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Assessment of Crop Water Productivity and Efficiency of Paddy Systems: A Comparison Between Alternate Wetting and Drying and Conventional Flooding Methods





ABSTRACT
Water scarcity is still among the major challenges facing rice production as the gap between available water supply and water demand is increasing in many parts of the world, limiting future expansion of irrigation. Crop water productivity for rice was evaluated using the alternate wetting and drying (AWD) and continuous flooding irrigation (CF) methods to come up with the best method with higher productivity (WP) and water use efficiency (WUE). An experiment was carried out at Hembeti irrigation scheme, Morogoro region in Tanzania to investigate WP and WUE of paddy systems comparing the AWD and CF methods. The experiment was done in 2 seasons starting from July to September 2023 and from September to November 2023 using a rice variety locally known as SARO MALOLO (cross of YY and Super) with 90 day-growing duration from nursery to harvest. Two treatments namely, AWD and CF were arranged in a randomized complete block design with 3 replications to form 6 experimental plots each with 1m2 area separated by a 1 m buffer zone to prevent lateral movement of water. Plant spacing used was 20cm x 20cm forming 25 plants per square meter (1 seedling per hill). Several growth variables were monitored and data collected on daily and weekly basis. The growth parameters monitored were plant height, canopy cover, number of tillers and productive tillers, number of panicles and grain number. Findings show that WP was 4.05kgm-3 for AWD plots and 1.21kgm-3 for CF. It also shows that AWD achieved 75% of WUE compared to 41% in CF. Furthermore, AWD gave higher dry yield of 1.52 t ha⁻¹ than 1.33 t ha⁻¹ of dry yield in CF. This indicates that AWD performed much better compared to CF in terms of water use and yield. The results also showed that there was no significance difference in the number of productive tillers and panicles for both treatments at p=0.05, but with slight variation (significance difference) between the seasons and between the replicates. Results also showed significance difference in the amount of water applied and consumed for both treatments at p=0.05, where AWD managed to save 65.8% of irrigation water meaning AWD is the best method for regions with water scarcity as it can maintain or improve yield but with an advantage of less water input. 
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1.0 INTRODUCTION 
According to recent estimates for food and agricultural production, the world population is projected to reach 9.6 billion by 2050 (Tripathi et al.,2019) with 135.2 million of those people living in Tanzania (Mwakisisile and Mushi, 2019). This rapid expansion will lead to a significant increase in food demand, which in turn will necessitate a significant expansion of the agricultural sector’s water usage for irrigation It is highly recognized that, producing and delivering adequate, high-quality food will be one of the most important challenges for humanity in the next century. The evolution of technology has led to intensification of agricultural production, leading to increased productivity and quality of agricultural products. However, this intensification has significantly increased the environmental footprint of agriculture, leading to a number of environmental impacts associated with the extensive use of fertilizers, pesticides, water, and changes in land use (Lampridi et al., 2019). Concurrently, water demand from non-agricultural sectors will continue to rise in both developed and developing countries (Ali and Talukder, 2008), further exacerbating the competition for water resources. (Cai and Rosegrant, 2002). As a response, there is an increasing emphasis on multi-pronged approach that focuses on sustainable agricultural practices and technologies (Lamprid et al., 2019). Innovations in management techniques, such as improving water productivity for both irrigated and rain-fed crops, will be crucial (Scheierling et al.,2014). 

Water productivity is defined as the ratio of agricultural output to the amount of water applied (Rukmni et al., (2025). It is also calculated based on the amount of water directly consumed by the crop through evaporation and transpiration from irrigation water or rainfall. The need for enhancing water productivity is particularly critical in situations where water is limited and there is a necessity for fully utilizing of other agricultural inputs, such as fertilizers, high-quality seeds, tillage and land preparation, as well as labor, energy, and machinery (Koushal et al.,2024; Sharma et al., 2015). Improved irrigation management methods, such as field water management, deficit irrigation, and strategies to enhance productivity, have been identified as highly effective techniques (Rajwade et al., 2018; Mirzaei et al., 2019; Fadul et al., 2020).

Rice, recognized as one of the most extensively cultivated crops worldwide, holds a central position in the diets of approximately half of the global population, constituting roughly 80% of their food intake (Djaman et al., 2020; Pourgholam-Amiji et al., 2020). Its adaptability to diverse ecological conditions has led to its cultivation in roughly 113 countries (FAOSTAT, 2016). Given its nutritional and economic significance, rice occupies more than 146.5 million hectares of agricultural land across the globe (Gill et al., 2014; Murumkar et al., 2014; Lampayan et al., 2015). However, the adverse effects of climate change and water scarcity exert a considerable influence on rice production (Pan et al., 2017). 
 
Tanzania's agricultural sector plays a vital role in the country's food security and economic growth, with rice being one of the major staple crops. In 2020, Tanzania's rice production reached approximately 2.2 million metric tons, positioning the country as one of the leading rice producers in Sub-Saharan Africa (FAO, 2021). The area under rice cultivation has steadily expanded, reaching about 1.1 million hectares in recent years. However, despite this expansion, the national average rice yield remains relatively low at approximately 2 tons per hectare, significantly below the global average of 4 tons per hectare (World Bank, 2020).

