


Impact of Irrigation Regimes and Organic Soil Amendment Techniques on Growth and Yield of Garden Egg (Solanum aethiopicum) in Northern Ghana


ABSTRACT
The pot experiment was designed to assess the impact of biochar and poultry manure in combination with water-saving irrigation techniques on the soil's physicochemical properties, water use efficiency (WUE), and the growth and yield of garden egg (Solanum aethiopicum). The irrigation treatments included regulated deficit irrigation at 70% crop water requirement (RDI 70), sustained deficit irrigation at 70% crop water requirement (SDI 70), and full irrigation at 100% crop water requirement (FI 100). The amendment treatments consisted of three different types of organic amendments: groundnut shell biochar (B), poultry manure (PM), and a combination of both (PMB), with a control group (NPMB) that received no amendments. Application of the PMB amendment significantly improved soil quality indicators, including pH, electrical conductivity (EC), total organic carbon (TOC), available water content (AWC), and key macronutrients such as total nitrogen content (TNC), potassium (K), phosphorus (P), calcium (Ca), and magnesium (Mg), when compared to individual applications of B, PM, and the NPMB control. The inclusion of biochar (B) notably enhanced soil hydraulic conductivity and reduced bulk density relative to other treatments, contributing to improved soil structure and water retention. The highest yield production (27.79 tons/ha) was observed under full irrigation (FI100) with the PMB amendment. This was statistically similar to the yield observed under regulated deficit irrigation (RDI 70) with PMB (27.75 tons/ha). The lowest yield (5.41 tons/ha) was recorded under sustained deficit irrigation (SDI 70) in the NPMB treatment, highlighting the negative effect of insufficient water availability combined with the lack of organic amendments. The highest water use efficiency (WUE) (4.82 kg/m³) was observed under the RDI 70 treatment with PMB, indicating that water-saving irrigation techniques, when combined with the appropriate amendments, can enhance the efficiency of water use in garden egg cultivation. Conversely, the lowest WUE (0.98 kg/m³) was recorded under FI100 in the NPMB treatment, demonstrating that excessive irrigation without the addition of organic amendments leads to inefficient water use.
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INTRODUCTION
The Gilo group garden egg (Solanum aethiopicum) is widely cultivated by Ghanaian farmers and is indigenous to tropical Africa (Olubunmi et al., 2017). Its fresh weight consists of 92.7% moisture, 1.4% protein, 1.3% fiber, 0.3% fat, 0.3% minerals, and the remaining 4% is composed of various carbohydrates and vitamins (A and C). Similarly, eggplant contains significant nutrients such as dietary fiber, folate, ascorbic acid, vitamin K, niacin, vitamin B6, pantothenic acid, potassium, iron, magnesium, manganese, phosphorus, and copper (Olubunmi et al., 2017). In Ghana, it is a primary source of income for many rural households, particularly in the forest zone (Darko et al., 2019).
However, northern Ghana faces challenges due to its short rainy season, exacerbated by the effects of climate change (Gbangou, 2020). The climate in Northern Ghana, influenced by the West African monsoon winds, creates a unimodal rainfall pattern, which is often insufficient to meet year-round food requirements. This leads to food insecurity for nearly four to five months each year. The unpredictable rainfall significantly impacts agriculture, which is the primary livelihood for most rural households (Nyamekye et al., 2021). Farmers relying on rainfed agriculture often struggle to produce efficiently, further contributing to food insecurity (Dakpalah et al., 2018).
Irrigation is an essential technique to mitigate these challenges in northern Ghana (Baldwin and Stwalley, 2022). Technological farming practices, including improved irrigation and soil amendment techniques, can enhance agricultural productivity and improve food security. The use of deficit irrigation, which reduces water application below the crop’s full evapotranspiration (ET) needs, is one such strategy that optimizes water use efficiency (WUE) and reduces overall irrigation requirements (Alomran and Louki, 2011; Zhao et al., 2019). This strategy, which applies water at a reduced rate during non-critical growth stages and full irrigation during critical plant development stages, has been recognized as a sustainable approach to water management (Capra and Consoli, 2015; Abdalltif, 2018).
Incorporating soil amendments, such as biochar, can further enhance water use efficiency and improve soil fertility. Biochar, a highly effective soil amendment, has been shown to promote soil fertility, aid in carbon sequestration, and enhance water retention and nutrient availability, particularly in sandy loam soils with low fertility (Gwenzi et al., 2015). Biochar’s macropore structure and surface properties, such as pH, cation exchange capacity (CEC), and surface group functionality, contribute to its water retention and nutrient adsorption capacity. These properties create a conducive environment for soil microorganisms, including mycorrhizae and bacteria, which further improve soil structure and nutrient cycling (Kätterer et al., 2019).
The combination of biochar and poultry manure offers a promising integrated soil fertility management system. Poultry manure is rich in essential nutrients like nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), manganese (Mn), copper (Cu), zinc (Zn), chlorine (Cl), boron (B), iron (Fe), and molybdenum (Mo). The nutrient composition of poultry manure varies depending on factors such as the age of the poultry, the type of feed, water intake, and cleaning practices (Solomon and Lehmann, 2019). When combined, biochar and poultry manure can significantly enhance soil fertility and promote higher garden egg yields by providing both macronutrients and micronutrients necessary for plant growth.
The integration of deficit irrigation strategies with organic amendments such as biochar and poultry manure can substantially improve soil fertility, increase water use efficiency, and boost agricultural productivity, especially in Northern Ghana, where climate-induced water scarcity is a persistent challenge. These innovative techniques offer a pathway to improving food security and livelihoods for rural farmers in the region.
MATERIALS AND METHODS
Study Area
The study was conducted at the Experimental Field of the West African Centre for Water, Irrigation, and Sustainable Agriculture (WACWISA) at Nyankpala Campus, located in the Northern Region of Ghana. Nyankpala Campus is situated in the Guinea Savanna Agro-ecological Zone, approximately 16 km west of Tamale, with coordinates at latitude 09º 25' N and longitude 0º 58' W, and an elevation of 200 meters above sea level. The climate of Northern Ghana is characterized by a unimodal rainfall pattern, with total annual rainfall ranging from 1000 to 1200 mm. The rainy season typically lasts between 140 and 190 days, with peak rainfall occurring in August and September. The period from November to May is notably dry, presenting significant challenges for water availability in both household and agricultural sectors (SARI, 2014). A map of the study area is presented in Figure 1.
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[bookmark: _Toc141885046][bookmark: _Toc141926259]Figure 1: Map of Study Area-WACWISA Experimental Field

