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Abstract
Rice is a staple food for more than half of the world population, Africa is also the major food, and Rice in Rwanda is one of the food baskets of rural and urban households where 62the rice purchased is imported from outside countries to reach population demand. Nitrogen (N),phosphorus (P), and potassium (K) deficiency is one of the major yield-limiting constraints in most rice-producing soils around the world. In paddy rice, NPK recovery efficiency is 50% off applied fertilizers in most agroecological, and the NPK efficiency is associated with losses caused by leaching, volatilization, denitrification, and surface runoff. Improving NPK efficiency, and timing is crucial for higher yields and reducing the environmental pollution. This study aimed to identify how much amount of NPK can be applied at the appropriate time to increase rice production and reduce soil pollution. The result indicates that the maximum rate of NPK from 90 to 140 kg/ha varied with rice yield of 6500 to 7000 kg/ha. The application timing also varied from the total required amount applied at flooding to split into three or four applications during the crop growth cycle. This work accounts for the context of rice farming at the Muvumba Valley Rice Plantation located in Nyagatare District, Eastern Province, Rwanda.
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Introduction
Rice is a staple food for more than half of the world population where 90% of the world’s rice is cultivated in Asia, especially in China, India, Indonesia, and Bangladesh, and smaller amounts grown in Japan, Pakistan, and other Southeast Asian nations. Rice is also cultivated in parts of Europe, in North and South America, and in Australia[1]. In Asia, rice is important as a source of income to millions of rice farmers and different workers[2]. Malaysia requires to import over 1,100 thousand tons of rice production per year to attain the 90% self-sustenance level to support the population growth rate[3]. In the Sarawak, 123,250 square kilometers land is planted with wetland and upland rice. The total of rice production in Sarawak is 19 million tons[4]. In Africa consumes 11.6 million tons of milled rice per year[5] of which 3.3 million tons (33.6%) is imported. Rice farmers continue to cultivate rice below their actual yield potential and they can not yield rice production nearly enough comparing cultivated to account for rapid population growth. Furthermore, the quality of the rice harvest cannot compete with that of imported rice from outside Africa[6], Most African countries are far from self-sufficient in meeting their rice consumption, in more than twenty countries the production, the consumption ratio, ranged from 0.16 to 1.18 in 2012. Which indicates that by the year 2025, with population increasing, diet change and yield increase on existing land countries will not become fully self-sufficient in rice. This implies that in the future, a mixture of different technologies to improve rice production and imports will be needed to close the gap[7].
In Rwanda, rice has been identified and promoted as one of the priority food crops and a major commodity in the food baskets of rural and urban households where 76% of the rice purchased is imported from other rice producing countries to meet the demands of consumers[8]. According to the National Rice Program of the Government of Rwanda [9, 10], past predictions for the national demand for rice were underestimated, so one aspect of food security for Rwanda is to bolster domestic rice production. However, based on the National Institute of Statistics of Rwanda[11] indicates that production in 2020 was only about a third of the demand, thus leading to negative economics[12].To increase rice crop production, there is always a need to apply fertilizers to produce enough rice production and income[13]. Potassium, phosphorus, and nitrogen(NPK) is one of the fertilizers that allows rice crops to grow bigger, faster, and to produce more rice yield [14, 15].The soil capacity to produce rice crops is indeed the basis of yield prediction and could be considered as the most useful expression of soil productivity. Rice yield and rice performances are however closely correlated with soil condition. To ensure food security in the Rwanda’s rice-consuming, large amount of NPK fertilizer are applied to meet demands[16, 17] due to rice has become a major commodity in the food baskets of rural and urban households in Rwanda where 62% of the rice was imported from outside country [10], it is imperative to increase rice yields on the remaining agricultural land to meet food demands [18]. One of the obstacles to increasing rice production in Rwanda is the deterioration of soil quality with low utilization rate and high wastage rate of NPK. Excessive NPK fertilizer application of 200 kg/ha aggravates soil degradation and environmental pollution[8] resulting in soil-related problems, such as acidification, loss of organic matter, deterioration of the structure, and reduction in biological activities and fertility . Consequently, rice crop yields in several regions are stagnating or declining[19]. The soil quality in Rwanda indicated that most rice fields in Rwanda are in a condition of soil sickness with an indicator of soil organic content due to the unbalanced use of organic and inorganic fertilizers. Excessive or inappropriate use of inorganic fertilizers is a significant cause of nutrient imbalance in the soil, causing high losses, especially NPK fertilizers [20]. Unbalanced use of NPK fertilizers decreased soil fertility and reduced rice paddy rice yield[21].Therefore, it is crucial to explore the appropriate application amount of NPK fertilizer, which can not only reduce the loss of NPK fertilizer but also reduce the pollution of soil and the environment. NPK is a necessary nutrient element for plants, which is essential for photosynthesis, growth and development, yield, quality