The sustainability of irrigated rice systems in Sub-Saharan Africa, including Tanzania, is increasingly threatened by water scarcity. This challenge is exacerbated by climate change (Mbungu et al., 2012), recurrent droughts, rapid urbanization, and industrial expansion, all of which contribute to declining water availability (Bouman & Tuong, 2001; Yan et al., 2015; Pourgholam-Amiji et al., 2020). Consequently, there is a growing need to adopt water-efficient irrigation techniques that can optimize water use while maintaining or even enhancing rice yields to support the region's rising population (Carrijo et al., 2017; Brar et al., 2018). Traditionally, rice cultivation has relied on the conventional continuous flooding system, which operates under anaerobic conditions. This method ensures a stable supply of water and nutrients while effectively suppressing weeds. However, continuous flooding requires significantly more water than other cereal crops, making it an unsustainable practice in water-scarce environments. Therefore, the adoption of alternative irrigation techniques is crucial for improving water productivity in rice farming (Sridhar et al., 2020; Carracelas et al., 2019; Kesh et al., 2017; Ward et al., 2016).

One promising approach is alternate wetting and drying irrigation (AWD), in which rice fields are intermittently flooded and drained. This method has proven to be highly effective in enhancing water-use efficiency while maintaining or even increasing rice yields (Sridhar et al., 2020). Alternate wetting and drying irrigation involves applying water to the field a number of days after the disappearance of ponded water, based on the visual observation of the drop in the water level in a perforated casing pipe (Sridhar et al., 2020). This approach can reduce water input in rice production without significantly impacting yields, potentially diverting the saved water to areas where competition for water resources is high. Rezaei and Nahvi (2007) demonstrated that alternate irrigation reduces water consumption and enhances water use efficiency in rice, making it a viable approach to manage irrigation during droughts and water scarcity. The Alternate Wetting and Drying (AWD) technique, is widely promoted as a solution to address water scarcity in rice cultivation (Belder et al., 2004; Azamathulla et al., 2008; Datta et al., 2017; Yang et al., 2017; López-López et al., 2018). AWD involves intermittently flooding rice fields, with cycles of saturation and unsaturation, applying 2–5 cm of water at intervals of 2–7 days, depending on soil type and weather conditions, until visible cracks appear on the soil surface (Tuong & Bouman, 2003).

However, the successful implementation of alternate wetting and drying irrigation in Tanzania's rice production systems requires a deep understanding of the local context, including climate, soil conditions, and the challenges faced by smallholder farmers. Comparisons between AWD and CF methods were conducted to assess the crop water productivity and efficiency and its implications for sustainable agriculture; where several key growth variables were considered; these included amounts of applied water, consumed water, crop canopy cover, crop height, number of tillers per hill, number of productive tillers, number of panicles, number of grains per panicle and the yield.

2.0 METHODOLOGY
2.1 Description of the Study Area
The study was conducted at the Hembeti-Dihombo traditional irrigation scheme in Tanzania, which was established in 2001 through the initiatives of farmers inspired by the successful paddy production of the neighbouring Mkindo irrigation scheme.  It is located in the Hembeti ward encompassing the two beneficial villages, Hembeti and Dihombo, in the Mvomero district of Morogoro region, between latitudes 6° 16’ 6.8’’S and 6° 16’ 51.95”S and longitudes 37° 31’ 29. 7’’E and 37° 32’ 4.19’’E along the Turiani - Morogoro road and 35 km from the Mvomero district headquarters (Figure 1). The primary source of irrigation water for the scheme is the perennial Dizingwi River, which has a minimum discharge of approximately 3 m³/s. 
Although the proposed Hembeti-Dihombo scheme has 2,000 ha of potential irrigable land, the scheme currently irrigates only 223 hectares. However, once its irrigation structures are fully developed, the plan is to irrigate over 1,000 hectares (Mvomero 2021). The Mvomero district, where the irrigation scheme is located, is characterized by sandy loam soil and predominantly grassland vegetation. Annual rainfall is distributed in two rainy seasons with the long rains occurring between March and May, and the short rains between October and December, representing a bimodal rainfall regime (Figure 2). The average maximum and minimum temperatures for the area are 29.7°C and 24.4°C in December and July respectively while the average humidity is 69.7%. The main crops grown are rice, maize, sorghum and sunflower. 
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Fig 1: Map of the Study area (Morogoro region)
In Figure 1 Map of Morogoro region showing Hembeti-Dihombo Irrigation scheme where the study was conducted
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Figure 2: Mean monthly rainfall for the study area

2.2 Experimental design
A randomized complete block design was utilized for setting up and developing the field experiment at the Hembeti-Dihombo irrigation scheme. The size of each plot was set to 1 m² (1 m x 1 m), and the two treatments were assigned to the plots randomly. The plots had a 1 m buffer zone separating them to prevent lateral movement of water between the plots as shown in Figure 3. The same variety of rice with a 90-day growing span (SARO malolo, a cross of YY and Super) was transplanted at an age of 17 days, in all plots at the same grid spacing of 20 cm x 20 cm resulting in 25 rice plants per square meter (Table 1). Crop height, canopy cover, number of tillers per hill, number of productive tillers per hill, number of panicles per hill, number of grains per panicle, and yield were among the variables that were tracked. Additionally, the quantity of water applied and consumed was noted.
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Figure 3: Layout plan of the experimental plots

Table 1: Treatment details on the experimental plots
	Treatment
	Water application regime
	Transplanting age (days)
	Seedling per hill
	Spacing (cm)