Experimental Design, Treatment and Layout 
The experiment utilized the local Gilo variety of garden egg (Solanum aethiopicum) and was conducted in pots, each filled with 12 kg of soil. The irrigation regimes were applied as follows:
1. Regulated Deficit Irrigation (RDI) at 70% CWR: Water deficit was applied only during non-critical growth stages, specifically during crop development and fruit enlargement.
2. Full Irrigation (FI) at 100% CWR: Water was applied to meet full evapotranspiration during critical growth stages, such as seedling establishment, flowering, and fruiting.
3. Sustained Deficit Irrigation (SDI) at 70% CWR: Water deficit was applied throughout all growth stages, both critical and non-critical.
The combination of three (3) irrigation regimes and four (4) soil amendment techniques resulted in 12 treatment combinations, which were replicated three (3) times in a split-plot design, totaling 36 experimental pots. These treatments were used to evaluate the effects of different irrigation regimes and soil amendments on the growth and yield of garden egg. The treatments and experimental design are outlined in Table 1, while the field layout is depicted in Figure 2. 

Table 1: Experimental Treatments 
	Trt.
	Irrigation Regime
	Biochar (B)+Soil
	Poultry Manure (PM ) + Soil
	Combination

	T1
	Regulated water deficit- 70 % CWR
	 1:5 (v:v)/pot
	1:5 (v:v)/pot
	RDI and PMB

	T2
	Regulated water deficit- 70 % CWR
	0:5 (v:v)/pot
	0:5 (v:v)/pot
	RDI and NPMB

	T3
	Regulated water deficit- 70 % CWR
	0:5 (v:v) /pot
	1:5 (v:v)/pot
	RDI and PM

	T4
	Regulated water deficit -70 % CWR
	1:5 (v:v)/pot
	0:5 (v:v)/pot
	RDI and B

	T5
	Sustained water deficit 70- % CWR
	1:5 (v:v)/pot
	0:5 (v:v)/pot
	SDI and B

	T6
	Sustained water deficit- 70 % CWR
	0:5 (v:v)/pot
	0:5 (v:v)/pot
	SDI and NPMB

	T7
	Sustained water deficit -70 % CWR
	0 kg biochar/pot
	`1:5 (v:v) /pot
	SDI and PM

	T8
	Sustained water deficit -70 % CWR
	1:5 (v:v)/pot
	1:5 (v:v)/pot
	DI and PMB

	T9
	Full irrigation -100 % CWR (FI)
	0:5 (v:v)/pot
	0:5 (v:v)/pot
	FI and NPMB

	T10
	Full irrigation -100 % CWR (FI)
	0:5 (v:v)/pot
	1:5 (v:v)/pot
	FI and PM

	T11
	Full irrigation- 100 % CWR (FI)
	1:5 (v:v)/pot
	0:5 (v:v)/pot
	FI and B

	T12
	Full irrigation- 100 % CWR (FI)
	1:5 (v:v) /pot
	1:5 (v:v)/pot
	FI and PMB
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Figure 2: Field Experimental Layout 
Groundnut Shell Biochar Preparation
Groundnut shells were collected from the Nyankpala Groundnut Shelling Unit. The biochar was produced using a Cuntan char apparatus, where slow pyrolysis was conducted at temperatures between 250°C and 300°C. Groundnut shells were chosen for biochar production due to the high performance of their biochar in crop production. In a study by Camara-Williams (2019), pot and field experiments conducted in Ghana demonstrated that groundnut shell biochar resulted in the highest number of 126 nodules and increased production in the Quarshie variety of soybeans, outperforming other amendments like rice straw biochar, rock phosphate, and calcium carbonate. Plate 1 illustrates the biochar production process used in this experiment.
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Plate 1: Biochar Production Using Cuntan-charring Apparatus
Poultry Manure Acquisition
Poultry manure was sourced from the UDS Poultry Farm and mixed with soil at the prescribed rate (Table 1), allowing for a two-week decomposition period before transplanting. Poultry manure is recognized as a valuable organic fertilizer due to its ability to enhance soil productivity and promote crop growth. It is often considered superior to other organic manures, such as goat manure or cow dung, due to its higher nutrient content and more effective impact on plant growth. Poultry manure was specifically chosen for this study based on its proven performance in improving soil fertility and supporting healthy crop development.