and biomass of rice. There have been many studies on the effect of NPK fertilizer on rice showing that rice yield increases with the increase of NPK application within a certain range, but the yield and NPK utilization rates also decrease when the NPK application is too high. The yield difference is mainly caused by the difference in seed setting rate and effective panicle number[22]. The canopy population of leaves, as the main organ of photosynthesis, is affected by NPK, where according to [23],the appropriate NPK application rate could ensure that the rice canopy population reached higher and the formation of rice quality is also closely related to NPK. Li et al. [24] have shown increasing NPK can help improve the nutritional quality and processing quality of rice, but the excessive NPK fertilization can increase rice chalkiness and rice appearance quality and cooking and eating quality becomes worse, with the increase of NPK fertilization rate of paddy rice rate. At present, there is no unified NPK utilization efficiency evaluation system for rice in Rwanda , and there are many factors affecting NPK utilization. For this purpose, [16, 23] took the compact rice variety and the loose rice variety as the test materials to explore the differences in NPK metabolism between the different stages of rice, and the results showed that more NPK application would affect the growth of the plant. In addition, their results showed that the efficiency of NPK use was related to varieties of rice. According to Hu et al. [25], studies showed that rice usually had higher NPK efficiency and Using NPK-sensitive and high-yield varieties[26]. There have been many previous studies on the effect of NPK on rice yield, quality and NPK utilization rate, but few reports on the effect of NPK on paddy rice compared with common rice. The new variety of paddy rice has the characteristics of a tall plant, high biological yield, and requires a large amount of fertilizer, so it is necessary to determine the optimal NPK application amount of paddy rice. This work accounts for the context of rice farming at the Muvumba Valley Rice Plantation located in Nyagatare District, Eastern Province, Rwanda. The main goal of this study is to explore the appropriate application amount of NPK fertilizer in paddy rice at each stage to avoid unnecessary waste of NPK fertilizer and pollution of soil environment caused by excessive application of NPK. Finally, minimum NPK fertilization recommendations are provided to farmers with few resources so they have the opportunity to prevent crop loss in critical conditions.
Growth and Development of Rice
The fertilization helps in rice for growth, development, and increasing of rice yields. The knowledge of how much to apply in each growth stage are critical during plant growth and development that are sensitive to environmental factors, where rice growth is defined as the irreparable change in the size of a plant cell [27].On the other hand, rice development is defined as the sequence of five stages which are genetic events that involving differentiation, leading to change in function and morphology form. these five stages are: seedling, tillering, panicle growth, flowering, and Ripening[28] . Development is most clearly manifested in changes in the form of organisms, as when it changes from seedling to reproductive stage and from reproductive to maturity in rice crop plants ,each stage needs certain amount of NPK fertilizer which is different from previous one. Adequate Phosphorus (P) nutrition of rice is essential because it is needs for energy storage and transfer to the plant body. When P is applied in early maturity, straw strength, and rice crop quality and disease resistance. Phosphorus exists in soil in two basic pools.one in organic and another inorganic, where organic P (Po) is the part of soil organic matter and soil biomass. The change nature of soil organic matter mineralization and immobilization processes dictate that some of Po contributes to plant available P. On the side of inorganic P (Pi) regulates P nutrition for rice plant uptake [29]. Pi in soils has five forms: (i) calcium phosphate (Ca-P), (ii) iron phosphate (FeP), (iii) aluminum phosphate (Al-P), (iv) occluded P (O-P), (iv) soluble orthophosphate (Sl-P). P deficiency indicates bronzed leaves and very similar symptoms appeared when rice grown on zinc deficiency soil. In general, P fertilizer rates of 30, 20, and 10 kg P/ha are recommended for rice when the soil tests are very low and medium in P, respectively[30].On side of Potassium (K),it also plays an important role in ensuring efficient utilization of N[31].Potassium is difficult to assimilate into organic matter as in the case of N and P, but helps in translocation of photosynthetic rice products and metabolites, as result to improved grain quality[32, 33].K also plays a role in many important governing processes in the plant such as the grain quality of rice [5]. Rice require a large amount of K, and continuous Applying K is necessary up to the flowering stage after completion of the reproduction stage[34].Figure1 indicates nitrogen as the essential element in rice crop. Proper application of N fertilizers is vital to improve crop growth and grain yields, especially in demanding agricultural systems. Inadequate fertilizer N management can be harmful to rice crops and the environment. Organic N is converted to ammonium by a biological process called ammonification (N mineralization) when applied in flooded rice fields. The rate of ammonification is slower in paddy rice fields more than upland agricultural fields because O2 is depleted in paddy fields [35]; however, a low level of O2 also limits nitrification (i.e., oxidation of[image: ]) also N immobilization converted into inorganic N to organic N primarily by microbial assimilation of NH4 +[36] ,resulting in the accumulation of[image: ] in soil[37]. the days for rice stages where each stage demands and the change of nitrogen within soil.