	T1
	AWD
	17
	1
	20 x 20

	T2
	CF
	17
	1
	20 x 20



2.3 Field establishment
The experiment was conducted over two seasons within a span of five months. The two seasons overlapped by one month: the first season ran from July to September 2023, while the second season took place from September to November 2023, following the scheme's farming schedule

2.3.1 Nursery and Experimental plots
The sunken experimental plots were established in two areas of the same field, ensuring that both areas had identical physical and chemical soil properties.  Two raised seedbeds were prepared for nursery establishment: one in June for season 1 and the other in August for season 2. Rice seeds were broadcast on each bed and left to germinate and develop into seedlings for 17 days before transplanting.  One seedling per hill was transplanted in a square pattern of 20 cm by 20 cm on 1m2 sunken experimental plots.



2.3.2 Fertilizer and Insecticide application 
Fertilizer and pesticide applications were carried out to ensure proper growth. DAP was applied during transplanting, and UREA (46% N) was applied as split application on the 14th and 50th days after transplanting (DAT) both at a rate of 100 kg/ha (Mbaga, 2015). Additionally, lambda-cyhalothrin 50 g/L, an insecticide, was applied at a rate of 5 mL per 2.5 litres of water every week

2.3.3 Irrigation water management
The irrigation water ponding depth for the CF system was maintained at 30 mm from transplanting until a few days before harvesting (Nyamai et al., 2012). Excess water was drained through channels to prevent overflow.  In the AWD system, water was applied as per designed irrigation schedule basing on crop water requirements, field application efficiency, total available water and the minimum allowable depletion of soil moisture.

2.4 Data collection procedure
2.4.1 Soil sampling and analysis
Soil data were collected following analysis by the TARI Mlingano Central Soils Laboratory. A total of 12 soil samples were taken from the Hembeti irrigation scheme, consisting of 6 core samples and 6 composite soil samples. These samples were analysed for soil water retention characteristics (pF determination), bulk density, and standard fertility assessment for the composite samples. 

2.4.2 Climate data
The 20-year climate data (2003 – 2022) for the study area (Table 2) was collected from the nearest meteorological station, TARI Ilonga, to estimate Crop Evapotranspiration (ETC) using the CLIMWAT/CROPWAT model. The collected data included maximum and minimum temperatures, humidity, wind speed, sunshine duration, and rainfall, all recorded on a monthly basis. 

Table 2: Average monthly weather data (20-year period) for study area
	Weather variable
	Jan.
	Feb.
	Mar.
	Apr.
	May
	Jun.
	Jul.
	Aug.
	Sep.
	Oct.
	Nov.
	Dec.

	Max T. oC
	29.1
	28.9
	28.2
	26.5
	25.6
	24.9
	24.4
	25.3
	26.8
	28.3
	29.4
	29.7

	Min T. oC
	19.5
	19.3
	19.4
	18.9
	16.8
	14.6
	13.8
	14.4
	15.4
	17.1
	18.7
	19.5

	Wind (m/s)
	1.2
	1.3
	1.5
	2.1
	2.2
	2.3
	2.4
	2.5
	2.6
	2.6
	2.2
	1.6

	R.H (%)
	72.2
	73.0
	78.3
	82.4
	76.4
	67.7
	63.8
	63.6
	61.7
	62.9
	66.4
	68.4

	Rain (mm)
	140.7
	133.9
	234.6
	225.1
	60.9
	6.8
	1.3
	9.2
	12.5
	26.3
	72.6
	129.5

	Sunshine (hours)
	5.6
	6.5
	7.0
	5.9
	6.4
	7.0
	7.0
	6.7
	7.1
	8.1
	8.2
	8.0




2.4.3 Water application
a) For AWD, the amount of water applied was determined by considering the crop water requirements, field application efficiency, minimum allowable soil moisture depletion and total available water (T.A.W). The crop water requirement for rice was estimated using the CLIMWAT/CROPWAT model, which incorporated climate, soil, and crop data to calculate the net depth of water application. The field application efficiency for surface irrigation was set at 60%, and the minimum allowable moisture depletion was 50% and T.A.W ranging from 119 mm water/m soil to 125 mm water/m soil as shown in Table 3. The gross irrigation application depth was calculated by dividing net depth of water application (mm/day) by the field application efficiency.

The gross volume of water applied to a plot (plot’s length x plot’s width x gross depth) was calculated by considering the flow discharge (m³/s) and the time (s) taken. Flow discharge is a product of current flow velocity (m/s) and the flume’s cross-sectional area (m²). The current flow velocity was measured using the float method, which involved placing a small piece of leaf on the flowing water in the channel, and the distance it travelled over time was recorded. The current flow velocity was then calculated as the ratio of distance travelled (m) to time (s).





Where Q is the flow rate (discharge), 
t is the set time or total time of irrigation, 
d is the depth of water applied, 
A is the area irrigated. 
Known depth d of water applied on known area A of the plot was measured by allowing water to flow with a known discharge Q for time t. 