Characterization of Experimental Soil, Biochar and Poultry Manure 
Soil samples were collected from the field, air-dried and sieved through a 2mm mesh before undergoing standard characterization procedures. Soil texture was determined using the hydrometer method (Orhan and Kılınç, 2020). A digital pH meter and EC meter were employed to measure the soil pH and electrical conductivity (EC), using a 1:2.5 soil-to-distilled water ratio as described by Haque et al. (2021). Total carbon content was determined using the Walkley-Black wet oxidation method (Glosolan, 2019).
Determination of Water Retention Characteristics
Water retention characteristics, including the permanent wilting point and field capacity of the soil were determined using the software developed by Keith Saxton in cooperation with the Department of Biological Systems Engineering (Oyeogbe and Oluwasemire, 2013). Total nitrogen soil, biochar and poultry manure was quantified with a CNS elemental analyzer (COSTECH, 2015), and available phosphorus in the soil was measured using the Bray method (Bray, 1995). The cation exchange capacity (CEC) and exchangeable cations, including potassium, calcium, and magnesium, were determined by the NH4OAc leaching method (Agung, 1986), with analysis conducted using atomic absorption spectrometry (AAS) (Gumbara et al., 2019).
For soil infiltration measurements, a Tension Disk Infiltrometer (also known as the mini-disk infiltration method) was used to assess unsaturated hydraulic conductivity. The measurements were based on the Simunek-Wooding method developed by Šimůnek et al. (1998), using the following Equations 1 and 2 for soil infiltration and unsaturated hydraulic conductivity determination. These methods ensured comprehensive analysis of the soil's physicochemical properties and its response to different amendments.
 ……………………………. (1)
 ……………………………………… (2)
Where; I and K are soil infiltration capacity and hydraulic conductivity, respectively (cm/sec), C1 is the slope of the cumulative infiltration curve versus the square root of time, and C2 (m min-1 relates to k).

Determination of Crop Water Requirement of Garden Egg
The daily reference crop evapotranspiration (ETo) was determined using weather data collected from the weather station located at the WACWISA Experimental Field. To adjust the crop water requirement (CWR) for localized drip irrigation systems, the equation proposed by Keller and Bliesner (1990) was applied. This equation accounts for the ground cover (Pd) of the specific crop, which typically ranges from 70% to 100%, depending on the crop type and its expected ground cover. However, many researchers prefer using a ground cover value of 95%. The adjusted CWR was then calculated using the formula provided in Equation 3.
Td = Ud x [0.1 (Pd)0.5] …………...……....… (3)
Where; Td - CWR-localized, CWR (localized) - Estimated CWR-crop at peak demand for localized irrigation, Ud - Conventionally estimated peak CWR-crop, and   Pd - Percentage ground cover (%). The crop coefficient (Kc) values for garden eggs were considered to determine the crop water requirement at different stages of growth. The Kc value for the initial stage was 0.45, for the crop development stage it was 0.75, for the mid-season stage it was 1.15, and for the late harvesting stage it was 1.10. These Kc values were utilized to calculate the water requirement for each specific growth stage of the garden egg crop. 
  ………………..…... (4)
Where; ETcrop - crop water requirement, which represents the amount of water needed by the crop on a daily basis, measured in millimeters per day (mm/day), Kc is a factor that accounts for the water needs of a particular crop compared to the reference evapotranspiration (ETo), and ETo- represents the overall evapotranspiration in a given area, also measured in millimeters (mm). By using the appropriate Kc value and combining it with the reference ETo, the CWR-crop was calculated to determine the daily water requirement for garden egg.

Layout of Drip Irrigation System 
Drip irrigation system was used for the experiment. The drip-lines were placed on the pots and kept straight with pegs at the ends as represented by Plate 2. After the irrigation system has been installed, water distribution unit was tested in the field with catch cans and 36 catch cans were used according to the number of pots and system operated in period of 30 minutes to determine the distribution uniformity. 
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[bookmark: _Toc143732903]Plate 2: Layout of Drip Irrigation System at the Field

Testing of Drip Irrigation System
[bookmark: _Toc141184683][bookmark: _Toc141337398][bookmark: _Toc141882006]The efficiency of the drip irrigation system varies between  90% and 95% when properly designed, installed and managed (Darimani et al., 2021). Data obtained from 36 catch cans were used to test performance of irrigation system installed in the field experiment by considering emitter discharge rate (Qa), uniformity of water distribution (DU) and uniformity coefficient (UC). 
The average emitter discharge (Qa) was obtained by using Equation 5 as given by Darimani et al. (2021).
Qa =………………………… (5)
Where; Qa - emitter discharge(l/hr), qi - flow rate of the emitter(l/h), and n - total number of emitters.
The Equations 6 and 7 were used to determine the distribution uniformity of the drip irrigation system.
DU (%)×100......... (6)
DU (%) = 100 [Q25/Qav] .......................(7)
Uniformity Coefficient was also calculated by using Equation 8:
….. (8)
Where; qa - average of emitter flow tested during experiment (l/h), n - number of emitters under consideration, and qi -each flow-rate measured in catch can (l/h). 

Determination of Crop Water Use Efficiency
Water use efficiency (WUE) was determined by calculating the ratio of the yield obtained to the amount of water utilized as represented by Equation 9. This measurement used to assess the efficiency with water utilized in relation to the crop yield. By quantifying the relationship between water consumption and crop productivity, and expressed in kilograms per cubic meters (m3).  
WUE = …………………………… (9)
TY-Total yield (ton/ha) and ETc - Seasonal crop water consumption (kg/m3).

Agronomic Practices
The agronomic practices implemented are outlined below.
Nursery Preparation
On 6th February 2023, nursery beds were prepared by sowing 20g of garden egg seeds, which were then covered with a thin layer of straw mulch to retain moisture and regulate soil temperature for uniform germination. Garden egg seedlings emerged 7 days after planting (DAP). After emergence, the mulch was removed, and the seedlings were allowed to establish for 4 weeks under a shade constructed with grasses and hanging sticks. The seedlings were watered twice daily until they developed three true leaves, indicating readiness for transplanting.

