Yield Components
Table 4. Effect of treatments on panicle weight per plant, panicle weight per plot, panicle length, and 100-seed weight
	Treatment
	Panicle Weight/Plant (g)
	Panicle Weight/Plot (g)
	Panicle Length (cm)
	100-Seed Weight (g)

	P₁
	95.53
	776.00
	20.81
	5.47

	P₂
	91.07
	792.67
	22.12
	5.07

	P₃
	119.13
	916.00
	22.22
	5.60

	P₄
	91.67
	741.00
	21.61
	5.40

	P₅
	97.53
	697.67
	21.24
	4.80


Note: Means within a column are not significantly different at the 5% level (DMRT). Treatment descriptions as in Table 2.
The yield components of sorghum were not significantly influenced by the different fertilization treatments (Table 4). Panicle weight per plant ranged from 91.07 g (P₂) to 119.13 g (P₃), and panicle weight per plot varied between 697.67 g (P₅) and 916.00 g (P₃). Panicle length and 100-seed weight also showed no significant variations across treatments. This indicates that under the conditions of this study, both sole and combined applications of goat manure and synthetic fertilizers were able to meet the fundamental nutritional requirements for sorghum panicle and seed development. The comparable performance across treatments, especially between P₁ and P₂, underscores the potential of goat manure as a viable nutrient source to sustain yield components in sorghum cultivation.


4. DISCUSSION 

The results of this study demonstrate that sorghum can achieve comparable, and in some aspects superior, vegetative growth and yield under integrated nutrient management using goat manure and reduced synthetic fertilizer compared to conventional synthetic fertilization alone. The superior plant height, stem diameter, and leaf number observed in the P₅ treatment (75% goat manure + 25% synthetic fertilizer) highlight the benefits of a nutrient supply system dominated by organic amendment. In integrated nutrient management systems, the combined application of goat manure and synthetic fertilizer produces a synergistic effect derived from their contrasting nutrient release patterns. Synthetic fertilizers provide nutrients in readily soluble forms that are immediately available to crops, thereby satisfying early-stage nutrient requirements. In contrast, goat manure releases nutrients gradually through microbial mineralization, ensuring a sustained nutrient supply throughout the growing season while simultaneously improving soil organic matter, microbial activity, and nutrient retention capacity. This complementary interaction enhances nutrient use efficiency, stabilizes nutrient availability over time, reduces leaching losses, and supports long-term soil fertility, making goat manure an effective organic amendment when integrated with mineral fertilizers in sustainable cropping systems (Shi et al., 2023; Iqbal et al., 2019; Zhang et al., 2012).  High proportion of organic amendment combined with a reduced rate of synthetic fertilizer can enhance vegetative growth, likely due to synergistic effects on nutrient availability and improved soil conditions (Rouphael & Colla, 2020; Adesemoye et al., 2009)
The absence of significant differences in most biomass parameters and all yield components among treatments indicates that sorghum (Sorghum bicolor L.) exhibits a high degree of physiological and phenotypic plasticity, enabling it to sustain growth and yield stability across variable nutrient supply conditions (Ciampitti & Vyn, 2012; Muchow, 1998). Sorghum has been widely documented as a crop with strong adaptive capacity, capable of regulating biomass allocation, nutrient uptake efficiency, and photosynthetic activity in response to changing environmental and nutritional conditions (Borrell et al., 2000; Zegada-Lizarazu & Monti, 2012). Organic amendments can influence partitioning of assimilates without necessarily increasing total biomass in the short term (Siddiki  et al., 2025; Liu  et al., 2026).
Several studies have demonstrated that sorghum yield formation is often less dependent on the specific source of nutrients than on the adequacy of total nutrient availability, particularly under moderate or integrated fertilization regimes (Muchow, 1998; Ciampitti & Vyn, 2012). This physiological flexibility allows sorghum to buffer variations in nutrient form and availability, maintaining comparable biomass production and yield components as long as minimum nutrient requirements are met (Mace et al., 2012). Such stability in agronomic performance across treatments reflects sorghum’s evolutionary adaptation to marginal and resource-variable environments, reinforcing its classification as a resilient crop species (Borrell et al., 2000; Zegada-Lizarazu & Monti, 2012).
This resilience provides a strong agronomic basis for reducing reliance on synthetic fertilizers. The capacity of sole goat manure (P₂) to produce vegetative growth and yield components statistically on par with full-dose synthetic fertilizer (P₁) underscores its effectiveness as a primary nutrient source. Goat manure not only supplies essential macro- and micronutrients but also enhances soil organic matter, which improves soil structure, water retention, and microbial activity—factors critical for long-term soil health and sustainable productivity, particularly in nutrient-poor upland soils (Diacono & Montemurro, 2011; Hue & Silva, 2000; Ganesh et al., 2017) 
Furthermore, the gradual mineralization of nutrients from organic sources such as goat manure results in a slow and controlled release of nutrients into the soil, which improves synchronization with plant uptake and enhances nutrient use efficiency compared to the rapid release from soluble synthetic fertilizers (Yang et al., 2020). Moreover, global analyses have shown that organic inputs can significantly reduce nitrogen leaching and runoff losses, indicating that organic nutrient sources are less prone to rapid nutrient loss than conventional synthetic fertilizers (Zhang et al., 2021).
Previous research has consistently shown that integrated plant nutrition systems, which combine organic and inorganic nutrient sources, can maintain or improve crop productivity while simultaneously reducing the environmental impact associated with synthetic fertilizer use (Palm et al., 2014). The combined application of farmyard manure and inorganic fertilizers significantly improved sorghum growth and yield while enabling up to 50% savings in inorganic fertilizer without reducing grain yield (Bayu et al., 2006).  Such integrated approaches enhance nutrient use efficiency, improve soil health, and reduce negative outcomes like nutrient leaching and greenhouse gas emissions, making them more sustainable than reliance on synthetic fertilizers alone (Zhang et al., 2021). 
5. CONCLUSIONS
This study showed that goat manure can serve as an effective partial substitute for synthetic nitrogen fertilizer in sorghum production. The optimal combination was achieved with 25% synthetic fertilizer + 75% goat manure (P₅), which promoted superior vegetative growth, including greater plant height, stem diameter, and leaf number, compared to full-dose synthetic fertilizer alone. All fertilizer combinations—including sole goat manure—produced statistically equivalent yield components such as panicle weight and seed size, indicating that sorghum productivity can be maintained even with a significant reduction in synthetic fertilizer input. These findings offer a practical strategy to reduce reliance on synthetic fertilizer by up to 75% in sorghum cultivation through the integration of goat manure, without compromising yield, while supporting more sustainable and lower-cost farming.
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