Flow rate (discharge) was calculated by the formula;



b) The ideal irrigation schedule was established using a tensiometer. The experimental site's sandy loam soil had a moisture content ranging from 22.5% to 25.3% at field capacity (FC) which was equivalent to about 11 centibars, and moisture content from 10.0% to 13.4% at wilting point (PWP) (Table 3). Tensiometer readings between 70 and 80 centibars would indicate excessive drying, thus irrigation was started when the reading hit 40 to 50 centibars.
c) For CF, water was applied to maintain a ponding depth of 30 mm from transplanting until a few days before harvesting (Nyamai et al.,2012), i.e., amount of water applied through CF was measured by refilling the plot with respect to depth and area of the plot. 

     Table 3: Soil Moisture content (%) for the study area
	Soil sample ID.
	

(Vol.%)
	

(Vol. %)
	T.A.W
(mm water/m soil)

	A1
	23.7
	11.3
	124

	A2
	22.5
	10.0
	125

	A3
	24.6
	12.7
	119

	C1
	25.1
	12.9
	122

	C2
	22.8
	10.4
	124

	C3
	25.3
	13.4
	119




       =Soil moisture at PWP; =Soil moisture at PWP=Permanent Wilting Point; T.A.W=10 (θFC-  θPWP) [mm (water)/m(soil depth)]

The percentage water saved was calculated using the formula:


(Chapagain and Riseman, 2010)

2.4.4 Effective water use (ETa)
The amount of water consumed by rice was estimated by a CLIMWAT/CROPWAT model. Soil, climate, and crop data was fed into the model to give daily estimates of net depth of water application (Kihupi, 2008).

2.4.5 Crop height 
The height of rice plants was measured using a ruler or measuring tape, from ground level to the tip of the tallest leaf (FAO, 2004). 

2.4.6 Crop canopy cover
The percentage of ground covered by the vertical projection of the outermost perimeter of the natural spread of rice plants (FAO, 2020) was measured biweekly using a mobile app called Canopy Cover Free. This app features sliders for adjusting parameters to ensure accurate canopy identification, such as the leaf green-red ratio, leaf green-blue ratio, and G minimum (Yu et al., 2020). It also provides the latitude and longitude of the area.

2.4.7 Tillers per hill
During the growing season, the number of tillers on each hill was recorded for both treatments. Data were collected from the experimental plots, where a random sample of five hills from each plot was selected for observation and marked with a slender stick inserted into the soil during the early stages of plant development. To gather data for the study, tillers were manually counted weekly throughout the growing season. At the crop maturity stage, the number of productive tillers per hill was also counted (Reuben et al., 2016).

2.4.8 Panicles per hill
At crop maturity, the number of panicles per hill was counted using the five randomly selected hills. The total number of panicles from each hill was summed and averaged to estimate the average number of panicles per hill. 

2.4.9 Grains per panicle
One of the factors influencing rice yield is the number of grains per panicle. As the quantity of grains per panicle increases, the yield of rice also rises. To assess this, the number of grains per panicle at crop maturity was recorded from the five randomly selected hills. The grain count from each panicle was totalled, and the results were averaged before being entered onto a recording sheet for analysis (Reuben et al., 2016).

2.4.10 Crop yield
During harvesting, rice panicles were cut from the tillers, and the rice seeds were separated from the straws. The seeds were weighed using a measuring balance and recorded on a data recording sheet as fresh weight. The fresh weight grains were then sun-dried for three consecutive days. After this period, the dry grains were weighed, and the data recorded for analysis. Rice grain yield estimation was conducted at the end of each cropping season using the following formula:



Where		


                                           

2.5 Water use efficiency of paddy
Water use efficiency of paddy was determined using the formula, 



Amount of water applied/consumed through AWD was measured or estimated as in sections 2.4.3 and 2.4.4

2.6 Water productivity of paddy 
Water productivity was calculated using the following formula: (Ali et al., 2008);


                                                                               
      
where the grain yield was measured in kilogram (kg) per hectare of land (ha); and the amount of water applied through both irrigation treatments was measured as in section 2.4.3

2.7 Data analysis
An analysis of variance (ANOVA) was conducted using R version 4.3.2 to assess the variations between rice crops irrigated with AWD and CF treatments. The variables examined included plant height, crop canopy cover, total number of tillers, productive tillers, and water application. Mean separation was performed using Tukey's Honestly Significant Difference (HSD) test at the 0.05 significance level. The results for the variables were illustrated using bar graphs to analyse trends and differences.

[bookmark: _GoBack]3.0 RESULTS AND DISCUSSION
3.1 Physical and chemical properties of soil at the study area
3.1.1 Soil physical properties 
The bulk density values for all the samples (A1, A2, A3, C1, C2, C3) taken from the experimental plots A1, A2, A3, C1, C2, and C3 respectively range from 1.04 to 1.21 g/cc, which is generally acceptable as it indicates good porosity and aeration, which are beneficial for rice cultivation (Figure 4). Lower bulk density indicates a relatively loose soil structure, which allows rice roots to penetrate more easily. Variation in bulk density could be due to natural variations in soil properties, differences in land management practices, and environmental influences. The porosity percentages among the samples varied slightly from 39.2% to 43.2% (Figure 4). These values are reasonable for rice cultivation, as they suggest the presence of adequate pore spaces for air and water movement. The total available water (T.A.W) on a volume basis varies from 11.9% to 12.5%, the corresponding T.A.W values in mm water/m soil range from 119 to 125. This suggests a moderate to high availability of water across all samples, though differences in porosity and bulk density slightly affect the amount of available water (Figure 4) that the soil can hold, which is crucial for rice plants during periods of limited rainfall. Rice grows well in soils with low salinity level, good water retention capacity such as those with a high percentage of clay or organic matter, are often better suited for rice production. The soil texture for all samples had an average composition of 52.3% sand, 29.3% silt and 18% clay which falls under sandy loam soil texture which is acceptable for rice cultivation (Table 4). Overall, the soil analysis results indicated that the samples had reasonable characteristics for rice cultivation.
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Figure 4: Bulk density, Porosity and Total available moisture/water for soil samples A1, A2, A3, C1, C2, C3.