Field Preparation
The field was prepared by cleaning and installing drip lines across the field. Holes were dug to a depth of 0.4 m to flatten the pots to the level of the drip lines. Each hole was positioned under an emitter, with garden egg plants spaced 60 cm apart within and between rows according to emitter spacing.

Transplanting
Bucket pots with dimensions of 40 cm depth, 35 cm top diameter, and 20 cm bottom diameter were used for the experiment. The pots were perforated at the bottom for water drainage and filled with 12kg of pre-prepared soil mixture. After 2 weeks of preparation, the pots were arranged according to a split-plot design. One seedling was transplanted into each pot, and water was applied at 100% CWR until the seedlings were established. Straw mulch was used to retain soil moisture, and regular hand weeding was conducted. Seedlings were monitored for adaptability, and weaker seedlings were replaced. Different irrigation regimes were implemented once the seedlings were fully established.

Plant Growth and Yield Data Collection
To assess the impact of irrigation regimes and soil amendment techniques on the growth and yield of garden egg plants, various growth as well as yield parameters were measured at two-week intervals starting from two weeks after transplanting. The parameters included plant height, stem girth, number of branches, leaf area index, and yield.
1. Plant Height: Measured from the base of the stem to the top of the apical meristem using a folding long rule during the growth, flowering, and fruiting stages.
2. Stem Girth: Measured at the base of the stem using an automated vernier caliper during the growth, flowering, and fruiting stages.
3. Number of Branches: Counted during the growth, flowering, and fruiting stages.
4. Plant Chlorophyll: Chlorophyll content was assessed using an SPAD Chlorophyll meter (KONICA MINOLTA INC, USA) at the growth, flowering, and fruiting stages. Four leaves per plant were selected for measurement.
5. Leaf Area Index: Measured using a portable leaf area index (PAR/LAI) Ceptometer during the growth, flowering, and fruiting stages.
6. Yield Data: After harvest, the fresh weight of garden eggs from each of the 36 pots was measured using a sensitive electronic balance and expressed in tons per hectare.

Data Analysis 
An analysis of variance (ANOVA) using the GenStat statistical package 12th Edition was used to determine the statistical difference among various Parameter such as plant height, stem diameter, chlorophyll content, leaf area index and number of branches were measured, recorded, weight of harvested in (tons) and water use efficiency (kg/m3) were also analyzed.

RESULTS AND DISCUSSION
Soil Physicochemical Properties of the Experimental Soil
The physical and chemical properties of the soil were assessed before and after the application of various amendment techniques to evaluate their impact.

Soil Physical Properties

Soil Texture and Organic Content
The initial particle size distribution of the soil consisted of 72.16% sand, 5.88% clay, and 21.96% silt, classifying the soil as sandy loam according to the USDA soil texture triangle. The initial soil organic carbon content was 2.21%, corresponding to an organic matter content of 4.67%. Following the experiment, the combined application of poultry manure and biochar produced the highest organic carbon content (5.71%), followed by biochar alone (5.11%), with poultry manure alone resulting in the lowest increase (4.31%). The combination of poultry manure and biochar increased clay content from 5.88% to 7.92%, while decreasing sand content from 72.16% to 67.16%, and increasing silt content to 24.92%. Poultry manure alone raised clay content slightly to 5.92%, and biochar alone showed a similar trend (5.88% to 5.92%). Sand content was reduced to 68.12% and 68.16% under biochar and poultry manure treatments, respectively. Biochar improved silt content to 26.11%, while poultry manure increased it to 25.92%. These results suggest that the reduction in sand content and the increase in clay and silt content were influenced by the enhanced presence of organic matter and organic carbon. This is consistent with findings by Yandong et al. (2023), who reported that the combination of biochar and conventional fertilizers increased clay and silt content, decreased sand content, and enhanced soil organic matter and carbon. According to Agbede (2021) and Masocha and Dikinya (2022), the organic matter and carbon sequestration resulting from these amendments contribute to improved soil aggregation, reduced bulk density, and enhanced plant-available water content.
Plant Available Water Content
Field capacity (FC), permanent wilting point (PWP), and plant-available water content (PAWC) were estimated using Soil Characteristic Software (SCS), which analyzed data from soil particle size distribution and organic matter content. The combination of poultry manure and groundnut shell biochar yielded the highest PAWC at 15%, compared to poultry manure alone, which resulted in the lowest value of 12%. This variation is attributed to increased organic carbon and improved soil fertility, which enhanced the soil’s water retention capacity. Although % sand, clay, and silt changed due to amendments, the overall soil texture remained unaltered. The obtained values aligned with estimations for field capacity and permanent wilting point for sandy loam soils, where FC typically ranges from 18–28%, and PWP from 6–16% (Richard et al., 1998). The observed increase in PAWC confirms findings by Yu et al. (2021), who reported a positive correlation between soil water retention and organic carbon content.
Soil Bulk Density
Bulk density is a key indicator of soil compaction. Prior to treatment, the bulk density of the soil was 1.43 g/cm³. Amendments had significant impacts: Poultry manure reduced bulk density to 1.23 g/cm³, groundnut shell biochar reduced it further to 0.94 g/cm³, and the combination of biochar and poultry manure resulted in a bulk density of 1.02 g/cm³. The decrease in bulk density is primarily attributed to increased organic carbon, which improves soil structure and porosity. The observed values fall within the acceptable bulk density range of 0.5–3.0 g/cm³, and align with typical values in northern Ghana (0.8–1.8 g/cm³).
Soil Hydraulic Conductivity
Unsaturated hydraulic conductivity (SHC) was calculated using models by Zhang (1997) and van Genuchten (1980). Results demonstrated that soil amendments significantly improved SHC as control (no amendment) recorded 7 × 10⁻³ cm/s, poultry manure (13 × 10⁻³ cm/s), biochar (26 × 10⁻³ cm/s), and biochar + poultry manure (22 × 10⁻³ cm/s). These results highlight the superior performance of biochar in enhancing SHC, likely due to its porous nature and ability to improve infiltration and reduce runoff, consistent with findings by Wang et al. (2017), Yang et al. (2020), and Gholamahmadi et al. (2023).
Soil Chemical Properties
Soil pH
Before treatment, the soil had a pH of 5.6. After amendment, biochar + poultry manure recorded pH 6.8, poultry manure only recorded pH 6.19, and biochar only recorded pH 5.71. All treatments improved soil pH, bringing it within the optimal range for garden egg cultivation (5.5–6.8), as reported by Han et al. (2021). Agbede et al. (2020) also confirmed that biochar and poultry manure can raise pH, reduce bulk density, and enhance moisture retention.
Electrical Conductivity 
Initial electrical conductivity (EC) was 3.23 × 10⁻² dS/m. Post-treatment values were; biochar + poultry manure (6.23 × 10⁻² dS/m), poultry manure only (5.60 × 10⁻² dS/m), and biochar only (4.38 × 10⁻² dS/m). These increases in EC reflect improved soil nutrient status, which correlates positively with plant growth, biomass, and yield. This supports previous findings by Chathurika et al. (2016) and Shah et al. (2017).