[image: ]
Figure 1: Days for each Stage and Nitrogen chemicals forms in Rice Growth
Nutrient Management Approaches for Rice Growth
Integrated plant nutrient management system is a holistic approach to integrate one of all natural man-made sources of plant nutrients to maintain and sustain soil fertility to enhance rice crop productivity in an efficient, environmentally safe, ecologically compatible, socially acceptable and economically viable way. It uses both organic and in-organic plant nutrients to avoid loss of crop yield and prevent soil degradation. This system can keep a balance between the nutrients removed by the crop and the nutrients added to soil. The smart nutrient management program takes into account the availability of nutrients in all types of soil, crop requirements, and other factors, such as removal of nutrients from the soil by the crop, economics of fertilizer profitability, farmers ability to invest, soil moisture regime, physical and microbiological condition of the soil, available soil nutrient status, nutrient recycling and cropping sequence, limiting loss to the environment [38, 39]. Soil is a complex substance with thousands of soil types existing in the
world having arisen from different materials under various ecological conditions. Some are fertile, tillable, and wonderfully suited for agriculture, and others may need a great deal of husbandry to become useful. Sustainable agriculture or regenerative farming all aim to produce food and fiber on a sustainable basis and to repair the damage caused by destructive procedure[40, 41]. The fertilizer should be applied based on the stages of rice and availability of different parameters as shown in figure2.
[image: ]
Figure 2: Nutrient management system in agriculture
NPK Concentration and Uptake
Nitrogen, phosphorus, and potassium are essential nutrients that play an essential role in the growth of rice plants. The increasing doses of organic fertilizers and the modification of the grid cropping system had a fairly good effect on increasing levels and uptake of NPK in plant tissues. The increasing uptake of NPK to the rice plant occurs when the water level in the soil is low to reduce leaching and volatilizing and improves the plant growth performance. NPK has an important role in the process of plant metabolism because N is an essential constituent of the amino acids that make up proteins, while potassium plays a role in the movement of water, nutrients, and carbohydrates in plant tissues, and involved in the activation of enzymes in plants that affect the production of protein, starch, and adenosine triphosphate (ATP) where ATP production can determine the rate of photosynthesis. In general, the mobility of NPK is quite high in the soil, especially in the rice fields, as a result of the inundation and drying process. Microbial activity can lead to increased K availability in the soil[42]. However, the K contained in the soil solution in a form that can be absorbed by rice plants, which can be easily washed[43]. In contrast to N and K that only increased 0.02 % N content and 1.6 g/plant N uptake and 0.17 % K content and 7.27 g/plant K uptake, there was a high increase in the P content and uptake in rice, 0.4 % P content and 104.52 g/plant P uptake. The Knowledge of adequate NPK concentration and uptake is an important plant parameter for appropriate NPK management of a crop. The adequate NPK concentration and uptake varied with rice yield level, which is affected by crop management practices. The NPK adequate concentration level in rice shoots varies from 43.4 to 6.5 g/kg depending on plant age[44]. It decreases with the advancement of plant age, reflecting a dilution effect with the advancement of plant age[34]. At physiological maturity, the optimum NPK concentration in the grain is 10.9 g/kg, which is 68% higher compared to the shoot concentration.The higher values of NPK uptake in the shoot after 35 days of growth stage indicate NPK uptake increased in the shoot with the advancement of rice plant stage.This means that NPK uptake determination during this growth stage is more important for knowing the quantity of NPK ,water level,and other soil conditions within the soil[45]. Adopting appropriate NPK management practices to supply the desired NPK rate from seedling to flow stage[27].Table??,indicates the minimum and maximum variable values define the ranges of variables for each growth stage which lead to optimized rice yields. If the variables can be controlled by the farmer, then these are a target range for manipulation. If the variable cannot be controlled, such as temperature, the farmer can assess how conditions might impact their yield. The particular importance are the minimum and maximum total growing season NPK requirements to produce good yields are 91.24 kg ha−1 and 113.7 kg ha−1 , respectively. This optimal range of NPK is considerably less than the standard government allotment of NPK of 200 kg ha−1 that farmers typically apply during a growing season. These results are consistent with reports of fertilization of Rwandan rice plantations in recent years
NPK Efficiency
It is essential to use Nitrogen (N), phosphorus (P),and potassium (K) in rice crop with the knowledge for improving the use of NPK efficiency and consequently management. In the previous work,NPK use efficiency is defined and calculated in several ways[46] and according to[47] suggested five definitions and methods of calculating NPK use efficiency in rice crop plant. These efficiencies are known as agronomic efficiency (ARE), physiological efficiency (PE), agrophysiological efficiency (APE), apparent recovery efficiency (ARE), and utilization efficiency (UE). Definitions of these efficiencies and their methods of calculation [48].These five NPK efficiencies in marshland rice genotypes were distinct in differences among genotypes. Overall, 29% of the NPK applied was recovered,the large amount of NPK which is lost in soil plant system and appropriate management practices are necessary to improve its efficiency.After different studies ,the management of NPK fertilizer is essential especially by knowing how much remaining in the soil,at what amount of NPK should be applied in each stage of rice,and at what time.These results are consistent in improving the yield of rice.