3.1.2 Soil chemical properties
3.1.2.1 Soil pH
Rice prefers slightly acidic to neutral soils for optimal growth. The pH values in the samples ranged from 5.3 to 6.3 (Table 4). Msanya et al. (2001) and Landon (2014) reported that medium acidic soil has a pH ranging from 5.5 to 7.0 and Pawar et al. (2009) rated a soil pH of between 5.3 and 6.5 as moderately/slightly acidic and therefore suitable for rice cultivation.

3.1.2.2 Electrical Conductivity 
Electrical conductivity (EC) serves as an indicator of soil salinity. Generally, lower EC values correspond to lower soil salinity, and vice versa (Che Othaman et al., 2020). High salinity can negatively impact rice growth. The EC values for all samples analysed were relatively low, ranging from 0.01 to 0.06 mS/cm (Table 4). This finding aligns with the laboratory manuals of Pawar et al. (2009), Maral (2010), which indicate that an electrical conductivity range of 0 to 10 mS/cm is optimal for soil supporting rice cultivation.

3.1.2.3 Total Nitrogen and Organic Carbon       
Organic Carbon (OC) is a measure of the organic matter content in the soil, while Total Nitrogen (TN) indicates the amount of nitrogen present. Nitrogen is essential for rice growth and is often supplied through the breakdown of organic matter. According to Table 4, sample A1 had the highest TN content at 0.12%, whereas sample C2 had the lowest at 0.02%.  Msanya et al. (2001) and Landon (2014) categorized TN levels of less than 0.1% as very low. This low TN content may be attributed to nutrient leaching due to irrigation or uptake by plants. Therefore, it has been recommended to use nitrogen-rich fertilizers to enhance productivity (Gowele, 2021). Pawar et al. (2009) classified OC content greater than 1.0% as very high and less than 0.2% as very low. Samples analysed showed OC content ranging between 1.02% and 1.38%, which is favourable for rice production. Additionally, the residue from rice plants contributes significantly to OC levels, as this biomass is typically incorporated into the soil when preparing for the next planting season.

3.1.2.4 C:N Ratio
The Carbon-to-Nitrogen ratio (C:N) is a crucial factor influencing the decomposition rate of organic matter, as it represents the balance of carbon and nitrogen in the soil. A higher C:N ratio indicates a greater abundance of carbon-rich organic matter relative to nitrogen-rich compounds. According to Rajani (2019), the C:N ratio in arable (cultivated) soils typically ranges from 8:1 to 15:1. In the soil samples analysed, the C:N ratios ranged from 8:1 to 12:1 (Table 4), suggesting a smaller disparity between carbon and nitrogen quantities in the soil organic matter, which is conducive to plant growth.

3.1.2.5 Na, K, P-Bray1, Ca, Mg 
These elements represent the soil's nutrient content. They are important for plant growth and play crucial roles in various biochemical processes in the soil. Adequate nutrient levels are necessary for rice growth. The nutrient levels in the samples appeared to be appropriate for rice cultivation, though slight variations were observed among the samples (Table 4). The Na levels in all samples (0.11-0.14 meq/100g) are low, which is generally positive for rice cultivation. Excessive sodium can lead to soil salinity issues, negatively affecting rice growth. According to Singh et al., (2019), Na levels under 1 meq/100g are considered safe for rice production, suggesting that Na concentrations in these samples are well within acceptable limits. Potassium levels range from 0.15 to 0.27 meq/100g across samples. The critical level of K for rice is around 0.2 meq/100g or higher in soils, which means that most of the samples meet or exceed this level. Only sample C3 is slightly lower but still within the manageable range. Adequate K is essential for proper growth, grain filling, and resistance to pests. P-Bray 1 values range from 6.8 to 9.6 mg/kg, which are appropriate for rice cultivation. Phosphorus is crucial for root development and early growth stages. According to Dobermann and Fairhurst (2000), P levels in rice paddies should ideally be between 5-10 mg/kg, aligning with the values in these samples. Calcium levels range between 0.35 to 0.76 meq/100g. Adequate Ca is necessary for cell wall integrity and proper root development. A Ca level above 0.3 meq/100g is generally considered sufficient for rice cultivation, meaning all the samples fall within or above the recommended range. Magnesium levels in the samples vary between 1.7 to 3.12 meq/100g, which is appropriate since Mg plays an important role in photosynthesis and enzyme activation. Fageria (2014) suggests that Mg levels above 0.2 meq/100g are needed for rice, so all samples have adequate Mg levels for optimal rice production.