Macro and Micronutrients
Total nitrogen (TNC), potassium (K), phosphorus (P), calcium (Ca), and magnesium (Mg) levels were significantly enhanced by the amendments. The combined application of poultry manure and biochar showed the most pronounced improvement in nutrient availability, as detailed in Table 2.

[bookmark: _Toc144459987]Table 2: Soil Chemical Properties of Experimental Site
	Soil Sample 
	Total nitrogen content, N (%)
	Potassium, K (mg/kg)
	Phosphorus, P(mg/kg)
	Calcium, Ca(Cmol+/kg
	Magnesium, Mg(Cmol+/kg)

	Soil Before amendment
	0.045
	1.28
	42
	3.5
	0.4

	Combination of Poultry manure and Biochar
	1.28
	4.72
	79
	7.2
	2.2

	Biochar only
	0.63
	3.59
	62
	5.8
	1.6

	Poultry Manure only
	0.86
	3.06
	65
	6
	1.8


The combination of biochar and poultry manure significantly improved soil chemical properties compared to unamended soil. These findings are consistent with those of Carmo et al. (2016), who reported that the concentrations of ions such as F⁻, Cl⁻, NO₃⁻, Br⁻, SO₄²⁻, Mg²⁺, Ca²⁺, and Na⁺ are strongly correlated with electrical conductivity (EC), particularly in soils with higher clay and organic matter content. Similarly, Neina (2019) noted that soil biochemical properties are influenced by both pH and EC, which in turn affect plant growth and biomass yield due to the availability of essential cations such as Ca²⁺, Mg²⁺, and Na⁺.
Effect of Irrigation Regimes and Organic Amendment on Stem Diameter (Girth)
Analysis of variance (ANOVA) revealed that irrigation regimes had a significant effect on stem diameter at all stages of observation namely; 2WAT (p < 0.001), 4WAT (p < 0.001), 6WAT (p < 0.001), 8WAT (p < 0.001), and 10WAT (p < 0.001), as presented in Figure 3.
At 2WAT, the stem diameter of plants receiving 100% crop water requirement (CWR) (9.97 mm) was not significantly different from those under regulated deficit irrigation (70% CWR) (8.77 mm). However, it was significantly greater than plants under sustained deficit irrigation (70% CWR), which recorded a mean stem diameter of 5.86 mm. This trend persisted at 4, 6, and 8 WAT, where full and regulated deficit irrigation maintained higher stem diameters compared to the sustained deficit treatment.
By 10WAT (harvest), full irrigation resulted in the highest stem diameter (18.68 mm), followed by regulated deficit (13.75 mm), while the lowest value was observed under sustained deficit irrigation (10.67 mm). These results indicate that full irrigation consistently supported better stem development, while sustained deficit reduced stem vigor.
These findings are supported by Ali et al. (2021), who reported that eggplant was highly sensitive to water deficits, with stem diameter and plant height negatively affected as the degree of water stress increased. Similarly, Darko et al. (2019) found that stem height and diameter of garden egg significantly decreased under 70% CWR compared to full irrigation. Ullah et al. (2021) also reported that morphological traits of tomato such as plant height, stem diameter, leaf area, chlorophyll content, and nitrogen uptake declined significantly under deficit irrigation.
Organic amendments also had a significant impact on stem diameter from 2WAT to 10WAT, with the following p-values observed: 2WAT (p = 0.002), 4WAT (p = 0.006), 6WAT (p = 0.004), 8WAT (p < 0.003), and 10WAT (p < 0.001).
At 2WAT, no significant differences were observed among the biochar and poultry manure combination (9.54 mm), poultry manure alone (8.75 mm), and biochar alone (8.08 mm). However, these treatments were all significantly different from the control (unamended soil), which recorded the lowest stem diameter (6.42 mm). This trend remained consistent at 4, 6, 8, and 10WAT, confirming the positive role of organic amendments in promoting stem growth and vigor.