Timing Application for NPK
[bookmark: _GoBack]When NPK is applied in the flooding plot, some are lost through volatilization, leaching, denitrification, or surface runoff[47, 49]. This suggests that there is more NPK lost during the crop growing season. For marshland rice under Rwanda conditions, applying 200kg/ha of NPK in rice for the whole season.To increase both NPK fertilizer use efficiency and NPK uptake by minimizing leaching by applying,NPK should be applied 2 days before irrigation. According[50],agronomic efficiency of NPK in marshland rice was higher when NPK was applied in three split application (one at tillering stage,the second at panicle initiation, and third on flowering stage). Minimum grain yield was obtained when NPK was applied at flooding,where one part at seedling,the second at tillering, third at panicle initiation, and the fourth at flowering and applying NPK in the appropriate time will affect rice yield. Figure3 indicates the different total NPK applied in each year as well as rice yield. This information demonstrates the capability of decision modeling to adequately monitor and invoke fertilization actions incorporating soil conditions. Upon these, the farmers applied 200kg/ha based on their own expert knowledge combined with recommendations.The information demonstrated that due to the poor of applied NPK, the rice yield is very low. The current practice have no promise to increase the yield,that is why it is essential to apply fertilizer where close control of fertilization actions is required to maintain efficient uptake of nutrients over time,which will potentially increase the return on investment by more precise control of fertilization to decrease costs while boosting yield.
Figure4 describes the potential actionable information to improve rice yield while applying NPK.
We demonstrate the ability of decision modeling to adequately monitor and invoke fertilization actions incorporating weather prediction and irrigation status of field. Upon the farmer can receive the information, assess the reliability of the information, and interact with fertilization controls based on their own expert knowledge combined with recommendations. The provided fertilizer usage and potentially increase return on investment by more precise control of fertilization to
[image: ]
Figure 3: Yield vs NPK
decrease costs while boosting yield by as much as 2000 kg ha1. Furthermore, data collected over time can be used for long-term analysis of conditions at plantations such as Muvumba Valley, and help agronomists respond to long-term trends such as climate change. While this was done for food fertilization, the farmer has the potential to apply NPK in alternate stages of rice where close control of fertilization actions is required to maintain efficient uptake of nutrients over time.
[image: ]
Figure 4: Aplying NPK and Yield in Different Scenarios
Recommendation
Rice is the staple food in the diet of about 65% of Rwanda’s population and produced under marshland ecosystems. However, the marshland ecosystem produces around 80,000 MT per year in two seasons of the Rwanda rice.NPK is usually the most yield-limiting nutrient in marshland rice production in most of the rice producing soils.The NPK recovery by rice is less than 50% because it is lost by leaching, denitrification, volatilization, soil erosion, and plant canopy. On an average, NPK balance in rice plant soil system is 40% uptake, 25% immobilized in soil plant system, and 35% is lost through volatilization, leaching, and denitrification. Soil available NPK is an important source to sustain rice yield even in cases where fertilizer NPK is applied at high rates in most situations. If rice crop producing factors are at a favorable level like water, cultivars, control of diseases, insects,and weeds.On average,NPK source of soil without application of chemical fertilizers can sustain 3 mg/ha rice yield for a long duration under most agroecological conditions. Improving NPK efficiency in rice is important for higher yield and to avoid environmental pollution.NPK as a mobile nutrient in soil plant system,NPK recommendations based on field trials that determine the crop response to various rates of fertilizer application are the most efficient and effective. Plant tissue tests compared with specified benchmark concentrations that separate deficient, sufficient, or toxic levels are an important diagnostic method of plant NPK status. The amount of NPK required for producing the maximum economic yield varied from 90 to 130 kg/ ha of NPK. This NPK rate generally produces 6500 to 7000 kg/ha rice yields. NPK application rate should be applied in split doses. Under controlled conditions, half of the required NPK should be banded at flooding and the remaining half should be applied at active tillering ,the second at panicle initiation,and the third flowering stage. Adopting other management practices such as flooding, high yield potential cultivars, crop rotation, water management, use of appropriate NPK sources, conservation tillage, control of diseases, insects,and weeds can improve NPK use efficiency. The NPK partitioning and use efficiency varied with crop species and cultivar to species. Hence, planting NPK efficient genotypes is a very attractive strategy for improving crop yields and keeping a healthy environment.
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