3.1.2.6 Calcium-to-Magnesium Ratio (Ca/Mg)
The calcium-to-magnesium ratio in the soil is essential for maintaining proper soil structure and facilitating nutrient uptake by plants. This balance is vital for soil fertility. According to Maral (2010), calcium and magnesium are among the key parameters used for assessing soil efficiency. Specifically, calcium levels below 2.38 meq/100g (1.19 mmol/100g) are classified as very low, while magnesium levels between 2.68 and 8 meq/100g (1.34 - 4.0 mmol/100g) are considered medium. Table 4 indicates that the concentration of calcium ions in the samples ranged from 0.35 to 0.76 meq/100g, which is significantly lower than the magnesium ions concentration of between 1.7 and 3.12 meq/100g. This results in a calcium to magnesium ratio of 0.2:1. Consequently, the soil in the study area is identified as calcium deficient. A study conducted by Alva and Edwards (1996) found that calcium-deficient soils often result in poor root elongation, limiting the ability of plants to absorb water and nutrients effectively. It is therefore recommended to apply fertilizers rich in calcium to restore the ratio to at least 3:1 (Ca/Mg). However, there is very little research evidence to support any effect, either positive or negative, of the soil Ca/Mg ratio on crop production and yield. But since Mg works closely with Ca, it is important to have an appropriate ratio of both minerals in order for them to be effective. A good rule of thumb is a 2:1 Ca/Mg ratio.  (Magdoff, F., et al., 2009)

3.1.2.7 CEC 
Cation Exchange Capacity (CEC) refers to the soil's capability to retain and supply cations (positively charged ions) such as potassium, calcium, and magnesium for plant uptake (Saha, 2022). Higher CEC values indicate better nutrient retention capacity. In this study, the CEC values for all samples ranged from 4.2 to 6.2 meq/100g. However, Saha (2022), in his revised paper on cation exchange capacity and base saturation, reported CEC values for sandy loam soil between 5 and 10 meq/100g. This suggests that the soil in the study area has good potential for retaining and supplying nutrients to rice plants (Table 4). 

3.1.2.8 Base Saturation 
The base saturation percentage indicates the proportion of exchangeable bases to the total CEC, representing the percentage of CEC occupied by base cations, including calcium, magnesium, potassium, and sodium (Horneck et al., 2019). The base saturation (BS) values for the samples ranged from 55% to 74% (Table 4), with corresponding soil pH levels between 5.3 and 6.3, indicating low acidity, which is favourable for rice production (NARO, 2010). 

Table 4: Soil analysis results for six different samples at Hembeti-Dihombo irrigation scheme 
	SAMPLE ID.
	SAND
	SILT
	CLAY
	pH
	pH
	EC
	TN
	OC
	C:N
	Na
	K
	P-Bray 1
	Ca
	Mg
	Ca/Mg
	CEC
	BS

	
	
%

	
%

	
%
	water
	Kcl
	mScm
	
%

	
%

	
	(meq/100g)
	(meq/100g)
	(mg/kg)
	(meq/100g)
	(meq/100g)
	
	
(meq/100g)
	
%

	A1
	56
	28
	16
	5.9
	5.2
	0.06
	0.12
	1.26
	11
	0.12
	0.20
	9.6
	0.48
	2.07
	0.2
	4.20
	68

	A2
	40
	32
	28
	5.6
	4.8
	0.03
	0.11
	1.02
	9
	0.13
	0.26
	7.8
	0.66
	3.12
	0.2
	5.60
	74

	A3
	54
	30
	16
	6.3
	5.6
	0.04
	0.16
	1.28
	8
	0.11
	0.21
	8.2
	0.49
	2.35
	0.2
	4.80
	66

	C1
	56
	32
	12
	6.1
	5.3
	0.04
	0.14
	1.08
	8
	0.14
	0.22
	9.4
	0.76
	2.94
	0.3
	6.20
	65

	C2
	54
	26
	18
	5.8
	5.1
	0.02
	0.18
	1.38
	8
	0.12
	0.27
	8.6
	0.62
	2.64
	0.2
	5.40
	68

	C3
	54
	28
	18
	5.3
	4.4
	0.01
	0.11
	1.36
	12
	0.12
	0.15
	6.8
	0.35
	1.70
	0.2
	4.20
	55



3.2 Water applied Vs Water consumed
The average amount of water applied in two seasons was 375mm and 1,098.5mm for AWD and CF plots respectively, while the average amount of water consumed by rice was 281.8mm and 449.95mm for AWD and CF plots respectively (Table 5). There is significance difference in the amount of water applied between AWD and CF treatments at p=0.05 meaning the amount of water applied in CF was extremely larger than that in AWD. Sandy loam texture might have caused depletion of too much water through infiltration and percolation leading to frequent refill of water to maintain a ponding depth of 30mm (CF) throughout the cropping season. Intermittent application of water was probably a reason for low amount of water applied to plots with AWD treatment; where it saved 65.8% of water compared to CF treatment. According to Majeed et al. (2017), most studies reported irrigation water save from 20% to 70% by AWD technique with no significant change in yield.