[bookmark: _Toc144869121]Figure 3: Effect of Irrigation Regimes on Stem Diameter of Garden Egg


Figure 4: Effect of Organic Amendment on Stem Diameter of Garden Egg
[bookmark: _Toc144459427]Effect of Irrigation Regimes and Organic Amendments on Plant Height
There was a statistically significant effect of irrigation regime on plant height at 2WAT (Weeks After Transplanting) (p < 0.001), 4WAT (p < 0.001), 6WAT (p < 0.001), 8WAT (p < 0.001), and 10WAT (p < 0.001), as presented in Figure 5. At 2WAT, full irrigation produced the highest plant height (17.08 cm), whereas sustained deficit irrigation resulted in the lowest height (14.83 cm). This trend continued at 4, 6, 8, and 10WAT, with full irrigation consistently producing taller plants and sustained deficit irrigation performing the least in terms of plant height. Each irrigation level showed statistically distinct performance.
These findings are consistent with results reported by Darko et al. (2019), who observed that eggplant plants achieved the greatest height when irrigated with 100% of the crop water requirement (CWR). The height under full irrigation was significantly greater than that observed at 80% and 70% of CWR. Similarly, Medyouni et al. (2021) reported that water deficits during crop development stages led to reductions in both plant height and stem diameter compared to full irrigation.
Soil amendments also had a significant effect on plant height at all measurement intervals, i.e. 2 WAT (p < 0.001), 4WAT (p < 0.001), 6WAT (p < 0.001), 8WAT (p < 0.001), and 10WAT (p < 0.001) as shown in Figure 6. At 2WAT, the combination of biochar and poultry manure produced the highest plant height (17.11 cm), while the control treatment (no amendment) resulted in the lowest (12.22 cm). This pattern was consistent through the 4th, 6th, 8th, and 10th weeks. The study also showed that there was no significant interaction effect between irrigation regime and soil amendments on plant height (p = 0.21).

[bookmark: _Toc144869123]Figure 5: Effect of Irrigation Regimes on Plant Height

[bookmark: _Toc144869124]Figure 6: Effect of Soil Amendments on Plant Height
Effect of Irrigation Regimes and Organic Amendments on Number of Branches 
Garden egg plants began branching at 4WAT (Weeks After Transplanting), with a statistically significant difference observed among irrigation regimes (p < 0.006). As shown in Figure 7, the highest number of branches was recorded under full irrigation (100% CWR) with an average of 3.16 branches, followed by regulated deficit irrigation (70% CWR) with 3.08 branches. The lowest number of branches (2.08) was observed under sustained deficit irrigation (70% CWR). This trend persisted at 6WAT (p < 0.004), 8WAT (p < 0.003), and 10WAT (p < 0.04), where each irrigation regime resulted in significantly different branch numbers. Full irrigation consistently produced the highest number of branches, while sustained deficit irrigation resulted in the fewest.
Soil amendment techniques also had a significant effect on the number of branches at 4WAT (p < 0.036), 6WAT (p < 0.005), 8WAT (p < 0.001), and 10WAT (p < 0.001), as presented in Figure 8. The combination of biochar and poultry manure produced the highest number of branches (4.0), while the lowest number (1.2) was recorded in soils without any amendment. This pattern remained consistent from 6WAT through 10WAT, with the biochar and poultry manure combination consistently enhancing branching, whereas unamended soils resulted in the lowest branch numbers.

[bookmark: _Toc144869125]Figure 7: Effect of Irrigation Regimes on Number of Branches

[bookmark: _Toc144869126]Figure 8: Effect of Soil Amendment on Number of Branches
Effect of Irrigation Regimes and Soil Amendments on Yield Production
Irrigation regimes had a statistically significant effect on yield production, as presented in Figure 9. The highest yield was recorded under full irrigation (100% CWR), with 16.39 tons/ha, followed closely by the regulated deficit irrigation treatment (70% CWR), which produced 16.31 tons/ha. The lowest yield was obtained from the sustained deficit irrigation treatment (70% CWR), yielding 11.57 tons/ha. The yields observed in this study align with findings reported by Darko et al. (2019), who noted that garden egg yield in Ghana ranges between 5 to 8 tons/ha under rainfed conditions. Under supplemental irrigation, yield ranges increase to 12–30 tons/ha with local varieties, and can reach 50–80 tons/ha when improved cultivars are cultivated.
Yield reduction analysis revealed that sustained deficit irrigation (70% CWR) resulted in the greatest yield loss compared to regulated deficit irrigation. These results are supported by Wahb-Allah and Al-Omran (2012), who reported significant yield reductions in tomatoes subjected to deficit irrigation during reproductive stages. Similarly, Abiyu and Alamirew (2015) observed that applying 75% CWR throughout the entire growth stage led to a 53% reduction in yield, whereas applying water deficits during non-critical growth stages resulted in only a 6.16% reduction. Regulated deficit irrigation is therefore observed as a more sustainable irrigation strategy compared to sustained deficit irrigation. When combined with appropriate agronomic practices such as effective weeding, pest and disease control, and proper soil amendment, it supports both improved yield and crop quality in garden egg production.
Soil amendments had a significant effect on garden egg yield (p < 0.001). As presented in Figure 10, the highest yield (23.34 tons/ha) was obtained from the treatment combining biochar and poultry manure. This was followed by poultry manure alone, which produced 15.14 tons/ha. The lowest yield (6.14 tons/ha) was recorded in the control treatment without any amendment.
These findings are consistent with the results reported by Michael and Oyewumi (2022), who demonstrated that the combined application of poultry manure and biochar significantly enhanced sweet potato growth and tuber yield. Similarly, Dias et al. (2010) attributed increased crop yields to the chemical composition of the biochar–poultry manure mixture, which improves nutrient availability, promotes crop development, and enhances both yield and water use efficiency
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The interaction between irrigation regimes and soil amendment techniques had a notable effect on yield production. The highest yield (27.79 tons/ha) was recorded under full irrigation combined with the application of both biochar and poultry manure, closely followed by regulated deficit irrigation combined with the same soil amendments (27.75 tons/ha). In contrast, the lowest yield (5.42 tons/ha) was observed in the sustained deficit irrigation treatment without any soil amendments (no biochar or poultry manure). These findings are presented in Table 3 and highlight the synergistic effect of combining proper irrigation management with organic soil amendments. This trend aligns with the findings of Ikeh and Akpan (2018), who reported the highest garden egg yield (26.80 tons/ha) from the interaction between full irrigation and mulching, while the lowest yield (4.16 tons/ha) was obtained in plots without irrigation and mulching. These results emphasize the importance of integrated management practices such as combining optimized irrigation strategies with soil fertility enhancement to maximize crop productivity.
Table 3: Interaction Effect Between Irrigation Regimes and Soil Amendments on Yield (ton/ha)
	        Fertilizer