Table 5: Total water applied and consumed in AWD and CF treatments
	Treatment
	Water applied (mm)
	Water consumed (mm)

	AWD-S1
	340
	229.8

	CF-S1
	1,088
	444

	AWD-S2
	410
	333.8

	CF-S2
	1,109
	455.9


S1=Season 1, S2=Season 2
3.3 Crop height
The analysis of variance (ANOVA) was carried out to check for significance difference in rice plant height for the two treatments (AWD and CF). The results show that there was no significance difference in the plant heights between AWD and CF treatments for both seasons and between replicates (p = 0.05). The heights in all plots increased simultaneously with time to flowering stage, and no more height increment was encountered to maturity stage (Figure 5a, b). The average maximum height was 125.6cm and 126.2cm for AWD and CF respectively. Phoeurn (2024) reported that, the average plant heights in field 1 were 91 cm under AWD and 93 cm under CF (no significant difference at P < 0.01), while in field 2, the plant heights were 102 cm under AWD and 104 cm under CF, respectively (no significant difference at P < 0.01). Slight variation in height between treatments might be due to the fact that the specific rice variety used in the experiment might possess genetic traits that make it resilient to water stress, flooding stress, and poor soil aeration, and therefore, capable of maintaining its growth under both AWD and CF conditions. (Panda et al.,2021, Panda and Barik, 2020)
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Figure 5 (a): Variation of rice plant height with time for AWD and CF plots during season 1
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Figure 5 (b): Variation of rice plant height with time for AWD and CF plots during season 2

3.4 Total number of tillers per hill Vs productive tillers per hill
Tillering for both seasons started a week after transplanting (between 7 DAT and 10DAT) for both AWD and CF plots, and continued multiplying as days went on up to maturity (Figure 6). The total number of tillers and productive tillers per hill was estimated during the rice maturation stage of growth (Table 6). The average total number of tillers per hill for AWD and CF plots was respectively 22 and 21 for season 1 and 19 and 20 for season 2. It was also observed that there were 10.2 and 9.5 productive tillers per hill for AWD and CF plots respectively for season 1 and 10.1 and 8.2 for season 2. The results showed that, at least half of the tillers in the AWD and CF treatments were productive; there were only slight variation in the number of productive tillers between the treatments. According to Reuben et al., (2016); unproductive tillers might be formed due to late tillering of some tillers during rice growth stages. The findings also indicate that there was no significance difference between the AWD and CF treatments in the number of tillers per rice hill in both seasons (p = 0.05)

 
[image: ]
 Figure 6: Tillering of rice plant for AWD and CF treated plots against time







Table 6: Number of tillers Vs productive tillers of rice plant for AWD and CF treated plots
	
	(AWD)-S1
	(CF)-S1
	(AWD)-S2
	(CF)-S2

	Average number of tillers per hill
	22
	21
	19
	20

	Average number of productive tillers per hill
	10.2
	9.5
	10.1
	8.2


S1=Season 1, S2=Season 2
3.5 Crop canopy cover
Results shows Canopy Cover (CC) ranged from 7.2% to 97% for AWD and CF plots respectively for season 1; and from 7% to 93.9% for season 2 (Figure 7a, b). The mean values of CC for both seasons were 94.9% and 94.6% for AWD and CF respectively. There was no significance difference at p > 0.05 in CC mean for the treatments and between replicates. There was only a slight difference. The correlation coefficient for CC and the plant height is 0.992 and 0.991 for AWD and CF treatments respectively; indicating strong positive correlations that, within each treatment (AWD or CF), there is a close relationship between canopy cover and plant height. As one of these variables increases, the other tends to increase proportionally (Table 7). The increase in plant height gave rise to an increase in leaves’ length upward and sideways thereby contributing to an increase in canopy (Yu et al., 2020). However, the research conducted by Phoeurn (2024) demonstrated that CC is not affected by water regime; rather, it is greatly impacted by the soil type and rice variety. For the four rice varieties (CAR15, OM, SK, and SP) transplanted in sandy loam and sandy clay loam soils with a uniform hill spacing of 20 cm by 20 cm, the maximum canopy cover (CC) in both AWD and CF regimes was 60%, 47%, 50%, and 52%, respectively.
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Figure 7a: Variation of Canopy cover (%) for AWD and CF treated plots in season 1
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Figure 7b: Variation of Canopy cover (%) for AWD and CF treated plots in season 2

Table 7: Correlation between Canopy cover and Plant height for AWD and CF treatments
	
	Canopy Cover – AWD
	Plant height - AWD
	Canopy Cover 
– CF
	Plant height 
- CF

	Canopy Cover – AWD
	1
	
	
	

	Plant height – AWD
	0.992
	1
	
	

	Canopy Cover – CF
	0.999
	0.991
	1
	

	Plant height – CF
	0.991
	0.999
	0.991
	1



3.6 Number of panicles per hill
The average number of panicles per hill was 10 for plots under AWD and 9 for those under CF (Table 8). The results indicate that the difference in the number of panicles between the two treatments was not statistically significant at the 0.05 level, suggesting only a slight variation in panicle count. Reuben et al., (2016) obtained an estimated 20 number of panicles under AWD which is twice the count for this research. This may be attributed to the rice variety used and the presence of unproductive tillers in each hill, which may have resulted from late tillering (Reuben et al., 2016), as well as the variety's capacity to cope with stress, particularly in CF conditions. (Mallareddy et al., 2023)  

Table 8: Average number of panicles per hill for AWD and CF treatments
	[bookmark: _Hlk189821667]Treatment
	Blocks

	
	1
	2
	3

	AWD-S1
CF-S1
AWD-S2
CF-S2
	9.64
10.96
9.2
8.36
	10.32
10.16
9.96
8.96
	10.72
7.52
11.2
7.24


S1=Season 1, S2=Season 2
3.7 Number of grains per panicle
There was no significant difference (p > 0.05) in the number of grains per panicle between the AWD and CF treatments. This finding suggests that rice transplanted under both treatments performs similarly in terms of the number of grains per panicle. Specifically, the number of grains per panicle in the AWD plots ranged from 214 to 239, while in the CF plots, it ranged from 208 to 235. As shown in Table 9; the average number of grains per panicle was 219 for AWD-S1, 217 for CF-S1, 222 for AWD-S2, and 219 for CF-S2. Thus, the overall average number of grains per panicle for both seasons was 220 for the AWD plots and 218 for the CF plots. Reuben et al., (2016) obtained an average number of 136.6 grains per panicle under AWD for plant spacing of 20cm x 20cm. The difference might be due to varieties used and agronomic practises during cultivation  

Table 9: Average number of grains per panicle for AWD and CF treatments
	Treatment
	Average number of grains per panicle

	AWD-S1
	219

	CF-S1
	217

	AWD-S2
	222

	CF-S2
	219


S1=Season 1, S2=Season 2
3.8 Yield

The average fresh yield weight for both seasons was 1.65 kg/m² (1.65 t ha⁻¹) and 1.45 kg/m² (145 t ha⁻¹) for the AWD and CF water regimes, respectively, while the dry yield weight was 1.52 kg/m² (1.52 t ha⁻¹) and 1.33 kg/m² (1.33 t ha⁻¹), respectively (Table 10). The moisture content for freshly harvested rice and the dried one were 21% and 14%, respectively. The analysis of variance showed no significant difference (p > 0.05) but a slight variation in yield between treatments, which may be attributed to minor variation in the number of productive tillers, panicles, and grains among plots. Huang et al. (2024) reported rice grain yields ranging from 11.8 to 14.5 t ha⁻¹ in 2021 and from 12.9 to 15.5 t ha⁻¹ in 2022, with respective averages of 13.4 and 14.0 t ha⁻¹. These findings show that there are several ways to achieve extremely high rice yield, and two of them are increasing grain weight and panicles per square meter.

	
Table 10: Fresh and dry yield weight for AWD and CF treatments
	Treatment
	Fresh weight (t ha-1)
	Dry weight (t ha-1)

	AWD-S1
	17.63
	16.19

	CF-S1
	16.46
	15.12

	AWD-S2
	15.43
	14.17

	CF-S2
	12.48
	11.46


S1=Season 1, S2=Season 2
3.9 Water productivity and efficiency 
AWD irrigation technique outperformed CF in terms of water productivity as it gave 5.38kg of yield in 1 m3 of water consumed compared to 2.95kg of yield in 1 m3 of water consumed in CF; that is, water productivity of paddy using AWD is 1.2 times that for CF (Table 9). AWD supplied less amount of water with a little bit higher yield compared to CF. Water productivity in terms of kg of yield per m3 of water applied (Ali and Talukder, 2008) gave 4.05kg/m3 and 1.21kg/m3 for AWD and CF, respectively. This agrees with Nyamai et al., (2012) who obtained 1.54 kg/m3 for AWD compared with 0.81 kg/m3 of CF; the differences might be due to rice variety used, number of productive tillers, inefficient fertilizer use, improper weed control and poor management of pests and diseases. 

Water use efficiency for AWD treated plots was 75%, that is, it lost water usage by 25% whereas for CF treated plots the efficiency was 41% loosing 59% of water (Table 11); implying an efficient supply of water through AWD technique that saved 65.8% of water as it allowed some days of dryness before re-irrigating. Uphoff et al., (2009) conducted field experiments in several Asian countries and reported that AWD reduced water use by 15-30% while maintaining similar or higher rice yields compared to CF, but according to (Majeed et al.,2017), most studies reported reduced irrigation water use from 20% to 70% by AWD technique with no significant change in yield. For the case of CF, water was continuously supplied to maintain the set ponding depth throughout the season causing high water loss. 

Table 11: Water productivity and efficiency according to irrigation technique
	Irrigation technique
	Water productivity (Yield-kg/Water consumed-m-3)
	Water productivity (Yield-kg/Water applied-m-3)
	Water use efficiency
	Irrigation water saving 

	CF
	2.95
	1.21
	41%
	-

	AWD
	5.38
	4.05
	75%
	65.8%



4.0 CONCLUSION
[bookmark: _Hlk183865417][bookmark: _Hlk184115244][bookmark: _Hlk184732344][bookmark: _Hlk189488752][bookmark: _Hlk189471393]Water scarcity and sustainable agricultural practices are crucial challenges facing the global community. In the context of rice production, which accounts for a significant share of global water consumption, optimising water productivity has become essential. Results on yield, water application, and usage revealed the importance of AWD as an irrigation method that maintains or improves crop yield with less water input compared to CF. AWD saved 65.8% of water, which could be used for other purposes to improve water use efficiency rather than being lost through CF. Farmers at the Hembeti irrigation scheme should be encouraged to adopt AWD practice for their crops to minimise water scarcity problems. They should as well be encouraged to apply good agronomic practices such as tillage, weeding, fertilisation, insecticide application, etc., that have contributed much to the yield and water productivity. Governments and policymakers should consider integrating AWD practices into agricultural policies and incentives. This can encourage farmers to adopt water-efficient techniques and contribute to overall water conservation efforts. Rehabilitation of poor water distribution infrastructure for the Hembeti Irrigation scheme should also be considered to avoid water conflict among farmers during the dry spell season.
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