Irrigation 
	No Biochar no Poultry manure
	Biochar
	Poultry manure
	Poultry Manure and Biochar 

	Sustained deficit at 70 % CWR
	5.41d
	12.88bcd
	13.53bcd
	14.48bc

	Regulated deficit at 70 % CWR
	
6.55cd
	
15.07bc
	
15.87bc
	
27.75a

	Full irrigation 
at 100 % CWR
	
6.57cd
	
15.15b
	
16.03b
	
27.79a

	LSD
P Value
	
	7.99
0.23
	
	


(Means that do not share same letter are significantly different)
Effect of Irrigation Regimes on Water Use Efficiency
The total amount of water applied per treatment was calculated, with sustained deficit irrigation receiving 490.05 mm, regulated deficit irrigation 593.31 mm, and full irrigation 699.36 mm. Although the differences in water use efficiency (WUE) were not statistically significant (p = 0.48), as shown in Figure 11, notable trends were observed.
At harvest, the highest WUE was recorded under regulated deficit irrigation (70% CWR), with a value of 2.83 kg/m³. This was followed by sustained deficit irrigation (2.47 kg/m³), while full irrigation (100% CWR) recorded the lowest WUE (2.44 kg/m³). The WUE under regulated deficit irrigation resulted in a 17.5% water saving compared to full irrigation, whereas sustained deficit irrigation achieved a marginal water saving of 0.86%.
These findings are consistent with previous research. Karam et al. (2011) reported that implementing regulated water deficits by applying 80% of the crop water requirement during the vegetative, pre-flowering, and fruit ripening stages and it did not adversely affect eggplant yield. Similarly, Zhou et al. (2017) found that a 70% irrigation regime in peaches-maintained yield while improving fruit quality.
Further, Nurga et al. (2020) demonstrated that deficit irrigation applied at non-critical stages (initial and maturation phases) in onions did not significantly reduce yield. Fereres and Soriano (2007) also reported that regulated deficit irrigation improved both water productivity and farm income for fruit and vine crops.
Overall, these findings suggest that regulated deficit irrigation, when properly timed to coincide with non-critical growth stages can enhance water use efficiency without compromising yield. Therefore, it is recommended to apply full irrigation during critical phenological stages and practice regulated deficit irrigation during less sensitive periods to optimize both water use and crop productivity.
 
[bookmark: _Toc144869133]Figure 11: Effect of Irrigation Regimes on Water Use Efficiency
Effect of Soil Amendment Techniques on Water Use Efficiency
Water use efficiency (WUE) was significantly influenced by soil amendment techniques (p < 0.001), as shown in Figure 12. The highest WUE was recorded in pots amended with a combination of biochar and poultry manure (4.02 kg/m³), followed by pots treated with poultry manure alone (2.68 kg/m³), and biochar alone (2.54 kg/m³). The lowest WUE (1.09 kg/m³) was observed in the control pots without any amendments.
The improvement in WUE is attributed to the increase in soil organic matter content in the amended treatments. According to Ma et al. (2016), enhanced soil organic matter plays a critical role in improving WUE. Sujatha et al. (2016) also reported that soil amendments, particularly the application of biochar and poultry manure, increase the available water content in soil, thereby enhancing both yield and WUE.
Furthermore, Yu et al. (2021) found that higher levels of soil organic carbon significantly contribute to improved crop productivity. The increase in soil organic carbon not only enhances water retention capacity but also improves plant access to water, leading to higher water use efficiency.

[bookmark: _Toc144869134]Figure 12: Effect of Soil Amendment on Water Use Efficiency
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The interaction between irrigation regimes and soil amendment techniques had a notable effect on water use efficiency (WUE), as presented in Table 4. The highest WUE (4.82 kg/m³) was recorded under the regulated deficit irrigation treatment (70% CWR) combined with the application of both biochar and poultry manure. This was followed by the full irrigation treatment (100% CWR) combined with the same soil amendments, which achieved a WUE of 4.15 kg/m³. In contrast, the lowest WUE (0.98 kg/m³) was observed under full irrigation combined with soil lacking any amendment (no biochar or poultry manure). These results highlight the synergistic effect of combining regulated irrigation strategies with organic soil amendments. The use of biochar and poultry manure not only improved soil structure and water-holding capacity but also enhanced the efficient utilization of water under different irrigation levels. This underscores the importance of integrating irrigation management with soil fertility practices to maximize water productivity and overall crop performance.
Table 4: Interaction Effect Between Irrigation Regimes and Soil Amendment Techniques on Water Use Efficiency
	        Fertilizer

Irrigation 
	No Biochar no Poultry manure
	Biochar
	Poultry manure
	Poultry Manure and Biochar 

	Sustained deficit at 70 % CWR
	1.158de
	2.75bcd
	2.88bc
	3.09bc

	Regulated deficit at 70 % CWR
	
1.14de
	
2.75bcd
	
2.76bcd
	
4.82a

	Full irrigation 
at 100 % CWR
	
0.98e
	
2.26cde
	
2.39cde
	
4.15ab

	LSD
PValue
	
	0.84
0.52
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CONCLUSION
The incorporation of a combined application of biochar and poultry manure significantly enhances soil nutrient uptake and improves both the physical and chemical properties of the soil. This combination proves to be the most effective soil amendment strategy for garden egg production, as it improves critical parameters such as soil pH, electrical conductivity (EC), total organic carbon, available water content, total nitrogen content (TNC), potassium (K), phosphorus (P), calcium (Ca), and magnesium (Mg), when compared to single applications of either biochar or poultry manure, or to unamended soil.
While the application of biochar alone improved soil hydraulic conductivity and reduced bulk density, the combined use of biochar and poultry manure demonstrated a superior capacity to retain water. This is crucial for optimizing soil moisture availability during key crop growth stages.
Although the application of water at 70% of the crop water requirement (CWR) led to a yield reduction compared to full irrigation (100% CWR), it significantly improved water use efficiency (WUE). The study demonstrates that applying 70% CWR during non-critical stages known as regulated deficit irrigation combined with biochar and poultry manure amendments, can reduce crop water stress during critical stages such as flowering and fruiting. This strategy led to minimal yield reductions while enhancing WUE.
Overall, the findings indicate that regulated deficit irrigation is more effective and sustainable than sustained deficit irrigation for improving garden egg yield and WUE. Given the increasing water scarcity and rising demand for garden egg in northern Ghana, the efficient use of regulated deficit irrigation (70% CWR) in combination with biochar and poultry manure represents a promising approach to enhance both productivity and resource efficiency in garden egg cultivation.
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Garden Egg Stem Diameter (mm)




 LSD (5 %) = 1.84 at2 WAT
LSD (5 %) = 3.67 at 4 WAT
LSD (5 %) = 5.14 at 6 WAT
LSD (5 %) =  5.05 at 8 WAT
LSD (5 %)= 4.41 at 10 WAT


Sustained Deficit Irrigation	2 WAT	4 WAT	6 WAT	8 WAT	10 WAT	14.58	22.08	26	27.25	31.33	Full Irrigation	2 WAT	4 WAT	6 WAT	8 WAT	10 WAT	17.079999999999998	32.58	45.25	48.75	63.67	Regulated Deficit Irrigation	2 WAT	4 WAT	6 WAT	8 WAT	10 WAT	14.83	25.58	38.25	42.25	44.25	Weeks after Transplanting


Height of Garden Eggs(cm)




 LSD 5 % =) 2.13 at 2 WAT
LSD 5 % )= 4.2 at 4 WAT
LSD 5 % )= 5.94 at 6 WAT
LSD 5 %) = 5.83 at 8 WAT
 LSD 5 %) = 5.10 at 10 WAT


Biochar 	2 WAT	4 WAT	6 WAT	8 WAT	10 WAT	14.11	26.33	35.11	38.89	47	Poultry Manure	2 WAT	4 WAT	6 WAT	8 WAT	10 WAT	14.67	27.22	37.56	40.56	48	Poultry Manure and Biochar	2 WAT	4 WAT	6 WAT	8 WAT	10 WAT	17.11	31.44	44.58	47.78	57.78	No Poultry Manure no Biochar	2 WAT	4 WAT	6 WAT	8 WAT	10 WAT	12.22	22	28.78	30.44	32.89	Soil Amendment


Height of Garden Egg (cm)




LSD(%)= 1.06 at 4WAT
LSD(%)= 1.60 at 6WAT
LSD(%)= 2.37 at 8WAT
LSD(%)= 2.42 at 10WAT


Sustained Deficit Irrigation 	4 WAT	6 WAT	8 WAT	10 WAT	2.08	3.25	7.08	8.58	Full Irrigation	4 WAT	6 WAT	8 WAT	10 WAT	3.16	6.16	11.5	11.75	Regulated Deficit Irrigation	4 WAT	6 WAT	8 WAT	10 WAT	3.08	4.91	9.58	10.5	Weeks after transplanting


Number of Branches




LSD (5 %)= 1.22 AT 4 WAT
LSD (5 %)= 1.84 AT 6 WAT
LSD (5 %)= 2. 74 AT 8WAT
LSD (55 %)= 2.79 AT 10 WAT

Biochar 	4WAT	6WAT	8WAT	10WAT	2.56	4.66	9.5500000000000007	10.67	Poultry Manure	4WAT	6WAT	8WAT	10WAT	2.8	4.7699999999999996	9.77	11.22	Poultry Manure and Biochar	4WAT	6WAT	8WAT	10WAT	4	6.66	13.11	13.67	No Poultry Manure no Biochar	4WAT	6WAT	8WAT	10WAT	1.22	3	5.1100000000000003	5.56	Soil Amendment  


Number of Branches




LSD(5 %)= 3.99 


 Sustained Deficit Irrigation	Regulated Deficit Irrigation	Full Irrigation	11.55	16.32	16.39	Irrigation Regimes


Yield Prodction in ton/ha



LSD(%)=4.61

Biochar 	Poultry Manure	Poultry Manure and Biochar	No Biochar no Poultry Manure	14.37	15.14	23.34	6.18	Soil Amendment


Yield Production in ton/ha



LSD ( 5%)= 0.71 

 Sustained Deficit	 Full Irrigation	 Regulated Deficit	2.36	2.34	2.75	Irrigation Regimes


Water Use Efficiency (kg/m3)



LSD (5 %) = 0.85 

Biochar 	Poultry Manure	Poultry Manure and Biochar	No Biochar no Poultry Manure	2.54	2.68	4.0199999999999996	1.0900000000000001	Soil Amendment


Water Use Efficiency (kg/m3)
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